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Preface
The 2009 International Conference on Fibrous Materials, under the great concern of
the experts and professionals of the fibrous material field, is convened in the modern
and beautiful city of Shanghai, crowned as the Oriental Pearl in May 2009. This
conference is focused on the latest development of multidisciplinary subjects ranging
from nanofibers, technical textiles, biomedical textiles, textile processing, textile
composites, textile testing, apparel technology, textile marketing, textile management
and some other textile related topics.

This is the first time for the International Conference on Fibrous Materials to be
convoked in the Chinese mainland, which is of special significance to the fibrous
material circles. The current convention gathers new and old friends from more than
20 countries and regions in the world. It shows that China, as a large country for
textile manufacture in the world, is now attaching more importance to the academic
research together with other countries in the world to build the brilliant future of the
fibrous material industry.
The purpose of the International Conference on Fibrous Materials is to provide an
arena for exports and professionals to exchange their latest informations of advances
and collide their sparkles of wisdom. In this sense, the conference at every turn
contributes a lot to the fibrous material field. Boasting 400-odd academic papers for
discussion from more than 20 countries and regions, the present convention offers
participants the latest developments and current challenges in this industry. It is the
bounden duty for us, the host of this conference, to compile the rich content of the
participants' presentations. Therefore, we elaborately complied the proceedings of the
2009 International Conference on Fibrous Materials in the hope that they may co-exist
with the promising future of the world.
We hereby would like to extend our heartfelt gratitude to all the lecturers and authors
of papers participating in this conference and cordial respect to all the personnel who
have been making unremitting efforts to ensure the successful convocation of this
conference.

Prof. Qiu Yiping
Dean of College of Textiles
Donghua University
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，

，
（ ）
Ｅｌｅｃｔｒｏｓｐｕｎ Ｎａｎｏｆｉｂｒｅ Ｙａｒｎｓ !!!!!!!!!!!!!!!!!!! Ｙａｑｉｏｎｇ Ｚｈｏｕ，Ｔｏｎｇ Ｌｉｎ，Ｘｕｎｇａｉ Ｗａｎｇ （４６８ ）
!!!!!!!!!!!!!!!!!!!!!!!!! Ｘｉｗｅｎ Ｚｈａｎｇ Ｒｙｏｈｅｉ Ｎａｋａｇａｗａ Ｍａｓａｙａ Ｋｏｔａｋｉ ４６６

··

６
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Ｉｎ － ｓｉｔｕ Ｓｔｒｕｃｔｕｒｅ Ｃｈａｒａｃｔｅｒｉｚａｔｉｏｎ ｄｕｒｉｎｇ Ｆｉｂｅｒ Ｐｒｏｃｅｓｓｉｎｇ ｂｙ Ｓｙｎｃｈｒｏｔｒｏｎ Ｘ － ｒａｙ Ｓｃａｔｔｅｒｉｎｇ ／ Ｄｉｆｆｒａｃｔｉｏｎ Ｔｅｃｈｎｉｑｕｅｓ

，

（ ）
Ｗｉｒｅ Ｃｏｉｌ Ｎｅｅｄｌｅｌｅｓｓ Ｅｌｅｃｔｒｏｓｐｉｎｎｉｎｇ ｏｆ Ｐｏｌｙｍｅｒ Ｎａｎｏｆｉｂｅｒｓ !!! Ｘｉｎ Ｗａｎｇ，Ｈａｉｔａｏ Ｎｉｕ，Ｔｏｎｇ Ｌｉｎ，Ｘｕｎｇａｉ Ｗａｎｇ （４７３ ）
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｂｅｎｊａｍｉｎ Ｃｈｕ Ｂｅｎｊａｍｉｎ Ｓ． Ｈｓｉａｏ ４７０

Ｓｔｕｄｙ ｏｆ Ｒｈｅｏｌｏｇｌｃａｌ Ｂｅｈａｖｉｏｕｒ ｏｆ Ｐｏｌｙｍｅｒ Ｓｏｌｕｔｏｎ Ｕｓｅｄ ｆｏｒ Ｅｌｅｃｔｒｏｓｐｉｎｎｉｎｇ Ｐｒｏｃｅｓｓ !!!!!!!!!!!!!!!!

，

，

，

，
（ ）
Ｍｏｄｅｌｉｎｇ ｏｆ Ｍｕｌｔｉｆｉｌａｍｅｎｔ Ｐｏｌｙｍｅｒ Ｆｉｂｅｒ Ｍｅｌｔ － ｓｐｉｎｎｉｎｇ !!!!!!!!!! Ｃｈｒｉｓｔｏｐｈｅｒ Ｌ Ｃｏｘ，
Ｙｏｕｎｇ － Ｐｙｏ Ｊｅｏｎ（４７６ ）
Ａｓｓｅｓｓｍｅｎｔ ｏｆ Ｓｐｉｎｎａｂｉｌｉｔｙ ｏｆ Ｃｏｔｔｏｎ Ｆｉｂｒｅｓ ｂｙ Ｃｏｍｐｒｅｓｓｉｏｎ Ｍｅｔｈｏｄ !!!!!!!!! Ｍｅｈｍｅｔ Ｅｍｉｎ Ｙｕｋｓｅｋｋａｙａ（４７８ ）
!!!!!! Ｋｈｅｎｏｕｓｓｉ Ｎａｂｙｌ Ｈｅｋｍａｔｉ Ａｍｉｒ Ｈｏｕｓｈａｎｇ Ｄｒｅａｎ Ｅｍｉｌｉｅ Ｓｃｈａｃｈｅｒ Ｌａｕｒｅｎｃｅ Ａｄｏｌｐｈｅ Ｄｏｍｉｎｉｑｕｅ ４７４

Ｃｏｍｐａｒｉｓｏｎ ｏｆ Ｍｅｃｈａｎｉｃａｌ Ｐｒｏｐｅｒｔｉｅｓ ｏｆ Ｅｌｅｃｔｒｏｓｐｕｎ Ｎａｎｏｆｉｂｒｅ Ｙａｒｎ ａｎｄ Ｍｅｌｔ Ｓｐｉｎｎｉｎｇ Ｆｉｌａｍｅｎｔ !!!!!!!!!!!

，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｙｕｅ Ｍａ Ｙｕｑｉｎ Ｗａｎ Ｆｒａｎｋ Ｋ Ｋｏ ４８０

Ｓｅｃｔｉｏｎ Ｃ

Ｔｅｘｔｉｌｅ Ｔｅｓｔｉｎｇ

Ａｎａｌｙｓｉｓ ｏｎ Ｍｅａｓｕｒｅｍｅｎｔ ｏｆ Ｂｕｒｓｔｉｎｇ Ｓｔｒｅｎｇｔｈ ｏｆ Ｓｏａｋｅｄ Ｋｎｉｔｔｅｄ Ｔｅｘｔｉｌｅｓ !!!!!!!!!!!!!!!!!!!!

，

，

，

，

（ ）

!!!!!!!!!!!!!!!!!! Ｚｈｕｏ Ｚｈａｎｇ Ｈｕｓｈｕｉ Ｙｅ Ｘｉｏｎｇｙｉｎｇ Ｗｕ Ｃｈｕｎ Ｌｉ Ｚｈｉｇｕａｎｇ Ｄｅｎｇ ４８２
Ａｕｔｏｍａｔｉｃ Ｒｅｃｏｇｎｉｔｉｏｎ ｏｆ Ｗｏｖｅｎ Ｆａｂｒｉｃ Ｐａｔｔｅｒｎｓ ｂｙ Ｓｔｒｅｔｃｈｉｎｇ ＆ Ｃｏｒｒｅｃｔｉｎｇ Ｔｅｃｈｎｉｑｕｅ ｉｎ Ｍｅｃｈａｎｉｃｓ ａｎｄ Ｉｍａｇｅ
Ｐｒｏｃｅｓｓｉｎｇ

，
（ ）
!!!!!!!!!!!!!!!!! Ｑｉｎ Ｙａｎｇ，Ｊｉｈｕａｎ Ｈｅ （４９１ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｌｉｑｉｎｇ Ｘｉｅ Ｗｅｉｄｏｎｇ Ｙｕ ４８６

Ｎａｎｏｂｕｂｂｌｅ Ｄｙｎａｍｉｃｓ ａｎｄ Ｂｕｂｂｌｅ － ｅｌｅｃｔｒｏｓｐｉｎｎｉｎｇ

Ｄｅｔｅｒｍｉｎａｔｉｏｎ ｏｆ ＡＰｓ ａｎｄ ＡＰＥＯｓ ｉｎ Ｔｅｘｔｉｌｅｓ Ｕｓｉｎｇ Ｈｉｇｈ － ｐｅｒｆｏｒｍａｎｃｅ Ｌｉｑｕｉｄ Ｃｈｒｏｍａｔｏｇｒａｐｈｙ ｗｉｔｈ Ｆｌｕｏｒｅｓｃｅｎｃｅ

，

，

（ ）

Ｄｅｔｅｃｔｉｏｎ !!!!!!!!!!!!!!!!!!!!!!!!!! Ｗｅｉ Ｐａｎ Ｃｈｕｎｘｉａ Ｌｉ Ｐｅｎｇ Ｚｈａｎｇ ４９３

Ｒｅｌａｔｉｏｎｓｈｉｐ ｂｅｔｗｅｅｎ Ｃｏｅｆｆｉｃｉｅｎｔｓ ｏｆ Ｖａｒｉａｔｉｏｎ ｆｏｒ Ｒａｗ Ｓｉｌｋ Ｓｉｚｅ ｉｎ Ｄｉｆｆｅｒｅｎｔ Ｔｅｓｔｉｎｇ Ｌｅｎｇｔｈ !!!!!!!!!!!!!

，

，

， ，
（ ）
Ｅｆｆｅｃｔ ｏｆ Ｒｈｅｏｌｏｇｉｃａｌ Ｂｅｈａｖｉｏｒｓ ｏｎ ｔｈｅ Ｆｏｒｍａｔｉｏｎ ｏｆ Ｆｉｂｒｉｌｌａｒ Ｄｉｓｐｅｒｓｅｄ Ｐｈａｓｅｓ ｉｎ ｔｈｅ Ｔｈｅｒｍｏｐｌａｓｔｉｃ （ＴＰ）／ Ｃｅｌｌｕｌｏｓｅ
Ａｃｅｔａｔｅ Ｂｕｔｙｒａｔｅ （ＣＡＢ）Ｂｌｅｎｄｓ !!!!!!!!!!!! Ｒｕ Ｘｉａｏ，Ｍｕｆａｎｇ Ｌｉ，Ｓｈｅｎｙａｎｇ Ｌｉａｏ，Ｇａｎｇ Ｓｕｎ（５００ ）
Ｅｆｆｅｃｔ ｏｆ Ｔｅｎｓｉｌｅ Ｓｐｅｅｄｓ ｏｎ ｔｈｅ Ｂｉａｘｉａｌ Ｔｅｎｓｉｌｅ Ｐｒｏｐｅｒｔｉｅｓ ｏｆ Ｐｌａｉｎ Ｋｎｉｔｔｅｄ Ｆａｂｒｉｃｓ !!! Ｙｉｐｉｎｇ Ｚｈａｎｇ，
Ｈａｉｒｕ Ｌｏｎｇ（５０２ ）
Ｅｘｐｅｒｉｍｅｎｔａｌ Ｓｔｕｄｙ ｏｎ ｔｈｅ Ｅｆｆｅｃｔ ｏｆ Ｔｅｓｔｉｎｇ Ｓｐｅｅｄ ｏｎ Ｙａｒｎ Ｕｎｅｖｅｎｎｅｓｓ !!!!!!!! Ｗｅｉｌｉｎ Ｘｕ，Ｚｈｉｇａｎｇ Ｘｉａ （５０６ ）
Ｆｒａｃｔｉｏｎａｌ Ｄａｒｃｙ’ｓ Ｌａｗ !!!!!!!!!!!!!!!!!!!!!!!!!!! Ｇｕｏｃｈｅｎｇ Ｗｕ，
Ｊｉｈｕａｎ Ｈｅ （５０９ ）
Ｉｄｅｎｔｉｆｉｃａｔｉｏｎ ｏｆ Ｔｅｘｔｉｌｅ Ｆｉｂｅｒ ｗｉｔｈ ＴＨｚ Ｔｉｍｅ － ｄｏｍａｉｎ Ｓｐｅｃｔｒｏｓｃｏｐｙ !!!! Ｈｕｉｑｉｎ Ｌｉ，
Ｊｉｘｉａｎ Ｇｏｎｇ，Ｊｉａｎｆｅｉ Ｚｈａｎｇ（５１１ ）
!!!!!!!!!!!!!!!!!!!!!! Ｊｉａｎｔａｏ Ｎｉｕ Ｊｉａｎｍｅｉ Ｘｕ Ｙｉｎｇ Ｚｈｏｕ Ｗｅｉ Ｈｕ Ｌｕｎ Ｂａｉ ４９６

Ｑｕａｎｔｉｔａｔｉｖｅ Ａｎａｌｙｓｉｓ Ｒｅｓｅａｒｃｈ ｏｆ Ｐｒｏｆｉｌｅｄ Ｐｏｌｙｅｓｔｅｒ Ｆｉｂｅｒｓ ｉｎ Ｍｏｉｓｔｕｒｅ － ａｂｓｏｒｂｉｎｇ ａｎｄ Ｓｗｅａｔ － ｄｉｓｃｈａｒｇｉｎｇ Ｆａｂｒｉｃｓ

，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｚｈｉｌｅｉ Ｙｕａｎ Ｗｅｉｍｉｎ Ｌｕ Ｊｕｎｌｉ Ｇｕ ５１５
Ｓｅｎｓｉｔｉｖｅ Ｄｅｔｅｒｍｉｎａｔｉｏｎ ｏｆ Ｔｏｘａｐｈｅｎｅ ｉｎ Ｔｅｘｔｉｌｅｓ ｂｙ Ｇａｓ Ｃｈｒｏｍａｔｏｇｒａｐｈｙ － ｍａｓｓ Ｓｐｅｃｔｒｏｍｅｔｒｙ ｗｉｔｈ Ｓｏｌｉｄ － ｐｈａｓｅ

，

，

（ ）

Ｍｉｃｒｏｅｘｔｒａｃｔｉｏｎ !!!!!!!!!!!!!!!!!!!!!!!! Ｓｈｕｈｕａｎ Ｗｕ Ｌｉｑｉｎ Ｌｉｕ Ｗｅｎ Ｆｅｎｇ ５１８
Ｔｗｏ Ｋｉｎｄｓ ｏｆ Ｄｅｓｉｇｎｓ ａｎｄ Ｃｏｍｐａｒｉｓｏｎ Ｔｅｓｔｉｎｇ ｏｆ Ｆｌｅｘｉｂｌｅ Ｆａｂｒｉｃ Ｋｅｙｂｏａｒｄ Ｍａｔｒｉｘ Ｃｉｒｃｕｉｔ

!!!!!!!!!!!!!

，

，

（ ）
Ｓｔｒｕｃｔｕｒｅ ＆ Ｐｒｏｐｅｒｔｉｅｓ ｏｆ Ａｃｒｙｌｏｎｉｔｒｉｌｅ Ｂａｓｅｄ Ｃａｓｅｉｎ Ｆｉｂｅｒｓ !!! Ｎｉ Ｗａｎｇ，Ｚｈｅｎｇ Ｗｅｉ，Ｈｕｉｙａｎ Ｒｅｎ，Ｊｉａｎｙｏｎｇ Ｙｕ（５２５ ）
Ｓｔｒｕｃｔｕｒｅ ａｎｄ Ｐｒｏｐｅｒｔｉｅｓ ｏｆ Ｍｉｌｋ Ｐｒｏｔｅｉｎ ／ ＰＶＡ Ｂｌｅｎｄ Ｆｉｂｅｒ !!!!! Ｙｕｙｕａｎ Ｔａｎｇ，Ｍｉｎｇ Ｚｈａｎｇ，Ｚｈａｎｈａｏ Ｚｈａｎｇ （５３０ ）
!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｍｅｉｌｉｎｇ Ｚｈａｎｇ Ｒｕｉ Ｗａｎｇ Ｚｈａｎｇａｎｇ Ｗａｎｇ ５２１

Ｓｔｕｄｙ ｏｎ Ａｕｔｏｍａｔｉｃ Ｆａｂｒｉｃ Ｇｒａｄｉｎｇ Ｂａｓｅｄ ｏｎ Ｗａｖｅｌｅｔ Ｔｒａｎｓｆｏｒｍ ａｎｄ Ｉｍａｇｅ Ｓｅｇｍｅｎｔａｔｉｏｎ

，

!!!!!!!!!!!!!

，

，
（ ）
Ｓｔｕｄｙ ｏｎ Ｃｏｍｐｏｓｉｔｉｏｎ ａｎｄ Ｓｔｒｕｃｔｕｒｅ ｏｆ Ｓｏｙｂｅａｎ Ｐｒｏｔｅｉｎ ／ Ｖｉｓｃｏｓｅ Ｂｌｅｎｄ Ｆｉｂｅｒ !!!!!!!! Ｘｉａｏｊｉｅ Ｇｕｏ，
Ｂｏｊｕｎ Ｘｉ（５３９ ）
!!!!!!!!!!!!!!!!!!!!!!!! Ｃｈｅｎｇｔａｉ Ｔｉａｎ Ｊｕｎ Ｗａｎｇ Ｄｏｎｇｓｈｅｎｇ Ｘｉａ Ｌｉｑｉｎｇ Ｌｉ ５３４

··

７
·7·

，

（ ）
Ｓｔｕｄｙ ｏｎ ｔｈｅ Ｔｅａｒｉｎｇ Ｐｒｏｐｅｒｔｉｅｓ ｏｆ ＰＶＣ Ｃｏａｔｅｄ Ｂｉ － ａｘｉａｌ Ｗａｒｐ Ｋｎｉｔｔｅｄ Ｆａｂｒｉｃｓ !!!!! Ｙｉｘｉ Ｌｕｏ，Ｒａｕｌ Ｆａｎｇｕｅｉｒｏ（５４７ ）
Ｔｅｎｓｉｌｅ Ｐｅｒｆｏｒｍａｎｃｅ ｏｆ Ｃｏａｔｅｄ Ｍｅｍｂｒａｎｅ Ｍａｔｅｒｉａｌｓ ｕｎｄｅｒ Ｕｎｉ － ａｘｉａｌ，Ｂｉ － ａｘｉａｌ ａｎｄ Ｍｕｌｔｉ － ａｘｉａｌ Ｌｏａｄｉｎｇ
Ｃｏｎｄｉｔｉｏｎ !!!!!!!!!!!!!!!!!!! Ｓｈｏｕｈｕｉ Ｃｈｅｎ，Ｙｕｙｕａｎ Ｔａｎｇ，Ｈｏｎｇｑｉｎ Ｙｕ，Ｘｉｎ Ｄｉｎｇ （５５２ ）
Ｆｒｉｃｔｉｏｎ Ｔｅｓｔｉｎｇ ｂｅｔｗｅｅｎ Ｈｕｍａｎ Ｓｋｉｎ ａｎｄ Ｆａｂｒｉｃ !!!!!!!!!!! Ｘｕ Ｗａｎｇ，Ｇｕａｎｇｂｉａｏ Ｘｕ，Ｆｕｍｅｉ Ｗａｎｇ（５５６ ）
Ｓｔｕｄｙ ｏｎ ｔｈｅ Ｄｉｓｔｒｉｂｕｔｉｏｎ ａｎｄ Ｑｕａｎｔｉｔａｔｉｏｎ ｏｆ Ｈｉｓｔｉｄｉｎｅ ｉｎ Ｓｉｌｋ Ｆｉｂｒｏｉｎ

!!!!!!! Ｑｉｎｇｑｉｎｇ Ｚｈａｏ Ｂａｏｑｉ Ｚｕｏ ５４３

Ｕｓｉｎｇ Ｇｅｎｅｔｉｃ Ｐｒｏｇｒａｍｍｉｎｇ ｔｏ Ｐｒｅｄｉｃｔ ｔｈｅ Ｓｌｉｖｅｒ Ｑｕａｌｉｔｙ ｏｎ ｔｈｅ Ｄｒａｗｉｎｇ Ｆｒａｍｅ !!!!!!!!!!!!!!!!!!

，

，

，

，
（ ）
!!!!! Ｊｕｎ Ｘｕ，Ｙｉｓｏｎｇ Ｃｈｅｎ，Ｈｕｉｙｉｎｇ Ｚｈｅｎ，Ｊｉｎｇｊｉｎｇ Ｗｅｉ，Ｌｉｎａ Ｌü （５６６ ）

!!!!!!!!!!!!!!!!!! Ｎｉｂｉｋｏｒａ Ｉｌｄｅｐｈｏｎｓｅ Ｊｕｎ Ｗａｎｇ Ｘｉａｏｙｉ Ｊｉａｎｇ Ｗｅｉｊｉａ Ｂｉ Ｑｉｏｎｇ Ｘｉ ５６２
Ａ Ｍｅｔｈｏｄ ｆｏｒ Ｍｅａｓｕｒｉｎｇ Ｆａｂｒｉｃ Ｅｍｉｓｓｉｖｉｔｙ

Ａ Ｎｅｗ Ｔｅｓｔｉｎｇ Ｍｅｔｈｏｄ ｏｆ Ｙａｒｎ Ｃｏｍｐｏｎｅｎｔｓ Ｂａｓｅｄ ｏｎ Ｐｏｌａｒｉｚｅｄ Ｏｐｔｉｃａｌ Ｍｉｃｒｏｓｃｏｐｅ Ａｎａｌｙｓｉｓ

，

!!!!!!!!!!!!

，

，
，
，
，
Ｒｕｏｑｉ Ｙａｎｇ，Ｊｉａｘｉｎｇ Ｂａｏ，
Ｓｉｃｈｅｎ Ｃｈｅｎｇ，
Ｊｉ’ａｎｇ Ｙｅ，Ｎａｎｓｈａｎ Ｚｈａｎｇ（５７１ ）
Ａ Ｒｅａｌ － ｔｉｍｅ Ｄｅｔｅｃｔｉｎｇ Ｓｙｓｔｅｍ ｏｆ Ｃｏｔｔｏｎ Ｗｅｂ ｂｙ Ｃｏｍｐｕｔｅｒ Ｖｉｓｉｏｎ !!!! Ｊｕｎｙａｎ Ｃｈｅｎ，Ｍｅｉｌｉｎ Ｌｉ，Ｃｈｏｎｇｗｅｎ Ｙｕ （５７５ ）
Ｄｉｓｔｒｉｂｕｔｉｏｎ ｆｏｒ ｔｈｅ Ｃｏｅｆｆｉｃｉｅｎｔ ｏｆ Ｖａｒｉａｔｉｏｎ ｉｎ ｔｈｅ Ｅｌｅｃｔｒｏｎｉｃ Ｔｅｓｔｉｎｇ ｆｏｒ Ｒａｗ Ｓｉｌｋ Ｓｉｚｅ !!!! Ｊｉａｎｍｅｉ Ｘｕ，Ｌｕｎ Ｂａｉ（５７８ ）
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!!!!!!!!!!!! Ｈｏｎｇｊｕｎ Ｙａｎｇ Ｗｅｉｌｉｎ Ｘｕ Ｈａｉｙｅ Ｘｕ Ｗｅｉｃｉ Ｗａｎｇ Ｃｈｅｎｘｉ Ｏｕｙａｎｇ Ｗｅｉｇａｎｇ Ｃｕｉ ９５２
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Ｚｉｍｉｎ Ｊｉｎ（１１３４ ）
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｙｕｘｉｕ Ｙａｎ，
!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｂｉｎｇｑｉｎｇ Ｙｕ Ｚｈｕｏｊｕｎ Ｄｉｎｇ Ｑｉｎｇｌｉａｎｇ Ｇｕ １１２０

Ｓｔｕｄｙ ｏｎ Ｄｉｆｆｅｒｅｎｃｅ ｉｎ Ｃｌｏｔｈｉｎｇ Ｃｏｎｓｕｍｐｔｉｏｎ Ｂｅｈａｖｉｏｒｓ ｂｅｔｗｅｅｎ Ｍａｌｅ Ｃｏｌｌｅｇｅ Ｓｔｕｄｅｎｔｓ ａｎｄ Ｆｅｍａｌｅｓ

，

!!!!!!!!!

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｆａｎｇ Ｑｉｎ Ｈａｉｙａｎ Ｌｕ Ｇｕｏｌｉａｎ Ｌｉｕ １１３９
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Ｔｈｅ Ｄｅｖｅｌｏｐｍｅｎｔ ｏｆ Ｔｈｅｒｍａｌ Ｓｉｌｋ Ｓｔｏｃｋｉｎｇｓ ａｎｄ Ｔｈｅｉｒ Ｐｏｔｅｎｔｉａｌ Ｍａｒｋｅｔ ｉｎ Ｃｈｉｎａ !!!!!!!!!!!!!!!!!

，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｑｉｎｇ Ｙｅ Ｄａｎｎｉ Ｗａｎｇ Ｍｉｎｇ Ｘｕ １１４２
Ｔｈｅ Ｒｉｓｋ ｆｏｒ Ｓｐｏｒｔｓｗｅａｒ Ｆｉｒｍｓ ｉｎ Ｅｍｐｌｏｙｉｎｇ Ａｔｈｌｅｔｅｓ ｔｏ Ｅｎｄｏｒｓｅ Ｂｒａｎｄｓ

!!!!!!!!!!!!!!!!!!!!

，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｚｈｏｎｇｇａｎｇ Ｌｉｕ Ｍｉｎｇ Ｘｕ Ｈａｉｙａｎ Ｚｈｅｎｇ １１４９

Ｑｕａｌｉｔｙ Ｓｕｐｅｒｖｉｓｉｏｎ ａｎｄ Ｔｅｃｈｎｉｃａｌ Ｒｅｇｕｌａｔｉｏｎ ａｎｄ Ｓｔａｎｄａｒｄ ｏｆ Ｃｈｉｎａ Ｄｏｍｅｓｔｉｃ Ｔｅｘｔｉｌｅｓ !!!!!!!!!!!!!!!

，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｗｅｎ Ｆｅｎｇ Ｗｅｉ Ｐａｎ ＹｕＬｉａｎ Ｚｈａｎｇ １１５５
Ａｎａｌｙｓｉｓ ｏｎ ｔｈｅ Ａｄｖａｎｔａｇｅｓ ａｎｄ Ｃｏｍｐｅｔｉｔｉｖｅ Ｅｄｇｅｓ ｏｆ Ｃｈｉｎｅｓｅ Ｔｅｘｔｉｌｅ ａｎｄ Ｃｌｏｔｈｉｎｇ Ｉｎｄｕｓｔｒｙ ａｔ ｔｈｅ Ｃｕｒｒｅｎｔ Ｓｔａｇｅ

!!!!

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｌｉｎｇ Ｓｕｎ １１５７

，

，

Ｒｅｃｅｎｔ Ｔｒｅｎｄｓ ｉｎ Ｕｔｉｌｉｚａｔｉｏｎ ｏｆ Ｆｉｂｅｒｓ Ｙａｒｎｓ Ｆａｂｒｉｃｓ ｆｏｒ Ｆａｓｈｉｏｎ Ｄｅｓｉｇｎｉｎｇ ａｎｄ ｔｈｅｉｒ Ｍａｎａｇｅｍｅｎｔ

，

!!!!!!!!!

，

（ ）

!!!!!!!! Ｒａｄｈａｌａｋｓｈｍｉ Ｙ． Ｃｈｅｎｎａｉａｈ Ｇｕｒｕｍｕｒｔｈｙ Ｋ． Ｓａｔｙａｎａｒａｙａｎａｒａｏ Ｇｕｒｕｍｕｒｔｈｙ Ｂ． Ｒａｍａｉａｈ １１６１

Ｉｎｖｅｓｔｉｇａｔｉｏｎ ｏｆ Ｃｈｉｎｅｓｅ Ｃｏｎｓｕｍｅｒ Ｂｅｈａｖｉｏｒ ｏｎ Ｄｏｇ Ａｐｐａｒｅｌ ｆｏｒ Ｐｒｏｄｕｃｔ Ｄｅｖｅｌｏｐｍｅｎｔ !!!!!!!!!!!!!!!

， ，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｙｕｎｙｉ Ｗａｎｇ Ｊｕｎ Ｌｉ Ｌｉｎｌｉｎ Ｈｕａｎｇ Ｘｉｎ Ｌｉｕ １１６３

Ｓｅｃｔｉｏｎ Ｇ

，

，

Ｆａｓｈｉｏｎ Ｄｅｓｉｇｎ Ｈｉｓｔｏｒｙ ａｎｄ Ａｅｓｔｈｅｔｉｃｓ

（ ）

３Ｄ Ｒｅｃｏｎｓｔｒｕｃｔｉｏｎ ｏｆ Ｇａｒｍｅｎｔ ｆｒｏｍ Ａ Ｓｉｎｇｌｅ ２Ｄ Ｉｍａｇｅ !!!!!!!!!!!!!!!!!!! Ｈｏｎｇｙａｎ Ｌｉｕ １１６５
Ｃｏｍｐａｒｉｎｇ Ｒｅｓｅａｒｃｈ ａｂｏｕｔ ｔｈｅ Ｂｅａｕｔｙ ｉｎ Ｆｏｒｍ ｂｅｔｗｅｅｎ Ｆｒａｃｔａｌ ａｎｄ Ｔｒａｄｉｔｉｏｎａｌ Ｔｅｘｔｉｌｅ Ｐａｔｔｅｒｎｓ

!!!!!!!!!!!

，
（ ）
Ｇｅｎｅｒａｌ Ｓｉｔｕａｔｉｏｎ ｏｆ Ａｎｃｉｅｎｔ Ｔｅｘｔｉｌｅｓ Ｒｅｓｅａｒｃｈ ｉｎ Ｃｈｉｎａ ! Ｑｉｕｌｉｎｇ Ｃａｏ，Ｓｕｋａｎｇ Ｚｈｕ，Ｈｕｉｊｉｎｇ Ｚｈａｏ，Ｈｅｎｇｘｉａｎ Ｔｕ（１１７５ ）
Ａｎ Ｉｎｔｅｇｅｒ Ｎｏｎｌｉｎｅａｒ Ｐｒｏｇｒａｍｍｉｎｇ Ｍｏｄｅｌ ｆｏｒ Ｕｎｉｆｏｒｍ Ａｓｓｉｇｎｍｅｎｔ Ｐｒｏｂｌｅｍ !!!!!!!!!!!! Ｓｉｓｉ Ｚｈａｎｇ （１１７８ ）
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｙｉｎｇ Ｔａｎｇ Ｋｕａｎｊｕｎ Ｆａｎｇ １１６９

Ａ Ｓｔｕｄｙ ｏｆ Ｌａｙｅｒｅｄ Ｃｏｍｂｉｎａｔｉｏｎ ｏｆ Ｃｌｏｔｈｉｎｇ Ｆａｂｒｉｃｓ ｗｉｔｈ Ｍｏｉｓｔｕｒｅ Ｔｒａｎｓｐｏｒｔ Ｍｏｄｅｌ !!!!!!!!!!!!!!!!

，

，

（ ）
Ａ Ｓｔｕｄｙ ｏｆ ｔｈｅ Ｂｒａｉｄｅｄ Ｒｉｂｂｏｎ ｗｉｔｈ Ｃｈｅｃｋｅｄ ａｎｄ Ａｎｉｍａｌ Ｐａｔｔｅｒｎ Ｕｎｅａｒｔｈｅｄ ｆｒｏｍ Ｙｉｎｇｐａｎ !! Ｈｕｉ Ｌｉｕ，Ｆｅｎｇ Ｚｈａｏ（１１８６ ）
Ａｎ Ａｄａｐｔｉｖｅ ＭＴＭ Ｆｒａｍｅｗｏｒｋ Ｂａｓｅｄ ｏｎ Ｂｏｄｙ Ｃｌａｓｓｉｆｉｃａｔｉｏｎ !!!!!!!!!!! Ｇｕａｎｂｉｎ Ｌｉｕ，Ｗｅｎｂｉｎ Ｚｈａｎｇ（１１９０ ）
Ｄａｔａ Ｄｅｓｉｇｎｉｎｇ ｏｆ Ｃｌｏｔｈｉｎｇ Ｐａｔｔｅｒｎ Ｖｅｃｔｏｒ Ｄａｔａｂａｓｅ !!!!!!!!!! Ｊｕｎ Ｌｉｎｇ，Ｘｉｎｘｉｎｇ Ｇｕｏ，Ｘｉａｏｍｅｉ Ｓｈａｎｇ（１１９５ ）
!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｈｕａ Ｌｉｕ Ｙｉｓｏｎｇ Ｃｈｅｎ Ｗｅｉｙｕａｎ Ｚｈａｎｇ １１８２

Ｄｅｓｉｇｎ ａｎｄ Ｉｍｐｌｅｍｅｎｔ ｏｎ ｔｈｅ Ｄｅｍａｎｄ ｏｆ ａｎ Ｉｎｔｅｌｌｉｇｎｅｔｉｚｅｄ Ｃｕｓｔｏｍ － ｍａｄｅ Ｃｌｏｔｈｉｎｇ Ｓｙｓｔｅｍ !!!!!!!!!!!!!

，

，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!! Ｈｕｉ Ｗａｎｇ Ｊｕｎｑｉ Ｋｏｎｇ Ｘｉａｏｍｅｉ Ｓｈａｎｇ Ｊｕｎ Ｌｉｎｇ １１９８

Ｅｆｆｅｃｔ ｏｆ Ｗｉｎｄ Ｖｅｌｏｃｉｔｙ ａｎｄ Ｗａｌｋｉｎｇ Ｓｐｅｅｄ ｏｎ ｔｈｅ Ｔｈｅｒｍａｌ Ｉｎｓｕｌａｔｉｏｎ ｏｆ ｔｈｅ Ｏｕｔ Ｓｕｒｆａｃｅ Ａｉｒ Ｌａｙｅｒ ｏｆ Ｃｌｏｔｈｉｎｇ !!!!!

，

，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｙａｏ Ｙｕ Ｘｉａｏｍｉｎｇ Ｑｉａｎ Ｊｉｎｔｕ Ｆａｎ Ｒｕｉ Ｗａｎｇ １２０２

：

Ｉｎｄｕｓｔｒｉａｌ Ｕｐｇｒａｄｉｎｇ ｉｎ Ｇｌｏｂａｌ Ｐｒｏｄｕｃｔｉｏｎ Ｎｅｔｗｏｒｋ Ａ Ｃａｓｅ ｏｆ Ｃｈｉｎａ Ａｐｐａｒｅｌ Ｉｎｄｕｓｔｒｙ !!!!!!!!!!!!!!!

，

，

（ ）
Ｓｔｕｄｙ ｏｆ Ａｎａｌｙｔｉｃ Ｍｅｔｈｏｄｓ ａｎｄ Ｃｏｎｔｅｎｔｓ ｏｎ ｔｈｅ Ｄａｔａ ｏｆ Ｈｕｍａｎ Ｃｏｎｔｏｕｒ !!!!!!!! Ｘｉａｏｍｅｉ Ｓｈａｎｇ，Ｘｉ Ｓｈｅｎ（１２１２ ）
Ｔｈｅ Ｃｏｍｐａｒｉｓｏｎ Ｒｅｓｅａｒｃｈ ｏｆ Ｈｕｍａｎ Ｂｏｄｙ Ｃｉｒｃｕｍｆｅｒｅｎｃｅ Ｃｕｒｖｅｓ’Ｍｏｄｅｌ Ｂａｓｅｄ ｏｎ Ａｕｔｏｍａｔｉｃ Ｍｅａｓｕｒｅｍｅｎｔ !!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｘｉａｏｍｅｉ Ｓｈａｎｇ，Ｃｈｅｎ Ｌｕ，Ｈｕｉ Ｗａｎｇ （１２１６ ）
Ｔｈｅ Ｉｎｆｌｕｅｎｃｅ ｏｆ ｔｈｅ Ｋｎｉｔｔｅｄ Ｆａｂｒｉｃｓ’Ｃｈａｒａｃｔｅｒｉｓｔｉｃｓ ｏｎ ｔｈｅ Ｆａｓｈｉｏｎ Ｄｅｓｉｇｎ !!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｙｕｍｅｉ Ｃｕｉ，Ａｉｍｅｉ Ｚｈａｎｇ，Ｈｅｎｇ Ｚｈｏｎｇ（１２２０ ）
Ｔｈｅ Ｒｅｓｅａｒｃｈ ａｎｄ Ｃｏｎｓｔｒｕｃｔｉｏｎ ｏｆ Ｈｕｍａｎ Ａｐｐａｒｅｌ Ｃｏｎｔｏｕｒ Ｄａｔａ Ｐｌａｔ !!! Ｘｉａｏｍｅｉ Ｓｈａｎｇ，
Ｗｅｉ Ｗａｎｇ，Ｈｕｉ Ｗａｎｇ（１２２３ ）
!!!!!!!!!!!!!!!!!!!!!!!!!!!! Ｌｉｎｆｅｉ Ｚｈａｏ Ｚｈｕｏｊｕｎ Ｄｉｎｇ Ｑｉｎｇｌｉａｎｇ Ｇｕ １２０７
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Ｖｉｓｕａｌ Ｐｅｒｃｅｐｔｉｏｎ ｏｆ Ｃｈｉｎｅｓｅ Ｆｅｍａｌｅ Ｐｈｙｓｉｃａｌ Ａｔｔｒａｃｔｉｖｅｎｅｓｓ !!!!!!!!!!!!!!!!!!!!!!!!!

，

，

，

，
（ ）
Ａ Ｓｔｕｄｙ ｏｆ Ｃｏｓｔｕｍｅ Ｒｕｌｅｓ ｏｎ Ｆｉｖｅ Ｅｄｉｔｉｏｎｓ ＜ Ｔｈｅ Ｃｏｄｅｓ ｏｆ Ｉｍｐｅｒｉａｌ Ｑｉｎｇ ＞ !!!!!! Ｙｅｈｏｎｇ Ｗａｎｇ，
Ｙａｎ Ｊｉａｎｇ（１２３２ ）
Ａｎ Ａｎａｌｙｓｉｓ ｏｎ ｔｈｅ Ｙｏｕｎｇ Ｆｅｍａｌｅ Ｂｒｅａｓｔ Ｔｙｐｅ !!!!!!!!!!!!!!!!!! Ｄａｎｐｉｎｇ Ｌｉｕ，
Ｙａｎ Ｊｉａｎｇ（１２３５ ）
!!!!!!!!!!!!!!!!!!!!! Ｌｉｌｉ Ｚｈａｉ Ｘｉａｏｍｉｎｇ Ｑｉａｎ Ｒｕｉ Ｗａｎ Ｊｉｎｔｕ Ｆａｎ Ｈｅｙｕｅ Ｗｅｉ １２２６

Ａｎｔｈｒｏｐｏｍｅｔｒｙ ｏｆ Ｙｏｕｎｇ Ｃｈｉｎｅｓｅ Ｍａｌｅｓ ｉｎ Ｚｈｅｊｉａｎｇ ｆｏｒ Ａｐｐａｒｅｌ Ｄｅｓｉｇｎ ａｎｄ Ｍａｎｕｆａｃｔｕｒｅ !!!!!!!!!!!!!!

，

，
（ ）
Ｄｙｎａｍｉｃ Ｐｒｅｓｓｕｒｅ Ｃｏｍｆｏｒｔ ｏｆ Ｔｈｒｅｅ Ｇａｒｍｅｎｔ Ｓｌｅｅｖｅ Ｓｔｒｕｃｔｕｒｅｓ !!!!! Ｘｉａｎｇｈｕｉ Ｚｈａｎｇ，Ｊｕｎ Ｌｉ，Ｙｕｎｙｉ Ｗａｎｇ （１２４３ ）
Ｉｎｆｌｕｅｎｃｅ Ａｎａｌｙｓｉｓ ｏｆ Ｄｅｓｉｇｎ Ｅｄｕｃａｔｉｏｎ ｏｎ Ｆａｓｈｉｏｎ Ｃｒｅａｔｉｖｅ Ｉｎｄｕｓｔｒｙ !!!!!!! Ｃｏｎｇ Ｓｈａｎ，Ｃｈａｎｇｃｈｕｎ Ｇａｏ（１２４９ ）
!!!!!!!!!!!!!!!!!!!!!!!!!! Ｑｉｍｉｎｇ Ｗａｎｇ Ｗｅｎｂｉｎ Ｚｈａｎｇ Ｗｅｉｙｕａｎ Ｚｈａｎｇ １２３９

Ｒｅｓｅａｒｃｈ ｏｎ Ａｐｐａｒｅｌ ＣＩＭＳ Ｉｎｔｅｒｆａｃｅ Ｔｅｃｈｎｏｌｏｇｙ Ｂａｓｅｄ ｏｎ ＸＭＬ !!!!!!!!!!!!!!!!!!!!!!!!

，

，

，

（ ）
!!!! Ｘｉａｎｗｅｉ Ｓｈａｏ（１２５７ ）

!!!!!!!!!!!!!!!!!!!!!!!! Ｙｉｎｇｌｉｎ Ｌｉ Ｌｉａｎｈｅ Ｙａｎｇ Ｎａｉｊｉｅ Ｈｕ Ｙｉｎｇｚｈｏｎｇ Ｌｉ １２５３
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’

Ｓｔｕｄｙ ｏｎ Ｃｏｎｓｕｍｅｒ ｓ Ｆａｖｏｒｉｔｅ Ｈｕｅ ａｎｄ Ｖａｌｕｅ ｏｆ Ｓｉｌｋ Ｃｌｏｔｈｉｎｇ !!!!!!!!!!!!!!!!!!!!!!!!

，

，

，

（ ）

!!!!!!!!!!!!!!!!!!!!!!! Ｇｕｏｑｉ Ｃｈｅｎ Ｓｈａｎｓｈａｎ Ｗａｎｇ Ｘｉａｏｈｕｉ Ｘｕ Ｇｕｏｌｉａｎ Ｌｉｕ １２６２

Ｓｔｕｄｙ ｏｎ Ｓｅｎｓｏｒｙ Ｅｖａｌｕａｔｉｏｎ ｏｆ Ｃｏｌｏｒ Ｖａｌｕｅ ｏｎ Ｓｉｌｋ Ｃｌｏｔｈｉｎｇ !!!!!!!!!!!!!!!!!!!!!!!!!

，

，

，
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Ｓｔｕｄｙ ｏｎ Ｐｏｌａｒｉｚａｔｉｏｎ Ｔｒｅｎｄ ｏｆ Ｓｐｏｒｔｓ Ａｐｐａｒｅｌ Ｄｅｓｉｇｎ !!!!!!!!!!!!!!!!!!!! Ｊｉｎｇｙｕ Ｃｈｅｎ（１２６８ ）
Ｔｈｅ Ｍａｋｉｎｇ Ｐｒｏｃｅｓｓ ｏｆ Ｑｉｎｇ Ｄｒａｇｏｎ Ｒｏｂｅ !!!!!!!!!!!!!!!!!!! Ｙｅｈｏｎｇ Ｗａｎｇ，
Ｆｅｎｇ Ｚｈａｏ（１２７１ ）
Ｓｔｕｄｙ ｏｎ ｔｈｅ Ｂｕｓｔ Ｄａｒｔ’ｓ Ａｎｇｌｅ ｏｆ ｔｈｅ ３Ｄ Ｓｃａｎ Ｂｏｄｙ !!!!!!!! Ｗｅｉｊｕａｎ Ｙｕａｎ，Ｊｕｎｑｉａｎｇ Ｓｕ，
Ｇｕｏｌｉａｎ Ｌｉｕ（１２７５ ）
!!!!!!!!!!!!!!!!!!!!!! Ｓｈａｎｓｈａｎ Ｗａｎｇ Ｇｕｏｑｉ Ｃｈｅｎ Ｘｉａｏｈｕｉ Ｘｉｕ Ｇｕｏｌｉａｎ Ｌｉｕ １２６５

Ｉｎｖｅｒｓｅ Ｒｅｌａｘａｔｉｏｎ Ｐｈｅｎｏｍｅｎａ ｏｆ Ａｐｐａｒｅｌ !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Ｍａｉ Ｎｉ，
Ａｉｍｉｎ Ｔｏｎｇ，
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ABSTRACT
Fibre-to-fibre contacts have been regarded as the corner stone of micromechanics of fibrous assembly. This
study systematically rebuilt all geometrical models. The curved fibre paths were approximated by the chords of
fibre segments. The occupied space of two contact fibre segments were modelled incorporating the surface yield
at the contact point. A three-dimensional model was used to replace previous planar geometry in computing the
contact probabilities of individual fibre segments in a contact sequence. On the basis of the above modified
geometrical model, an improved stochastic model was thus developed to estimate fibre-to-fibre contacts in
nonwowens.
KEYWORDS: Nonwoven; Micromechanics; Fibre-to-fibre contacts
INTRODUCTION
Many textile and composite products can be treated
as fibrous assembly. The micromechanics has been
developed to explore the relationship between fibre
structural and mechanical properties of fibrous
assembly [1]. The fibre-to-fibre contacts have been
considered as a fundamental problem of
micromechanics, since the mechanical properties
of fibrous assembly is largely related to the number
of fibre-to-fibre contacts[2].

Contact space
We approximate the fibre segments with their
straight chords and suppose that an arbitrary fibre
segment A(d1) contacts another, B(dk1), where d1
and dk1 are the unit vectors along the orientations of
fibre segments A and B (Fig. 1).

B(dk1)

In the early models for fibre-to-fibre contacts, the
fibre has been assumed to be straight [3,4] and a
method called geometrical probability has been
applied to estimate the quantity of fibre-to-fibre
contacts [5, 6, 7] . These models have been applied
to both experimental and theoretical studies on the
mechanical properties of fibrous assembly, such as
slivers and nonwovens, and recognized to be useful
[2,8].

Δ
A(d1)

2D
Δ
FIGURE 1. When the centre of B(dk1) falls in the parallepiped,
the fibre segment is in contact with A(d1) .

This study inherits the concept of geometrical
probability and systematically rebuilds previous
geometrical models for fibre-to-fibre contacts in a
fibrous assembly. Previously, fibres have been
assumed to be always straight [3,4,6]. In order to
be physically more accurate, the curved fibre paths
are used in this study. Pan’s planar geometrical
model for computing the occupied space of two
contacted fibre segments is extended to
three-dimensional [7]. The formula for counting
the contact points is revised on the basis of the
improved geometrical models, following more
rigorous mathematical approaches.

A rhombus-based parallelepiped can be constructed
by the given height 2D, side length Δ and side
directions parallel to A(d1) and B(dk1). According
to Komori and Makishima [6], surface contact
occurs when the centre of B(dk1) falls in the
parallelepiped. The case that the axial intersection
of A(d1) and B(dk1) is considered acceptable under
the condition of Δ >> fibre diameter D, because the
straight fibre model is actually the chord of a fibre
segment along a curved path. The volume of this
parallelepiped is:

MODEL DEVELOPMENT
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V(d1, dk1) = 2 D × Δ 2 || d1 × dk1||
(Δ >> D; d1 = dk1)
= 2Δ πD2

located anywhere inside the cell, even inside
the other fibres.

(1)

In this study, the curved fibre paths are divided into
segments and approximated with chord lines.
Equation (3) should also apply if the partition
length Δ is sufficient large (c. 0.4 mm). However,
the universal space V does apply when Δ
approaches zero, because now the geometrical
models highly approximate to the real fibre
segments. The centre of a segment model should
not be inside the others or anywhere else inside
itself. Fig. 2 illustrates a more restricted model
regarding contact fibres under compression.
Obliviously, the volume of the fibres (Vsf) should
be taken away from V to generate an appropriate
universal space. Hence:
p1(d1, dk1) = V(d1, dk1) / (V − Vsf )
(4)
where Vsf = π(D− λ)2L

When Δ is getting smaller and the straight models
are approaching the true fibre segments, we should
not allow one fibre to intrude into any others.
Denoting λ/2 as the maximum transversal yield of
a contact fibre (Fig. 2), the contact region changes
into a smaller volume:
V(d1, dk1) = 2 λ × Δ 2 || d1 × dk1 ||
(d1 = dk1)
= 2Δ πλ(2D −λ)

λ

(d1≠dk1)
(2)

Β
Α

2D

Probability of multi-surface contacts
The probability of the second contact is less than
that of the first contact, since the first contact fibre
B(dk1) reduces the contact space of the second
contact. Pan [7] first proposed a two-dimensional
model to tackle the probability reduction of the
second contact. The length covered by the first
contact is D/sinα1(d1, dk1) along A(d1), where α1(d1,
dk1) = sin-1 ||d1 × dk1|| is the angle between two fibre
segments (Fig.4). The length for the second contact
is Δ − D/sinα1, but not the full length of A(d1),
where α1(d1, dk1) = sin-1 ||d1 × dk1|| is the angle
between two fibre segments (Fig.3). The length for
the second contact is Δ − D/sinα1, but not the full
length of A(d1).

Δ
FIGURE 2. A cutaway view along the axis of A(d1) shows that
both fibre segments A(d1) and B(dk1), yield λ/2 in transverse
direction respectively when an equal mechanical property is
assumed. The contact region is hatched.

Probability of two segments in contact
The hypothesis, that the leading end of a fibre is
located in a volume with equal opportunity for all
positions, is widely accepted in the simulation of
nonwoven fabrics [9] . This implies that the
position of a fibre segment obeys a uniform
distribution in a unit cell with volume V. Under this
assumption, Komori and Makishima [6] suggested
that the probability of an arbitrary fibre segment
A(d1) in contact with another B(dk1) is
(3)
p1(d1, dk1) = V(d1, dk1) / V (Δ >> D)

B ( d k1 )

Equation (3) states:
• The ratio of contact space to the universal
space is the geometrical probability of two
fibres in surface contact.
• The universal space has been assumed to
have the cell volume V, since the centre of
fibre segment B(dk1) can be placed anywhere
inside the cell [6] .
• The centre of the fibre model B(dk1) is the
best fit straight line of a curved fibre in the
previous model [3,4]. However, the
geometrical model of a fibre does not
accurately represent the behaviour of a real
fibre. Hence the centre of B(dk1) can be

D

δ
A( d 1)

β

FIGURE 3. A modified three-dimensional model for the
probability of the second contact.

Assuming an average surface yield depth δ/2, the
arc length covered by the first contact in Fig. 3
equals:
-2-

(β/2π)πD = βD/2= D cos −1

D −δ
D

αk = angle between fibre A(d1) and the kth contact

(5)

fibre.

D −δ
where β = 2 cos −1
D
The curved surface of a cylinder can be developed.
The exclusive contact area (Fig. 4) due to the first
contact can be expressed by
2( D − δ )
A1(d1, dk1) = (βD/2)×
sin α 1
2 D( D − δ )
D
−
δ
=
cos −1
(6)
sin α 1
D

Number of contacts
It is uncertain whether the probabilities of a
segment in contact with segments in the same fibre
or different fibres are the same, but we do not
discriminate the segments from the same and
different fibers in order to reduce the mathematical
complex at this stage. Define cj (j = 1…J) as the
event of exact j contacts and dk (k = 1…K) as the
event of contact fibre in the dk direction. Among
the total N fibre segments, there are nk of them in
the dk direction. Assume that a given fibre A is
orientated in the direction d1. For the purpose of
simplifying the mathematical expression, we let N1
= n1 −1 and Nk = nk (k = 2…K). The conditional
probability of exact one contact is

The exclusive area is assumed to be slightly larger
than the covered area of the first contact, since the
fibres would intrude into each other if the second
fibre were placed into the hatched region in Fig. 4.

K

πD

P(c1 | d 1) =

Nk

∑ N − 1P (d , d ) [1 − P (d , d )]
1

1

1

k

1 k

−1

k =1

K

∏ [1 − P (d , d )]
1

1

k

Nk

(9)

k =1

βD/2

Nk
is the opportunity to select a fibre
N −1
segment in the dk direction; P1(d1, dk) is the
probability of this selected fibre in contact with A;

area=ΔπD

where

δ

K

∏ [1 − P (d , d )]

[1 − P1(d1, dk)]−1

1

1

k

Nk

is

the

k =1

probability that the rest of the unselected fibre
segments in the unit cell do not contact A.

2(D-δ)/sinα 1

The conditional probability of exactly two contacts
may be expressed as
K

P (c 2 | d 1) =

K

1

∑∑K

k1=1 k 2 =1

FIGURE 4. The exclusive contact area (shaded) due to the
first contact on the developed surface of fibre A(d1).

∏[1 − P (d , d )]

i

∑A

k

2 D( D − δ )
D −δ
cos −1
sin αk
D

(8)

i

∑A

k

1

k

Nk

k =1
(10)
[1 − P1(d 1, dk1)][1 − P1(d 1, dk 2)]
1
is the chance to select two subsets of
where
K2
fibre segments {dk1} and {dk2} in the direction dk1
1
and dk2;
is the probability of picking the
Nk 1 Nk 2
first segment from {dk1} and the second segment
from {dk2}; P1(d1, dk1) P1(d1, dk2) represents the
probability of this pair of selected fibre segments in
contact with A;

dk2)

Rounding off the partially contacted fibres at the
ends of A(d1), the probabilities of the second and
the ith contact are:
ΔπD − A1
A1
p2 = p1 (
) =p1 (1−
)
(7)
ΔπD
ΔπD

Ak =

1
P1(d1, dk1) P1(d1,
N k 1 Nk 2

K

1

ΔπD − A1
pi = p1 (
) =p1 (1− k =1
)
ΔπD
ΔπD
where

2

< Δ πD

k =1
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K

∏[1 − P (d , d )]
1

1

k

formulas given in this study or scenario computer
simulation approach that will be introduced in our
future publications.

Nk

k =1
is the probability
[1 − P1(d 1, dk1)][1 − P1(d 1, dk 2)]
that the rest of the unselected fibre segments do not
contact A.
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Following up the above approach, the general term
of P ( cj | d 1) can be given by
K

P(cj | d 1) =

K

K

k1=1 k 2 =1

1

1

∑ ∑ ...∑

K

kj =1

j

j

∏N

kl

l =1

K

∏ [1 − P (d , d )]
1

j

∏ P (d , d
l

kl )

1

1

k

Nk

k =1
j

(11)

∏ [1 − P (d , d

l =1

l

1

kl )]

l =1

Statistically, the expected value of contacts with A
is
J

Eξ(d1) =

∑ jP(c | d )
j

1

(12)

j =1

The total number of contact points in a unit cell
may be estimated by

1
n~ =
2

K

∑ n Eξ (d )
k

k

(13)

k =1

where we divide the sum of contacts in individual
directions by 2, because the fibres are mutually
contacted at each contact point.
SUMMARY AND DISCUSSION
The mathematics for the estimation of
fibre-to-fibre contacts has been systematically
established after decades’ dedication of many
researchers. The previous models were shaped in
this study owing to improved geometrical
assumptions. The straight fibre model was replaced
by true path. the occupied space of contact fibres
was changed from planar to spatial. In addition, the
yield at the contact point was considered, since it is
significant when external load presents. The
formulas appear far complicated compared with
previous ones. However, the calculation is not
difficult with current computing power.

The techniques for measuring two-dimensional
orientation distributions of nonwoven have been
firmly established [9,11]. These methods also can
be extended to three-dimensional measurement.
When true orientation distribution is obtained, the
fibre-to-fibre contacts can be estimated using the
-4-
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ABSTRACT
Nonwoven geotextiles have been widely used for separation, filtration, reinforcing and drainage. The filtration
and drainage functions are especially attractive in the construction of soil structures. However, geotextiles may
not prevent excess soil particles loss and allow a proper degree of water flow as effectively as initially expected,
because the soil-geotextile system may become ineffective due to clogging. In this paper, an original twolayered nonwoven geotextile is produced according to the specification value for the function of filtration and
drainage and experimentally discussed on the filtration behavior. The tests are performed on five different
geotextiles. Experimental results indicate that with the increase of needle-punching density pore size initially
reduces and then increases, whereas clogging potential firstly increases and then decreases. The geotextile can
have optimal filtration properties at the needle punching density of 470 p/cm2.
punches/cm2. The proportion of mass per unit area
of fine fibers layer and coarse fibers layer
approximates to 40/60. The samples whose
interfaces are fine fibers layer and coarse fibers
layer respectively are marked 1-5 and A-E. The
main characteristics of these geotextiles are
presented in TableⅠ.

1 INTRODUCTION
Nonwoven geotextiles have been extensively used
as drainage and filter materials in geotechnical and
geoenvironmental works in the past 30 years [1-4].
These applications have been overwhelmingly
successful. In erosion control for inland waterways
or coastal erosion protection, geotextiles are placed
beneath rip-rap or articulated concrete blocks to
replace several graded granular layers [5].
Geotextiles have also been wrapped around freedraining stone or aggregate to form a trench drain
channel in drainage applications. Geotextile pores
must be small enough to retain a significant
amount of soil particles and thus prevent piping,
whereas the permeability criterion requires larger
pore sizes to ensure adequate water discharge.
Current geotextile filter design methods must
ensure retention, permeability and anti-clogging
capabilities [6-8]. In this study, an original twolayered nonwoven geotextile is fabricated with
different manufacturing parameters, and the
filtration characteristics are tested.

Table Ⅰ Geotextile characteristics
Samples
1
A
2
B
3
C
4
D
5

MA
（g/m2）

ρ
(Kg/m3)

Φ(%)

399

76.73

94.44

391

80.62

94.16

382

84.14

93.90

376

88.68

93.57

O90
(mm)
0.119
0.112
0.114
0.106
0.099
0.097
0.091
0.089
0.100

371
85.09
93.83
0.098
E
Notes: MA=mass per unit area, TGT=geotextile thickness (under
0.2 KPa normal stress), ρ= geotextile density, Φ=geotextile
porosity, O90=filtration opening size.

2 EXPERIMENTAL
2.1 Nonwoven geotextile
Five non-woven, needle punched geotextiles made
of polyester fibers from the same manufacturer
were tested. The diameters of the fine and coarse
fibers used in the above samples are 22.8μm and
28.6μm respectively. Firstly, the fine fibers and
coarse fibers layers were needle punched at needle
density of 160 punches/cm2 respectively, and then
the two layers were needle punched together at
needle density of 140, 190, 260, 310, 360

2.2 Soil
Soil (density=2480 Kg/m3, d90=0.092mm) used for
the study was provided from the pumping station
of Taipu River in Wuxi, China. The size
cumulative distribution curve of the soil particles
are shown in Figure 1.

-5-

sample in the apparatus, and add some free-air
water till the water have a height of 13 cm, and
remain the height during the whole experiment as
shown in Figure 2 (keep adding water to ensure the
height, for water will drop down through samples
continually).
(4) Stir the slurry constantly. Stop stirring and
adding water after 3h; let water in the apparatus
drop freely.
(5) After the water on the sample fully dropping
down, take out the sample and the remained soil on
it, dry and weigh, then calculate the mass of soil
particles passing through and clogging in the
sample.
(6) Replace other samples and repeat the
procedures again.
(7)Two samples of each geotextile are tested and
take the average as the final result.

Percent finer by mass(%)

1.0

0.8

0.6

0.4

0.2

0.0
0.01

Radius(mm)

0.1

FIGURE 1 Size cumulative distribution of the soil particles

2.3 Test Method
The filtration characteristics of geotextile are tested
on a filtering apparatus which was devised by Liu[9]
as shown in Figure 2.

3 RESULTS AND DISCUSSION
The relations between mass of soil passing through
the specimens and needling density for the tests are
presented in Figure 3.With the increase in needling
density, soil mass passing through unit area of
fabric initially decreases and then increases,
reaching the smallest value at 470 punches/cm2.
The increasing needling density results in a more
tangled structure, and the pore size of fabric
decreases, thereby less soil mass passing through it;
when the needle density increases to 470
punches/cm2 and more, the barbs cause fibers to
break and make the entanglement of fibers more
difficult, ultimately causing a larger penetration
hole and increasing the soil mass passing through
fabric.

FIGURE 2 Sketch diagram of filtering apparatus

The experiment is made according to the following
procedures:
(1) Cut off a round geotextile sample with diameter
of 14.5 mm, weigh and then put it into water until
fully saturation, so as to drive off air from it.
(2) Put the sample onto the center of the groundplatform, and then put a round rubber blanket with
outer and inner diameter of 14.5 and 14 cm on it,
so as to avoid water seeping from the sample edge.
Put the top-cylinder just on the rubber blanket, i.e.
the sample, rubber blanket and top-cylinder are
homocentric. Screw on the six nuts and bolts that
evenly distributing along the edge of top-cylinder
and ground-platform, respectively to clamp sample
and rubber blanket to avoid water seep from the
edge.
(3) According to the soil density and the inner
diameter of the apparatus, weigh about 191 g dry
soil. Put the soil into a beaker and pour some water
to make slurry. Then pour the slurry onto the

FIGURE 3 Mass of soil passing vs. needling density in soilgeotextile filtration system

The relations between clogging potential and
needling density for the tests are shown in Figure 4.
For an increase of needling density, the clogging
potential reaches peak value at 470 punches/cm2
and then decreases. With the increase of needling
density, the filtration opening size O90 decreases
-6-

(2) The increase in needling density results in
initial decrease and final increase in mass of
soil passing, reaching the smallest value at
470 punches/cm2.
(3) The variation between 1-5 samples and A-E
samples implies that the soil-geotextiles
interface have an important influence in
filtration performance.

initially and extremely approaches to d90, and then
gradually increases. This implies that at the
beginning the clogging potential increase sand then
decreases.

ACKNOWLEDGEMENTS
The support of National Natural Science
Foundation of China (Project 50809016) is
gratefully acknowledged.
REFERENCES
[1] Iryo, T., Rowe, R.K, “On the hydraulic
behavior of unsaturated nonwoven geotextiles”,
Geotextiles and Geomembrances, 21, 2003, 381404.
[2] Faure, Y.H., Baudoin, A., Pierson, P. and Plé,
O, “A contribution for predicting geotextile
clogging during filtration of suspended solids”
Geotextiles and Geomembrances, 24(1),2006, 1120.
[3] Faure, Y. H., Gourc, J. P., Gendrin, P,
“Structural study of porometry and filtration
opening size of geotexitles”, Geosynthetics:
Microstructure and Performance, ASTM STP
1076, I.D.Peggs, Ed. American Society for Testing
and Materials, Philadelphia,pa, 1990,102-136.
[4] Faure, Y.H., Farkouh, B., Delmas, P. Nancey,
A, “Analysis of geotextile filter behaviour after 21
years in valcros dam”, Geotextiles and
Geomembrances, 17, 1999,353-370.
[5]John,
N.W.M.,”Geotextiles”,
Glasgow,
1987,Chapter 3,. 56–67.
[6] Giroud, J.P.,Filter criteria for geotextiles, “In:
Proceedings of the Second International
conference on Geotextiles”, 1982,vol. 1, Las Vegas,
103–108.
[7] Fischer, G.R., Christopher, B.R., Holtz, R.D.,.
“Filter criteria based on pore size distribution”, In:
Proceedings of the Fourth International
Conference on Geotextiles Geomembranes and
Related products, 1990, vol. 1, The Hague, The
Netherlands, 289–294.
[8] Fischer, G.R., Holtz, R.D., Christopher, B.R.,
“Evaluating geotextile pore structure.”, In: Bhatia,
S.K., Suits, L.D. (Eds.), Recent Developments in
Geotextile Filters and Prefabricated Drainage
Geocomposites, 1996,ASTM STP 1281, 3–18.
[9] Li Fang Liu, Cai Yuan Chu,” Modeling the
slurry filtration performance of nonwoven
geotextiles”,Geotextiles and geomembranes, 24,
2006, 325–330.

FIGURE 4 Mass of soil clogging vs. needling density in soilgeotextile filtration system

Figure 3 and 4 depict variation of mass of soil
passing through the specimens and clogging
potential between 1-5 samples and A-E samples.
The former are higher than the latter. The larger
fiber denier signifies a decreasing of the number of
fiber in unit area, as well as an increase in its
stiffness. Therefore, nonwovens tangle more
loosely and become more bulky. The coarse fiber
layer as soil-geotextile interface results in a higher
soil mass passing, however, the decrease of pore
size of fine fiber layer significantly deterred the
soil particles pass through it. On the contrary, the
fine fiber layer as soil-geotextile interface prevents
more soil mass passing through it, but the increase
of pore size of coarse fiber layer permit a higher
soil particles pass through.
Mass of soil passing through the specimens and
clogging potential are equal between 1-5 samples
and A-E samples theoretically. However, the
experimental results show deviations between them.
This phenomenon indicates that filtration
characteristics are largely influenced by the layer
as interface.
4 CONCLUSIONS
This paper studies the influence of fiber layer and
needling density on filtration performance.
Apparatus is designed for a series of test about five
original two-layered nonwoven geotextiles. The
experimental results show:
(1) With the increase of needling density, the pore
size and clogging potential both initially
increase and then decrease, reaching the
largest value at 470 punches/cm2.
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Mechanical properties of novel stitched 3D hybrid
basalt composite
Zhang Mingxing1

Hu Hong1,2

1. College of Textiles Donghua University, Shanghai , China
2. Institute of Textiles and Clothing, The Hong Kong Polytechnic University，Hong Kong
ABSTRACT
Novel stitched 3D hybrid basalt composite with the different layup methods were manufactured with
the RTM technique (Resin Transfer Molding). The tensile, flexural and drop-hammer impact tests were
carried out. Load-displacement, energy-displacement curves were obtained. The comparison among
three different kinds of composites shows that the composite with the reinforcement of outer woven
layer and inner knitting layer possesses best impact energy absorbed abilities.
INTRODUCTION

TableⅠ. Dimensional properties of the plain woven fabric

Recently the stitched laminate fiber reinforced

Warp

Weft

composites have attracted much attention. But

Yarn linear density (tex)

316

323

few literatures could be found about the knitted

Density (yarns/cm)

6.2

6.2

woven fabrics hybrid reinforced composites.

Crimp (%)

They mostly focused on the pure woven

0.96
2

Mass per unit area (g/m )

461

composites or pure knitted composites[1-4].
Hybrid fabric reinforced composite investigated

TableⅡ. Dimensional properties of the interlock fabrics

almost focused on hybrid fiber[5,6]. This paper
described the experimental work on three novel
stitched 3D hybrid basalt composites. The tensile,
flexural and impact tests were carried out and
the load-displacement and energy-displacement

Yarn count(tex)

280

Course density(wales/5cm)

36

Wale density(courses/5cm)

35

Loop length(mm)

1.39
2

Mass perunit area(g/m )

curves were obtained from the test.

2123.95

EXPERIMENTAL
Material
Woven fabric, details shown in table1, works as

(a)Woven face and parallel knitted layerup(WFPK)

the upper and bottom layers. Knitting basalt
fabric with interlock structure, manufactured on
STOLL computer knitting machine, is clamped
between the two face layers, whose parameters
are listed in the table 2. Kevlar129 are used to
stitch

them

together

to

form

the

(b)Woven face and orthogonal knitted layerup(WFOK)

three

dimensional reinforcement. The three structures
are shown in figure1.
(b) Parallel knitted face and Woven layerup(PKFW)

Composite

Figure1 Schematics for three reinforcements
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long and 20mm wide. Five samples were
Vinyl Polyester resin was used to make

prepared along wale direction and course

composite, mixed with catalyst Methyl ethyl

direction respectively. Ensured the size CV value

ketone

was less than 5%.

peroxide

and

accelerate

Cobalt

2-ethylhexanoate ,with the ratio100:2:1 by
weight correspondingly.

Impact test
The Imatek impact testing system was employed

The basalt reinforcements were injected in the

to test the impact behavior of basalt composite

homemade mold matched with RTM. The basalt

under the transverse load. The samples were

composite cured for 24 hours at the room

75mm×75mm squares, and clamped between

temperature, which is followed by 8 hours

two metal pies. The hammer dropped over the

0

post-curing in the oven at 80 C temperature.

sample, and the load-displacement data can be

Composite WFPK surface is shown in the

obtained from the software matched to the

figure2.

testing

system.

Three

different

dropping

velocities 3.13m/s, 3.96m/s and 4.95m/s can be
achieved through adjusting the initial position of
hammer, Namely 0.5m, 0.8m, and 1.25m high
over from the samples.
RESULTS AND DISCUSSION
Figure 2 Composite WFPK

Tensile test results
As shown in figure 3, the composite PKFW is

METHODS

observed

with

largest

strain

at

break

Tensile test

deformability either along wale direction or

Basalt composites were cut into the samples with

course direction due to comparatively larger

the standard size according to the ASTM

deformability of knitting face layer.

D3039/D3039M-07 Standard (test method for
tensile properties of polymer matrix composite
materials). Each sample was 250mm long and
25mm wide. For the higher accuracy, five
samples were prepared for wale direction and
course direction respectively. Ensured the size
CV value was less than 5%. The tensile tests

(a) Wale direction

were conducted on the Hounsfield H100KS

(b) Course direction

Figure 3 Tensile stress-strain curves

testing system in Minho University in Portugal,
For the E-modulus along wale direction, it is

with the crosshead speed of 2mm/min.

observed that composite WFPK possesses the
highest E-modulus, and composite WFOK ranks

Three-point flexural test
Three-point bending tests were conducted on
the Hounsfield H100KS testing system in
Uminho University in Portugal following the
standard of ASTM D790-3, with the crosshead
speed of 2mm/min. Each sample was 150mm

the middle, the PKFW ranks the last. However,
composite WFOK has the highest modulus
among three, which is followed by composite
WFPK

and composite

PKFW.

This can be

explained that reinforcement with face layers of

-9-

woven fabric represents a shorter deformation

course direction.

when subjected to same tensile force compared

In all the curves including the wale direction and

with that with the face layers of knitting fabric.

course direction, the stair-like deformation trend

The specific energies along the wale direction

can be observed when subjected to the three

vary greatly between wale direction and course

point flexural tests. This exactly represents the

direction. For the wale direction, composite

failure process from the beginning to break. At

WFPK is observed with the highest level and is

the beginning, the sample undergoes one linear

followed

and

deformation. From then on the slope the curve

composite WFOK in order. However in the

slows down due to the cracks occurred and grew

course direction, composite PKFW is higher

on the matrix. One sharp drop is observed after

than composite WFPK, and both of them are

the peak stress because of the break of woven

after the composite WFOK. This can be

layer with the comparatively lower strain at

explained with the bigger difference between the

break.

wale direction and course direction.

during the break of knitting layer reinforcement

by

the

composite

PKFW,

The flexural stress increases a little

whereas some curves show this wholly and some
partly.

Three-point flexural test results
As shown in figure 4, for the deflection along
the wale direction and course direction, the

Drop-hammer impact test results

composite PKFW is observed with biggest

As shown in figure 5, the failure process consists

deflection among the three composites, which is

of three stages. On the first stage, the hammer

attributed to the larger deformation subjected to

just contacted with composite with the low load,

the flexural load at the center of sample,

the load increases linearly with the increasing of

compared with woven fabric.

displacement. On the second stage, namely
before the peak load, the fluctuations represents
the different break time of different yarns and
different layers. Finally, the drop-hammer back
to zero displacement position. However, there
exists one slight difference between 4.95m/s

(a) Wale direction

level and the other two. This can be attributed to

(b) Course direction

the

Figure 4 Flexural stress-deflection curves

much

too

big

load

which

makes

hammer-head get through the sample.
For the flexural stress along the two directions,

From

composite WFPK is observed with the higher

composite reinforced by interlock represents the

flexural stress than that of composite PKFW, and

highest peak load and smallest displacement

both of them are lower along the wale direction

except at 3.13m/s level compared with the other

and higher in course direction than that of

one. This can be explained with the different

composite WFOK.

structure of reinforcement. For composite WFPK,

There exists one difference between flexural

the outer layer which firstly contacts the load,

specific energy along the wale direction and

the straight woven basalt yarn can easily transfer

course direction. Composite WFPK shows the

the stress wave along the plate where the woven

higher flexural specific energy than composite

layer is, which make more area of matrix, more

WFOK in wale direction and lower in course

yarn to carry the load possible. Therefore, the

direction, however, Composite PKFW ranks

load-displacement increases with a biggest

between them two along both wale direction and

modulus at the beginning.
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the

load-displacement

curves,

the

CONCLUSIONS
3D hybrid basalt fabric reinforced composites
with different layup method were manufactured
with RTM techniques. The tensile, bending,
impact tests were carried out and the stress-strain
and stress-deflection curves were obtained. The
drop-hammer impact test was conducted. From
the comparisons, composite WFPK is observed
with the highest tensile, flexural and impact
energy absorption abilities due to its rapid
propagating the stress wave along the plate
direction.

(a) 3.13m/s

(b) 3.96m/s
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(c) 4.95m/s
Figure 5 Impact behaviors under different impact speeds

Figure 6 Impacted samples under 4.43m/s impact speed

On the opposite side, composite PKFW, the
reinforcement with knitting basalt fabric outside,
the stress wave can not propagate very rapidly
along the plate direction. Therefore, smaller
damage area can be found after the same
drop-hammer impact, compared with that with
the opposite reinforcement. However, composite
PKFW

is

observed

with

the

biggest

displacement. The composite WFOK is with the
two orthogonal inner reinforcements. The
orthogonal layup method did not contribute the
higher impact energy absorption abilities, which
is shown in figure 6.
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Mechanical properties of novel different stitched density
3D hybrid basalt composite
Zhang Mingxing1 Hu Hong1,2
1.College of Textiles Donghua University, Shanghai , China
2. Institute of Textiles and Clothing, The Hong Kong Polytechnic
ABSTRACT
This paper describes the experimental work carried out to understand the mechanical behavior of polymeric
composite materials reinforced by 3D hybrid basalt fabrics. The novel reinforcements used consist of two outer
layers of a specific woven fabric combined with two inner layers of knitted fabrics. The fabric layers were
stitched together with para-aramid threads with different stitched densities. The stitched densities were evaluated
by the area of each stitched square, namely, unstitched, 1cm2 and 0.25cm2. These reinforcements were
impregnated with polyester resin using the RTM technique and the corresponding composites obtained were
tested under tensile, bending and impact loads. The results obtained show that the stitched density influenced
significantly the mechanical performance of the materials. The composite with 1cm2 stitched density presented
the best results concerning tensile stress at fracture, flexural strength and energy absorption
Key words: mechanical properties, 3D fabrics, stitched density, hybrid composites, impact behavior

Experimental
Fibers and fabrics
The 3D hybrid fabrics used as reinforcement in the
composite material included both weft-knitted and
woven fabrics produced with basalt continuous
filament yarn. Para-aramid (Kevlar129) threads were
used to stitch the reinforcing layers. A vinyl ester
resin (from Matrix Composites Material Co. Ltd) was
used to impregnate the fabrics and to produce the
composite materials.
The physical properties of the fibers used are
presented in Table 1.

Introduction
Through-thickness stitched composite has attracted
much attention recently due to the improvement of
damage resistance. The research on stitched woven
laminate composites showed that stitching reduced
ballistic limit trends under high velocity impact
loading 1 , improved the compression after impact
strength 2 , increased the damage resistance against
explosive blast loading 3 and reduced the in-plane
tensile strength of a quasi-isotropic laminate and
elasticity

modulus

4

.The

studies

multi-axial laminate composites

56

on

stitched

indicated that

transverse cracks near the impact point were found to
be joined with propagation of cracks.The researches

Table1. Physical properties of the fibers

on influence of stitched density on the mechanical
78

properties

Property

showed that stitching increases bending

3

Density (g/cm )

Basalt

Aramid(Kevlar129)

2.80

1.65

600.00

348.75

strength increases with the number of rows

Linear density (tex)

increasing.

Tensile strength (MPa)

4980

3500

From the work above, few studies was focused on the

Young’s modulus (GPa)

89.57

96.50

different stitched density 3D hybrid basalt composite

Extension at break (%)

3.1

3.3

reinforced with knitting and woven hybrid fabrics，as
shown in figure1. The different stitched density 3D

The knitted（interlock） basalt fiber fabrics were

hybrid basalt composite is designed with the

produced using an STOLL CMS E10 electronic flat

following advantages:

knitting machine. The dimensional properties of the
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square, namely, unstitched, 1cm2 and 0.25cm2.

knitted fabrics used are presented in Table 2.

Composite

Table 2. Dimensional properties of the Interlock fabrics
Yarn count(tex)

280

The basalt reinforcements were injected in the

Course density(wales/5cm)

36

homemade mold matched with RTM. The basalt

Wale density(courses/5cm)

35

composite cured for 24 hours at the room temperature,

Loop length(mm)

1.39

which is followed by 8 hours post-curing in the oven at

12.04

800C temperature. Composites with three different

tex

Tightnessfactor（ looplength ）

stitched densities are shown in the figure3.

2

Mass perunit area(g/m )

2123.95

The basalt plain woven fabric was obtained
directly from Hengdian Group Shanghai Russia &
Gold

Basalt

Fiber

Co.,Ltd..

Its

dimensional
b) 1cm2

a) Unstitched

properties are shown in Table 3.

c) 0.25cm2

Figure 3 Composites with three different stitched densities
Table 3. Dimensional properties of the plain woven fabric
Warp

Weft

Yarn linear density (tex)

316

323

Density (yarns/cm)

6.2

6.2

METHODS
Tensile testing

Crimp (%)

0.96

Basalt composite samples were prepared according to

Mass per unit area (g/m2)

461

ASTM

D3039/D3039M-07

standard,

with

dimensions of 25mm×150mm. Ensure the size CV
value is less than 5%. Five samples were prepared for
Reinforcement hybrid structures

each direction, walewise and coursewise. Tensile
tests were conducted on a Hounsfield H100KS

A novel 3D hybrid basalt fabric structure was

Universal Tensile Tester with a crosshead speed of

developed and studied in this research work and used

2mm/min.

for the reinforcement. As shown in Figure 2, this
structure consists of four layers, namely one layer of

Three-point bending

woven basalt fabric, followed by two layers of

Three-point bending tests were conducted on a

knitted basalt fabric and one layer of woven basalt

Hounsfield H100KS testing system, according to the

fabric, respectively from the bottom layer to the top

standard ASTM D790-3, with a crosshead speed of

layer, and these were stitched together with aramid

2mm/min. Five samples of 15mm×200mm were

(Kevlar129) threads.

prepared for the test. Ensure the size CV value is less
than 5%.
Impact test

Figure1. Sketch of Multi-hybrid basalt reinforcement

An Imatek impact testing system was used to

In order to assess the influence of the stitched density

evaluate the impact behavior of the basalt composites

on the mechanical behavior of the composite material,

under transverse load. Square samples of 75 mm×75

hybrid reinforcement structures with three different

mm were tested. Three different dropping speeds

stitched densities were prepared. The stitched

were used, i.e., 3.13 m/s, 3.96 m/s and 4.95 m/s, by

densities were evaluated by the area of each stitched

adjusting the impactor position to 0.5m, 0.8m and
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1.25m height with reference to each sample

Comparison between curves along wale and course

accordingly.

direction, represents that the modulus, stress and
strain at peak, stress and strain at break along the
course direction are higher that along the course

RESULTS AND DISCUSSION

500

400

300

200

wale

100

mechanical properties of knitting loops differ much

2

1cm
2
0.25cm
unstitched

250

tension stress(MPa)

600

tension stress(MPa)

300

2

1cm
2
0.25cm
unstitched

700

direction. This is because that the different
along two directions.

200

150

100

course
50

300

500

0.10

2

2

0.02

0.04

0.06

0.08

1cm
2
0.25cm
unstitched

450

0.10

strain

strain

400

Figure 4 Tension stress-strain curves along wale and course
direction

350
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wale

0

0
0

2

1cm
2
0.25cm
unstitched

250

fexural stress(MPa)

0.05

0
0.00

flexural stress(MPa)

0
0.00

5

Along wale and course directions, 1 cm composite

10
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30

deflection(mm)

0

5

10

15

20

25

30

deflection(mm)

posses the highest tension stress and strain at peak

Figure 5 flexural stress-deflection curves along wale and course

among the three kind of composites. This can be

direction

attributed to donation of stitched thread, which
ensure the woven and knitting reinforcement work as

Along the wale and course direction, the composite

one whole and increase the toughness. The increasing

with 1cm2 unit stitching area is observed with highest

of Yong’s modulus results from the stitched density

peak flexural stress. Compared with unstitched

increase.

composite, stitched composites possess shorter

Comparison between stitched composite represents

deflection at break, which can be attributed to

that the stitching thread Kevlar is playing an

stitching thread effect.

important role in eliminating the delamination.

The failure process can be divided into three stages.

Stair-like drops can be found easily in unstitched

At the beginning, the linear bending deformation

composites along both wale and course direction(see

occurred when sample is subjected to the small load.

figure 4), which do not appear in the tension curve in

As the load increases, slop of curve slows down due

2

2

composite.

to the cracks on matrix and damage on the interface

Stair-like drops can be explained by the earlier break

between fiber and matrix. The bottom woven fabric

of woven fabric due to the lower strain at break,

breaks due to its comparative smaller break strain

which is followed by the break of core part interlock

than knitting fabric, and the break can be

structure break.

demonstrate by the first sharp drop on the curve.

The comparison among three along either the wale

Consequently, the two knitting layers begin to carry

direction or course direction, represents that there is

the tension load, and they break one after another,

one proper stitched density for the reinforcement.

which can be observed from the two drops after the

either 1cm

composite and 0.25cm

2

Increase of density from unstitched to 1cm results in

bottom woven fabric break. The last drop is due to

the increase the peak stress and strain at break.

upper woven fabric and some stitching threads break.

2

However, the increase from 1cm

2

to 0.25cm

Therefore, the whole failure process goes on with

decreases the peak stress and strain at break. This is

one stair-like drop.

attributed to the much too dense stitched density

From two comparisons for each direction, we can

make more place available which is occupied by the

find that there exists one proper stitching density for

redundant resin, which reduces the toughness of

the hybrid basalt reinforcement. The 1cm2 stitching

composite. The E-modulus and specific volume

density increase the peak flexural stress and specific

energy increase with the increasing the stitched

volume energy. However, the denser stitching density

density.

0.25cm2 for unit stitching square decreases the peak
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stress and specific volume energy. However the

be explain that the stitching thread increase the flexural

increase of stitching density results in the increase of

strength in a certain range. If the stitching density is

flexural modulus.

extremely dense, more holes were created by the

From the comparison between wale direction and

stitching thread and these holes make then are occupied

course direction, it is observed that the peak stress,

with resin, which results in resin-rich region. Therefore,

flexural modulus and specific volume energy are

this will reduce the mechanical properties due to the

higher, and deflection at break is smaller than that

negative effect of extreme stitching density.

along course direction correspondingly due to the

However, the three kinds of composites possess

different knitting loops’ mechanical properties along

different load-displacement curves. The unstitched

the wale and course direction.

composite, under any kind of drop-height level, is
observed with the biggest displacement due to the
relative move between two neighbor layers. One

3.3impact test
specific volume energy absorbed (kJ/m3)
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4. Conclusions

displacement(mm)

Different stitched density 3D hybrid basalt fabric

Curves for drop-hammer test

reinforced composites were manufactured with RTM
It is observed that the failure process consists of three

techniques. The tensile, bending, impact tests were

stages.

the

conducted and the stress-strain and stress-deflection

drop-hammer just contacted the surface with the low

curves were obtained. The drop-hammer impact test

load, the linear deformation occurred. As the load

was

increased, sawtooth fluctuation deformation can be

composite with 1cm2 and 0.25cm2 stitching area and

observed. At the last stage, namely when the hammer

unstitched composite, show that there exist one

began to back from the maximum displacement, the

proper stitching density for certain composite. and

smooth curves represent the partly damage and

unstitched composite shows biggest displacement

broken line for the completely damage on the

due to the relative more between two neighbor

composite.

layers.The composite which is reinforced by the

With respected to load and energy, load did not

interlock is observed with the highest tensile, flexural

increasing as the stitching density increases at the

and impact energy absorption abilities.

At

the

very

beginning,

namely

conducted.

same level of drop height, and the stitch unit area of

Reference

1cm2 composite possesses the highest load. This can
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ABSTRACT
The air content of electrospun nanofiber nonwoven fabric was verified by studying the fiber content of it. Then
the relationship between fiber content and fiber diameter were derived, fiber content is direct ratio to the square
of the fiber radius. By experimental verification, The process parameters influence fiber diameter during
electrospinning have impact on the fiber content, especially the polymer concentration. The experiment is in
accordance with the theory excellently.
way, we can see electrospun nanofiber nonwoven
fabric can be applied into different areas with
different porosity (air content).But by far, there is
still no complete theory of the air content in the
electrospun nanofiber nonwoven fabric and the
process parameters influenced it. So researching the
air content of the electrospun nanofiber nonwoven
fabric becomes urgent.

INTRODUCTION
To the textile materials with a fixed thickness, the
transport properties such as thermal and moisture
property were deeply influenced by the static air
content. The air content mentioned in this paper
means the shares of air volume in the whole volume
of the materials, which has the same trend as
porosity(the pore volume/the whole volume),for if
the number of the pore increases , it can contain
more air, then the air content will increase. The air
content of the fabric increases, the static air content
increases too, in this way, thermal property of the
fabric was strengthened. In 2002, Young Jun Ryu[1]
et al. has reported the transport property of
electrospun nylon6 nonwoven memebranes. He has
pointed out that the porosity can reach 25-80% with
the polymer concentration between 15~30%, The
average pore diameter have the same tendency to the
average fiber diameter, but the values of the total
pore areas have an opposite trend as the average
fiber diameter. Thus, it has been concluded that pore
size and total pore area values depend on the fiber
diameter. P.Gibson[2] et al. has reported the
transport property of electrospun nonwoven
membranes. In his paper, he said electrospun
nanofiber membranes may be produced over a wide
range of porosity values, from nearly nonporous
polymer coatings, to very porous and delicate
fibrous structures. They had interest in consolidated
membrane structures with porosities ranging from
30~60% and the pore throat diameters range from
0.1~0.8um in size. They have proved that the
membrane with that porosity had high filtration
efficiency. Indicating that layers based on
electrospun fiber technology will be thin,
lightweight, and very ‘breathable’ with respect to
allowing evaporative cooling to take place through
the protective clothing system. It can be a good
candidate for protective clothing materials. In this

Experimental
Polyacrylonitrile(PAN) with a molecular weight of
75,000 was purchased from Shanghai Chemical
Fibers Institute. N, N-Dimethylformamide(DMF)
was purchased from Shanghai Chemical Co.The
electrospinning apparatus, equipped with a high
voltage 0-50kv power supply. To get the nanofiber
nonwoven fabric with uniform thickness, fixed the
flow volume with 15ml. Then put the nanofiber on
the dryer for 2h with the temperature of 80℃ after 2
days natural evaporation.Electrospun PAN nanofiber
nonwovens were prepared in a similar manner to
that reported by Qin.X.H, Various polymer
concentration ranging from 4wt% to 12wt% by
dissolving PAN in DMF and other parameters are
constant as voltage 15kv and collector distance
25cm.Different voltage ranging from 10kv to 35kv
and fixed concentration on 10% and collector
distance
25cm
were
electrospun.Needle
tip-to-collector distances were also varied from
10cm to 35cm and fixed concentration 10% and
voltage 15kv were electrospun.The morphology of
electrospun PAN nonwoven fabric was observed by
scanning electron microscopy, magnified by 5000.
The diameter of electropun PAN nonwoven fabric
was measured with an image analyzer (photoshop
CS).
RESULTS AND DISCUSSION
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Fig.1 shows the micro-morphology of electrospun
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PAN nanofiber nonwoven fabric, respectively. It has
been observed that the fiber diameter increases with
the increasing polymer concentration. Fig.2 indicates
the distribution of electrospun fiber diameter. The
fiber distribution is becoming gradually broader with
increasing concentration. The average diameter
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Fig.2 The distribution of fiber diameter and dispersion with
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air content has an opposite trend as the average fiber
diameter.
Fig.3 The distribution of air content with different polymer
concentration

Fig.4 shows the micro-morphology of electrospun
PAN nanofiber nonwoven mats. Fig.5 indicates the
distribution of electrospun fiber diameter. The fiber
diameter distribution is fallen down under the
voltage between 10-20kv, then is on the rise between
20-30kv, it is fallen again between 30-35kv. It was
shown that the diameter of the jet initially decreased
as the voltage increased and then began to increase
as the differential voltage increased further. This was
attributed to an enlargement in volumetric flow-rate
when the applied voltage increases beyond a certain
level. This phenomenon relates to the fact that
increasing the voltage increases the electrostatic
stresses, which in turn, draw more material out of the
syringe so that the diameter becomes smaller. That
can explain well our experiment results when the
applied voltage between 10-20kv. And in the latter
work, Deizel et al[7] has reported that when the
voltage increases, the fiber diameter will increase. It
is explained that when the voltage increases, the
instability of the jet will increase, so the fiber
diameter grows up and the dispersion becomes
broader. A good example is shown when the voltage
is 30kv in Fig.5. Fig.6 reveals the relation between
the air content and voltage, it is well explained the
air content has an opposite tendency with fiber

Fig.1. Micro-SEM micrographs of electrospun PAN nonwoven
fabrics as a function of concentration. Solution concentration
were (A)4wt%(B)6wt%(C)8wt%(D)10wt% and (E)12wt.%. The
applied electric field and tip-to-collector distance were 15kv and
25cm, respectively. All scale bars are 5um.

To get electrospun PAN nanofiber nonwoven mats
with high air content, it can fix the polymer
concentration on 8%,although there will be high air
content if choose the polymer concentration of 4wt%
or 6wt%, the nanofiber produced with concentration
of 4wt% and 6wt% will have some solvents, not
uniform, so we choose polymer concentration of
8wt%.and the air content is about 97%.
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diameter.

distance between 20-30cm; 3. increase until to be
constant when the distance between 30-35cm. The
influence of tip-to-collector distance to the fiber
diameter can be explained from two aspects: 1.The
fiber diameter will be reduced with increasing the
tip-to-collector distance. It is because the jet can get
enough drawn in the air when the distance increases.
This has been reported by former authors. However,
the assumption is the voltage or the electric field is
constant. 2. When the distance becomes longer, the
electric field will get lower, then there will be not
enough electric force on the jet. So the jet can not be

Fig.4. Micro-SEM micrographs of electrospun PAN nonwoven
fabrics as a function of concentration. Solution concentration
were (A)10kv(B)15kv(C)20kv(D)25kv(E)30kv and (F)35kv. The
polymer concentration and tip-to-collector distance were 10wt%
and 25cm, respectively. All scale bars are 5um.

drawn enough, the diameter will grow up. Therefore,
the two aspects are compensatory and constrained to
each other. When the distance is short, the voltage is
strong enough, so the first aspect plays a leading role.
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diameter will keep constant shown in stage 3 in
Fig.8. Fig.9 displays the relation between air content
Fig.5Fiber diameter and dispersion
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and tip-to-collector distance. It is well verified the
changes of air content have an opposite trend to fiber
diameter.
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Fig.6 Air content distribution under different voltage

Fig.7 shows the corresponding SEM images of PAN
fibers

electrospun

distance.Fig.8

at

shows

different
us

the

Fig.7. Micro-SEM micrographs of electrospun PAN nonwoven
fabrics as a function of concentration. Solution concentration
were (A)10,(B)15,(C)20,(D)25,(E)30 and (F)35cm. The polymer
concentration and applied voltage were 10wt% and 15kv,
respectively. All scale bars are 5um.

tip-to-collector
distribution

of

electrospun fiber diameter. It has been observed that
the changes of the fiber diameter can be divided into
three stages: 1. Decrease when the tip-to-collector
distance between 10-20cm; 2. Increase when the
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CONCLUSIONS
In summary, Diameter is the direct factor affects air
content, air content will decrease when the diameter
increases. It can be concluded that the parameters
influence fiber diameter during electrospinning
process also influence air content. To get electrospun
PAN nanofiber nonwoven fabric with high air
content, it can fix the polymer concentration on
8%,although there will be high air content if choose
the polymer concentration of 4wt% or 6wt%, the
nanofiber produced with concentration of 4wt% and
6wt% will have some solvents, not uniform, so we
choose polymer concentration of 8wt%. The voltage
fixed on 20kv, at that level, fiber diameter is the
lowest and distribution is uniform, and air content
reached

highest

shown

in

Fig.6.

As

to

tip-to-collector distance, given Fig.9, the air content
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the smallest diameter of sphere which is able to go
through the sample.

INTRODUCTION
Nonwovens are made by the entanglement of fibers
or continuous filaments. Few attempts have been
carried out at the fiber orientation distribution
function (ODF) without a sufficient insight into the
pore characteristics of these nonwoven fabrics [1,2,3].
Characterization of nonwovens for pore volume,
pore size distribution (PSD) and liquid
transmission rate or water vapor transmission rate
of nonwovens are critical parameters, which
determine the suitability of nonwovens for many
their applications. No satisfactory technique exists
for characterization of such properties of soft and
compressible nonwovens. Digital image processing
technique was developed to measure pore size
distribution [4].

IMAGE ANALYSIS
The components of the concurrent image
acquisition instrument include a digital camera,
moving system, illumination system and operating
platform. Image analysis methods can be used to
the captured images.
Image Capturing
To grab images, an optical 3D-Profiling System,
which provides an accurate surface topography
without contact between the sensor and the sample,
is used.
Construction of a Series of Thresholded Images
In this step, the captured images are transformed to
the binary images to get the fibers or the pores. In
image processing, thresholding is particularly
important to separate the image objects of interest
from the background. This is a critical step because
the thresholding method selected can significantly
influence the results. For instance, an image can be
thresholded by classifying pixels into dark and
light classes in an attempted to clearly distinguish
light objects from a dark background. The most
common method of thresholding is when the pixels
are simply separated into two classes based on a
predefined threshold or cut-off value.

Characterization of nonwovens for pore volume,
pore size distribution (PSD) and liquid
transmission rate or water vapor transmission rate
of nonwovens are critical parameters, which
determine the suitability of nonwovens for many
their applications. No satisfactory technique exists
for characterization of such properties of soft and
compressible nonwovens. Digital image processing
technique was developed to measure pore size
distribution. The goal of this work is to measure
key structural parameters of nonwovens, which
will lead to a better comprehension of
manufacturing process and to an optimization of
the end-use properties.

Because the origin images data were the height of
the fibers located in the fabrics, a series of
threshold values from top to bottom were applied
to cut off or separate the fibers from the
background. The bigger of the threshold value, the
more fibers were acquired in the thresholded
images. Then the 3D data were turned to 2D binary
images which located in x-y sample plane and
contained different quantity of fibers.

MATERIAL AND METHODS
A series of nonwoven fabric samples were used,
including SAMPLE1, SAMPLE2, SAMPLE3,
SAMPLE5 and SAMPLE6. The nonwoven fabric
was made from PET.
Most image processing method used to analysis the
fiber orientation distribution or the pore size
distribution just applied the nonwoven images
directly. In this method, the samples were from the
same series and their filtration levels were known,
so the image analysis method used the whole
samples family and the relationship with their
filtration levels to find the optimal pore size
distribution. The definition of the filtration level is

The important problem is how to decide upon the
optimum threshold value so that the desired
classification of objects is achieved.
Morphological Filtering of Thresholded Images
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The shape of the pore in the nonwoven fabric is not
regular. It is too simple to assume them as circles
and just calculate their radius. In order to describe
the pore size more accurately and make it easier to
compare with the results of other methods, the pore
of the nonwoven fabrics were considered as ellipse
and then more details than the radius of the pore,
such as the orientation, the length of the major axis
and the length of the minor axis of the ellipse could
be derived from the optimal binary images.

The thresholding operation produced a series of
binary images. Because the marginal distributions
of the pixel values were representing the fibers and
the pixels representing the pore openings
overlapped in the original image, a certain amount
of noise was introduced into the binary image
produced.
A composite morphological filter was applied to
the thresholded binary image to eliminate these
spurious objects. This composite filter consisted of
a sequential application of one step of clean
operation to remove isolated pixels, one step of the
opening operation and then one step of the closing
operation to perform dilation using the structuring
element (SE). In mathematical morphology, a
structuring element is a template designed to detect
or modify certain shape features of the signal under
consideration. To be used in conjunction with the
noise-cleaning filter, for example, square-shaped
3×3 sized structuring elements can be employed.
The choice of the size of SE depends on the typical
size of the noise features.

At first the borders of all the pores were marked.
Then each pore was separated from the image by
judging the border was close or not. For the
unattached pore considered as an ellipse the gravity
center was determined. At last the length of the
major axis and the minor axis of the ellipse were
obtained. By using this method to all the pores one
by one, the pore size distribution could be finally
measured.
RESULTS AND DISCUSSION
Pore size distributions of five nonwoven fabrics
were determined using a new algorithm based on
image processing operations derived from
mathematical morphology composed with fabric
filtration levels.

Finding the Optimal Threshold value
For each sample, a series of binary images were
acquired, which contained different amount of
fibers, so the optimal binary images should be
found to calculate the PSDs. For one series of
binary images, repeated scanning the image data
from top to bottom and from left to right to mark
the borders of the pores with number 1 to n. n is the
biggest number in the center of each pore and
delegated the radius of the pore. Then the PSD of
this series of thresholded images were obtained.
For each PSD a trapezoid algorithm was used to
decide the maximum pore size and the series of
trapezoid function values were gotten from the
binary images of all fabric samples.

In the normal method the nonwoven fabrics were
captured by CCD camera and transformed to gray
level images. A microscope should be used to
provide a magnification level to make the images
of the nonwoven fabrics specimen much easier to
analysis. And because the fibers’ location in the
fabrics is a 3D space, not a 2D plane, it is difficult
to adjust the focus of the camera to make all the
fibers the same gray level at the same time. In this
method, the heights of the fibers located in the
fabrics are measured so the problem is avoided.

The method to calculate the radius of the pore here
is ‘peel’ the borders of one pore to make the pore
size smaller circularly until the pore size is zero.
The number of the repetition is the radius of the
pore.

The captured image data are thresholded by a
series of threshold value and a series of binary
images for one sample are achieved. By using the
method introduced above the optimal threshold
value is selected for all the six samples. Here the
threshold value is 40µm. Figure 1 shows the
samples of the images after thresholding.

After the optimal binary images were obtained, the
PSDs could be calculated. The shape of the pores
could be considered as circularities. So the pore
size could be denoted by the radius of the pore. The
series of binary images from the optimal threshold
value were the final thresholded ones which
delegated the filtration levels.
Calculating Additional Relevant Parameter
Including Pore Shapes
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The mean pore size is the value of total pore
volume divided by the number of the pores. As
expected, the mean pore size decreases regularly.
Pore Size Distribution
The pore size distribution is shown in Figure 2.
FIGURE 1 Binary images of a series of nonwoven fabric
samples

PSD(%)
25

From the optimal binary images, several feature
parameters such as pore volume, number of pores,
maximum radius and mean pore size could be
extracted. These features could reflect the
mechanical properties of nonwovens. A sample of
the feature parameters are given in Table I.
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TABLE I Feature Parameters Extracted From The Optimal
Binary Images.

Samples

SAMPLE
1
SAMPLE
2
SAMPLE
3
SAMPLE
4
SAMPLE
5
SAMPLE
6

Maximu
m
length
of major
axis
(µm)

Maxim
um
length
of
minor
axis
(µm)

Mean
pore
size
(µm)

Pore
volume
(%)

Number
of pores

69.37

344

964.92

560.26

178.59

53.68

463

531.55

351.11

119.00

53.44

537

423.32

289.35

113.13

38.57

464

459.88

205.24

104.18

45.97

563

492.54

331.81

101.05

38.00

515

345.93

282.05

93.30
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From the figure it can be seen that the length of the
major and minor axis of the pores are mostly from
60μm to 120μm and 40μm to 80μm respectively. It
can be also seen that when the specimen of
nonwoven fabric is thin the number of the big
pores is much bigger than the thick ones. And the
number of the small pores is much less. When the
fabric thickness reaches in a certain level, the
changes of the pore size are not obvious.
CONCLUSIONS
Because of shortcomings of the existing image
analysis methods for PSD determination, a more
fundamental evaluation of the analysis was studied
and presented in this paper. A new method has
been developed to determine the pore size
distribution of nonwoven fabrics. The method uses
various image algorithms and provides a complete
pore size distribution for nonwoven fabrics.

Total Pore Volume
The total pore volume is the percent of the area of
all the pore volume to the area of the whole image.
The data in table 1 show that the pore volume
decreases except sample SAMPLE5. The pore
volume of SAMPLE1 is much bigger than the
other specimens.
Number of the Pores
The number of the pores of SAMPLE1 is the
smallest, but the change of the others is not
obvious.

The following conclusions are advanced:
Detailed specimen preparation and image capture
method is necessary for the image analysis of
nonwoven fabrics. A procedure is described in this
paper.

Maximum Radius of the Pore
There is no regulation in the changing of the
maximum lengths of major and minor axis. The
reason is that the location of the fibers in the
nonwoven fabrics is random. But when the
thickness of the fabric is much thinner the
maximum pore size should be bigger in theory.

A new image analysis method was developed using
various mathematical morphology algorithms. The
method includes the determination of an optimal
threshold value for a series of different fabrics. The
image analysis method is unique and can measure
pore size distribution and other feature parameters
of the pore size from the binary images.

Mean Pore Size
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A separate image processing algorithm, consisting
of considering the pores in the images of a
nonwoven fabric as ellipse, has been developed as
part of the new method. And then the length of the
major and minor axis and the orientation of the
pores can be measured.
REFERENCES
[1] B. Pourdeyhimi, H S Kim, “ Measuring fiber
orientation
in
nonwovens:
The
Hough
transform”,Textile Research Journal, Vol, 72.,
2002, Issue 9, 803-809.
[2] H. S. Kim and B. Pourdeyhimi,
“Characterization Of Structural Changes In
Nonwoven Fabrics During Load-Deformation
Experiments”, JTATM,Vol,1., September 2000,
Issue 1.
[3]Gong R. H., Newton A, “ Image Analysis
Techniques. Part II: The Measurement of Fibre
Orientation in Nonwoven Fabrics”, Journal of the
Textile Institute, Vol. 87., 1996, Issue Part 1, 2,
371-388
[4]Yan Z., Bresee R. R., “ Flexible Multifunction
Instrument for Automated Nonwoven Web
Structure Analysis”, Textile Research Journal, Vol.
69., 1999, Issue 11, 795-804.

- 24 -

Measurement of the Dynamic Permeability of Airbag Fabrics
Xinhou Wang*1, Jingjing Xu 2, Lizhe Sun 3, Jianping Yang 4
College of Textiles, Donghua University, Shanghai 201620, China
xhwang@dhu.edu.cn, jjxu@mail.dhu.edu.cn
ABSTRACT
The accepted standards for measuring fabric permeability have been recognized not ideal for airbag fabrics, as
they were designed to measure clothing, tent fabric, parachutes working under relatively low pressure. A new
method for measuring the dynamic permeability of airbag fabrics is proposed in this paper. The measuring
arrangement is composed of a driver chamber and a driven chamber separated by a polyester diaphragm. An
airbag fabric sample is clamped at the end of the open driven chamber. When the driver chamber is charged
with air to some pressure, the diaphragm ruptures. Meanwhile the air in the driver chamber discharges into the
driven chamber. A high pressure is built up in the driven chamber in a very short time and then decreases
gradually due to the permeable structure of the airbag fabrics. The air permeability of the airbag fabric over a
range of pressure levels are thus determined simultaneously by measuring the pressure trace in the driven
chamber. Three kinds of Nylon 66 airbag fabric are evaluated using the method proposed.
measurement is operated via a high-speed valve to
release gas in a top chamber into a bottom chamber
and then across the fabric tested. Partridge et al.
studied the abilities of the tester and tested the
permeability of a series of airbag fabrics by using it
[4, 5]
. Wang, et al. proposed a method for measuring
the permeability of airbag fabrics based on the
shock wave theory and the shock tube experiment,
which can imitate the airbag inflation well and
measure the dynamic permeability [6]. However, the
shock tube is too huge and expensive to be a
permeability instrument. Therefore, a new method
is proposed to measure the dynamic permeability
of airbag fabrics in the paper.

INTRODUCTION
In recent years, uncoated airbags have been being
developed to replace the popular coated airbags
with inherent drawbacks such as excessive
thickness, inability to be folded and packed into
small spaces and the degradation over time.
Uncoated airbags rely on permeable woven fabrics
as their principal material of construction and
release gas through the fabric pores. In this regard,
the air permeability of airbag fabrics will
significantly influence the performance and safety
of uncoated airbags. During inflation, low
permeability is guarantee for uncoated airbag to
deploy promptly to cushion the occupant. However,
the facial burns due to excessive leakage of hot gas
through airbags still exist. Therefore, precise
control and prediction of the permeability of
airbags are essential.

EXPERIMENT
In Figure 1 is illustrated the schematic diagram of
the experimental apparatus for measuring the
dynamic permeability of airbag fabrics. It mainly
consists of a driver chamber and a driven chamber.
The driver chamber and the driven chamber are 0.7
m and 0.5 m in length respectively with an inner
diameter 50 mm. The two chambers are separated
with a polyester diaphragm, which is clamped by a
pair of orifice plates.

The accepted standards for measuring fabric
permeability have been recognized not ideal for
airbag fabrics, as they were designed to measure
clothing, tent fabric, parachutes working under
relatively low pressure. ASTM D737 and JIS
L1096-A prescribe the operating pressure 125 Pa,
while DIN 53887 and ISO 9237:1995 prescribe
200 Pa. However, the typical working pressure for
the airbag fabric is over 68.9 kPa. Therefore, a
method called blister inflation technique was put
forth for measuring the permeability of airbag
fabrics by Keshavaraj et al. [1, 2]. It is a quasi-steady
state measurement in which a fabric blister is
created by a pressure drop across the fabric, and is
maintained while data on permeability is recorded.
Besides, a permeability tester was made specially
for measuring gas velocity through airbag fabrics
over pressure drop from 40 kPa to 60 kPa [3]. The

FIGURE 1. Schematic diagram of the experimental apparatus.
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When testing, a piece of airbag fabric sample is
fixed at the end of the driven chamber, which is
open to the ambient atmosphere. The air is released
from the compressor into the driver chamber via
the pressure reducer, the intake valve, the fine
tuner and the manometer. When the driver chamber
is charged with air to some pressure, the diaphragm
ruptures. Meanwhile the air in the driver chamber
discharges into the driven chamber. The pressures
in both the driver chamber and the driven chamber
will change suddenly. The pressure traces in the
two chambers are measured with the pressure
transducers G1 and G2 respectively, which are
mounted in the sidewall of the chambers. The
pressure transducers are Kistler 211B5 type with
sensitivity of 50mv/psi. The voltage signals from
the pressure transducers are amplified by the
coupler and then transferred into digital signals via
the digital oscilloscope. Finally, the pressure values
in the chambers are computed according to the
sensitivity of the pressure transducers.

THEORY
As can be seen from Figure 2 and 3, during the
time of the gas release in the driven chamber the
pressure in the driver chamber keeps steady. Thus,
it can be assumed that there is no gas flow between
the driver chamber and the driven chamber during
the short time. Therefore, we can apply the gas law
for the driven chamber.

pV = mRT

(1)

where p is the absolute pressure in the driven
chamber, V is the volume of the driven chamber, m
is the mass of air in the driven chamber, R is the
gas constant and T is the absolute temperature of
air in the driven chamber.
Differentiating both sides of Eq. (1) with respect to
time, it gives

V

During the measurement, when the diaphragm
ruptures at pressure P1 the pressure in the driver
chamber drops suddenly, while the pressure in the
driven chamber rises steeply to the peak pressure
P2 and then decreases gradually due to the
permeable structure of the airbag fabric. The
typical curves of the pressure trace in the driver
chamber and the driven chamber are illustrated
respectively in Figure 2 and Figure 3.

dp
dm
= RT
dt
dt

(2)

Considering the air leakage through the fabric into
the atmosphere per unit time, Eq. (3) is derived
from Eq. (1).

paVa = RT

dm
dt

(3)

where pa is the atmospheric pressure, Va is the
volume of air at atmospheric pressure
corresponding to the mass flow from the driven
chamber into the atmosphere per unit time.
From Eq. (2) and Eq. (3),

Va = V

dp
/ pa
dt

(4)

Thus, the air permeability Q of the fabric can be
obtained by dividing the test area A.

FIGURE 2. Typical curve of the pressure trace in the driver
chamber

dp
Q = dt
pa A
V

(5)

From Eq. (5), it is known that if the pressure
variation with the time in the driven chamber is
obtained the air permeability of the airbag fabric
tested will be determined. As described above, the
pressure trace in the driven chamber can be
measured using the experimental apparatus as
shown in Figure 1.

FIGURE 3. Typical curve of the pressure trace in the driven
chamber
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where a and b are coefficients. The strength of the
above regression relation can be measured by the
R2 value, which is the square of the sample
correlation coefficients. The R2 value indicates
how well the regression curve fits the data. An R2
value equal to 1 means a perfect fit to the data.

RESULT AND DISCUSSION
Air is used for both working gas and driver gas.
The atmospheric temperature is kept at 25℃ and
pressure 100 kPa in the experiments. Three
different airbag fabric samples made from Nylon
66 are tested in the experiments. Their physical
characteristics are given in Table 1.

TABLE Ⅱ. Parameters of the fitting equations

TABLE I. Physical characteristics of the airbag fabric samples

Sample No.

a

b

R2

A

251.7

1.351

0.996

252.5

1.104

0.997

Sample
No.

Material

dtex/Filaments

Ends and
Picks/inch

Weave

A

Nylon
66

350/72

63.5×60.5

Plain

B

B

Nylon
66

350/72

66×65

Plain

C

Nylon
66

470/72

55×55

Plain

The parameters a, b and R2 corresponding to the
two airbag fabrics are listed in Table Ⅱ. As can be
seen from Table 2, both the R2 values are more
than 0.99, indicating the pressure variation with
time in the driven chamber is fitted well using the
exponential relation. It can also be seen from the
fitting curves shown in Figure 4.

First, the fabrics A and B are measured
respectively, when the polyester diaphragm of 15
micron in thickness and the orifice plate of 3 cm in
diameter are used. When the driver chamber is
charged to some pressure, the diaphragm ruptures.
Meanwhile, the pressure in the driven chamber
increases suddenly to a peak and then decreases
gradually due to the permeability of the airbag
fabric tested. In Figure 4 are shown the pressure
traces in the driven chamber for the airbag fabric
sample A and B. It is observed that the decrease
rate of the pressure in the driven chamber for
sample A and sample B are different due to their
different structures.

Once the function p(t) is determined, dp/dt can be
computed by differentiating p(t) with respect to
time t. Then, the air permeability of the airbag
fabric can be obtained from Eq. (5). The dynamic
air permeability of the airbag fabrics A and B are
illustrated in Figure 5.

FIGURE 5. Dynamic air permeability of the airbag fabrics A
and B

It can be seen from Figure 5 that the air
permeability of the airbag fabric increases as the
pressure increases. The permeability of the airbag
fabric A is higher than that of the airbag fabric B
under the same pressure drop, and the difference
between them increases with the increase of the
pressure. It may be due to the different weave
structures of the samples. As shown in Table 1,
fabrics A and B are made from the same filaments
with the same weave pattern but different fabric
counts. The fabric count of fabric B is higher than
that of fabric A. The higher the fabric count, the
less the void between the yarns is. Therefore,
airbag fabric A with the lower fabric count behaves

FIGURE 4. Pressure traces in the driven chamber for the airbag
fabrics A and B

We have known from Eq. (5) that in order to
compute the permeability Q the dp/dt must be
determined first. It can be obtained by fitting the
pressure data tested. Here the pressure data are
fitted using the exponential function like Eq. (6).

p(t ) = a ⋅ e − bt

(6)
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more permeable than airbag fabric B with the
higher fabric count.
In the experiments, it is found that the peak
pressure reached in the driven chamber depends on
the diaphragm thickness and the orifice size of the
orifice plate. When the orifice diameter is 30mm
and the diaphragm thickness is 15 micron, the peak
pressure in the driven chamber is 252 kPa; When
the orifice diameter is 30mm and the diaphragm
thickness becomes 12 micron the peak pressure
decreases to 180 kPa; While the peak pressure
increases to 376 kPa when the orifice diameter is
20mm and the diaphragm thickness is 15 micron.
The thicker the diaphragm or the smaller the orifice
size of the orifice plate, the higher the peak
pressure in the driven chamber and the bigger the
operating pressure range becomes.

FIGURE 7. Dynamic air permeability of the airbag fabric C.

or assessing the dynamic permeability of airbag
fabrics. Three kinds of airbag fabric with different
specification were evaluated, and the different
dynamic permeability was observed, indicating that
the effect of fabric structure on air permeability of
the airbag fabric is significant. The air permeability
of the airbag fabric over a range of pressure levels
can be measured simultaneously. It was shown that
(1) the airbag fabric with higher fabric count
behaves more permeable than the airbag fabric
with lower fabric count, (2) the air permeability of
the airbag fabric increases with the increasing
pressure and (3) the thicker the diaphragm or the
smaller the orifice size of the orifice plates, the
higher the peak pressure in the driven chamber and
the operating pressure range becomes.

A dynamic permeability experiment is conducted
for fabric C using an orifice plate 20mm in
diameter and a diaphragm 15 micron in thickness.
The pressure trace in the driven chamber for the
fabric C is given in Figure 6. The pressure data are
fitted with Eq. (7).

p(t ) = 376.3e −1.542t

(7)
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FIGURE 6. Pressure trace in the driven chamber for the fabric C.

Now that the function p(t) is determined, dp/dt is
computed by differentiating p(t) with respect to
time t. Then, the dynamic air permeability of
airbag fabric C is computed from Equation (5). The
dynamic air permeability of airbag fabric C is
illustrated in Figure 7. The operating pressure up to
about 380kPa is achieved by changing the
diaphragm and the orifice plate and the
corresponding permeability is obtained.
CONCLUSIONS
The diaphragm-rupture method introduced in the
present work utilized a driver chamber and a driven
chamber separated by a polyester diaphragm. This
method was used to imitate the airbag inflation and
then determine the dynamic permeability of airbag
fabrics. It was shown that the method is practical f- 28 -
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amplified substrate image to form a new image of
the composite mat as shown in Fig. 1 (e). The
software named National Instruments Vision
Assistant (NIVA)7.1 was used to calculate pore
characteristic values. The parameters are pore
number, pore area, porosity, and Heywood
Circularity Factor.

INTRODUCTION
Nanoscale or microfiber nonwovens can be
fabricated by electrospinning, and low basis weight
and small pore size make them appropriate for a
wide range of filtration application. Such porous
mat allows removing particles with a high
efficiency, maintaining a relatively low resistance
to the air flow. Timothy Grafe [1] and Podgorski et
al[2] studied the performance of a composited
nanoscale fibers filter. C.Shin [3-6] investigated
the performance of nonwoven filter media glass
fiber augmented with polymer nanoscale fibers. A
composite nanoscale fiber filter media named
Ultra-Web nanofiber filter media from Donaldson
Company has become available to the nonwoven
and filtration industries for a broad range of
filtration applications [7]. The main objective of
this study is to describe the porous structure of the
electrospun fiber composite mats, and analyze the
effect of the fiber layer on the pore size, porosity
and filter efficiency.

TSI8130 auto filtering tester was used to test the
filter efficiency of the samples. NaCl particles were
used as aerosol, diameter 0.27μm, concentration
22mg/m3, flow rate 32L/min.

EXPERIMENTAL
A homemade experimental set-up was used for
electrospinning[8]. A nonwoven fibrous substrate
was placed on a stainless steel board to collect the
electrospun PLLA fibers. The spinning solution
was 5wt% PLLA in chloroform and acetone
mixture (1: 9). Voltage 20kV, tip-to-collector
distance 25cm, solution flow rate 3ml/h, spinneret
ID 1.2mm.Nonwoven fibrous filters used as
substrates are WY-CP-9, WZ-CP-3 and WG-CP250 purchased from Yixing nonweaving cloth
factory.

FIGURE1 (a) SEM picture of the WY-CP-9 nonwoven filter
(100X), (b) Binary processed image of (a), (c) SEM picture of
the PLLA/ WY-CP-9 composite mat (200X) (d) Binary
processed image of PLLA fiber web from (c) (average diameter
1.63±0.36μm), (e) recombined image of the PLLA/ WY-CP-9
composite mat

RESULTS ANDDISCUSSION
Morphology of Electrospun PLLA Microfiber
The 5wt% PLLA in chloroform and acetone
mixture (1: 9) was electrospun at Voltage 20kV,
tip-to-collector distance 25cm, solution flow rate
3ml/h, spinneret ID 1.2mm, and the SEM picture of
one electrospun PLLA microfiber mat is shown in
Fig.2. In the picture, even distribution of the fiber
size, distinct pore figure, and a large number of
pores can be seen clearly. The average fiber
diameter was 1.63±0.36μm, rated as microfiber.

The morphological images of the samples were
observed and recorded by Hitach S-4700 SEM. To
calculate and analyze the porous characters, a
recombined image of the composite mat was
generated on the following stages: (1) The SEM
picture of a substrate (Fig. 1(a)) was binary
processed ((Fig. 1(b)). (2) The electrospun fiber
layer in the SEM picture of a composite mat (Fig.
1(c)) was extracted and binary processed (Fig.
1(d)). (3) Amplifying the substrate image area of
Fig.1(b) 4 times, sticking 4 Fig. 1 (d) in the

The Number of Pores and Pore Size
The changes of the pore amount of the electrospun
PLLA fiber / substrate composite mats are shown
in Fig.3. The amount of the pores increases
- 29 -

exponentially with the increase of the spinning
time. Nonwoven fibrous filters used as substrates

The software ， National Instruments Vision
Assistant 7.1(National Instruments Corporation,
USA), was used to calculate the pixel of each pore
in the SEM picture of the composite mat. We
converted the results into real area in μm2, and the
average area of the pores was used to characterize
the pore size (Fig.4). In the image, 1μm2 was equal
to 100 pixels, so the real area of a pore (A) were
calculated in the following formulaA=N/100.Here
A is the real area of a pore, N is the pixel numbers
in a pore.
When a layer of electrospun PLLA microfibers was
formed on the surface of the nonwoven substrate,
the size of pore area of the electrospun PLLA fiber
composite mat became much smaller. When the
spinning time was one minute, the average pore
area of PLLA/WY-CP-9, PLLA/WZ-CP-3 and
PLLA/WG-CP-250 declined to 280.48μm2,
171.3μm2, and 129.36μm2 respectively. With the
increase of the spinning time, the average pore area
declined exponentially, and when the spinning time
was more than eight minutes, there was almost no
obvious change in the size of pore area.

FIGURE2 SEM picture of electrospun PLLA
microfiber mat (×500)
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The distribution of the pore size of each
electrospun PLLA fiber composite mat was
investigated. It was found that, with the increase of
the spinning time, the percentage of the small pores
increased rapidly. Take the PLLA/WY-CP-9
microfiber composite mat as an example, by
electrospinning a layer of PLLA microfiber on the
surface of the substrate, a large amount of small
pores were formed. With the increase of the
spinning time, pores with area < 25μm2 has
dominant ratio (Fig.5).

FIGURE3 Pore amount of the composite mats

were WY-CP-9, WZ-CP-3 and WG-CP-250, and
their pore amount was respectively 54, 341, and
308 in a recombined image as shown in Fig.1.
Then a layer of PLLA microfiber was electrospun
on each substrate. After one minute spinning, the
pore amount of PLLA/WY-CP-9 microfiber
composite mat, PLLA/WZ-CP-3 microfiber
composite mat, and PLLA/WG-CP-250 microfiber
composite mat was 868, 1414, and 1335. When the
spinning time was ten minutes, the pore amount of
the three composite mats increased to 8660, 8715,
and 7838 respectively.
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FIGURE5 Distribution of pore areas of the PLLA/ WY-CP-9
composite mat

FIGURE4 Average pore area of the composite mats
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stable when the spinning time ranged from 10
minutes to 25 minutes.

Pore Shape and Porosity
The electrospun fiber layer also affected the shape
of the pores of the composite mat. Fig.6 shows the
changes of HCF values of PLLA/WY-CP-9,
PLLA/WZ-CP-3, and PLLA/WG-CP-250. As
shown in the picture, the average HCF value of the
microfiber composite mat declined with the
increase of the spinning time. When the spinning
time was ten minutes, the average HCF value of
PLLA microfiber composite mat was close to 1,
which means the shape of the pores resembled
round and tended to be regular.
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FIGURE6 HCF values of the composite mats

After electrospinning a layer of PLLA microfibers
on the nonwoven substrate, the porosity declined
exponentially. Fig.7 shows the changes of porosity
of each electrospun PLLA microfiber / substrate
composite mat. When the spinning time increased
from 1 minute to 10 minutes, the porosity of each
electrospun PLLA microfiber composite mat
declined rapidly; and the porosity trended to be
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CONCLUSION
PLLA microfiber/ nonwoven fibrous filter composite
mats were fabricated by electrospinning. The results
revealed that with the PLLA microfiber solidity
increasing, the number of the pores of the composite
mats exponentially increased, the average pore area
and porosity decreased on the exponential functions.
It is proved that electrospun microfiber layer
effectively improved the filtration performance of
the composite mat.

50

0

3

Filter Efficiency
PLLA/ WZ-CP-3 microfiber composite mat was
obtained by electrospinning a layer of PLLA
microfibers on WZ-CP-3 nonwoven substrate.
Filtration tests were performed on the PLLA/ WZCP-3 microfiber composite mat with different
amount of PLLA microfibers, and the amount of
PLLA microfibers was controlled by the spinning
time. The change of filter efficiency of PLLA/ WZCP-3 microfiber composite mat is shown in Fig.8.
With the increase of the spinning time, the filter
efficiency increases rapidly. The filter efficiency of
nonwoven fibrous filters was improved greatly by
electrospinning PLLA microfibers on it. When the
spinning time reached one minute, the filter
efficiency of the electrospun PLLA fiber composite
mat had increased from 20.75% to 40.1%.

(-x/8.8)

y=0.94+0.45e
R=0.96

1.1

1

2

FIGURE7 Porosity of the composite mats

1.2

0

1

PLLA spinning time (min)

(-x/2.1)

y=1.12+0.37e
R=0.93

1.3

0

6

7

8

REFERENCES
[1] T. Grafe, M. Gogins, M. Barris, et al.
“Nanofibers in filtration applications in
transportation”, Filtration 2001 International
Conference and Expo of the Association of the

9

PLLA spinning time (min)

FIGURE8 Filtration efficiency of PLLA/ WZ-CP-3

- 31 -

Fifth International Conference, Stuttgart, Germany,
March, 2003.
[8] ] Zhijuan Pan, Hongbo Liu, Qianhua Wan,
“Morphology and mechanical property of
electrospun PA6/66 copolymer filament constructed
of nanofibers”, Journal of Fiber Bioengineering and
Informatics, Vol 1, No1., 2008, pp· 47-54.

Nowovens Fabric Industry, Chicago, Illinois,
December 3-5, 2001.
[2] A. Podogorski, A. Balazy, L Gradon,
“Application of nanofibers to improve the filtration
efficiency of the most penetrating aerosol particles in
fibrous filters”, Chem. Eng. Sci., Vol 61, 2006, pp·
6084-6815.
[3] C.Shin, G.G.Chase, “Water-in-oil coalescence in
micro-nanoscale fiber composite filters”, AIChE J,
Vol 50, No2., 2004, pp·343-350.
[4] C.Shin, G.G. Chase, D.H. Reneker, “Recycled
expanded polystyrene nanofibers fibers applied in
filter media”, Coll & Surf., Vol 262, 2005, pp·211215.
[5] C.Shin, “Filtration application from recycled
expanded polystyrene”, Coll & Inte Sci, Vol 302,
2006, pp·267-271.
[6] C.Shin, G.G.Chase, “The effect of nanofibers on
liquid-liquid coalescence filter performance”, AIChE
J, Vol 51, No12., 2005, pp·3109-3113.
[7] T. H. Grafe, K. M.Graham, “Nanofiber Webs
from Electrospinning”, Nonwovens in Filtration-

- 32 -

Liquid Absorption Properties of Super Absorbent
Fiber Based on Acrylic Copolymers
Zhirong Ding* 1,2 , Zhen Dong 2 , Shanyuan Wang 1
1
2

College of Textiles, Donghua University, Shanghai, 201620

School of Textile and Clothing, Nantong University, Jiangsu, 226007
ding.zr@ntu.edu.cn

ABSTRACT
The liquid absorption properties of super absorbent fiber (SAF) were investigated in this paper. Firstly,
some experimental studies were made on the liquid absorption properties of SAF. Results showed that
SAF has long effective absorption time, but the water absorption rate decreased acceleratedly with
increasing water temperature and decreased deceleratedly with increasing Na+ concentration. Then, the
morphology structure of swollen SAF was characterized with a microscopic image analyzer and
showed that swollen SAF became a transparent gel but still maintained the fiber morphology. SAF has
a liquid absorption rate ranges from 40-180 under different conditions.
KEYWORDS: Super absorbent fiber (SAF); Liquid absorption rate; Surface morphology;
Microscopic image
give some hints for future studies on the
application and design of SAF fiber.

1 INTRODUCTION
Acrylic-based

SAF

copolymerization

is

using

prepared
acrylic

by
acid,

2 EXPERIMENTAL

methacrylate as well as a small amount of
special acrylates as monomers through the

2.1 Materials

neutralization effect of a certain amount of

The SAF used in this study has an average linear

sodium hydroxide. The spinning liquid is then

density of 5.7 dtex, a strength of 0.62 cN·dtex-1,

extruded to a certain diameter and length in hot

and an elongation at break of 5.18%.

steam atmosphere to obtain fibers [1-3]. SAF has
high

water

absorption

speed

and

good

2.2 Testing instruments and methods

water-retention property as well as the non-toxic

The testing instruments used in this study

and high temperature resistant characteristics.

include a near infrared spectrometer (NIR6500),

Thus, textiles made from SAF have broad

an electronic analytical balance (BS124S), a

application prospects in the fields of medicine,

ventilated oven (YG747) and a microscopic

hygiene,

image analyzer (OLYMPUS CX21).

filtration,

packaging,

electronics,

agriculture, forestry, horticulture, etc. [4-7].
However, till now few fundamental researches

Determination

have been made on the liquid absorption

acrylic-based SAF about 2 g in weight was dried

properties of SAF. In this study, the liquid

first in a ventilated oven at 105 °C for 3 h. The

absorption

was

dried fiber was then loosely placed into a balance

investigated through some experimental study.

under 20 °C and 60% RH to absorb moisture

The effects of water temperature and Na+

naturally. The fiber was weighted at regular

concentration in solution on the absorption

intervals within 60 min and the time dependence

property of SAF fiber was discussed in order to

of fiber weight was finally plotted to obtain the

property

of

SAF

fibers
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of

the

absorption

curve:

absorption curve.

39 times as high as that at the ending point. As
shown in Figure 1, though the absorption speed

Determination

of

liquid

absorption

rate:

is relatively high at the beginning period, the

accurately weighted 0.1 g dry SAF packaged

effective absorption time of SAF can last for

with a non-woven polypropylene bag was

about 50 min and it continues to absorb

immersed in solution for 30 min. Then it was

thereafter. Therefore, SAF can be used for

taken out and hanged naturally for 30 min to

moisture absorption.

drain excess water before it was weighted. The
liquid

absorption

rate

R

was

calculated

3.2 Effect of water temperature on absorption

according to Eq. (1):
R =

G

w

− G
G d

property of SAF
It is reported that the water temperature has a

d

（1）

strong influence on the absorption property of

where Gd and Gw are the weight of dry and

SAF. To confirm this, the liquid absorption rate

swollen SAF, respectively.

of SAF in pure water of a temperature of 20°C,
40°C, 60°C, 80°C, 100°C was tested respectively.
The relationship between water temperature and

3 RESULTS AND DISCUSSION

water absorption rate is shown in Figure 2.
3.1 Moisture absorption characteristic of SAF
in natural environment
The absorption curve obtained according to the
testing method introduced above is shown in
Figure 1.

FIGURE 2. Water temperature dependence of water
absorption rate of SAF.

As shown in Figure 2, the water absorption rate
of SAF declines acceleratedly with increasing
water

FIGURE 1. Time dependence of weight of swollen SAF.

temperature.

The

relation

equation

between water absorption rate (R) and water
The relation equation between weight of swollen

temperature (T) is shown in Eq. (3):

SAF (M) and time (t) was obtained by fitting test
data in Figure 1 with Least-Square Method, as

R = 184.6507 − 6.6244T 5 / 10 9

shown in Eq. (2):

It can be calculated further from Eq. (3) that

M = 1.7748 + 0.0183 ln(t + 95.121) （2）

when the water temperature T exceeds 80°C,

If we get the derivative of t in Eq. (2) and

decrease of over 1.36 times for the water

substitute t with 0s and 3600s respectively, then

absorption rate. As the chain segments of SAF

the increase speed of the weight of SAF at the

stretch during the swelling process that the

beginning and the ending points will be

enthalpy change of conformation is positive and

-1

-1

（3）

every temperature increase of 1°C will lead to a

calculated to be 0.1923 mg·s and 0.0049 mg·s ,

it is a endothermic process. However, the

respectively. Thus, it can be deduced that the

formation

absorption speed at the beginning point is about

hydrophilic group of SAF and water during the
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of

hydrogen

bonds

between

swelling process releases a great amount of heat.

suggests

that

the

absorption

behavior

of

As a result, the swelling process of SAF is

acrylic-based SAF is in accordance with Flory’s

generally an exothermic process. Thus the

ion network theory. The Na+ within SAF has

increase of water temperature will restrain the

strong hydration capacity that it can attract a

exothermic swelling process of SAF and finally

large amount of water around it and the water

decreases its water absorption rate [8-9].

molecule in the solution will penetrate into the

Nevertheless, as can be seen from Figure 2, the

network structure under the effect of osmotic

water absorption rate of SAF retained a high

pressure. When the Na+ concentration in NaCl

value of about 120 even though the water

solution is low, SAF will demonstrate a strong

temperature reached 100°C. Therefore, as a kind

water absorption capacity due to large osmotic

of good water-absorbing material, SAF can be

pressure. On the contrary, when the Na+

used for developing high-suction membranes.

concentration in NaCl solution is very high, the
water absorption capacity of SAF will be

+

concentration in

restrained due to the relatively small osmotic

solution on absorption property of SAF

pressure. The relation equation between water

According to Flory’s ion network theory [10],

absorption rate (R) and the Na+ concentration (C)

when the Na+ concentration within the fiber is

is shown in Eq. (4):

3.3 Effect of Na

+

constant, the Na concentration in solution will
affect the osmotic pressure directly and finally

R = 44.0477e −0.0147 C + 106.7955e −1.72C (4)

affect the absorption capacity of fiber. During

It can be calculated further from Eq. (4) that

the production process of SAF, a certain amount

when Na+ concentration in NaCl solution is

of sodium hydroxide was used to neutralize the

lower than 2%, every concentration increase of

acrylic acid and sodium acrylate was produced.

1% will lead to a decrease of over 6.52 times for

+

Thus, a certain amount of Na was retained

the water absorption rate. However, when Na+

within the SAF. In order to clarify the effect of

concentration in NaCl solution is higher than 3%,

+

Na concentration in solution on the absorption

every concentration increase of 1% will lead to a

property of SAF, the liquid absorption rate of

decrease of less than 1.67 times for the water

+

SAF in NaCl solutions with different Na mass

absorption rate. Therefore, SAF maintains good

concentration of 0.1%, 0.5%, 1.0%, 1.5%, 3%

absorption capacity in NaCl solution with

was determined respectively. The relationship

appropriate Na+ concentration. Nevertheless, the

between Na+ concentration and the water

effect of Na+ concentration on the absorption

absorption rate is shown in Figure 3.

capacity of SAF is innegligible that more
attention should be paid to this in practical
application.
3.4 The morphology structure changes of SAF
after absorption
In order to observe the morphology structure
change of SAF after absorption, the longitudinal
morphology of dry SAF and swollen SAF after

FIGURE 3. Dependence of water absorption rate of SAF on
Na concentration in NaCl solution.

absorbing for 20 min were photographed with a

As seen in Figure 3, the water absorption rate of

microscopic image analyzer. The longitudinal

SAF decreased deceleratedly with increasing

morphology of dry SAF and swollen SAF are

+

+

Na

concentration in NaCl solution. This

compared in Figure 4.
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The correlations between absorption property of
As seen in Figure 4, dry SAF is straight and

SAF and its physical and mechanical properties,

smooth,

after

the influence of absorption property on its

absorption became a transparent gel but still ma-

processablity, and the application development

whereas

the

swollen

SAF

of SAF need to be studied further.
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ABSTRACT
Membrane obtained from the sulfonated polysulfone (SPSU) is a potential substitute for perfluorosulfonic acid
membrane used now in proton exchange membranes fuel cells (PEMFC). In this report, SPSU was prepared by
direct solution sulfonation of bisphenol-A-polysulfone (PSU) using chlorosulfonic acid (HSO3Cl) as sulfonating
agent. Fourier transform infrared spectra (FTIR) and thermogravimetric analysis (TGA) were used to
characterize the structure and thermal properties of obtained membranes. The results indicated that SPSU was
successfully synthesized due to the presence of sulfonate groups in the samples. The prepared SPSU samples
were of lower decomposition temperatures compared with PSU. The analyses of ion-exchange capacity (IEC),
proton conductivity and mechanical properties of SPSU membranes revealed that sulfonation levels from 30 to
50% were easily achieved by varying the content of the sulfonating agent. IEC could be controlled by changing
the amount of HSO3Cl. The proton conductivities increased with increasing of sulfonation. Compared with
Nafion®117, SPSU membranes were of higher tensile strength and lower tensile elongation, comparable or
higher proton conductivities and comparable water uptake value.
INTRODUCTION
Proton exchange membranes fuel cells have
attracted much attention because of their high
power density and high energy conversion
efficiency as well as low pollution levels [1].
Principally, PEMFC is an assembly consisting of
catalyzed electrodes and polymer electrolyte
membrane (PEM) and then operates at
temperatures of 60–120°C [2]. The basic role of
PEM is both an electrolyte medium for proton
conduction [3] and a barrier to avoid the direct
contact between fuels (hydrogen or methanol) and
oxygen. Undoubtedly, PEM is the key component
of PEMFC.

conductivity. To date, none of the proposed
materials have satisfied the desired specification.
Membrane based on the aromatic polysulfone is
mainly due to its excellent thermal and mechanical
stability as well as its resistance to hydrolysis and
oxidizing agents because sulfones are insensitive to
hydrogenation and diphenylene sulfone moiety
must confer thermal stability and oxidative
resistance to the polymer backbone. Therefore,
polysulfone has been used as the base of ionexchange membranes via chemical modification.
Sulfonated polysulfone ionomer membranes have
been extensively studied and also tested for fuel
cell applications [5-7].

At present, perfluorosulfonated membranes, e.g.
Nafion® and Aciplex®, are the most widely used as
proton conductors in the PEMFCs, due to their
high ionic conductivity, good thermal stability,
mechanical strength and chemical stability.
However, their high price and the difficulty
involved in their disposal [4] have spurred
investigations for low-cost non-perfluorinated
ionomer membranes, which are environmentally
disposable. Proton
conducting
membranes
investigations
include
polyethersulfones,
polyether-ether ketones, polyphenylenesulfide,
polystyrene, polyimides, PVDF-graft styrene, aciddoped polybenzimidazole (PBI) , polyphosphazene
and sulfonated polysulfones. The ideal fuel cell
membranes should have low-cost, high chemical
stability, high mechanical strength and high

In this work, we report the results on the synthesis
and characterization of sulfonated polysulfone
polymer by using HSO3Cl as sulfonating agent at
room temperature, and we present here the ion
exchange capacity, proton conductivity, water
uptake, and thermal analysis of the SPSU
membranes with different degrees of sulfonation
(DS) and compare some of the data with those of
Nafion®117.
APPROACH
Materials
Bisphenol-A-polysulfone (PSU) with molecular
weight of 40,000 was supplied by Tianpeng
Chemical Plant (China), which was dried for 24 h
in a vacuum oven at 80°C prior to use.
- 37 -

powders prepared by grinding dry polymer samples
together with KBr.

Chlorosulfonic acid (HSO3Cl, 99%), and the other
solvents
1,2-dichloroethane(DCE),
dimethyl
acetamide (DMAc, 99%) of AR grade, were
purchased from Shanghai Chemical Reagent
Company, China Medicine (Group).

Thermogravimetric analysis (TGA) measurement
was carried out using a Perkin-Elmer DSC Model 7
at a heating rate of 10°C /min under nitrogen
atmosphere.

Synthesis of Sulfonated Polysulfone
SPSU was synthesized by direct sulfonation of
PSU using HSO3Cl as sulfonating agent. The dried
PSU (10 g, 0.0226 mol) was dissolved in 100 ml
DCE in a 500 ml three-neck flask equipped with
mechanical stirrer, condenser and nitrogen purge
inlet. The resulting solution was sufficiently purged
with nitrogen for 1 h and a mixture of HSO3Cl in
50 ml DCE was then added dropwise for 30 min at
room temperature. During reaction, nitrogen was
purging continuously through the reaction solution
and HCl was continuously produced and released
out of the reactor with nitrogen. The degree of
sulfonation was controlled by varying the mole
ratio between sulfonating agent and polymer-repeat
units. After about 3 h, the reaction mixture was
poured in a large DCE excess to precipitate the
polymer into the acidic form SPSU and the
polymer was rinsed several times using DCE. The
SPSU was completely dissolved in 100 ml mixture
of isopropanol (IP) and DCE (the ratio of IP to
DCE was 1:4) under stirring at ambient
temperature. A slight excess 0.25M NaOH solution
was then added to the SPSU solution to produce its
sodium salt SPSU-Na. After filtration the
polyelectrolyte is thoroughly washed with
deionized water until a neutral pH, and dried under
vacuum at 60°C for 24 h. The acidic form SPSU
was obtained by treatment of SPSU-Na with HCl
(1 M) in aqueous media.

Mechanical tensile tests were performed on a
tensile tester (DXLL-1000A) at a strain speed of 10
mm/min at 20°C and 80°C.
IEC was measured by means of a classical titration
method. The degree of sulfonation (DS) was then
calculated as [8]
DS = 442 × IEC .
1000 − 80 × IEC

（1）
Proton conductivities were performed on lab made
equipment.

Preparation of SPSU Membrane
The casting solution was prepared by dissolving
25-40 wt% SPSU in DMAc at 60°C. Then the
casting solution was spread by a coating machine
onto a glass surface in a controlled thickness film,
and the cast films were subsequently dried in
vacuum at 120°C for 4h. Then the SPSU
membranes were carefully peeled off in a water
bath and were soaked in a shaking water bath for a
week in order to minimize the effect of residual
solvent (DMAc). The wet SPSU membranes were
completely dried in a vacuum oven at 60°C for 2
days.

RESULTS AND DISCUSSION
Figure 1 shows the FTIR spectra of PSU and SPSU.
Referring to Figure 1, it can be seen that a doublet
at 1290 and 1320cm−1 and an absorption band at
1150 cm−1 in sulfonated polysulfone are due to the
asymmetric and symmetric stretching vibration of
sulfone group, respectively. The infrared
absorption bands located at 1010 and 1364cm−1
were assigned to the symmetric stretch of diphenyl
ether units along the macromolecular chain or/and
the in-plane vibrations of para-substituted benzene
rings and the symmetric C-H bending deformation
in methyl group of aliphatic isopropylidene units [9],
respectively. These two bands, which should be
more or less insensitive to the sulfonation, may be
used as internal standards in the FTIR spectra of
SPSU to identify the absorption bands due to the
sulfonate. The absorption peak at 1028cm−1 might
be used to match interactions that involve the -SO3group. Moreover, thorough comparisons of the
PSU and SPSU spectra show that the band at 875
cm−1 is also modified by the sulfonation. It was
checked that this band decreased due to the
sulfonation. In fact, this absorption corresponds to
an out-of-plane deformation in the aromatic ring
and decreases when the aromatic ring is substituted
at 1, 2, 4-positions. Thus, the results of FT-IR
analysis clearly prove the occurrence of sulfonation
by the presence of sulfonate groups after the
reaction in the PSU.

Measurements
FTIR spectra were recorded using a NEXUS-670
(Nicolet, USA) FTIR spectrometer. The samples
were obtained either by pressing tablets using

The ion-exchange capacity provides an indication
of the content of acid groups present in a polymer
matrix which are responsible for the conduction of
protons and thus is an indirect and reliable approxi-
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Fig.2. Variations of conductivity vs. IEC of SPSU

Fig.1. FT-IR spectra of PSU and SPSU

up to 1.2×10-1 S/cm at 60°C, which is higher than
that of Nafion®117 membrane.

mation of the proton conductivity. Table Ⅰ
summarizes the DS, IEC of the SPSU prepared
with various mole ratios of the sulfonating agent to
the polymer-repeat unit (x). As the value of x
increases, the DS and IEC increase as expected.

Conductivity (s/cm)

0.16

TableⅠ Ion-exchange capacity (IEC) and degree of sulfonation
(DS) of the SPSU membranes obtained with different mole
ratios of the sulfonating agent to polymer-repeat units
Sample

Mole ratio (x)

IEC (Meg/g)

DS(％)

SPSU-1

0.3

0.107

4.77

SPSU-2

0.6

0.140

6.26

SPSU-3

1.0

0.707

33.12

SPSU-4

1.3

0.840

39.80

SPSU-5

2.0

1.080

52.25
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Fig.3. Conductivity of SPSU at different temperature

TGA thermograms of Nafion®117, PSU and SPSU
are presented in Figure 4. Figure 4 indicated that
the Nafion®117, PSU, and SPSU started to
decompose at temperatures of 280°C [Figure 4 (a)],
440°C [Figure 4 (b)] and 210°C [Figure 4 (c)],
respectively. The SPSU decreases significantly its
thermal stability due to acid-catalyzed degradation.
Generally the sulfonic acid group acts as an
initiator for the degradation of SPSU membranes.
In Figure 4 (c), the weight loss between 200°C and
400°C is mainly due to the thermal activated
decomposition of sulfonic acid groups in the
polymer chains. Above 460°C, it is found that the
yield of characteristic pyrolyzate with a hydroxyl
end group such as phenol as well as benzene
appears. It means the degradation of SPSU
membranes by random bond cleavage of the
aromatic ether or aromatic ether radicals. This
temperature is lower than that of PSU [550°C,
Figure 4 (b)]. The TGA curves clearly indicate that
this type of SPSU has fairly good thermal stability.

The main factors to determine the ion conductivity
in the ionomer membranes are generally the ionexchange functional sites (for instance, -SO3H) per
unit volume within membranes. Therefore, it is
very meaningful to consider the relationship
between the factors and the proton conductivities
of the sulfonated ionomer membranes. Figure2.
shows the proton conductivity at 60°C as a
function of IEC value.
Here, the gradual increase of the amount of
sulfonating agent yields higher IEC values in the
SPSU membranes, which leads to an increase in
the proton conductivity of the SPSU membranes.
IEC from 0.5 to 1.08 Meq/g, the proton
conductivities of the SPSU membranes are higher
than 10-3 S/cm and, as expected, they increase with
increasing of IEC value. For comparison, the
proton conductivity of Nafion®117 membrane
measured at the same conditions is about 6.7×10-2
S/cm . As show in Figure3., the conductivity of the
SPSU membrane increases with increasing of the temperature (from 20 to 80 °C,). The conductivity is

The mechanical tests were carried out in a similar
condition to that of a PEMFC, at 80°C and 100%
relative humidity (RH). The tensile strength at
break elongation at break and tensile modulus of
- 39 -
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CONCLUSIONS
Sulfonated polysulfone can be prepared via a
solution sulfonation method using HSO3Cl as
sulfonating agent. Ion exchange capacities can be
controlled by varying the amount of HSO3Cl.
Degrees of sulfonation from 30 to 50% are easily
achieved by changing the content of the sulfonating
agent. The proton conductivities increase with
increasing of sulfonation. Compared with
Nafion®117, SPSU membranes are of higher
tensile strength, lower tensile elongation and
comparable or higher proton conductivitie. The
combination of properties makes these membranes
potential candidates for fuel cells.
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the SPSU and Nafion®117 are given in TableⅡ.
Compared with Nafion®117, SPSU membranes
were of higher tensile strength, lower tensile
elongation and higher tensile modulus at different
temperature. In real working conditions of PEMFC,
it not only is advantageous to seal but also has the
better size stability during the period of use.
TableⅡ Mechanical strength of SPSU membrane and
Nafion®117 membrane
Sample

Mole ratio (x)

IEC (Meg/g)

DS(％)

SPSU-1

0.3

0.107

4.77

SPSU-2

0.6

0.140

6.26

SPSU-3

1.0

0.707

33.12

SPSU-4

1.3

0.840

39.80

SPSU-5

2.0

1.080

52.25

- 40 -

Study of Adhesion Property between PTFE Films and
Polypropylene Spunbond Nonwoven Materials
Da Zhao1, Yiping Qiu1, Xiangyu Jin1, Hong Wang1*
1

Key Laboratory of Textile Science & Technology, Ministry of Education, College of Textiles, Donghua
University, Shanghai 201620，China
wanghong@dhu.edu.cn. (Corresponding Author)

Abstract
The adhesion property of PTFE films and nonwoven materials plays an important role in various
applications such as in hygiene and medical field. In order to laminate PTFE films with Polypropylene
spunbond nonwovens (PPSN), a treatment on the surface of PTFE film which can improve its
wetability is a must. In this paper, normal temperature and low-pressure plasma treatment is used to
improve the wetability of PTFE film. In comparison, epoxy resin coated PTFE film is studied as well.
At last, the peel strength of nonwoven fabrics laminated with PTFE films by plasma and epoxy resin
treatment and their porosity were tested in order to study their adhesive ability.
Keywords: PTFE; Plasma treatment;Nonwoven,;Polypropylene;Epoxy Resin
1. INTRODUCTION

effect on roughening materials surface [13].

Polytetrafluoroethylene（PTFE） has quite good

The purpose of this paper is to modify the

chemical

surface of the PTFE films and increase the

stability,

electric

insurability,

self-lubrification, incombustibility, resistance to

adhesion ability with PPSN.

aging, adaptability for both high and low
temperature and adequate mechanical strength

2. EXPERIMENTAL MATERIALS AND

[1,2]. However, it is difficult to make PTFE films

METHODS

adhere to other materials due to its very poor
wetability [3-5]. Adhesion of PTFE films and
nonwoven materials can be obtained in many
different ways among which the use of epoxy
resins being a very common method. However,
using epoxy resin to adhere PTFE film and
PPSN will largely decrease the porosity of the
composite. In recent years, there have been
increased interests in plasma technology for
surface modification of polymers and fabrics
[6-9]. Plasma treatment has been widely used in
surface modifications due to its simplicity and
eases of operations [10-12]. In this paper,
atmospheric pressure plasma treatment of corona
discharge was used to treat the surface of PTFE
films. Among various cold plasma treatment
techniques, corona discharge has a remarkable

2.1. Materials
PP

spunbonded

nonwoven

(Basis-weight=18g/m2)
Zhejiang

Yaolong

is

fabric

obtained

Spunbond

from

Nonwoven

Company.
PTFE film (thickness=0.3mm) is imported from
Japan.
Epoxy resin is LY3600cl and curing agent is
Aradur3600-1.
2.1.1. Plasma treatment
The atmospheric pressure plasma treatment was
carried out using a Corotec Plasma-Jet1 (PJ-1), at
a sample moving speed of 10 mm/s. The
excitation frequency was 50 Hz and the output
power was 720W. All the films and fabrics were
immerged into acetone for 2h to remove potential
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surface contaminants and then dried in a vacuum

3.1. Surface changes of PTFE film after

oven at 80 °C for 1h. One group was used as the

plasma treatment

control group the other one was treated group.

The surface of PTFE film was observed by using

Because the width of the plasma jet is 2.5cm, the

SEM in order to understand the surface changes

size of samples is 2.5cm×10cm.

of PTFE film after it was treated by plasma. The
surface of untreated PTFE was observed in

2.1.2. Preparation of epoxy resin coated

comparison, as shown in Fig. 1. It appears that

samples

the surface of the PTFE film was etched after the

Epoxy resin and curing agent in a 10:3 ratio were

plasma treatment. Compared with the untreated

coated onto the surface of PTFE films under

PTFE film, the treated one showed a certain

room temperature. The size of samples is

degree of increased surface roughness.

2.5cm×10cm.
2.1.3. Laminating process
Vulcanizing machine was used to laminate PPSN
with untreated, plasma treated and epoxy coated
PTFE films, respectively. In order to get optimal
properties of PP nonwovens in both mechanical
properties and good hand feels, the parameters of
the laminating process have been optimized. The
processing temperature is 130 °C, the processing
pressure is 5Mpa and the time is 40s.
(a)
2.2. Measurement
2.2.1 Peel strength test
After laminating of PTFE films and PPSN, the
peel strength of all the composites was tested.
Three groups of samples are prepared. They are
control group, plasma treatment group and epoxy
resin group.
2.2.2 Porosity test
The porosity of the three groups of samples were
measured by the Capillary Flow Porometer（CFP

(b)

1100 AI 12172001-1043 ） , the size of the

FIGURE.1. SEM images of PTFE films: (a) Untreated PTFE

samples is 2.5cm×2.5cm.

film (b) plasma-treated PTFE film

2.2.3 Scanning electron microscopy (SEM)

3.2. Peel strength test

SEM images of both treated and untreated PTFE

The peel strength of these three groups of

films were obtained by using a scanning

samples is showed in Table.1. The plasma-treated

electronic microscope.

PTFE film/PPSN interface exhibits higher peel
strength

3. RESULTS AND DISCUSSION

than

untreated

PTFE

film/PPSN

interface. However, compared with the epoxy
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resin coated PFTE film/PPSN interface, the peel

influence the original properties of nonwoven

strength of both treated and untreated PTFE

materials such as permeability and hand feeling.

films were much lower. The reason why

Thus, plasma treatment is a reasonable method to

plasma-treated PTFE film has better peel

improve the adhesion ability of PTFE film and

strength is that the surface of the PTFE film

PPSN.

becomes rougher after plasma treatment.
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ABSTRACT
Geotextiles may be expected to survive a number of environmentally related challenges with regards to
durability. To evaluate the ageing performances and predict the service life of polypropylene (PP) geotextiles,
the ageing mechanism of PP geo-synthetics is briefly explained and anti-ageing protective methods are
presented. Outdoor atmospheric tests are provided in Shanghai to evaluate the effects of HALS (hindered amine
light stabilizers) and the protective function of polyester fibers which cover on the surface of PP woven fabrics
by means of needle-punch process. The samples were prepared from six different kind PP geotextiles and
tensile strength was tested in laboratory. Furthermore, the UV-irradiation density of outdoor aging field is
monitored to testify the influence of UV-irradiation on the ageing of PP geotextiles. After one year of outdoor
exposure test, the results of tensile strength of samples show that HALS can increase the lifetime of PP
geotextiles greatly. And also, polyester fibers needle punched on the surface of PP fabrics can absorb most UV
irradiation to retard the ageing of PP geotextiles.
KEY
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Polypropylene;Outdoor

exposure;Tensile

strength;UV-irradiation;Anti-ageing

chain initiation and chain propagation stage. In the
chain initiation stage, HALS can absorb UVirradiation energy and initiate firstly, which can
postpone the initiation of PP. The chain initiation
reaction act as following steps in this situation:

INTRODUCTION
The use of PP geotextiles has expanded to such an
extent that nowadays they are almost certain to be
include in any construction work. But geotextiles
may be expected to survive a number of
environmentally related challenges with regards to
durability. As a result, extensive researches have
been done on the ageing process of PP material to
evaluate its long-term service performances. .

NH + O2

NH , O 2
*
hv

NH , O 2

The results of durability tests performed by Den[1],
Ahmed[2] and Leflaive[3] showed that PP was
highly stable against micro-biology degradation,
chemical degradation and hydrolysis. They are well
used in depth river-route construction. But PP had
poor resistance to photo-oxidation and thermooxidation[4-6], which shorten their lifetime in some
exposed situation. Effective anti-ageing method
should be used to improve the resistance against
the photo-oxidation of PP geotextiles. It is
therefore in the study, two anti-ageing methods
were used and the effectiveness of both methods
are tested under outdoor environment.

NH , O 2

*
NH , O 2

NH , O 2
*

NH , O 2

.
.
N + HO
2

In the stage of chain propagation, the adding of
HALS will bring following reaction:
.
HO 2 + RH

.
HOOH + R

This reaction will reduce the development of
hydroperoxides, which reduce the amount of new
active centers.

ANTI-AGEING METHODS
Anti-ageing agents
Lots of anti-ageing agents are developed according
the photo-oxidation mechanism of PP polymer,
such as UV absorber, free radical capture agent etc.
One kind of HALS is used in the study. These
kinds of stabilizers exert their function mainly at

Physical protection
The ageing of polymers always starts from surface
then develops into the inside. Some physical
protection methods, such as painting, plating, and
coating can be used to form a protection layer on
- 45 -

12 months in shanghai. The accumulated UVirradiation and test results of tensile strength of
samples are listed in Table II.

the surface of PP geotextiles. In this study,
polyester fibers which exhibit a good resistance to
photo-oxidation are covered on the surface of PP
woven fabrics by means of needle-punched process
to form a protection layer. The polyester fibers can
absorb most UV-irradiation and protect PP woven
fabrics effectively.

TABLE II. The results of accumulated UV-irradiation and
tensile strength of samples

EXPERIMENTS
Geotextiles samples
PP woven fabric, PP woven fabric with HALS
(anti-ageing PP woven fabric), PP woven fabrics
needle punched polyester fibers (PP nonwoven
fabrics) and PP woven fabric with HALS needled
punched polyester fibers (anti-ageing PP nonwoven
fabric) are selected as samples. To testified
protection function of polyester fibers, both kind of
nonwoven fabrics are placed with two opposite
aspect in the outdoor exposure field: PP woven
fabric exposed to the sun and polyester fiber
exposed to the sun. Therefore, there are total six
kinds of samples in this study. The number of each
sample is shown in Table I.

0
3
6
9
12

3
4
5
6

1

2

3

4

5

6

100
91.7
65.3
7.6
0

100
94.2
52.1
5.2
0

100
95.9
80.3
65.9
60.7

100
95.8
81.7
69.6
63.2

100
96.7
79.9
64.4
60.1

100
97.2
84.7
80.2
77.5

100

Residual tensile strength (%)

2

Average Residual tensile strength (%)

The effect of HALS
According the test results in Table II, residual
tensile strength of sample 1 and 4 are compared
(shown in Figure 1).

TABLE I. The numbers of samples
Numbers
1

Accum
-ulated
UVirradiat
-ion
(107erg
/cm2)
0
140.3
569.7
998.4
1194.9

Ageing
times
(mont
-hs)

Sample name
PP woven fabric
PP nonwoven fabric (PP fabrics exposed to the
sun)
PP nonwoven fabric (polyester fibers exposed to
the sun)
Anti-ageing PP woven fabric
Anti-ageing PP nonwoven fabric (PP fabric
exposed to the sun)
Anti-ageing PP nonwoven fabric (polyester fibers
exposed to the sun)

80

60

40

1
4

20

0

0

3

6

9

12

Ageing time (months)

FIGURE 1. Tensile strength of sample 1 and 4

Outdoor exposure test
PP fabric samples listed in Table I were exposed
under atmospheric conditions for an incremental
period of time up to 12 months in Shanghai,
following the standard ASTM D5970-96[7]. PP
fabrics were attached to a number of cardboards,
which were fixed to metal frames, facing south at
an angle 45° to the horizontal. In every 3 month PP
fabrics were sampled. During the outdoor exposure
test, a SUR-1 UV irradiation tester was used in the
exposure field to record the amount of UV
irradiation.

It can be found in Figure 1, the decrease of tensile
strength of sample 4 is much more slower than that
of 1. Residual tensile strength of 4 is still keeping
65% while 1 has lost all of it’s tensile strength. It
shows clearly the effect of HALS added in the PP
fabrics. Compare sample 2 and 5, we can draw the
same conclusion (shown in Table III). HALS can
increase the lifetime of PP geotextiles greatly.
TABLE III. Residual tensile strength of sample 2 and 5
Sample
number

All the samples were tested using an YG028A strip
tensile test following the standard ASTM D503595[8].

2
5

RESULTS AND DISCUSSION
PP fabrics were exposed under outdoor exposure
conditions for an incremental period of time up to

0
month
100
100

Residual tensile strength (%)
3
6
9
months
months
months
94.2
52.1
5.2
96.7
79.9
64.4

12
months
0
60.1

However, compare residual tensile strength of
sample 3 and 6 (shown in Figure 2), it can be
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IV, the difference between 5 and 6 is much lower
than that of 2 and 3, for there are HALS added in 5
and 6. The effect of HALS causes this result.
Similarly, sample 3 and 4 are both polyester fibers
exposed to the sun during outdoor exposure test,
the protection of polyester fibers make the
difference between 3 and 4 is not obvious.

found that although residual tensile strength of 3
decreased faster than that of 6, but the difference
is not obvious compare to Figure 1. The reason
is that in sample 3and 6 are both polyester fibers
exposed to the sun during the outdoor exposure
test. The effect of polyester fibers on photooxidation of PP fabrics will be discussed in the
following part.

Residual tensile strength (%)

TABLE IV. Residual tensile strength of sample 5 and 6
100

Sample
number

80

5
6

Residual tensile strength (%)
3
6
9
months
months
months
96.7
79.9
64.4
97.2
84.7
80.2

12
months
60.1
77.5

60

The influence of UV-irradiation on the
degradation of PP geotextiles
One year of outdoor exposure test is begin on
December and sampled each 3 month. Combine
with the climate in Shanghai we can consider that
four time sections represent four seasons: winter
(Dec.-Feb.), spring (Mar.-May.), summer (Jun.Aug.) and autumn (Apr.-Nov.). To examine the
influence of UV-irradiation on the degradation of
PP geotextiles, average UV irradiation density in
each time section are calculated and listed in Table
V. As an example, the decreasing percentage of
sample 4 and 5 are listed in Table V to examine the
influence of UV-irradiation.

3
6

40

20

0

0

3

6

9

12

Ageing time (months)

FIGURE 2. Tensile strength of sample 3 and 6

The protection of polyester fibers
As shown in Figure 2, residual tensile strength of
sample 2 and 3 are compared. It’s very clear that
the decreasing rate of tensile strength of 3 is much
lower than that of 2. Because polyester fibers are
exposed to the sun in sample 3, and they have a
good resistance to photo-oxidation. Polyester fibers
can absorb most of UV-irradiation. As a protection
layer, it can retard the degradation of PP fibers.
The results show that polyester fibers needled
punched on the surface of PP fabric have a good
physical protection to the PP geotextiles.

TABLE V. The decreasing of tensile strength of sample 4 and 5
in each season

Season

Winter
Spring
Summer
Autumn

100

Residual tensile strength (%)

0
month
100
100

80

2
3

20

0

0

178.4
540.2
539.3
247.3

4

5

4.2
14.7
14.8
9.2

3.3
17.4
19.4
6.7

It’s clear in Table V that the degradation of 4 and 5
are mainly happen in the summer and spring which
has a higher UV-irradiation density. Examine other
samples we can got the same conclusion. The
outdoor exposure test testified that the UVirradiation is the most primary factor to cause the
degradation of PP geotextiles.

60

40

Average UV-irradiation
density (w/cm2)

Decreasing percentage
of tensile strength in
each time section (%)

3

6

9

12

CONCLUSIONS
HALS added into PP geotextiles can increased
their lifetime greatly. HALS is a kind of effective
photo stabilizer to PP materials.

Ageing time (months)

FIGURE 2. Tensile strength of sample 2 and 3

Compare sample 5 and 6, the same conclusion can
be drawn as above mentioned. As shown in Table
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[7] ASTM D5970-96; Annual Book of ASTM
Standard 2002, West Conshohocken, PA, Vol. 4,
2002, 1236-1238.

Via a nonwoven process, polyester fibers can be
needle punched on to the surface of PP fabrics.
Polyester fibers can absorb most UV-irradiation to
retard the ageing of PP geotextiles and show a
good protection function.

[8] ASTM D5035-95; Annual Book of ASTM
Standard 2002, , West Conshohocken, PA, Vol. 7,
2002, 679–686.

UV-irradiation is the primary factor which caused
the degradation of PP geotextiles under outdoor
environment.
The results also showed that all anti-ageing
methods only can postpone the ageing of PP
geotextiles and can not prevent degradation.
During their service life, the loss of mechanical
properties is unavoidable. Therefore, the lifetime
prediction of PP geotextiles has become of
increasing important.
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ABSTRACT
Structural characteristics significantly affect the mechanical properties and performance of nonwoven fabrics.
The concepts and measurement methods of fiber arrangement in nonwowens were established by one of the
authors in earlier studies. A scenario simulation scheme was developed to generate nonwoven webs and fabrics
with two-dimensional configurations, on the basis of the previous data. The influence of fiber length, fiber
packing density and laying method were incorporated in the computer programming. Parallel-laid, cross-laid and
random-laid webs and fabrics were generated on screen with color maps.
KEYWORDS: Nonwoven; Simulation; Parallel-laid; Cross-laid; Random-laid.
direction. The layers of cross-laid fabrics are
folded in a zigzag way by a long length orientated
web. The fibers are air-laid in a random-laid fabric.
Hence, the orientation distribution varies with
laying methods. The angle density distributions
of the sample fabrics were modeled [1] as follows:

INTRODUCTION
This study is an extension of Hearle and
Ozsanlay’s [1] early study on the structural
characteristics of nonwoven fabric, which was
designed to measure the distribution of fiber
orientation and curl factor (i.e., the length of a fiber
segment over the distance of its two ends) for the
prediction of the stress-strain relation in bonded
nonwoven fabrics.

Parallel–laid:
y = (0.45 + 2.8 cos16α)/π,
Cross–laid:
y = (1.24 + 0.48 cos2α)/π,
Random-laid 1:
y = (0.6 + 1.625 cos10α)/π,
Random-laid 2:
y = (0.85 + 0.4 cos4α)/π,
Web:
y = (0.48 +1.9 cos8α)/π.

The effects of fiber arrangement on mechanical
properties of nonwoven products have long been
recognized. Researchers have attempted to
incorporate more reality of structural features into
mechanical analysis [2]. However, the theoretical
study has been hampered by the lack of nonwoven
structural data and the effect structural factors have
normally been oversimplified.

where
Significant progress has been made after Hearle et
al. [1, 3] established the concepts and experimental
methods regarding fiber arrangement. Methods to
measuring sensitivities of anisotropy, crimp, fiber
packing density and fiber diameter in a single web
have been developed [4, 5, 6]. In order to
incorporate wider structural realities in later
simulations
of
mechanical
behaviors,
a
mathematical program is attempted in this study to
generate nonwoven webs and fabrics, incorporating
structural features of different laying methods
given by Hearle and Ozsanlay’s [1].

∫

+∞

−∞

α∈[-90o , 90o] (1)
α∈[-90o , 90o] (2)
α∈[-90o , 90o] (3)
α∈[-90o , 90o] (4)
α∈[-90o , 90o] (5)

ydα = 1 , y is continuous and not less

than 0.
Curl factor
Curl factor, the length of a fiber segment over the
distance of its two ends, is used to describe the
curvature of fibers. The distance of end points was
determined as 0.4 mm to avoid the measured fiber
segment overlapping with other fibers. The length
of the curl fiber segment was measured with a
map-distance measurer [1]. Curl factors were found
to vary with orientation. Hence, the curl factor
distributions were given in three angle ranges [1]:

SIMULATION PARAMETERS

Parallel–laid:

Orientation distributions
All fabrics start as a card web with preferential
lengthwise fiber orientation. Parallel-laid fabrics
are formed by laying down card webs in the same

P(c) = 0.012 + 0.533 cos16[
|α|∈(0o - 29o)
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π (c − 1)
2(c max − 1)

],
(6a)

π (c − 1)

P(c) = 0.02 + 0.368 cos10[

2(c max − 1)

|α|∈ (30o -59o)

(6b)

π (c − 1)

P(c) = 0.045 + 0.243 cos8[

(6c)

Cross–laid:

π (c − 1)

P(c) = 0.015 + 0.52 cos18[

2(c max − 1)

|α|∈(0o - 29o)

],
(7a)

π (c − 1)

12

P(c) = 0.037 + 0.331 cos [

],

2(c max − 1)

|α|∈ (30o -59o)

(7b)

π (c − 1)

12

P(c) = 0.077 + 0.149 cos [

],

2(c max − 1)

|α|∈ (60o- 90o)

(7c)

Random-laid 1:
14

P(c) = 0.018 + 0.446 cos [
|α|∈(0o - 29o)

π (c − 1)
2(c max − 1)

2(c max − 1)

|α|∈ (30o -59o) (8b)
P(c) = 0.049 + 0.228 cos 8[

],

π (c − 1)
],
2(c max − 1)
(8c)

π (c − 1)
2(c max − 1)

|α|∈(0 - 29 )
P(c) = 0.053 + 0.214 cos 8[
|α|∈ (30o -59o)
P(c) = 0.064 + 0.171 cos8[

lower

upper
500

],

o

o

Generating orientations and curl factors
The procedures for generating random variables
from a known distribution has been introduced by
statisticians [8]. In this study, one 2000th of the
domain is taken as the length of bins and 2000
angles are generated for each distribution
represented by Equations 1-5.
A typical
histogram of generated orientations is plotted
against the theoretical curves in Figure 1.

],

|α|∈ (60o - 90o)

o

GENERATING WEB PARAMETERS

(8a)

π (c − 1)

P(c) = 0.033 + 0.32 cos10[

P(c) = 0.029 + 0.3 cos 8[

Fibre densities
Wool density is approximately 1.31 g/cm3 [7]. The
linear density of 21 μm wool may be 1.31 g/cm3 ×
π (21/2)2 μm2 = 4.537 × 10-6 g/cm . The densities
of fabrics used in this study ranged from 200 to
400 g/m2 or 0.02 to 0.04 g/cm2, which means fiber
length 1 cm2 × 0.02 g/cm2 ÷ (4.537 ×10-6 g/cm) =
4408 cm to 1 cm2 × 0.04 g/cm2 / (4.537 ×10-6 g/cm)
= 8816 cm/cm2. A fiber traverses fabric following a
curved path. The mean length of curved paths per
unit of fabric can be estimated using simulation
experiments. By dividing the total fiber length by
the mean path length, the number of fiber paths
then can be predicted.

],

2(c max − 1)

|α|∈ (60o- 90o)

Random-laid 2:

simulated fabric is 1 × 1 cm2 corresponding to 375
× 375 unit2, since the enlarge scale used in Hearle
and Ozsanlay’s optical tracking is 375 [1].

],

π (c − 1)
2(c max − 1)

π (c − 1)
2(c max − 1)

(9a)
],
2

(9b)

1

0

1

2

FIGURE 1. Orientation distribution of parallel-laid fabric (the
theoretical curve denotes y = (0.45 – 2.8 cos16α)/π and the
histogram presents generated orientations).

],

o

|α|∈ (60 -90 )
(9c)
where cmax is the maximum curl factor, curl factor c
∈ [1, cmax], the mean values of curl factors are
approximately 1.000 for |α|∈ (60o - 90o), 1.005 for
|α|∈ (30o -59o) and 1.010 for |α|∈ (60o - 90o). The
cmax can be estimated from the corresponding mean
value using the Monte Carlo method.

Similarly, the length of the bin is one 2000th of the
π (c − 1)
∈ [0, π/2]), 1000 curl factors
domain (
2(c max − 1)
are generated for each random variable. The
histogram of a generated distribution associated
with orientation between 0o and 29o is illustrated
with all theoretical curves (Figure 2).

Dimensional variables
The preferential mean diameter of wool fibres for
nonwoven products is 21 μm. The area of
- 50 -
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], |α|∈(0o, 29o);

2(c max − 1)
π (c − 1)
], |α|∈
the dashed curve is 0.02 + 0.368 cos10[
2(c max − 1)
π (c − 1)
],
(30o,59o); the dotted curve is 0.045 + 0.243cos8[
2(c max − 1)

|α|∈ (60o , 90o)).

Generating fibre path
In Hearle and Ozsanlay’s [1] experiments, the
enlarge scale was 375. The chord length of
measured fiber segments was 0.04 cm before
projection and 15 cm after projection. The end
points of fiber segments after projection can be
calculated by
X = 15 cosα, Y = 15 sinα
(10)
The coordinates of the middle point P of a fiber
segment are approximately estimated from the
following steps. Give curl factor c and orientation
angle α (Figure 3). The middle point of the chord
is located at (7.5cosα, 7.5 sinα). The coordinates
of P are (7.5cosα − CM, 7.5 sinα + PC). We may
assume OP ≈ c × 7.5, since the curvature is
sufficiently large (1 ≤ c ≤ 1.08) [1]. Hence, CM =
PM × sinα and PC = PM × cosα, where PM = 7.5

0
FIGURE 4.

c 2 − 1 according to Pythagoras’ theorem.
Linking these points step by step, a fiber path can
then be generated. Fiber lengths are generally
assumed as infinite (Figure 4), comparing the fiber
true length with the dimension (1 cm × 1 cm) of the
simulated fabrics. However, finite fiber length also
can be easily generated by assuming that wool
fibers follow a normal length distribution and the
start position of a fiber follows a uniform
distribution (Figure 5).

100

200

300

A simulated fiber with infinite length.

FIGURE 5. Simulated wool fibers with random length
(parallel-laid).

estimated using computer experiments. Initially,
20,000 points of each laying method are generated.
Recording the lengths of 1,000 fiber paths crossing
different fabrics, the mean lengths of fibers over 1
cm2 can then be derived. As stated before, the
total fiber length per unit area (1 cm2) may be 4400
to 8800. Dividing the total fiber length by mean
fiber length, the fiber density of a fabric is roughly
calculated as shown in Table 1.

SIMULATION OF NONWOVEN FABRICS
In a 1 cm2 fabric, the mean fiber length may be
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of individual fibers were shown, which were
acceptable in comparison with the true paths of real

TABLE Ⅰ. Variation of fiber density of per unit area

Parallel-laid
Cross-laid
Random-laid 1
Random- laid 2

Mean length of fiber
paths
1.144
2.067
1.324
1.612

Range of path
density
3800 - 7700
2100 - 4200
3300 - 6600
2700 - 5500

Several webs are shown in Figures 6 and 7 to
illustrate the differences in web structures. The
parallel-laid and cross-laid webs have distinct
laying directions; random-laid fibers are orientated
in all directions. However, the structural
differences become visually indistinct with
increasing fibers per unit area. The uniformity may
be the only difference that can be visually
distinguished from parallel-laid (Figure 8) and
random-laid fabrics at 10:1 ratio, unless there is a
further increase of enlarge scale.

FIGURE 8 A 1 cm2 parallel-laid fabric with 5000 fibers in 20
layers.

fibers in nonwovens. A few of webs
generated to virtualize the differences among
due to subtle parameter variations. Fabrics
also mapped and the fibers in each layer
colored differently.

were
webs
were
were
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FIGURE 6. Comparison of parallel-laid and random-laid webs
with 88 fibers/ cm2 (left: parallel-laid, right: random-laid).

FIGURE 7. Comparison of parallel-laid and cross-laid webs
with 33 fibers/ cm2 (left: parallel to horizontal, right: ± 15o to
vertical axis).

SUMMARY AND DISCUSSION
The goal of this study was to generate nonwoven
fabrics for future modeling of mechanical
performance, which incorporated true orientation,
curl factor, fiber packing density, laying methods,
fiber length and hook into account. However, the
influences of fiber length and hook distributions
were not illustrated, since relevant data of the two
parameters are not available at this stage. The paths
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ABSTRACT
The nonlinear dynamical behaviors of axially moving beam under combined parametric and external excitations
are investigated in detail. Using the Newton’s second Law, the equations are obtained under the condition of
sub-harmonic parametric resonance and principal external resonance The fourth-order Runge-Kutta method is
also used to solve the non-linear fourth-order governing partial-differential equation. The effects of the axial
speed and the bending stiffness on the dynamic behavior of the system are numerically investigated. With the
increase of the axial speed, one can observe the result of quasi-period, chaos and chaos attractors. The system
response is changed from periodic to chaotic with increasing of the bending stiffness.
model through numerical simulation of non-linear
vibration of an axially moving beam at a constant
speed. The effects of axially traveling speed and
the internal damping on dynamical stability of
axially moving beam had been studied in details.
Yang and Chen [9] studied numerically nonlinear
bifurcation and chaos of an axially accelerating
beam. The effect of the bending stiffness of
material has not been reported so far.

INTRODUCTION
The paper making felt is used for conveyor belt and
the filtration belt in press section of paper
machines. A barrier of running with high speed is
the excessive transverse vibration of the paper
making felt. Thus, understanding the transverse
vibration of paper making felt is very important for
designing and control of its running. In working
condition, a paper making felt bears a large tension
and its bending stiffness cannot be neglect[1]
Therefore, its transverse vibration has the both the
characteristics of a string [2]and a beam[3].

In all available works, there are few investigations
on nonlinear transverse vibration of the axially
moving material subjected to harmonically external
and parametric excitations simultaneously, while
this case is possible in some engineering
circumstances. For this objective, the present paper
tried to derive the governing equation of axially
moving beam subjected to harmonic external and
parametric excitations simultaneously. The
transport speed is assumed to be harmonic varying
about the constant mean speed. The cases of subharmonic parametric and principal resonances are
investigated in this paper. The effects of mean axial
speed and bending stiffness on the transverse
nonlinear dynamical behaviors for a given set of
parameters are analyzed numerically.

The axially moving continua have been extensively
investigated by many researchers. Oz and
Pakdemirli [4] considered the axially moving speed
harmonically varying about a constant value, and
investigated the principal parametric resonance and
combination resonance. Stability boundaries were
determined analytically. Then, the nonlinear term
is [5] introduced to their system. Using the 1-term
Galerkin approximation, Ravindra and Zhu[6]
studied pitchfork bifurcation and chaos of axially
accelerating beams. However, the external
excitation was not yet considered in these studies.
Chakraborty and Mallik [7] using the nonlinear
complex normal modes studied the effects of
parametric excitation on a traveling beam with and
without an external harmonic excitation. The axial
traveling speed in these studies is kept constant.

EQUATION OF MOTION
The nonlinear equation governing the transverse
forced vibration of the axially moving beam can be
derived from the Newton’s second Law. The
dimensionless governing equation [10]is

Parameter stability problem of the parametrically
excited system is important. Marynowski and
Dapitaniak [8] compared the different material
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（1）
where all parameters are expressed in
dimensionless forms: y is the transverse
displacement, v is the axial speed, vf is the flexural
rigidity, vg is the elasticity tension, Fcos(Ωt) is the
external excitation, ε is a small parameter.

υ = υ0 + ευ1 sin Ω a t

(2)

where Ωa is the fluctuation frequency. Substituting
Eq. (3) into Eq. (1) and taking only the first order
of approximation, one obtains

Suppose the running speed is harmonically varying
about a constant mean value v0 shown as follows

(3)
where the dots and the prime indicate partial
differentiation with respect to time t and to position
x respectively.

where ω02 = π 2 ( −υ 02 + 1 + π 2υ f2 ) ， γ = 2π 2υ0υ1
NUMERICAL ANALYSIS
In this section, the effects of dimensionless
parameters including the axially moving speed v0,
and the flexural rigidity vf, on the dynamical
behaviors of the system vibration are studied
numerically.

Assume the solution of Eq. (4) having the
following forms
(4)
Taking
N=1,
the
one-term
approximation of Eq. (4) will be

Effects of dimensionless speed
In the following analysis, the beam vibration
parameters are as follows: the dimensionless
flexural rigidity vf=0.01, the fluctuating amplitude
of speed v1=0.1, the dimensionless elasticity
tension vg=5, and the external excitation F=0.02.

Galerkin’s
(5)

FIGURE 1 The time history (a) and the Poincare map (b) for v0=0.5
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FIGURE 2. The time history (a) and the Poincare map (b) for v0=1.5

FIGURE 3. The time history (a) and the Poincare map (b) for v0=2

From the Figure. 1-3, one can see that the response
of system change form the quasi-period to chaos
and attractors as the axial speed increasing form
0.5 to 1.5 and 2.

Effects of dimensionless bending stiffness
In this subsection, the effect of dimensionless
bending stiffness vf is analyzed. In this case, the
dimensionless axial speed is fixed at v0=1.2 and
other dimensionless parameters are the same as
above.

The quasi-period is a stable response. The chaos is
sensitive to the initial conditions and the response
is uncertain.

FIGURE 4 The time history (a) and the Poincare map (b) for vf=0.05
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FIGURE 5. The time history (a), the Poincare map (b) for vf =0.1

From the Figure 4-5, one can see that the system
response change from period to chaos with the
dimensional bending stiffness increasing from 0.05
to 0.1.

[4] OZ, H, R. and Pakdemirli, M. “Vibrations of
an Axially Moving Beam with Time Dependent
Velocity”, Journal of Sound and Vibration, Vol.
227, 1999, pp. 239-257.

CONCLUSIONS
The stability analysis of paper making felt
subjected to parametric and external excitations is
investigated in this paper. The geometric
nonlinearity of the beam is accounted through the
Lagrangian strain. The Newton second law is
applied to develop the governing equation of
transverse motion. The one-term Galerkin method
is employed to truncate the governing equation.
The case of sub-harmonic resonance and primary
resonance is considered.

[5] Oz, H, R., Pakdemirli, M. and Boyaci, H.,
“Non-Linear Vibrations and Stability of an Axially
Moving Beam with Time-Dependent Velocity”,
International Journal of Non-Linear Mechanics,
Vol. 36, 2001, pp. 107-115
[6] Ravindra, B. and Zhu, W, D. “LowDimensional Chaotic Response of Axially
Accelerating Continuum in the Supercritical
Regime”. Archive of Applied Mechanics, Vol. 68,
1998, pp. 195-205

The time history and the Poincare map of the
system are obtained numerically by the fourthorder Runge-Kutta algorithm. From the response
curves, it is found that the form of motion is quasiperiod when the axially speed is low. Chaos motion
is appeared with the increase of the axially speed,
and the attractors are formed when the axially
speed is large enough. The system response is
changed from period to chaos with increasing the
bending stiffness.

[7] Chakraborty, G. and Mallik, A, K.
“Parametrically Excited Non-Linear Traveling
Beams with and without External Forcing”,
Nonlinear Dynamics, Vol. 17, 1998, pp. 301-324
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ABSTRACT
Based on the modified experiments for picture frame, the in-plain shear property of the tackified fabric is
investigated. The results show that the behavior of tackified woven fabrics are similar to those of the fabric.
According to the testing results, the shear properties of tackified fabrics are analyzed from the concentration of
tackifier. In addition, the shear model of tackified woven fabric is built. The shear process is devided into three
stages，at the initial stage, the shear force is small, and it can’t overcome the friction at the cross point. Therefore, the
change of shear angle has been reflected through rotor angle. At the shear stage, the bending yarn could be supposed
of beam, and the normal pressure and friction are derived. At the compression stage, the value of force is indicated
by the change of width of fiber bundle. At last, the shear performance is reflected by moment equilibrium.The
results show that the model can predict the shear performance of the tackified fabric well.
Keywords: picture frame;tackified carbon fabric;shear deformation;friction; compression
sinusoidal function, and the changes of the yarn’s
bending pattern during the shearing are described.
This model took into account the change in the local
fiber volume fraction of the yarn during shearing. Liu
and Chen[4] investigated the shear properties of plain
and satin fabric which are fabricated by commingled
yarns(PP/glass fiber). To improve on the model, the
yarn lateral compaction calculation is maintained.
There are obviously differences between test results
and theorical results. Recent work by Zhu[5]
modified the picture frame shear experiment and
analysed the effective factors including yarns’ width,
thickness, fabric architecture, and so on.

1 INTRODUCTION
Manufacture of low-cost composites is required by
the world aviation industry. With gradual maturity
and intensive application of RTM technology, it has
been found to obtain greater low-cost space by
reducing the costs of assembly and lamination, then
the integration technology emerges as the times
require. As for the integration technology of the
complex composite component, the precision of
shape and dimension of composite component are the
important symbol of the modern manufacture
technology.
Compared with 3-dimensional preforms, woven
fabrics have many advantages due to their low cost,
easy handling, good stability. So the fabrics have
been widely used in composite components. Shearing
is a most commonly deformation during stamping,
and this involves not only in-plane rotation of the
yarns at the cross point, but also yarn slippage and
bending[1].
The shear deformation mechanisms of woven fabric
have been investigated and generally understood by a
number of researchers through pure shear test
approaches. It was initially studied by Mack and
Taylor[2] that woven fabrics behave as a pin-jointed
net during shear process. The yarns are assumed to be
longitudinally
inextensible
and
transversely
incompressible, built the trellis model. McBride and
Chen[3] developed a unit cell model that considered
the evolution of the microstructure of the woven
fabric. The interlacing yarns are described as

In this paper, the equilibrium equation of a unit cell
in woven fabrics is studied. Then analytical models
are developed to predict the friction and the lateral
compaction during shearing, from which the load
versus the shear angle curves can be obtained. Finally,
the picture frame experimental results are presented
to validate the modeling.
2 PICTURE FRAME EXPERIMENT
2.1 Tackified fabric test sample
Tackified fabrics comprise T700 12K carbon fiber
and ES-T321 epoxy tackifier which is supplied by
Beijing institute of aeronautical material. The
tackifier is dissloved in acetone solution firstly, the
weight of tackifer is the dry fabric’s 4.5%, 8%, 15%
respectively, then the tackifer solution is brushed on
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calculated as:

the fabric, and the solution is volatilize at room
temperature. The fabric become stiff, and the bending
rigidity of the fabric and yarn are increased
significantly. The material properties of the specimen
are shown in TableⅠ.

FS = F /(2 cos(θ / 2))
(3)
2.3 Test results
FIG2 shows the different states of picture frame and
the tackified woven fabrics, the square picture frame
becomes parallelogrammic. It is obvious that the
width of yarns decrease under lateral compression
during large shear deformation, which can offer more
space for the fabric to be sheared.

TableⅠ Properties of tackified carbon yarns
NO.
P1
P2
P3
P4

Tackifier
weight/%
0
4.5
8
15

Width
/mm
3
3
3
3

Friction
coefficient
0.0237
0.0334
0.0387
0.0423

Bending rigidity/
N·mm2
6.5341
14.2305
30.2907
63.9031

2.2 Picture frame test
Picture frame shear experiment is common method
used to test the properties of fabrics and composites.
A modified picture frame is used to carry out the
tackified fabrics shear tests as shown in FIG1. The
clamped parts and some yarns are pulled-out where
the tackified fabric sample is clamped, so that there
will be no contact or no pressure on the sample
during the large shear deformation.

FIGURE 2.Photos of tackified woven fabric during shear process

The load-shear angle curves of the tackified plain
fabrics are shown in FIG3. The shear properities of
tackified fabrics become poor as the concentration
raises.
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FIGURE 1.Photo and Schematic diagram of picture frame

FIGURE 3. Shear performance curves of tackified fabrics

The dimension of fixture is 200mm×200mm, and
the shear region is 160mm×160mm.The test
machine used is Auto Graph Material Universal
Machine. The bottom of the picture frame is fixed
and the top is stretched. Displacement is controlled
and the adopted crosshead speed at 5 mm/min during
the experiment. FIG1 shows the geometry of the
picture frame, according to the geometric relationship
and the deformation feature, it can be obtained:

The woven fabrics are fabricated by the warp and
weft, and the yarns remain bending in fabric, so there
are normal pressure at the cross points, and the
bending shape is changing during the shear process.
For the tackified yarns, the test results show that the
bending rigidity becomes high with the concentration
of the tackifier increasing, and the rotational
resistance increases. So the shearing load raises
obviously.

γ +θ = π / 2

3. UNIT CELL MODELING
The picture frame test can be used to obtain the shear
properties of woven fabrics experimentally. With the
goal of predicting the shear property, a mechanics
model will be discussed in this section.

(1)

cos(θ / 2) = δ /(2 L) + cos(π / 4)
(2)
δ
where is the displacement along the diagonal
direction, it can obtained by the sensor on the
crosshead, γ is the shear angle, θ is the angle
between the warp and weft, L is length of one side
of the picture frame, F is the load during the shear
process. The shear force along the frame can be

3.1 Basic assumptions
To predict the shear performance of the tackified
woven fabrics, some basic assumptions necessary for
this model are listed as follows:
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calculated as:

1.Yarns can be idealized as beam structural elements,
and the cross section of the yarn is elliptical.
2.Yarn rotation or trellising shear is the only
deformation mechanism occurring.
3.Yarns are inextensible and the thickness of the
yarns remain constantly during the shearing.

fp = μ⋅P

where μ is the friction coefficient of the yarn. The
contact area is increasing during the shearing. So the
friction at the cross point is also increasing. The
friction can be expressed as:

On the basis of different shear mechanisms, the shear
process of the tackified fabric is divided into three
stages: initial stage, shear stage and lateral
compression stage. The unit cell model is consist of
the ellipse and their common tangent. The ellipse
equation can be expressed as:

x2
Wt

2

+

y2 1
=
t2 4

(8)

f f = f p / sin θ

(9)

(4)
FIGURE 5. Bending model of tackified yarn

where Wt is the yarn width during the shearing, S is
length of the unit cell, and t is the thickness of yarn.

FIGURE 6. Distribution of fiber bundle friction at cross point

3.3 Initial stage
At the initial stage, the shear force is too small to
overcome the friction at the cross point, and the small
deflection of the yarn is happened due to the shear
force. So the yarn is assumed the bending beam.

FIGURE 4. Unit cell of tackified plain fabric

Assuming that the load is uniformly applied to the
unit cell, the shear force and moment can be
calculated as:

f S = FS ⋅ 2S / L′

(5)

M S = f S ⋅ 2 S sin θ = F (2 S ) 2 sin(θ / 2) / L′

(6)

FIG7 shows the bending yarn between the adjacent
cross points. The yarn causes the bending at non
contact region. In unit cell, every yarn is given a
force by f S / 2 .According to feature of deformation,
the rotor angle at point A and B is equal to zero. So
the bending moment at point B is calculated as:

where L′ is the length of shear region,
and L′ / 2 S represents the number of unit cells along
the frame.

M 0 = ( f S / 2) S / 2

3.2 Friction at cross point
Friction has great influence on the shear properties of
the tackified fabrics. The yarn is idealized as a
beam(FIG5). The normal pressure between the weft
and warp yarns at every crossing point can be
calculated as:
P=

48 EIh
S3

(10)

So the relationship between shear force of unit cell
and deflection can be expressed as:
( f S / 2) =

12 EIh′
S3

(11)

Then shear angle is expressed by the deflection
due to the shear angle is small than 5°.

(7)

tan(γ / 2) = − h′ S

where EI is the bending rigidity, and h is the
deflection of the yarn. Once the normal pressure is
obtained, the friction f p on each cross point can be

Substituting Eq. (13) into Eq. (12) results in:
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(12)

( f S / 2) =

12 EI tan(γ / 2)
S2

(13)

3.6 Equilibrium equation
The equilibrium equation of tackified plain fabric
unit cell can be obtained as:

∑M = M

S

− M f − MC = 0

(20)

The relationship between shear force and shear angle
can be obtained, and the predicted values are in
good agreement with experimental results(FIG9).
FIGURE 7. Schematic diagram of unit cell at initial stage

180

3.4 Shear deformation stage
Based on the above analysis, the cross point area
increases during the shear deformation. So the
friction moment is calculated as:

M1 = 4

l (1− cos θ ) / 2

ff

− l (1+ cos θ ) / 2

4l

∫

140

Load/N

120
100
80
60

⋅ d ⋅ dx

(14)

40
20
0

d = x 2 + (l sin θ / 2) 2

(15)

M f = 4M 1

On the basis of Cai’s fiber bundle model[6], the
elastic constants can be obtained, The compression
force and moment can be expressed as:

(sin γ −1) S / 2

(17)
FC x ⋅ dx = S 2 FC sin γ

30

40

50
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FIGURE 8. Compression at cross point

∫

20

4. CONCLUSION
In the stamping process of woven fabric reinforced
composites, shearing is the main deformation mode.
In this paper, the unit cell of the tackified plain fabric
is studied. The friction and lateral compaction models
are built to predict the shear force versus shear angle
curves. A good correlation is observed between the
predicted results and the tests results.

3.5 Compression deformation stage
After structure locking, the adjacent yarns are to
contact, and the compression become the main factor
to resist shear deformation. The yarn can be regarded
as transverse isotropic material.

M2 = 2

10

FIGURE 9. Comprasion between experimental value and predicted
value of tackified plain fabrics

(16)

FC = σ 2 ⋅ t ⋅ Wt

0

Shear angle/ o

where d is the force arm. The friction moment of
plain cell is expressed as:

(sin γ −1) S / 2

P1 Predicted Value
P1 Experimental Value
P2 Predicted Value
P2 Experimental Value
P3 Predicted Value
P3 Experimental Value
P4 Predicted Value
P4 Experimental Value

160

(18)

The compression force moment suffered by unit
cell is expressed as:
M C = 4M 2
(19)
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In an atmosphere of air, the lower thermal
conductivity limit of insulation is usually
considered to be the conductivity of quiescent air.
This value is about 0.2 BTU in/sq ft oF (0.0288
W/mK). There is some suggestion that this limit
might be lower if the pore size in the insulation
is the insulation is less than the mean free path of
“air” molecules. This lower limit can also be
reduced by creation of a vacuum, as in a
ThermosTM bottle. The usual way of measuring
heat conductivity is via a “guarded hotplate”.
The device consists of an insulated, temperature
controlled hot and cold plate separated by a heat
transducer and the sample to be measured.

Objective
The authors previous work in heat transfer
through nonwoven batts is described. These
results have been formulated in an approach that
allows the easy comparison of cost for various
fibrous materials, batt densitiy and thickness.
Background
Heat is transferred by conductive, convective and
radiative mechanisms. Of these mechanisms,
only conductive heat transfer is easily formulated,
and that only for planar materials. The three
heat transfer mechanisms are often lumped
together in a concept called apparent heat
conductivity and treated by the equation used in
heat conduction:
Q/t = k A delta T/X

Approach
Some years ago we did a set of experiments to
try to separate the three heat conduction
mechanisms in typical fibrous insulation. The
conclusions of this work were: 1. almost any
low density batt prevents convection. 2. the
fiber contribution to thermal conductivity in a
low density batt is negligible, and 3. the major
differences in insulation efficiency are due to the
effectiveness of the insulation in blocking
radiative heat transfer. Further, it was found
experimentally that the apparent thermal
conductivity (k) of nonwoven batts of a single
type of fiber have a linear relationship with the
fabric specific volume (within the range of
specific volumes typically used). Some typical
results are shown in Figure 1. The data were
generated by placing a thick batt of known
weight in a guarded hot plate apparatus,
compressing the fabric to varying thicknesses
and measuring the heat transmitted through the
insulation. The results suggested that convection
is easily interrupted, and heat transfer is not
highly affected by the material of construction
(at typical densities). The major paths of heat
transfer through fibrous insulation is conduction
through quiescent air and radiation through the
insulation volume.

(Equation 1)

Where: Q = is the quantity of heat transferred,
t = time,
k = heat transfer coefficient - typical units (BTU in/sq ft oF)
or (W/mK),
A = area
T = temperature, and
X = thickness

There are a number of unit systems that could be
used for heat transfer coefficient but the most
popular are BTU-in/ft2 hr oF , and W/m K. The
conversion factor is ratio of these two units, or 1/
0.144 respectively. Of the units, the former
gives the best sense of the actual engineering.
Frequently the measurement of thermal
resistance is preferred to thermal conductivity.
The thermal resistance ,R, is calculated by
dividing the thickness of the insulation by the
thermal conductivity.
Just as with electrical
resistances in series, thermal resistances in series
are additive, so for planar constructions like
walls, the total resistance is the sum of the
various construction layers.

- 61 -

All Materials

carbon
mfx
down
feather
polyester
cotton/bicomponent

0.55
0.5
0.45
0.4
0.35

pet y =0.098x + 0.1859
down y =0.0589x + 0.2132

0.3

carbon y =0.0369x + 0.2004
miraf lex y =0.0606x + 0.2086

0.25

cot t on/ bicomponent y =0.0469x + 0.2098

0.2
0.15
0.00

1.00

2.00

3.00

4.00
5.00
6.00
Specific volum e (ft 3/lb)

7.00

8.00

9.00

10.00

Figure 1. Thermal conductivity of various insulating batts vs their specific volume (k in this graph is in BTU-in./ft2 hr oF

being more effective at lower density (with less
weight of material
Although these concepts have been presented,
we have extended the work to allow an
optimization of cost based on the slope of the
graph above and the cost per unit weight of the
fiber from which the insulation is made.

The equation calculated for the data set are in the
form k = ~0.2 + m (1/density), which is a
satisfying result in that the intercept corresponds
to the approximate thermal conductivity of
quiescent air. The values of k beyond the ends
of the curve are not expected to be linear as k at
low specific volume has to approach the thermal
conductivity of the insulating substance itself.
The specific volume also cannot actually go to
zero, but only to the value of 1/(material density).
The lower the slope (m) the more efficient the
insulating fiber; however, almost any fibrous
insulation can be made into an efficient
insulating product at the proper density. The
end result is that fiber selection for insulation is
usually has nothing to do with insulating ability
of the fiber. It is based on other properties such
as flame retardance, resilience, and loft stability
over time, and obviously cost. If the insulating
batt is used in clothing, tensile strength and
durability to laundering might be significant
desirable characrteristics.

Conclusions
1. A simple linear empirical equation has been
shown to be representative of heat transfer
through nonwoven batting of varying density.
2. The slope of the line is characteristic of a
material composition (including fiber size).
3. The thermal conductivity of the fiber itself has
a negligible effect on heat transfer at most batt
densities.
4. The selection of a particular fiber is often
based on properties other than the insulation
ability of the batting as all battings are good
insulators at the appropriate batting density.
5. A relatively simple approach has been
developed to optimize cost of the insulation
based on density, thickness and fiber cost/unit
weight.

That being said, the “slope” (m) of the line
seems to be a characteristic of the fabric
composition and it can be used to calculate the
thermal conductivity, thermal resistance and
cost/area of the insulation at varying densities
and thicknesses. It is also obvious that a low
slope in Figure 1 means that the insulation is

Future Work
It is likely that nonwoven manufacturing process,
specifically fiber orientation has and effect
which should be explored.
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Abstract
The biodegradable nature of Polylactic Acid (PLA) makes it an ideal replacement for polyolefins in short life
cycle hygiene and filtration products. A special melt blown grade PLA from NatureWorks LLC was processed
on a pilot scale Melt blowing equipment at the University of Tennessee Nonwovens Research Laboratory
(UTNRL). Process air, die to collector distance (DCD) and process temperature were varied in order to produce
nonwoven webs with a wide range of properties. The resulting nonwoven webs were tested to determine fiber
diameter, tensile strength, peak elongation, hydrostatic head, air permeability, areal weight and fabric thickness.
The study showed that the PLA can be successfully processed to produce microfiber nonwovens with a range of
useful properties.

Introduction

the six-inch (15.2cm) wide melt blowing line. The
process conditions for the melt blowing trials were
chosen based upon melt flow index (MFI) and
differential
scanning
calorimetry
(DSC)
experiments in order to produce fibers in the 1-5
micrometer range. Air rates and die-to-collector
distance (DCD) were chosen to produce small
fibers and webs with soft hand. The melt and air
temperature, throughput and collector speed were
held constant. The process variables of air rate,
DCD and the vacuum system (on/off) were varied
as shown in table I.

Melt blowing is one of the most popular processes
to make super fine fibers on the micron or submicron scale. In a melt blowing process a
thermoplastic polymer is extruded through a die
and is rapidly attenuated by the hot air stream to
form the extremely fine diameter fibers [1]. The
attenuated fibers are then blown by high-velocity
air to a collector screen to form a fine fibered, selfbonded web. The combination of fiber
entanglement and fiber-to-fiber bonding generally
provides enough web cohesion so that the web can
be used without further bonding. Melt blown fibers
generally have diameters in the range of 2 to 7 μm,
although they may be as small as 0.1 μm and as
large as 30 μm. Due to the large fiber surface area
of the meltblown fabrics, they are used in filtration,
insulation and liquid absorption applications.
Because of the simplicity of the process, any
thermoplastic fiber can be melt blown. However,
the polymer should have very low melt viscosity,
and it is an energy consuming process. Although
polypropylene (PP) is the most used polymer, other
thermoplastic polymers have been tried.

Table I. Process Variables in Melt Blowing.
Sample ID

1.1
1.3
1.2
2.2
2.1
2.3
3.3
3.2
3.1
4.1
4.2
4.3
5.3
5.2
5.1
6.1
6.2
6.3

With increasing concern about the disposability of
many short-term or single use products, there is a
need for biodegradable thermoplastic polymers to
produce melt blown webs with desired performance
properties. In this context, PLA is a very good
candidate for such products [2, 3]. In order to
reduce the environmental impact of short life cycle
nonwovens, UTNRL produced a series of melt
blown webs using NatureWorks PLA to evaluate
their structure and properties.

Process Air
Pressure
PSI
5
5
5
5
5
5
9
9
9
9
9
9
14
14
14
14
14
14

Suction

DCD

On/Off
On
On
On
Off
Off
Off
On
On
On
Off
Off
Off
On
On
On
Off
Off
Off

mm
100
150
200
100
150
200
100
150
200
100
150
200
100
150
200
100
150
200

The melting point of the PLA was determined using
a Mettler Toledo 821e DSC set to a 10 oC per
minute profile from 20 to 240 oC. The MFI at 230
o
C was determined using a Tinius Olsen MP987
Extrusion Plastometer. Fiber diameters were

Experimental
The special melt blown grade PLA provided by
Natureworks LLC was melt blown t UTNRL using
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the process air pressure, thereby reducing the air
rate and heating costs.

measured optically using a Prior MP1500K
microscope with a DVC color digital camera and
Image Pro Software. Web tensile strength was
measured using a United Tensile Tester model EVI-60CX. Hydrostatic head was measured using a
TexTest FX3000, and air permeability using a
TextTest FX 3300 instrument.

Results and Discussion
As shown in figure 1, increasing the air pressure
decreases the air permeability at a 100-mm, 150
mm and 200 mm DCD. Increasing DCD also
increases the air permeability of nonwoven webs.
Vacuum also reduced air permeability. Increasing
air pressure results in reduction in fiber diameter,
which leads to lower air permeability. The optical
micrograph of one of the webs (Figure 2) shows the
presence of microfibers as well as a fairly uniform
distribution of the fine fibers. The precise
measurements of fiber diameters will be done using
SEM photographs.

Figure 3. Hydrostatic head with increasing process air
pressure for a given DCD.

Conclusions
This study clearly showed that fine fiber meltblown
webs can be produced from PLA. The structure and
properties obtained for PLA meltblown webs are
comparable to that of PP, and show similar
dependence on air pressure, DCD and other process
variables. Also, suction vacuum has a great
influence on the structure and properties of the
meltblown webs produced. The PLA can be a good
alternative to traditional meltbown webs helping
produce sustainable products.

Figure 1. Air
permeability
with
increasing
process air
pressure for
a
given
DCD.
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Figure 1. Air permeability of meltblown PLA webs.

Figure 2. Optical micrograph of a meltblown PLA
web.
Conversely, as process air pressure increased,
hydrostatic head increased as shown in figure 3.
Hydrostatic head is an important measure of barrier
performance, and this change is consistent with the
changes in fiber diameter. From this study
involving the use of vacuum, it is clear that
potential energy savings can be realised by
employing a powerful vacuum system and reducing
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Abstract
The filtration performance includes the efficiency,
pressure drop and dust holding capacity. There are
generally some trade-offs between these three
parameters.
Muti-layered nonwoven material
increases the performance of the filtration products,
especially increasing the dust holding capacity if it
is designed appropriately. There are two basic
methods to manufacture the multi-layer media.
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They are; 1) collate layers with minimal or no use
of the mechanical, chemical or fuse bonds, and 2)
bonded layers by mechanical, chemical or fuse
bond means.
The basic principles of fluid
mechanics have been applied for these two
methods, and then the experimental results have
proved the multi-layered media design concept
based on above principles.

Thermal Bonding of Polypropylene
Siddharth Jain, Stephen Michielsen*
College of Textiles, North Carolina State University, Raleigh, NC 27695-8301
Stephen_Michielsen@ncsu.edu
aim of this work is to try to understand the
underlying physics of thermal bonding.

OBJECTIVE
In nonwovens, thermal bonding is one of the most
common methods for bonding. It also limits speed
in many processes. Although many improvements
have been made empirically, no good
understanding of the factors that control bonding
exists. Polymer physics concepts have been applied
to better understand the underlying mechanisms
and rate limiting steps in thermal bonding.

EXPERIMENTS
Since the goal of this work is to understand thermal
bonding of polypropylene, PP, films were used
instead of webs. PP of molecular weights between
95,000 – 580,000 g/mol were purchased from
Sigma Aldrich, extruded into films by Sunoco
Chemicals, and cut into strips 2.54 cm x 15 cm x
0.0124 cm thick. Two strips were placed on top of
each other with a 2.54 x 2.54 cm2 piece of nylon
film placed between them at one end. These strips
were then placed between two nylon films and
passed through a fusion bonder at the desired speed
and temperature. After bonding, a peel test was
performed to determine the adhesion strength that
had developed between the films.

INTRODUCTION
In the manufacturing of spunbond nonwovens,
fibers are formed and deposited in a web onto a
moving belt. The web passes through the nip of a
heated calendar where it is bonded and then wound
up. The strength of these bonds varies considerably
as the time in the nip and the temperature of the
rolls change. It has been well documented that, as
the temperature of the calendar rolls increase, the
strength of the web first increases and, after
reaching a certain temperature, begins to drop
again [1]. Even though considerable process
research has gone into optimizing the bonding
process for both strong bonds and high production
speeds, the factors that limit production speed for
strong bonds is not yet understood.

RESULTS AND DISCUSSION
Based on the work cited in reference [1], it was
decided to hold the bonding pressure constant and
to vary the bonding temperature and speed and the
molecular weight of the polymer. Figure 1 shows
the test geometry used and an example of the
output data. To determine the bond strength, the
average of several local maxima in the peel
strength was used. Figure 2 shows the bond
strength for several bonding speeds and
temperatures averaged over all molecular weights
used in this study.

Several factors are expected to play critical roles in
thermal bonding. These include heating the web
through contact with the calendar rolls, partially
melting the fibers, diffusion of the polymer chains
across the fiber interfaces, and resolidification of
the bonded web. Michielsen et al. [1] showed that a
simple heat flow analysis that assumed heating via
conduction from the calendar rolls and cooling by
convection with the surrounding air was adequate
to describe heat flow. These factors control heating
and cooling, but do not explain why the strength
increases to a maximum and then decreases as the
calendar roll temperature increases. In a study of
the morphology of fibers around a bond, Wang and
Michielsen [2] showed that the orientation of the
polymer chains within the fibers decreased as
bonding temperature increased. This resulted in
stronger bonds, but weaker fibers. They argued this
was the cause of the observed dependence of the
web strength on bonding temperature. However, it
is still not clear what the bonding mechanism is
and how it depends on the polymer properties. The

To understand the effects of both variables better,
we placed temperature sensitive labels along side
of the films during bonding. We also measured the
melting curves for our PP samples and determined
the fraction of the crystalline region in the films
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FIGURE 1. The left figure shows a T-peel test specimen. The
right-hand figure shows representative data for the T-peel test
for several bonding temperatures.
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FIGURE 2. The bond strength of the T-peel test specimens are
shown for three bonding temperatures, 145, 150, and 155°C and
for three bonding speeds, 6, 8 and 10 m/min. The error bars
represent one standard deviation for the bond strength.

Interfacial Adhesion (N)

4

0

0

0.05

0.025

155

0.375

0.22

0.15

300

400

500

600

process. In this presentation, it has been shown that
the bond strength depends on the fraction of the
crystals that have melted and the time it takes for
the polymer chains to diffuse across the interface.
It was shown that significant time is required for
the bonding region to reach the bond temperature.
Furthermore, the molecular weight dependence of
the diffusion rate indicates that lower molecular
weight polymers will bond faster than high
molecular weight materials.
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FIGURE 4. Molecular weight dependence of bond strength.
Curve fit obtained by fitting the experimental data points to G1C
~ M-0.425, consistent with Wool’s Theory
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Table I: Crystal Fraction melted for a combination of calendar
speeds and temperatures.
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Thermal bonding of PP nonwoven webs is an
important, but not well understood industrial
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FIGURE 3. The bond strengths of the samples shown in Figure
2 when the fraction of crystals that have melted are used rather
than the temperature or speed. The straight line is the best fit
line that passes through the origin.

that were melted at various temperatures. Table I
shows the fraction of the crystals in PP melted for
the samples in Figure 2. Figure 3 shows the bond
strength as a function of the fraction melted. From
Figure 3, it is clearly seen that the bond strength
depends linearly on the melted fraction. This is
easy to understand since, in order to form a strong
bond, the polymer chains must diffuse from one
fiber, across the interface, and into the other fiber
where they can entangle with the polymer chains in
that fiber. To be able to diffuse across the interface,
they must be at least partially mobile, which
requires that they be partially melted. The more
melted they are, of course, the more polymer can
diffuse across the interface thus making stronger
bonds.In addition, if chain diffusion controls the
bond strength, then, for short bonding times, the
strength should also depend on the polymer
molecular weight. Wool has shown for noncrystalline polymers, interfacial adhesion is
proportional
to
M-0.5 for times less than the reptation time. [3]
Figure 4 shows the bond strength for several
molecular weights. The curve is for M-0.425, which
is in good agreement with Wool’s analysis. This
indicates that diffusion of the free chains via
reptation is the predominate mechanism for chain
diffusion.

6

0.2

Fraction m elted

Temperature (Degrees C) within Speed (m/min)

- 67 -

Improving phosphate glass fibre performance in composites
A.J. Parsons, I. Ahmed, P. Haque, M. I. K. Niazi, G.S. Walker, C.D. Rudd*
Division of Materials, Mechanics & Structures, Faculty of Engineering, University of
Nottingham, UK
Chris.rudd@nottingham.ac.uk
APPROACH
We have established one of the few facilities
worldwide for the production of phosphate glass
fibres both via melt and pre-form drawing methods.
This has allowed for the production of non-wovens
from custom glasses suitable for forming
homogeneous, unbiased composite laminates as
well as unidirectional fibre tapes.
Earlier studies[5] have shown the need for fibre
annealing in order to ensure a gradual fibre
degradation rather than a peeling effect that results
in significantly faster fibre degradation (see
Figures 1 and 2), therefore fibres are generally
annealed after drawing.

STATEMENT OF PURPOSE
We study novel materials based on phosphate glass
fibres and degradable polymers suitable for use as
medical implants.
INTRODUCTION
Traditional load-bearing metal implants used in
surgical procedures are associated with ‘stressshielding’[1], which weakens surrounding bone
and increases re-fracture rates after device removal.
The problem arises due to the stiffness mismatch
between the implant and the surrounding tissue;
bone is a dynamic tissue and will remodel
according to the stresses it experiences.
Resorbable implants potentially provide an
opportunity for more appropriately matched
properties. Polymers alone, whilst easily formed
and well tolerated in the body, tend to be
insufficiently stiff for directly loaded situations.
There are reports of introducing high modulus fibre
reinforcement[2] but these tend to be conventional
candidate fibres (e.g. carbon, Bioglass®, E-glass),
which are durable in-vivo. Natural fibres present a
possibility but are limited to short fibres and are
both dimensionally unstable and unavoidably
variable in properties due to their natural origin.
The only significant possibilities that have emerged
as candidate high modulus resorbable fibres belong
to the phosphate glass family. These possess
unique characteristics that are desirable for
biomedical application. They can be drawn as high
modulus fibres (tests at UoN demonstrate E ≈ 65+
GPa, directly comparable to E-glass), they have
been shown to be well tolerated in the body[3,4]
and they break down to provide principally
phosphate and calcium, which makes phosphate
glasses potentially osteoconductive.
There have been a number of studies involving the
use of phosphate glasses as composite
reinforcement (typically limited to particles or
short fibres), however these have seen universally a
rapid loss of properties upon being placed into an
aqueous environment. The expectation is that water
attacks the glass/matrix interface, reducing
adhesion and preventing efficient stress transfer. At
Nottingham we have been developing a number of
fibre treatments designed to improve and protect
this crucial interface region.

FIGURE 1. Non-annealed(left) and annealed (right) phosphate
glass fibres degraded in water at 37ºC for 7 days
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FIGURE 2. Mass loss of phosphate glass fibres in water at 37ºC.
Annealing has a more significant effect than APS sizing

Subsequent to annealing, the fibres are coated with
a coupling agent in order to improve fibre/matrix
adhesion. Agents investigated have included 3amino triethoxysilane (APS), hydroxyethyl
methacrylate (HEMA) and a range of hydroxyl
functionalized poly lactic acid (PLA) oligomers.
These are all applied in a 10% water in ethanol
solution and cured either thermally or via
ultraviolet light. The coupling agent effectiveness
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has been examined via interfacial shear strength
tests (IFSS) on single filament composites and
through 3-point bend tests on ~20%-60% volume
fraction (Vf) composites using a PLA matrix.
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FIGURE 6. Flexural strength retention for 20% Vf random mat
laminates degraded in water at 37ºC. Silane and HEMA shown.

Surprisingly the control samples provided
significant retention as well, contrary to prior
expectation. This is likely due to either the effects
of binder during non-woven fabric production or
improved composite fabrication over other reported
methods. The promising IFSS results for the PLA
coupling agents suggest that this can be improved
yet further.
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CONCLUSIONS
IFSS studies indicate an improved interface
between fibre and matrix for the PLA agents tested.
Macroscopic composites provided evidence of
property retention during degradation, suggesting
that the composites that were produced had good
interfacial properties.

0
Control

Silane

HEMA

PLA 1

PLA 2

PLA 3

FIGURE 4. Interfacial shear strength of fibres treated with a
range of coupling agents

However, it was difficult to obtain values of IFSS
for degraded specimens since calculations are
based on an assumption of evolving fibre
properties of fibre degraded in water, rather than
restrained in a matrix. Retention of properties in
macroscopic composites (tested dry) was
significant, with properties retained above matrix
Control

1% APS

FUTURE WORK
Future work involves development of fibre
production facilities towards the output of woven
fibre forms. The development of further coupling
agents designed for purpose will also continue.
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RESULTS AND DISCUSSION
Through extensive glass formulation studies, a
preferred glass formulation of 40 mol% P2O5, 24
mol% MgO, 16 Mol% CaO, 16 mol% Na2O, 4%
Fe2O3 (P40) has been selected for composite trials.
The fibre was determined to maintain its tensile
properties for in excess of 28 days of degradation.
Single fibre fragmentation tests performed on
fibres embedded in thin PLA films indicated a
marked initial improvement in IFSS (see Figure 4).
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FIGURE 5. Flexural modulus retention for 20% Vf random mat
laminates degraded in water at 37ºC. APS and HEMA shown

levels (~2.6 GPa modulus, 50 MPa strength) for in
excess of 70 days, with some indication of
retention even at 200 days (see Figures 5 and 6).
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upstream side showed more stable filtration behavior
and higher collection efficiency than the others. \

Abstract
The field of industrial filtration has changed
significantly over the past many years. Several
factors have influenced this evolution, such as a need
for increased filtration capacity within the same or
smaller area, new stricter emission regulations for
fine dust particulate, and increased use of dust
collectors for product collection with simultaneous
control of pollution (1-3). Gas-borne dust particles,
typically in the range of 0.1 – 25 μm may be
collected by several techniques (3,4), arguably the
most efficient and versatile is the fabric collector,
especially when processing very fine particles, which
are slow to settle and by virtue of their greater light
scatter, more visible to the naked eye. Use of
industrial bag filters is therefore got rapid surge over
the recent years. These bag filters, which are
predominantly surface filters, are mostly made from
needle punched nonwoven fabric. However, surface
type media are not perfectly smooth on their surfaces
nor are their pores perfectly uniform in shape and
direction. Thus some depth filtration can take place
which in turn have a profound effect on the filtration
characteristics and life of surface filter.

To achieve filtration efficiency and improved dust
cake release, a high efficiency, newly developed
micro porous membrane can be laminated to standard
filtration needle felts and fabrics. The revolutionary
aspect of the invention is that the membrane serves
as the primary filtration layer. With surface filtration,
there is no need to allow the particulate matter to
build up inside the felt (6,7, 8).

There are several benefits associated with membrane
filtration including:
1) Increased efficiency in the submicron particle size
range.
2) Lower bag house pressure drop from improved
dust cake release, and
3) Improved product quality and process reliability
due to a more stable pressure drop.

Conventional filtration is generally acceptable for
collecting large particles (>5 µm); however, it is not
as effective for smaller, submicron-sized particles.
Problems associated with conventional filters include:
higher emissions, higher pressure differential across
the filter due to clogging of the felt, and “puffing”
just after the cleaning cycle. Puffing occurs when
particles are dislodged from the felt during cleaning,
resulting in a temporary increase in emissions.

For eliminating/removing the above deficiencies,
enhanced surface filtration through layered filter
fabric can provide possible solution. The fabric can
be made incorporating finer fibres on the upstream
side of filter fabric (5). The paper reports a research
study based on filtration characteristics of layered
needle punched nonwoven fabrics. It was observed
that a certain percentage of finer fibres in the
upstream side of needle punched fabric can provide
improved filtration performance. In a recent study (6)
the filter medium with nano-sized web at the
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The paper discuss about surface treatment of filter
media through membrane technology, coating of
filter media and alternative techniques for making up
cost-effective
membrane using
conventional
materials with inorganic fillers. Another objective is
to demonstrate combinations of these cost effective
membrane with nonwoven, woven and other special
fibers and fabrics to make cost effective bags. These
new filters offer superior filtration performance by
providing the longest life, improved filtration
efficiency to meet emissions standard, and less
process downtime. Further through combining the
principle of surface filtration and catalysis (9), the
new methodology both destroys gaseous dioxins and
captures solid phase emissions in applications like
incinerators, pyrometallurgical and cement kilns. All
of these benefits translate into operational cost
savings. The future will undoubtedly see more
advanced products of this type, leading to structures
that are efficient in particle capture, provide longer
filter life and also capable of performing under more
chemically and thermally challenging environment

Key Words: Coating; Emission; Filter Performance;
Layer Fabric; Membrane; Surface Filtration
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which are called “drafting waves”. Modern textile
machines have many mechanisms to minimize the
drafting wave.
Based on our analysis we
hypothesize that drafting waves can be reduced if a
high-frequency vibration is introduced to the
drafting zone.

INTRODUCTION
This paper discusses fiber motion during roller
drafting of staple fiber strands and its influence on
the drafting force and drafting wave formation. It
is well known that the dynamic friction coefficient
of fibers is generally lower than the static friction
coefficient, and the difference contributes to the
“stick-slip” motion of fibers which causes the
drafting waves in roller drafting. In this study a
high frequency vibration is introduced as a strand
is attenuated in order to reduce the binding forces
among fibers. Such reduction in drafting force is
expected to improve strand uniformity by reducing
the drafting waves. A roller drafting device
capable of monitoring the strand drafting force has
been designed and constructed. The experiments
show that when a roving strand is subjected to
lateral vibration, the force required to stretch the
strand is significantly reduced. Average drafting
force decreases with the increase in magnitude of
imposed vibration in the on-line drafting test. This
study may lead to new drafting systems for staple
fiber processing.

DEVICES FOR ON-LINE MEASUREMENT
OF DRAFTING FORCE
The drafting force is a main parameter in
understanding the intrinsic mechanisms for the
formation of drafting waves. Drafting force is
initiated by the interfacial friction/interaction of
roller and the outer layer of fiber assembly to
overcome the cohesive friction of fiber strand and
to attenuate sliver or roving to a desired linear
density as a result. In order to measure the
dynamic force during roller drafting, a specially
designed apparatus is needed. Several devices to
measure the drafting force (draftometers) have
been developed and reported. Such devices are
based on a single-zone drafting device with two
pairs of rollers, but two-zone roller-drafting
systems with three pairs of rollers are commonly
used in staple yarn processing.

OBJECTIVE
Better understanding of the fundamental
mechanisms of relative fiber motion during staple
fiber stand drafting may lead to enhanced strand
drafting by minimizing drafting waves in staple
yarn manufacturing. This in turn may result in
faster and more efficient processes with improved
yarn quality.

In this study, a two-zone drafting device capable of
drafting force measurement was constructed. It was
used to study the effect of imposed vibration on the
drafting behavior. This laboratory setup is shown
in Figure 1. The device consists of a back drafting
zone (back and middle rollers) driven by a servo
motor, and a pair of front rollers to form the front
drafting zone, driven by a second servo motor via a
flexible shaft.
The front roller assembly is
mounted on a separate frame which is connected to
a force transducer to record the drafting force.
Using flexible driving shaft and mounting the
assembly on a separate frame reduce the effect of
motor vibration on drafting force measurement. A
computerized data acquisition system is used to
record the data for analysis. A flexible robber band
is placed between the front and middle rollers
parallel to the roller axis to transmit the vibration

A large strand of fibers is formed in carding, which
then go through several steps of drafting to
improve fiber parallelization, strand uniformity,
and, in the final steps, to reduce the linear density.
A typical drafting device consists of multiple pairs
of rollers, each pair moving at a successively faster
speed, attenuating the fiber strand. Some fibers in
the drafting zone may not be directly controlled by
the drafting rollers. They are referred to as
“floating” fibers, and their movement is
unpredictable. The floating fibers tend to move in
bunches, causing irregularity in the strand drafted,
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waves generated by a modified electric toothbrush

to the roving strand.
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FIGURE 4. Average drafting force as
affected by the intensity of vibration

superimposed during a tensile test, the force to pull
apart the roving is significantly reduced, and so is
the variation in the peak load (Fig. 3).

EXPERIMENTAL STUDY
We have conducted experimental studies on strand
drafting with lateral vibration, both off-line on a
tensile tester and on-line using a roller drafting
devices to measure the drafting force. In the offline test, cotton roving samples were mounted on
cardboard tabs (Fig. 2). The cotton roving had a
linear density of 504 tex and a twist of 53.7 turns/m
(1.4 tpi). Tests were performed on an Instron tester
at 101 mm/min. The vibration was provided by a
modified electric toothbrush, with vibration
frequency about 510 Hz, and magnitude
approximately 0.5 mm. With lateral vibration

For the on-line drawing test, cotton rovings with
two twist levels, 1.0 and 1.33 tpi (39.4 and 52.5
turns/m) were tested at two draft ratios (DR=3 and
5) and three levels of vibration intensity (zero, low
and high). Fig. 4 shows that the average drafting
force decreases with the increase in the intensity of
imposed vibration for all the test parameters
evaluated.

- 74 -

High-Performance Synthetic Ropes for Tugs
Kris Volpenhein, and Rafael Chou, PhD
Samson Rope Technologies, Ferndale, WA 98248, USA
ABSTRACT
High modulus polyethelene (HMPE) synthetic ropes
have been used successfully in the towing industry for
ship assist and vessel escort since the mid1990s.
Samson has been tracking these ropes in applications
and has reported the studies of their performance.
Important observations have been made to understand
both the short- and long-term behaviors of HMPE
ropes used in tug-assist applications on up to 4,000 jobs.
Detailed residual strength determination and laboratory
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analysis confirm that abrasion is the dominating factor
affecting the service life of ropes used for ship escort
and berthing. This paper details the research and
development efforts that have been made to provide
solutions for problems experienced by tug operators
regarding the service life and reliability of towlines.
Specifically, it will describe the importance of rope
design to abrasion resistance and other methods to
increase the service life of HMPE towlines.

Study of physical characteristics of industrial filter bag
A K Choudhary, A Mukhopadhyay, Nishant Kumar*, Rahul Ranjan
Department of Textile Technology, National Institute of Technology, Jalandhar, India-144011
ABSTRACT
The appearance of new synthetic fabrics and
nonwoven materials and the development of highly
effective means and devices for fabric regeneration
have brought about the development of new
constructions of bag filters for cleaning up Industrial
gases in various manufacturing enterprises, which are
able to operate at high temperatures and under the
aggressive action of dust and gases.[1] The bag filter
is the most widely used air pollution control unit in
industry due to its stability of operation and high
efficiency Although its demand is still going up for
filtration of industrial aerosol.[2]

are not removed [8–10]. Hence the influence of filter
physical properties on the evolution of its pressure
drop and filtration efficiency is highly correlated.
Finishing treatment of filter media is a method to
improve filter performance after their production. In
solid-liquid separation woven and non-woven fabrics
will be often calendared or coated in order to improve
the separation behavior concerning fine particles.
Three main purposes of finishing processes are to
ensure stability of the fabric, to modify the surface
characteristics and to rectify the permeability of the
fabric. The most frequently adopted finishing
procedure is the calendaring treatment. It comprises
passing fabric between heated rolls, with the pressure,
temperature and speed through the rolls suited to the
filter fabric. The treatment of calendaring on the
fabric is both to improve the surface smoothness to
prevent the filter media clogging as well as for ease
of cake release and to rectify its permeability for
stabilization of the filtration efficiency. Therefore, it
is vital to understand how the filter medium
resistance increases due to particle deposits on the
filter medium and how particles clog into the
interstices of the filter medium during the initial stage
of filtration, in order to seek better ways for
improving the inherent limitation of the filter media.

The bag filter media can be manufactured by natural
fibers (cotton or wool) or synthetic fibers (polyester,
polyamide,
or
polypropylene),
occasionally
manufactured with glass, aramid and carbon fiber.
Woven fabrics are used in reverse-flow bag filter
media, while nonwovens, more simply prepared, are
often used in reverse-pulse filter media. The
production methods of nonwoven for bag filter media
were spunbonding, stitching, needle punching, and
etc. Among those, the needle punched nonwoven,
which prepared from polyester, polyamide, and
polyolefin, was in general superior to the other bag
filter media as point of price competition and
filtration performance. The filtration performance of
bag filter was generally divided by collection
efficiency and differential pressure [3, 4]. The
differential pressure of filtering has to be minimized
at the maximal possible collection efficiency of the
bag filter. The collection efficiency and the
differential pressure are directly related to the
physical durability of filter bag and subsequently
physical properties of filter bag media.

On the other hand, membranes can fulfill excellent
separation for fine particles, but for example in heavy
duty filtration tasks membranes cannot fulfill the
required mechanical and strength requirements. In
order to use fabrics for these tasks, treatment of filter
media is the solution. The main filtration effect for
surface-treated filter media will increasingly
transferred from depth filtration to surface filtration
and if the filter operates with repeated regeneration
during their filtration life time, clogging due to
particles occurs mainly just below the outer surface
area of the filter media. Therefore the porous
situation at this surface area has an important effect
on particle penetration and the particle mass .The
change in the porosity properties due to the treatment
of filter media (calendaring and coating) can be
quantified and correlated with filtration performance.
In surface treated filter media, the separation of
particles will be transferred from the depth to the

Some researcher shows, aerosol filtration leads to
clogging of the porous filter media and is
accompanied by an increase in the pressure drop of
the process [5–7]. To extend the life span of these
filters, they are regularly subjected to pneumatic back
pulse (pulse jet) cleaning. A pulse of compressed air
is injected in the downstream of each bag filter to
unstuck particles that are collected. In reality, filter
performance after cleaning are characterized by a
residual pressure drop, which differs from the initial
values of these parameters because of particles that
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surface of the filter medium and accordingly
enhanced particle separation.
In this work, we have tested various needle felted bag
filter of various GSM, punch density and calendared,
scrim reinforced, coated filter bags etc. for evaluating
the physical characteristics for effective and efficient
filtration output.
Keywords: Aerosol; Calendaring; Coating; Filter
media; Filtration performance
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ABSTRACT
In this contribution, we present our recent progress on
morphology effects on effective properties, using large
scale numerical simulations, of multiphase materials
with random phase distributions as real materials are.
We consider different morphologies: granular, fibrous
and network structures, which are also compared with
some regular artificial structures. The physical
properties may include, but not limit to, thermal
conductivity,
electrical
conductivity,
dielectric
permittivity and elastic modulus. The materials
considered compose of at least two phases/components.
Fig. 2 shows the route of microstructure reproduction for the
For multiphase materials which involve three or more
multiphase materials with random phase distribution.
phases/components, the phase interaction effects are
investigated on the effective properties of the material
properties.
Our prediction results indicate that: 1) the morphology
of microstructure has significant effects on the effective
properties of two-phase materials. The fibrous material
owns the highest effective properties when the
component properties and volume fractions are same. 2)
for multiphase materials, the phase interaction effects
on the property are also influenced by the morphology.

Fig. 3 shows the basic equations to solve and how many properties
can be involved.

Fig. 1 shows the whole strategy to calculate the effective properties of
multiphase materials through computational simulations.

Fig. 4 shows the morphology effect on the effective properties for
two-phase materials.
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Fig. 7 shows the structure of unsaturated fibrous materials for
different water fractions and water-solid interactions. The solid
volume fraction is 0.5. The water saturations are 0.3, 0.6 and 0.8 from
left to right. The phase interaction parameter, I, is 0.01, 1 and 100
from top to bottom.

Fig. 5 shows the structure of unsaturated granular materials for
different water fractions and water-solid interactions. The solid
volume fraction is 0.5. The water saturations are 0.3, 0.6 and 0.8 from
left to right. The phase interaction parameter, I, is 0.01, 1 and 100
from top to bottom.
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Fig. 6 shows the effective properties of unsaturated granular materials
for different water fractions and water-solid interactions.

Fig. 8 shows the effective properties of unsaturated fibrous materials
for different water fractions and water-solid interactions.
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ABSTRACT
Pneumatic devices have been applied to form different knots for carpet industry. Aerodynamic analyses were
done for venturi, the core device of a pneumatic yarn knotting machines, for system optimal design. Four
suggestions for a specific design are as follows: 1) the narrowest pipe linking with the inlet pipe is redundant,
thus should be cut off; 2) the yarn suction pipe should incline a small angle to the major axis of the venturi,
which would increase the dragging force along the knotting chamber; 3) smooth diameter change in the
conjunction is proposed to decrease the turbulent around the corner; 4) a limitation of the outlet pipe size is
given to avoid the negative pressure to the yarn moving direction. These proposed principles may be extended
to the optimal design of other pneumatic knotting devices.
KEYWORDS: Carpet, Knotting, Pneumatic Device; Venturi
45
18
10

INTRODUCTION
Knotting is a widely used technique in carpet
industry, which has been mainly formed by
mechanical devices. Recently, pneumatic devices
have been applied to produce different knots, such
as Turkish knot, Spanish knot, Persian jufti and
Turkish jufti knot, with better quality and higher
efficiency. The venturi is the device providing the
driving force for the knotting chamber. When the
air jet blows through a venturi, the yarn is sucked
into a guide tube, called the knotting chamber. A
knot is quickly created after the yarn is blown
through the conduit. Experiments have shown
that yarn may be stuck inside the chamber or blown
out with a large length outside, and the difference
between success and failure is a fine line. Tuning
up the devices is subtle without a clear guidance,
though the problems may be resolved by justifying
the airflow and the rule of thumb after sufficient
trails [1]. Hence, aerodynamic analysis is expected
to provide references to innovators and indicate the
potential of optimal design. The first attention is
given to venturi, since it is the heart of the
pneumatic devices and designed purely on the basis
of trial and error method. The analysis starts from a
currently used venturi, but the conclusions made
from these aerodynamic analyses are applicable to
general pneumatic knotting devices. After carefully
computing the air velocities, air pressures and drag
forces step by step, suggestions for optimal design
are given to the innovators.
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FIGURE 1. The design of a given prototype venturi for
pneumatic yarn knotting devices (unit, mm).

AERODYNAMIC ANALYSES
The engineering drawing of the venturi is shown in
Fig. 1. The air jet blows into the venturi from the
left side with initial speed Vo and pressure po. The
air then travels through the narrowest pipe to
increase its speed. A quick expansion of diameter
in the conjunction of pipes one and two changes
the air speed and pressure simultaneously. The
air pressure in pipe two is lower than the
atmospheric pressure and the yarn standby in the
suction pipe marked three is thus sucked into the
venturi by vacuum effect. The suction force and the
air-to-yarn friction drive the yarn through the
chamber. In this study, the computational
procedure follows the airflow direction from left to
right.
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Inlet pipe one and conduct pipe two
The demonstration venturi for aerodynamic
analysis is shown in Fig. 2. Note that in Fig. 1,
number is used to mark the pipes, but in Fig. 2
numbers represent local points. Because points 0
and 1 are chosen at the same height, the
corresponding Bernoulli’s equation [2] for this
incompressible and steady flow has a simple form:
po +

ρV 0 2
2

= p1 +

ρV 1 2

From Equation (4), we may find that the pressure
at Point 2 is determined by the initial pressure and
velocity at point 0 and independent of the
conditions at point 1 [4]. Since Ao > A2 leads to 1−
(Ao/A1)2 < 0, the pressure is smaller at point 2 than
at point 0.
Suction pipe three
At point 5, the pressure p3 equals atmospheric
pressure patm =1.0132 × 105 Pa, whereas p3 = p2 at
Point 3. The Bernoulli’s equation for points 3 and 5
can be written as:

(1)

2

where po and p1 are the air pressures at points 1 and
2, Pa; ρ is the air density, 1.18 kg/m3 [3]; Vo and V1
are air velocities at points 1 and 2, m/s.

patm +

ρV 5 2
2

+ ρΔh = p 2 +

ρV 3 2
2

(5)

Since V5 = 0 (the ambient air speed) and ρΔh (i.e.
the product of air density and the height difference
between Points 3 and 5) is negligible,

5

3
0

1

Air

2

4

V3 =
FIGURE 2. Flow through a venturi device.

=

The continuity equation for uncompressible, steady
flow may take the form
Q = A1V1= AoVo

or V1=

Ao
Vo
A1

(2)

2

F = πrlCtρV32 + πr2(patm− p2)

= po +

(3)

Ct = 1.30 (6.37×104×2rV3)-0.61

(8)

when temperature = 25Co and air density = 1.18
kg/m2 [5]. The direction of the force is parallel to
the axis of pipe three and towards the inside of the
venturi.

ρVo 2 [1 − ( Ao / A1) 2 ]
2

ρVo 2 [1 − ( Ao / A1) 2 ]

+
2
ρ ( Ao / A1) 2 Vo 2 [1 − ( A1 / A2) 2 ]
2
2
ρVo [1 − ( Ao / A2) 2 ]
= po +
2

(7)

where r and l is the radius and length of the yarn
inside of pipe three. Ct can be found from an
equation obtained empirically:

Similarly,
p2 = p1+

(6)

The yarn is subject to two forces in the suction pipe,
the suction force is from the vacuum effect and the
friction of the air jet. The total force inserting on
a piece of yarn in pipe three is approximately

Substituting equation (2) into (1) yields:

ρVo 2 [1 − ( Ao / A1) 2 ]

( patm − po) + Vo 2 [( Ao / A2) 2 − 1]2

The kinetic energy of the yarn is given in terms of
three controllable parameters: the square area ratio
Ao/A1, initial air pressure po and velocity Vo.

where Q is the discharge (also called the
volumetric flow rate or flow), m3/s; Ao and A1 are
the transverse section areas of the pipe at points 0
and 1; m2.

p1 = po +

2

ρ

2( patm − p 2) / ρ

The suction pipe inclines an angle θ to the major
axis of the venturi (i.e. angle the between the axes
of pipes two and three, Fig. 1). The vertical
momentum and horizontal drag force of the yarn
may be approximately

(4)
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Vertical force =MV3 sinθ
Horizontal drag force = Fcosθ

(9)
(10)

Equation 9 is a rough estimation of the yarn impact
on the wall, where m is the yarn mass, V3 is
approximated by the airspeed, though yarn will
normally move slower than the air. Equation 10
is the desired dragging force component. From
Equation 9 and 10, we can find that minimising θ
gives less impact to the venturi and greater
horizontal dragging force.

θ

FIGURE 3. The demonstration of
structure.

Equations 9 and 10 show that minimising the angle
of suction pipe inclining to the major axis (θ in Fig.
3) can reduce the impact of yarn on the wall of pipe
to and provide more horizontal dragging force.

Outlet pipe four
The flow in pipe four is the sum of the flows from
pipe two and three. Before yarn is sucked into pipe
three, the airflow is partially blocked by the yarn,
the continuity equation is
A4V4 = A2V2 + A3 V3

a proposed venturi

Another crucial design parameter is p2 − p4 > to
produce a pressure towards the yarn moving
direction, which requires V4>V2, namely
Ao
A3
Ao
Vo . This can be rearranged to
Vo +
V3 >
A4
A4
A2
the form:
A2 A3
V 3 > ( A4 − A2)Vo
(15)
Ao
Obviously, this limits the diameter of the outlet
pipe.

(11)

Then
V4 = [A2V2 + A3 V3] /A4
Ao
Vo+
=
A4
A3 2
(12)
( patm − po) + Vo 2 [( Ao / A2) 2 − 1] 2
A4 ρ
The Bernoulli’s equation for points two and four is
ρV 2 2
ρV 4 2
= p4 +
(13)
p2 +
2
2
After some manipulation, we have
ρ (V 4 2 − V 2 2 )
=
p4 = p2 +
2
Ao
ρ[V 42 − ( )2V 22 ]
ρVo2[1 − ( Ao / A2)2 ]
A2
+
po +
(14)
2
2

The above aerodynamic analyses aim the principles
for optimal venturi design rather than give the
actual dimensions for individual pneumatic devices.
Further experimental studies are required to give
the energy for blowing a yarn through individual
knotting chambers, in order to specify the final
dimension of a venturi device.
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RESULTS AND DISCUSSION
As seen in Equation 4, the pressure at point 2 is
independent to the pressure and velocity at point 1.
It is proposed to cancel pipe one, because this pipe
is actually redundant.

A smoother diameter change is preferred to reduce
the turbulent around the corners of the conjunctions,
which is favourable for less disturb to the yarn
hairs. Moreover, the newly proposed structure in
Fig. 3 is easier to manufacture than the original
one.
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Abstract
The tensile properties of tri-component Sirofil composite yarn is analyzed. To characterize the
stretchabilityof the composite yarnm, a three-element model with little distortion has been established. It
is concluded that the elasticity modulus can be improved when three single yarns with different modulus
of elasticity are composited. Under this condition, the modulus of elasticity of the composite yarn is
among the three. Furthermore, in order to describe the elongation of the composite yarn at break, a fourcomponent dynamic model of drawing with large distortion is developed. And the results obtained are
verified by non-linear regression analysis. It is demonstrated that the properties of non-linear viscoelasticity of sirofil composite yarn can be characterized by using multinomial and the curve plotted
according to the experimental result is basically in agreement with that deduced by the theoretical model.
Keywords: Composite Yarn; Tensile Properties; Multinomial Regression; Mathematical Model
composite yarn has polyester and silk, the tensile

1.Introduction
The tensile property is one of the most important

curve could be explained through studying

properties of yarn. Most research has been

breaking mechanism and tensile strength of the

focused on looking for differences among Sirofil

tri-component yarn.

composite yarn, traditional ring spinning yarn,

2.Mechanical model of composite yarn under

plied strand and Sirospun composite yarn.

small deformation

However, little has been reported about the
mechanism and tensile strength of Sirofil
composite

yarn.In

this

polyester/cotton/silktri-component

paper,

the
Sirofil

composite yarn is selected. In the cross section,
the silk and polyester/cotton is paralleland cotton
fiber is located around polyester. Since the tricomponent Sirofil

Fig.1 Mechanical model of weak deformation
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Usually, the composite yarn is under small load in

mechanical properties, viscoelastic element that

the weaving and drawing process, which means

reflects viscoelasticity, and non-linear element

the deformation is within the limit of elasticity.

reflecting non-linear mechanical properties [1-2].

Therefore the mechanical model was established

In the model, E1 is elastic constant of spring. E2 is

in Fig.1. Suppose E1, E2, and E3 are tensile

elastic constant of linear spring. The relationship

modulus of elasticity of three materials. s1, s2, and

between stress and strain is consistent with

s3 are areas of cross section. ε1, ε2, andε

are

Hook’s Law. η is damping factor of Newtonian

strain. σ1, σ2, and σ3 are stress. The elongations of

damping. The relationship between stress and

three components are the same under tensile

strain of non-linear spring was quadratic, and the

strength, so ε1=ε2=ε3=ε.

coefficient was b. When the model was under

3

stress σ, the corresponding strain was ε. Suppose
F=f1+f2+f3=(E1s1+E2s2+E3s3)ε

yarn elongation was under the same speed ε=Kt.

(1)

K is a constant and t is time. The initial condition

σ=F/(s1+s2+s3)
=(E1s1+E2s2+E3s3) ε/(s1+s2+s3)

is σ(0)=0. So the mechanical model was obtained

(2)

E=(E1s1+E2s2+E3s3)/ (s1+s2+s3)

as in Fig.2.

(3)

E1>E2>E3, and E2 is close to E3, so E is smaller
than E1 and larger than E3. This means when the
components of tri-component yarn have different
elastic modulus, the tensile modulus of elasticity
is improved significantly, and the value is among
the modulus of three materials.
3.Mechanical model of composite yarn under
large deformation

Fig. 2 Model of tensile fracture

A new mechanical model should be established
if we want to study the process from strething to
breaking

of

polyeset/cotton/silk

componentyarn.
tri-component

the
Sirofil

Due to σ2=E2ε2 and σ3=bε2, ε=Kt, we only need
to infer the relationship between σ1 and t, instead
of between σ2, σ3 and t.

composite yarn showed significant non-linear
viscoelastic property. The stress-strain curve of

According to Maxwell model [1], it canobtain
as followings:

cotton yarn could be considered as elastic
deformation because there was no obvious yield

ε1=σ1/E1+(σ1/η)t

point. However, the polyester filament and raw

dε1/dt=(1/E1)(dσ1/dt)+σ1/η

silk have obvious yield point, and there is a

Due to ε=Kt, dε1/dt=K, it can obtain:

viscoelastic area in the curve. Therefore it is

σ1=Ce-(E1/η)+Kη

necessary to include linear spring that reflects

Due to σ1(0)=0，it can obtain as followings:
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(4)

(5)

σ1=ηK(1-e-(E1/ηK)δ)

In order to verify the mechanical model under

(6)

the

So the stress strain curve of component yarn is
[1]:

large

deformation,

polyester/cotton/silk

σ=σ1+σ2+σ3

the

tri-component

40

tex
Sirofil

composite yarn was used in this experiment. The

=bε2+E2ε+ηK(1-e-E1·δ/ηK)

tensile strength of polyester filament was 25cN.

(7)

Accoring to ISO 2062, the pre-tension of yarn

The distance between raw silk andfilament is 8

tensile is 0.05cN/tex. Considering the influence of

mm. The tensile strength of raw silk is 15cN. The

pre-tension onyarn, the equation should be

spindle speed ofspinning machine was 10500

amended.

r/min. The twist added was 73.6/10 cm. The type
2

-Dδ

σ=σ0+Aε+Bε +C(1-e )

of steel wire loop was 6903 with 1/0 size. The tri-

(8)

A=E2; B=b; C=ηK; D=E1/ηK.

component compositeyarn was tested for 60 times

The regression analysis is difficult due to the

under the same experiment conditions. The

index in Eq.(8). Therefore, it is expanded with

average strength, elongate ratio and average

naturalogarithm

stress-strain

and

the

general

form

is

curve

were

obtained

in

the

experiment[3]. The α1 α2, α3, α4 were calculated

obtainded[3].
σ=σ0+α1ε+α2ε2+α3ε3+α4ε4+…

by multinomial regression between breaking

(9)

strength and elongate ratio.The strain and stress is
4.Verification of mechanical model under large

shown in Tab.1. The polynomial and variance

deformation

analysis is shown in Tab.2 and Tab.3.

Tab.1

Strain and stress

Strain/%

2

4

6

8

10

12

14

Stress/(cN/tex)

2.00

3.90

6.20

8.50

11.40

14.10

15.70

σ=σ0+α1ε+α2ε2+α3ε3+α4ε4

Lyy=∑y2k-ny2
=705.16-7×8.82862=159.551

x=(ε-2)/2+1=ε/2
U=∑biliy=159.22
x1=1, x2=2, x3=3,…, x7=7
Q=Lyy-U=159.551-159.522=0.029
y^=σ0+α1φ1(x)+α2φ2(x)+α3φ3(x)+α4φ4(x)
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Tab.2 Calculation of polynomial regression

x

φ1(x)

φ2(x)

φ3(x)

φ4(x)

∑y

∑y2

Liy

66.7

1.7

-1.7

-4.3

61.8

705.16

Si

28

84

6

154

n=7

bi

2.3821

0.0202

-0.2833

-0.0279

y^=8.8286

bi×Liy

158.886

0.034

0.482

0.120

λi

1

1

1/6

7/12

Tab.3 Variance analysis table

Source

Square sum

Freedom degreee

Average square sum

F

Significance

One

158.866

1

158.886

10957.66

**

Two

0.034

1

0.034

2.34

Three

0.482

1

0.482

33.24

Four

0.120

1

0.120

8.28

Residual

0.029

2

Sum

59.551

6

*

The regression equation is obtained as followings

From Fig.3, the results from experiment are

by calculating.

consistent with the theory. The non-linear

y^(1)= 1.1911ε-0·6998
(2)

viscoelastic property of Sirofil composite yarn

2

y^ = 0.0051ε +1.1103ε-0·4574

could be described by multinomial. When the

y^(3)=-0.0059ε3+0.1468ε2

elastic deformation was small, the shape of stressstrain curve of Sirofil composite yarn was similar

+0.1406ε+1.2424
y^(4)=-00010ε4+0·0267ε3

to the initial curve of polyester filament and raw

2

silk, which verified that in the initial stage, the

-0.2048ε +1.6007ε-0.5099
The experimental and theoretical curvesare shown

raw silk and polyester filament have a main effect

in Fig.3.

on the deformation. Along with the increase of
deformation, the cotton fiber was elongated from
curving state, which had a main effect on the
formation of composite yarn gradually. Therefore,
the shape of stress-strain curve of Sirofil
composite yarn was similar to that of cotton yarn
under large deformation.

Fig.3

Curve comparison
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5.Conclusions
The

breaking

polyester/cotton/silk

mechanism

of

tri-component

Sirfil

composite yarn was ananlyzed. Under large
deformation, a four-element tensile mechanical
model was established to describe elongation and
breaking of tri-component yarn. A non-linear
regression analysis was used to verify the result. It
was proved that the non-linear viscoelasticity
could

be

described

experimental

results

by
were

multinomial.

The

consistent

with

theoretical model.
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Abstract
One of the problems in rotor spinning is to know the speed of the opening roller and rotor to be used in
setting machine in order to produce the desired yarn quality. The opening roller and navel have been
selected by using multi-objective fuzzy pattern recognition model. The purpose of this study was to
model and optimize a manufacturing process. The rotor spinning machine was run at random sets of
rotor speed and opening roller speed and the data obtained trained by using an Adaptive Neuro-Fuzzy
Inference System (ANFIS). According to overall satisfaction degree and utility value, the gradation of
the samples shows that the best samples are produced from combination of low rotor speed and high
rotor speed.
Keywords: Rotor spinning, ANFIS, Multi-objective decision making, Rotor speed, Opening roller
speed
1. Introduction
Rotor spinning is an open-end spinning method
that is also a large industrialization one among
various new spinning methods. The key parts of
rotor spinning consist of the rotor, feedingcombing mechanism, navel, torque stop and yarn
delivery system [1]. The opening roller and navel
were selected by using multi-objective fuzzy
pattern recognition model [2].The opening roller
speed will influence on the vacuum inside the
rotor. High speed of opening roller can bring
much air flow and reduce the vacuum of the rotor
as well as break the balance of air flows at the
outlet of the transport channel, which worsens
fiber straightness and orientation. The
determination of the opening roller speed not
only considers the effects of opening, separating
and trash removal, but also considers the match
with vacuum of the rotor [1]. The rotor diameter
has to suit the fiber length and yarn Tex to be
spun. The rotor speed is related to the rotor
diameter. High rotor speed reflects high delivery
speed and high productivity. But the same time
the yarn tension will be increased, which
influence on the yarn quality [1]. Rotor speed has
a strong correlation with yarn strength,
elongation, evenness, shedding, and yarn breaks
if all else are held constant. Increase in rotor
speed cause increase in spinning tension, which
disrupts fiber formation in the rotor. However, if
a rotor speed increase is made in conjunction
with a rotor diameter decrease, it is possible to
avoid a spinning tension increase and preserve
yarn quality and ends down levels. The majority

of yarn properties were highly correlated with
rotor speed [3].
In recent years, artificial neural net works (ANN)
have received much attention from researchers to
predict yarn properties from fibre properties.
ANN provides a black box model, which simply
connects inputs and outputs without giving a
clear insight about the process. This limitation
could be eliminated by integrating the ANN with
fuzzy logic. Fuzzy logic, which is an extension
of classical crisp logic, can deal with the
situations involving imprecision and ambiguity.
It supports expert systems and experience by
mapping an input space into an output space
using membership functions and linguistic rules.
Since, ANN and fuzzy logic are the two
complimentary facets of artificial intelligence;
their amalgamation can enhance the accuracy
and insight given by the prediction model [5, 6].
2. Formulation of multiple response
optimizations
Since the system under discussion has multiple
responses, the optimization of the system in fact
involves the optimization of several individual
responses at the same time. The objective is to
find the input variables for a solution x such that
response will attain a compromised optimum.
For all the system responses, they can be divided
into two sets:
The larger-the-better ∈ A
The small- the-better ∈ B
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⎧⎪Maxyˆ p ( x), ∀p ∈ A
⎨
⎪⎩Minyˆ q ( x), ∀q ∈ B

(1)

To solve the above multiple objective
optimization problem, we follow the idea of
Zimmermann’s maximin approach. According to
the maxmin approach, the solution of equation (1)
can be obtained by maximizing an overall
satisfactory degree among all individual
objectives in equation (1). For each objective, it
has its own satisfactory degree, and the overall
satisfaction is an intersection of all individual
satisfactory degrees, where the intersection is
defined through a min operator. The satisfactory
degree for each objective is evaluated by a userdefined membership function.
3. Materials for experiment
3.1. Raw materials
Spun Silk and Cashmere are natural fibers, in
common with others such as cotton, wool, linen
and mohair. Silk is a luxury fiber known for its
beautiful drape, hand and luster. Cashmere is a
very soft and luxurious fiber, luster and visual
charm to garments and carpeting [1]. The
processing of this kind of fibers present some
difficulties by using the common practice of
spinning, while rotor spinning is the one which
can use the short fiber because the coefficient of
fiber variation in raw materials is quite good[2].
In this study, considering the nonlinear responses
of a process, a neuro-fuzzy system is employed
to model the target system. Different samples are
produced from spun Silk/Cashmere by using
random values of rotor speed and opening roller
speed. Sliver size is 18g/5m, fiber length is 1520mm, and humidity of sliver is 10%.
3.2 Rotor spinning process parameters
1. Machine type: Rotor spinning machine
FA601A
2. Yarn count: 36.4 Tex
3. Blending ratio: 85/15 (Silk/Cashmere)
4. Rotor diameter: 66mm
5. Rotor speed: [30,000-50,000] rpm
6. Opening roller diameter: 65mm
7. Opening roller speed: [5,000-7,000] rpm
8. Twist factor: 450
9. Draft ratio: 98.90
10. Temperature in the laboratory: 20℃
4. Data analysis and discussion
40 samples of input/output data sets were used,
out of which 57.5% (23 samples) was used for
training the model and 42.5% (17 samples) for
checking to validate the model. These values
were chosen according to minimum size of error
tolerance, which was used to create a training
stopping criterion. Sugeno model was used to

describe the behavior of the output. The training
will stop after the training data error remains
within this tolerance. The training error is the
difference between the training data output value,
and the output of the fuzzy inference system
corresponding to the same training data input
value. The training error is the root mean squared
error (RMSE) calculated by the formulae (2)
RMSE =

1
N

(y predicted − yreal )

2

(2)

We checked different types of membership
functions and the experiment shows:
“trimf”,”gaussmf” and “gbellmf” give out the
best results as shown in the Table I.
4.1. Effects of different variables on the yarn
quality parameters
The value of hairiness is higher at low rotor
speed and high opening roller while it is lower at
high rotor speed and low opening speed. One of
the factors that affect hairiness is the degree of
friction between the yarn and the parts of the
rotor as the yarn leaves the collecting groove to
come out of the nozzle. The larger diameters are
usually associated to the low rotor speed. It
seems normal that the larger rotor diameter, the
higher will be the friction which in turn, will
result in greater hairiness.
The results show that the CV of yarn count
decrease with an increase in rotor speed and
opening roller speed. This could probably be due
to the fact that the percentage of sheath fibres
increases with an increase in rotor speed but an
increase in opening roller speed leads to better
fibre-opening, which in turn leads to more
regular yarns. The low values of neps decrease at
low rotor speed and opening roller speed and
increase by increasing the rotor speed and
opening roller speed. The value of yarn thick
decrease at low rotor speed and high opening
roller, when rotor speed is increased the value is
increased for a moment and at high value is
decreased. The value of yarn thin is higher at low
rotor speed and low opening roller speed and is
lower at high speed for rotor and opening roller
The value of tenacity is higher at high rotor
speed and low opening roller. The value is low at
low rotor speed and high opening roller speed.
The value of elongation is higher at low rotor
speed and low opening roller speed. An increase
in the opening roller speed leads to a drop in yarn
tenacity. This can be attributed to the greater
incidence of fibre rupture at higher openingroller speeds. An increase in rotor speed tends to
reduce the yarn tenacity. This can be attributed to
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the increase in the number of sheath fibres and
decrease in fibre orientation when the rotor speed
is increased.
4.2. Result for multiple responses of yarn
quality properties.
MANFIS can be viewed as an aggregation of
many independent ANFIS. The larger-the-better
is used for yarn tenacity and yarn elongation. The
small-the-better is used for coefficient of
variation for yarn count, neps, thick places, thin
places, yarn hairiness, coefficient of variation for
tenacity and elongation. Suppose that the yarn
quality properties be a set of objectives for
evaluation; the samples be the set of alternatives
in the evaluation process; Wi be the important
weight and E (low, average, high) be a set of
descriptive grade or qualitative classes used in
the evaluation. We fixed rotor speed or opening
roller speed at 60% of maximum value to be high,
30% average and 10% low. In this work research

we fixed, λ = 0.7(70%) , the overall satisfaction
degree. For each alternative, a utility value Ui is
determined by multiplying the normalized impact
value of each alternative by its importance
weight. Then summation is taken of these
products Uj as the equation (3).
n

U j = ∑ wi rij

(3)
Where wi is the importance weight of objective
for evaluation and rij is the normalized impact
matrix. After the utility values are computed for
objective for evaluation, the alternative with the
highest score (the highest weighted average) is
the most preferable one. According to λ and
utility value, the gradation of the samples shows
that the best samples are produced from the
combination of low rotor speed and high opening
roller speed. The results are presented in the
Table II
i =1

Neps

Thick

Thin

Hairiness

Tenacity

MFs

CV
Count
Tri

Gauss

CV of
Tenacity
Tri

Gbell

Gbell

Gbell

Tri

RMSE

0.116

1.801

0.745

0.054

1.806

Elongation
Tri

CV of
Elongation
Tri

0.077

0.223

0.107

0.052

Elongation
0.6372
0.4559
0.5461
0.7128
0.2438
0.373
0.5069
0.4878
0.4098
0.3967
0.8028
0.8277
0.413
0.6592
0.8342
0.2861
0.4685
0.4877
0.5743
0.5724
0.3464
0.3601
0.2417
0.449
0

CV of
Elongation
0.6837
0.4981
0.4141
0.8237
0.1462
0.0449
0.3126
0.3841
0.4694
0.6019
0.6617
0.7509
0.4877
0.7929
0.8324
0.1561
0.4281
0.3349
0.4348
0.2125
0.2598
0.1823
0.1971
0.4703
1

Table I: Membership functions and RMSE

Sample
1#
2#
3#
4#
5#
6#
7#
8#
9#
10#
11#
12#
13#
14#
15#
16#
17#
18#
19#
20#
21#
22#
23#
24#
25#

CV%
0.1428
1
0.9923
0.2004
0.2782
0.2811
0.14
0.1789
0.2261
0.1672
0.1337
0.1225
0.1734
0.1088
0.1513
0.1958
0.2122
0.1785
0.1766
0.1034
0.0709
0.0893
0.1665
0.2919
0

Neps
0.2044
0.2989
0.5416
0.1852
0.4888
0.5773
0.6847
0.5572
0.3046
0.1163
0.4756
0.4416
0.5375
0.4723
0.3023
0.4256
0.443
0.5783
0.5035
0.7799
0.4922
0.5416
0.4143
0.213
0.2673

Thin
0.9007
0.9815
0.9053
1
0.9052
0.8639
0.9752
0.9788
0.9486
0.9763
0.913
0.979
0.99
0.878
0.983
0.8787
0.9924
0.9909
0.9483
0.9976
0.9316
0
0.6716
0.9366
0.1377

Thick
0.3653
0.4991
0.6674
0.4459
0.7151
0.7805
0.3754
0.4423
0.6257
0.4683
0.3445
0.362
0.4039
0.4092
0.3979
0.2952
0.6276
0.318
0.3503
0.3836
0.2703
0
0.1907
1
0.5401

Hairiness
0.5047
0.5539
0.5224
0.7716
0.6094
0.3617
0.6178
0.6366
0.5674
0.5243
0.544
0.6259
0.6536
0.8143
0.7109
0.4223
0.5752
0.5885
0.5569
0.4468
0.4715
0.4792
0.4766
0.3592
0.5518

Tenacity
0.6305
0.5246
0.5208
0.566
0.3041
0.4657
0.5497
0.5164
0.4982
0.5711
0.583
0.5204
0.7213
0.4703
0.4922
0.6463
0.4995
0.6114
0.5782
0.6087
0.3174
0.4588
0.6202
0.5273
0
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CV
tenacity
0.7846
0.5942
0.2972
0.4584
0.2787
0.1456
0.5366
0.4693
0.4519
0.8847
0.4511
0.5049
0.1183
0.4803
0.5325
0.4821
0.361
0.4267
0.4703
0.5966
0.2233
0.3578
0.4121
0.046
1

Ui
0.5013
0.6141
0.5918
0.4845
0.3576
0.3733
0.4754
0.4569
0.4314
0.485
0.4731
0.4725
0.4649
0.466
0.474
0.4387
0.4318
0.4703
0.4653
0.4862
0.2963
0.3384
0.4114
0.3754
0.3009

26#
27#
28#
29#
30#
31#
32#
33#
34#
35#
36#
37#
38#
39#
40#
Wi

0.1063
0.1883
0.1532
0.1595
0.1761
0.154
0.2618
0.0034
0.1486
0.2006
0.2198
0.1736
0.1831
0.1197
0.2838
0.2

0.7452
0.3712
0.3808
0.4176
0.559
0
0.4997
1
0.651
0.4102
0.3834
0.55
0.0285
0.4695
0.6837
0.1

0.491
0.9859
0.5079
0.3255
0.956
0.9725
0.8955
0.5533
0.8387
0.8478
0.9804
0.9318
0.9594
0.7626
0.8594
0.02

0.9339
0.3095
0.2755
0.3456
0.3497
0.4138
0.6669
0.467
0.3783
0.3679
0.6187
0.3224
0.4326
0.4775
0.8729
0.03

0
0.5042
0.8266
1
0.5659
0.6395
0.4411
0.3357
0.4282
0.4335
0.5784
0.5352
0.7018
0.9459
0.2542
0.1

0.6973
0.4835
0.218
0.0912
0.7071
0.6675
0.4245
0.6565
0.6047
0.5313
0.4966
0.65
0.677
0.5153
1
0.3

0.0148
0.6297
0.8223
0.8173
0.2112
0.9938
0.3098
0.57
0.572
0.5752
0.4001
0.3465
0.791
0.3342
0
0.15

1
0.2409
0.1701
0.1344
0.539
0.3667
0.3137
0.8636
0.4657
0.2843
0.4409
0.6002
0.4334
0.3323
0.4661
0.05

0.451
0.181
0.3217
0.3804
0.4514
0.7324
0.0919
0.345
0.1622
0.1401
0.4442
0.4353
0.7572
0.7218
0
0.05

.
Table II: Membership values for predicted yarn
5. Conclusion
The main thrust of the present work has been to
develop a neuro-fuzzy model for the prediction
of yarn quality properties as a function of rotor
speed and opening roller speed. It is evident from
the results that yarn quality properties depend to
a large extent upon the rotor speed and opening
roller speed. A combination of low rotor speed
and high opening roller speed can be used to
obtain the best yarn quality properties. It is to be
appreciated that the training done using ANFIS is
computationally very efficient as the desired
RMSE value is obtained in very less number of
epochs.
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ABSTRACT
The core-spun yarns have special morphology and properties, and may be applicable to different kinds of
fabrics. Filament yarns and staple fibers were combined on a modified rotor spinning frame to produce rotorspun yarns in this research. The effects of rotor speed, filament over-feed ratio, twist factor on the
characteristics of core-spun yarns were investigated, and the technology optimizing was done through the
orthogonal test. The results show that the rotor speed, filament over-feed ratio, yarn twist factor have great
influence on the properties of core-spun yarns, and the influence of filament over-feed ratio is larger. The
optimum technology is 49300 rpm rotor speed, 0.91 filament over-feed ratio, 500 yarn twist factor. Compared
with normal rotor-spun yarns, the morphology of core-spun yarns is more regular and clearer, and the properties
are improved.
KEYWORDS: core-spun yarn, rotor spinning, characteristics, technology optimizing
INTRODUCTION
Despite many undoubted advantages, the relatively
low strength of rotor-spun yarns still presents a real
problem. One possible radical solution may be to
incorporate a continuous filament core, which
would improve the tensile properties without
spoiling the regularity, cover, abrasion resistance,
and so on. Some researchers have studied the
spinning conditions and characteristics of rotorspun composite yarns. Nield described a
mechanism for producing open-end-spun core-spun
yarns [1]. Cheng reported a method of making
cover-spun yarns on an open-end rotor spinning
frame [2]. Pouresfandiari and Matsumoto reported
their progress in producing different kinds of novel
hybrid yarns on an experimental open-end spinning
frame [3]. We reported an open-end rotor spinning
process modified to allow filament yarns to be fed
into the rotor [4, 5]. In this research, the effects of
rotor speed, filament over-feed ratio, twist factor
on the characteristics of core-spun yarns were
investigated, and the technology optimizing was
done through the orthogonal test.

(a) Model A

(b) Model B

(c) Model C

FIGURE 1. Geometric structure models of composite yarns.

If the filament tension is T f and the staple fiber
strand tension is Ts , the composite yarn formation
can be simulated as follows: First, when T f > Ts ,
the filament yarn lies along the axis of the
composite yarn near the center and can be covered
by the staple fiber strand (Model A), this model
corresponds to the rotor-spun yarn structure.
Second, when T f ≈ Ts , both components can be
twisted together and follow helical paths around
each other (Model B). Third, when T f < Ts , the
filament yarn tends to lie outside the composite
yarn, and follows a helical path and wraps over the
staple fiber strand (Model C). In a word, the
composite yarn structure depends on the difference
between T f and Ts , and by controlling T f , the

YARN STRUCTURE
According to idealized helical yarn geometry, the
structure of a composite yarn can be hypothesized.
When a composite yarn is consisted of two
components, it is necessary to have different
component lengths in the yarn. If one component is
a filament yarn, the filament length can be easily
controlled by the tension as shown in Figure 1.

geometric position of two components in the
composite yarn may be controlled. During the
spinning process, the T f can be controlled by
adjusting the filament over-feed ratio. Filament
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over-feed ratio (OFR) was given by OFR=
(filament feed speed) / (composite yarn take-up
speed).

test length of 100m on YG172 hair tester, and the
hairs above 2mm per meter was measured. All the
tests were performed under a standard atmosphere
of 20±2℃ and 65±3% RH.

EXPERIMENTAL
Filament yarns and staple fibers can be combined
on a modified rotor spinning frame. As shown in
Figure 2, the filament yarn was fed from a supply
bobbin by means of a tension device and suitable
guides to the filament feed rollers, then passed
straight through the filament guide tube and was
drawn into the rotor freely by suction, in which the
filament yarn was combined with the staple fiber
strand to form the composite yarn, then the
composite yarn was drawn through the doffing tube
and finally on to the take-up roller. The filament
guide tube was positioned along the axis of rotation
of the hollow rotor shaft, which rotated freely
about it.

The orthogonal experimental scheme (L9(34)) was
listed in Table Ⅱ. Some other spinning parameters
were listed as follows: 58tex normal linear density,
7000 rpm opening roller speed.
TABLE Ⅱ. Experimental scheme.
No.

A

B

C

1
2
3
4
5
6
7
8
9

1
1
1
2
2
2
3
3
3

1
2
3
1
2
3
1
2
3

1
2
3
2
3
1
3
1
2

Take-up
speed,
m/min
76.1
72.9
68.5
79.9
75.0
83.4
81.7
90.9
87.0

Cotton
feed speed,
m/min
0.94
0.90
0.85
0.99
0.93
1.03
1.01
1.12
1.08

Filament
feed speed,
m/min
69.3
68.5
66.4
72.7
70.5
80.9
74.3
85.4
84.4

RESULTS AND DISCUSSION
The breaking strength, breaking elongation,
irregularity and hairiness of core-spun yarns were
tested and the results were listed in Table Ⅲ.
TABLE Ⅲ. Properties of rotor-spun yarns.
FIGURE 2. Schematic diagram of core-spun yarn spinning
process on rotor spinning frame.

No.
1
2
3
4
5
6
7
8
9

A cotton sliver (25.4mm mean fiber length, 1.5dtex
fiber fineness, 3.43 fiber Micronaire value and
4.32g/m sliver size) was used as the staple fiber
and a polyester filament (3.33tex, 30d/15f) was
used as the filament yarn fed into the rotor. The
experimental factors and their levels were listed in
TableⅠ.

1
2
3

Rotor speed, rpm
A
45000
49300
53700

Factors
OFR
B
0.91
0.94
0.97

Elongation
%
8.3
8.5
9.1
8.4
8.7
9.1
8.9
8.3
8.7

CV
%
10.43
9.94
9.81
9.99
9.26
9.49
9.72
10.76
9.95

Hairiness
h/m
1.02
1.17
1.02
0.84
0.72
1.02
0.54
0.89
0.77

The tested data was calculated, and the analysis
results were listed in Table Ⅳ.

TABLE Ⅰ. Experimental factors and levels.
Levels

Strength
cN
797.6
812.2
818.5
813.9
818.9
853.4
801.9
802.4
848.4

TABLE Ⅳ. Integrated analysis of spinning parameters.

Twist factor
C
450
470
500

Properties Strength Elongation
CV%
Hairiness
Rotor speed
/
/
/
(*)
A
OFR
*
(*)
/
/
B
Twist factor
/
/
(*)
/
C
Influence
B＞A＞C B＞C＞A C＞B＞A A＞B＞C
degree
Optimum
A2B1C3
A2B1C3
A3B3C3
A2 B 1 C 2
technology
Notes: “*” shows the influence of spinning parameters on the
yarn properties is significant; “(*)” shows the spinning
parameters has some influence; “/”shows the influence is not
significant.

The yarn longitudinal view was observed by
Questar Hi-scope video microscope system.
Breaking strength and elongation were determined
with extension rate of 500mm/min on XL-1 tensile
tester. Irregularity CV% was measured with the
yarn speed of 400m/min and the testing time of 1
minute on YG135G irregularity tester. Hairiness
was tested with the testing speed of 30m/min and
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the inner layer of core-spun yarns as a core and can
be covered by the staple fiber strand.
The properties of core-spun yarns and normal
rotor-spun yarns were listed in Table Ⅴ.

The results in Table Ⅳ indicate that the rotor speed
has some influence on the hairiness of core-spun
yarns; The filament over-feed ratio has significant
influence on the yarn breaking strength, and has
some influence on the elongation; The twist factor
has some influence on the irregularity CV%. The
main factor influencing on the yarn breaking
strength and elongation is the filament over-feed
ratio; The main factors influencing on the yarn
irregularity and hairiness are the yarn twist factor
and rotor speed respectively. Taking one with
another, the influence of filament over-feed ratio
on the yarn properties is more significant in
comparison with other two parameters. Taking the
integrated properties of core-spun yarns into
account, the optimum technology is A2B1C3, i.e.
49300rpm rotor speed, 0.91 filament over-feed
ratio, 500 yarn twist factor.

TABLE Ⅴ. Yarn properties.
Properties
Strength, cN
Elongation, %
CV%
Hairiness, h/m

Core-spun yarns
832.7
8.9
9.93
0.79

Normal yarns
651.9
7.8
10.87
9.20

In comparison with normal rotor-spun yarns, the
core-spun yarns have higher breaking strength and
breaking elongation. During the formation of corespun yarns, owing to the insertion and wrapping of
the filament, the morphology of wrapper fibers
becomes much tighter and the transverse pressure
as well as cohesive forces among fibers will be
increased, then the breaking strength and
elongation of core-spun yarns will be increased.
Both the irregularity CV% and hairiness of corespun yarns are less compared with the normal
rotor-spun yarns. The improvement of hairiness on
the surface of core-spun yarns is great. This
phenomenon can be explained by the wrapping of
polyester filaments on the cotton fiber strand.

The core-spun yarns and normal rotor-spun yarns
were produced under the optimum technology. The
yarn morphology and typical structure observed by
Questar Hi-scope video microscope system and
tracer fiber technique was shown in Figure 3.

CONCLUSIONS
The core-spun yarns were produced on a modified
rotor spinning frame. The rotor speed, filament
over-feed ratio, yarn twist factor have great
influence on the properties of core-spun yarns, and
the influence of filament over-feed ratio is larger.
The optimum technology is 49300 rpm rotor speed,
0.91 filament over-feed ratio, 500 yarn twist factor.
Compared with normal rotor-spun yarns, the
morphology of core-spun yarns is more regular and
clearer, and the properties are improved.

(a) Normal rotor-spun yarn

(b) Core-spun yarn
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(c) Typical structure of core-spun yarn observed by tracer fiber
technique
FIGURE 3. Yarn morphology and structure.
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OBJECTIVE
The shape preform fabric, woven by common shuttle
weaving looms, can be specially used for the integral
composite pressure vessel manufacturing. The shape
of the vessel is obtained just after simply winding the
preform woven fabrics.
INTRODUCTION
The composite pressure vessel has some excellent
characteristics as compared with the steel one, such
as low weight, good durability and seal ability, and
so on. These vessels are traditionally manufactured
by filament winding process, in which the fiber is
placed on the mould layer by layer with a certain
pattern [1]. However, the equipments for filament
winding process are expensive and complicated, and
it is hard to evenly distribute the yarn in the whole
vessels.
The new textile technology, shape weaving [2-3], has
the ability to produce fabrics with curve or annular
structure in accordance with the shape requirement
of composite products at a much cheaper way. When
used in composite manufacturing, the preform can be
wound or laminated to form the composite shape just
by needed layers of preform fabric, which makes the
composite forming process much easier.

FIGURE1. The structure of sectional even weft density preform
fabric

APPROACH
Fabric structure
In order to make the preform with even weft density
between the big radius and small radius, the vessel
body is divided into several sections when surface
meshing. Wefts at different length are introduced in
the preform and the short wefts are distributed
among the long ones [4]. In the vessel as shown in
Fig.1, three sections, “a”、“b”、“c” respectively, were
divided because of symmetry. Besides the long wefts
EF which interlacing with all warps, there are also
two kinds of short wefts AB and CD. Weft AB only
interlaces with the warps in section “a” and CD
interlaces with the warps in both “a” and “b” sections.
It can be seen that the uniformity of the preform
structure was affected by the types of weft length, the
long and short weft proportion, as well as the
distribution of the short wefts among the long ones.
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Design of the uneven weft density preform
fabric
In the preform fabric as shown in Fig.1, all the wefts
at the same length interlace with all warps. The
warps may have different length with each other, the
longer warps are to be twined at the big radius of the
vessel body and the shorter warps are to be twined at
the small radius. The unequal length warps
interlacing with the same length wefts makes the
fabric having uneven weft density. The weft density
in the cylinder section is constant and relative small
but the density in the convex section reduces as with
the increasing radius. The weft density changing
makes the fabric structure uneven; the fabric is
thicker in the denser weft area and thinner in the
looser weft area. The relationship between the weft
density variation and the vessel radius is:

δ=

W1 − W2
R
= 1− 1
W1
R2

(1)

Where δ is the maximum rate of the fabric weft
density variation, W1 is the weft density at the small
radius R1, W2 is the weft density at the big radius R2,
(as shown in Fig. 1). It can be seen from equation (1)
that when the vessel’s maximum and minimal radius
difference is small, the preform weft density
variation rate is also small.
Although the uneven weft density design is not good
for the uniform preform fabric structure, it is simple
for the weaving process and no special demand for
the picking and shedding devices in the loom. Only
two harness frames are needed if plain fabric weave
is adopted.

The weaving of the preform fabric used for vessel
winding
500 tex E glass filament without twist was selected
as warp and weft yarns. The preform was
manufactured on shuttle loom for the pressure vessel
integral winding, shown in Fig.2. In the fabric, 12K
carbon fiber was also introduced as tracer yarn in
weft direction. The carbon fiber will make the
control of the weft angel much easier during fabric
winding process when forming the pressure vessel.

(a) two short wefts are concentrated among long wefts

FIGURE2. Image of preform fabric for pressure vessel integral
winding

RESULTS AND DISCUSSION
Distribution pattern of long and short wefts
The short wefts distribution manner among long
wefts affects fabric structure. If short wefts are
arranged in concentration among the long ones as
shown in Fig.3(a), in which short weft CD and AB
are arranged in every two long wefts, the weft
distribution is not uniform along the vessel’s
circumference, especially in the cycled area. In Fig.3
(b), every two short wefts are dispersed among two
long wefts. Although the weft repeat number is not
changed, the evenness of the fabric structure is much
better improved.
Two kinds of weft density were analyzed, one is
uneven weft density arrangement and another is
sectional even weft density arrangement. Although
the preform with uneven weft density can be woven
easily, the fabric structure is not uniform, and there
are great differences between the vessels big radius
and small radius, it is only suitable for the vessel
with little radius change.
In the sectional even weft density, the preform is
divided into several sections according to the vessel’s
radius change. The preform processes two length
types of wefts: long wefts which interlace with all
warp yarns, and short length wefts which only
interlace with the warp yarns in some sections. The
more the section numbers are, or the kinds of short
wefts are, the evener the preform fabric structure is.
Meanwhile, the fabric structural uniformity is also
affected by the proportion of the long wefts and short
wefts, the distribution of the short wefts among the
long ones.

(b) two short wefts are dispersed between two long wefts
FIGURE.3 The influence of long and short wefts distribution
patterns on the preform structure

CONCLUSIONS
The method of making Integral Composite Pressure
Vessel by woven shape perform fabric is feasible.
Compared to the filament winding process, this
method is much cheap and easy control.
FUTURE WORK
The influences of different weave on the structure of
the shape woven fabric. Seem from this experiment,
we found that there has much deviation between
design structure and final composite. We should set a
mathematical model to study the deviation theory
between them.
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Abstract
Chemical compositions, crystalline structures, and thermal properties of bombax cotton and natural colored
cottons were investigated. The results showed that the crystallinity and crystallite sizes of laurel green cotton
were lower than those of bottle green cotton because of the excess content of suberin in the former. The
crystallinity of brown cotton was similar to that of white cotton, and bombax cotton had the lowest crystallinity
but its crystallite orientation was the highest. Thermal property of bottle green cotton was the most stable, and
bombax cotton had the lowest thermal degradation temperature. But bottle green cotton reached the highest
decomposition speed and made decomposition finish within a very short time, and bombax cotton was just the
reverse.
Key words: natural colored cotton, bombax cotton, IR spectra, crystalline structure, thermal properties
INTRODUCTION

cellulose, lignin, xylan, and solubility experiments

Nowadays natural color cotton fibers have been

were determined according to TAPPI standards.

attracting significant attention owing to their
characteristics and some unique properties such as

Morphological analysis

natural inflaming retarding characteristic and the

A JEOL JSM-5600LV electron microscopy with an

deepening of color after laundering[ 1 ]. Besides,

accelerating voltage of 20 kV was used to study the

bombax cotton has already been used in stuffing

cross section and surface morphology of samples.

widely because of its superiorities in luster and
warmth [2].Although more attention have been paid

FTIR spectroscopy

to the use of natural colored and bombax cotton,

FTIR spectra of fiber samples were recorded with a

generally speaking, there are still lacks of systematic

Nicolet Nexus 670 FTIR spectrometer using the KBr

studies about their structure and properties,. In this

disc technique.100 Scans were taken with a

paper IR spectra, X-ray diffraction and TG analysis

resolution of 2 cm-1.

were used to investigate the differences about the
chemical compositions, crystallilte structures, and

X-ray diffractometry

thermal properties of natural colored and bombax

X-ray

cotton, and compared with those of white cotton.

Rigaku-D/Max-2550PC

EXPERIMENTAL

Ni-filtered Cu-Kα radiation of wavelength 0.1542 nm.

Materials

The X-ray unit operated at 40 kV and 30 mA.

White cotton, natural brown cotton, natural laurel

Angular scanning was conducted from 5o to 50o at

and bottle green cottons came from Sinkiang of

2o/min. Crystallinitiy Xd, average crystallite size L,

China. Bombax cotton was from Guangdong

crystallite orientation OG of fibers were calculated

province of China.

according to the literature [3,4,5].

Chemical analysis

Thermogravimetric analysis

Compositions of carbohydrate components such as

Thermogravimetric analysis was carried out on
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diffractograms

were

recorded

diffractometer

with

a

using

Perkin Elmer TGA analysis instrument. All the

the IR spectrum of bottle green cotton, the peak of

experiments were carried out with the same nitrogen

1465 cm-1 attributed to the C-H absorption peak of

flux. The heating-up speed was 10°C/min.

lignin can be seen clearly, but only a faint shoulder
peak has been shown in the spectrum of laurel green
cotton, which also indicates that the lignin content of

RESULTS AND DISCUSSION

bottle green cotton is more than that of laurel green

FTIR spectra analysis
-1

The region from 2852 to 2920 cm in IR spectra is

cotton. And besides, it was worth while to note that

attributed to the C-H stretching (Figure 1). In this

in IR spectrum of bombax cotton, the absorption

-1

of bombax

vibration of acetyl at 1737 cm-1 was more intense

cotton is attributed to hemicellulose (xylan). But the

than our expected (Figure 2). This was consistent

doublets of the two green cottons are mostly

with the report of Iiyama et al and they considered

attributed to waixness, which is proved by the

that the DS of the acetyl group of xylan in bombax

stretching vibration region of acetyl group at

cotton was as high as 1.38-1.43 [6].

region, The single peak at 2919 cm

-1

1700-1800 cm (Figure 2). The waxiness content of
brown cotton is lower than that of green cotton

The second derivative FTIR spectra in the range of

because the C-H stretching of cellulose in IR

OH stretching vibration are shown in Figure 3. In the

spectrum of brown cotton can be discriminated and

intra-

the peak in the two green cottons is absent. Another

vibration region between 3600 and 3200 cm−1 [7,8],

need to explain was that the waxiness in brown

white cotton has the highest resolution. And in this

cotton, which was similar to white cotton and

region, the spectrum of brown cotton is much more

difference from green cottons, was composed of fatty

closely to that of white cotton. The differences

alcohol, because the absorption peaks at 1716 and

between the two green cottons are not distinct, but

-1

and

inter-molecular

hydrogen

stretching

1737 cm attributed to fatty acid and fatty acid ester

for the peak at 3298 cm-1 attributed to the stretching

was absent in the IR spectrum of the brown cotton.

vibration of O6-H···Obridge of 10-1 crystallographic
plane [1], the intensity of bottle green cotton is more
than that of laurel green cotton. In opposition to the
vibration peak at 3298 cm-1, for the peak at 1201 cm-1
attributed to bend vibration in hydroxyl plane, though
relevant to CH2OH group in cellulose, the absorption
of laurel green cotton is stronger than that of bottle
green cotton.（Figure 2）.

FIGURE 1. FTIR spectra of (a) white; (b) brown; (c) bottle green;
(d) laurel green; (e) bombax cotton at 4000-2500cm-1

In the IR spectra of two green cottons and bombax
cotton, there has a band at 1506 cm-1 attributed to
aromatic ring frame vibration.Bombax cotton has the
greatest lignin content, but the lignin content of
brown cotton should be very low because there is no
obvious absorption peak in this region (Figure 2). In

FIGURE 2 IR spectra of (a) white; (b) brown; (c) bottle green; (d)
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laurel green; (e) bombax cotton at 1000-1800cm-1

higher suberin content in laurel green cotton, which

There was suberin in cotton, which was a kind of

can result in the lack of the O6-H···Obridge bond in

waxiness material, existed in the cellulose layer of

cellulose. Therefore, it seems to that suberin has a

fiber secondary cell wall. The suberin is differ from

notable impact on the formation of cellulose

the

crystallite.

common

waxiness

because

one

of

the

Being

similar

to

crystallinity,

the

compositions is ω- carboxylic acid, which contains

crystallite sizes in bombax cotton are the least among

aliphatic polyester that results in the lack of

these cottons. In spite of the lowest crystallinity and

O6-H···Obridge in the fiber formation with warping

crystallite size in bombax cotton, its crystallite

the structure of cellulose I. And because of the

orientation along the fiber axis is the best among

-1

warping of structure, the 1201 cm attributed to OH

these cottons. The crystallite orientation of brown

bending presents in the IR spectrum. Therefore,

cotton is similar to that of white cotton; however, the

despite a higher waxiness content in bottle green

green cottons have the minimal crystallite orientation,

cotton compared with laurel green cotton, the suberin

especially laurel green cotton (TABLE I).

which have very deep influence on the hydrogen
bond of cellulose I is less in bottle green cotton.

FIGURE 3 Second derivative FTIR spectra of (a) white; (b) brown;
(c) bottle green; (d) laurel green; (e) bombax cotton in the range of

FIGURE 4 X-ray diffractogram curve of (a) white; (b) brown; (c)

OH group stretching vibration area

bottle green; (d) laurel green; (e) bombax cotton

X-ray diffraction analysis

TABLE I Crystallinity, crystallite size and crystallite orientation of

X-ray diffractogram of natural colored cottons and

natural colored cottons, bombax cotton and white cotton

bombax cotton are shown in Figure 4, and the results

Cottons

are shown in TABLE I. The crystallinity of white

Xd

L101

L10-1

L002

OG

（%）

(nm)

(nm)

(nm)

（%）

cotton is the highest. Obviously, the amorphous

White

73.3

3.82

4.75

4.86

66.1

components such as lignin, hemicellulose result in

Brown

70.1

3.83

4.32

4.98

66.0

the lower crystallinity of natural colored cotton and

Bottle green

66.8

3.83

4.48

4.81

59.7

bombax cotton, especially bombax cotton whose

Laurel green

63.4

3.80

4.05

4.51

55.5

crystallinity is the lowest. The crystallinity of brown

Bombax

48.5

3.66

3.25

3.96

73.8

cotton is higher than other two-kind green cottons
among

these

natural

colored

cottons.

The

Thermogravimetric analysis

crystallinity and crystallite size of laurel green cotton

DTG curves of fiber samples are shown in Figure 5,

are less than those of bottle green cotton, and

respectively. Bombax cotton has a big shoulder peak

especially the crystallite sizes of 10-1 and 002 lattice

at 280°C, but the bottle green cotton has a little

plane. As shown in IR spectra analysis, there has

shoulder peak at about 300°C. Obviously, the former
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can be attributed to the abundant hemicellulose

TABLE II Thermal degradation data of natural colored cottons,

degradation in bombax cotton, but the latter is likely

bombax cotton and white cotton

induced by the waxiness because the waxiness

Ti

Tp

Te

Tp- Ti

Te- Ti

(°C)

(°C)

(°C)

(°C)

(°C)

White

306.2

343.7

358.0

37.5

51.8

Brown

308.7

341.4

355.5

32.7

46.8

Bottle green

336.6

356.1

375.6

19.5

39.0

Laurel green

308.5

343.1

356.1

34.6

47.6

Bombax

293.3

338.4

358.1

45.1

64.8

Cotton

content in bottle green cotton is the highest.

CONCLUSIONS
Green cotton has the high waxiness contents,
especially suberin, for which laurel green cotton is
higher than bottle green cotton. The excess content of
FIGURE 5 DTG curves of(a) white; (b) brown; (c) bottle green; (d)

suberin makes the lack and disappearance of

laurel green; (e) bombax cotton

O6-H···Obridge bond, therefore, the crystallinity and
crystallite size of laurel green cotton are lower than

The thermal degradation data of these cottons are

those of bottle green cotton, and those of brown

shown in TABLE II. It could be found that thermal

cotton were similar to of white cotton. Bombax

property of bottle green cotton was the most stable,

cotton has the lowest crystallinity and crystallite size,

whose Initial degradation temperature is higher of

but the degree of crystallite orientation is the highest.

30°C than that of common white cotton, but that of

Natural colored cottons, especially bottle green

laurel green cotton and brown cotton was only

cotton, showed a higher thermal stability, and

slightly more than of white cotton. As analyzed

bombax cotton has the lowest thermal degradation

before, the crystallinity and crystallite size of bottle

temperature, however, its（Te- Ti ) and (Tp- Ti ) are

green cotton are larger than those of laurel green

the highest among these cottons.

cotton. The higher lignin content is one of the
reasons

for

the

high

thermal

decomposition
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Abstract
This paper considers tussah and mulberry silk as targets to research the differences of their structures
and properties when treated by calcium salt. The study reveals that the water-dissolved rate of tussah is
less than that of mulberry silk under the same conditions; the breaking strength decreases of the two
silks are consistent with each other, while the breaking elongation of tussah increases and the other
decreases. The molecular conformations of the two silk fibers change from β-sheet to α-helix and
random coil during calcium salt treatment and this change is more obvious in mulberry silk fibers. The
crystallinity of tussah increases after calcium salt treatment for 30 minutes, while mulberry silk
decreases.
Key words: tussah; mulberry; calcium treatment; structure; properties
EXPERIMENTAL

INTRODUCTION
Shrink and curl of silk fibers occurred when

Material
4.3dtex tussah and 1.5dtex mulberry silks

they are treated by calcium salt solution. This
reaction has been applied to fiber modification,

came from Liaoning province of China.

and some new silk fibers have been developed.
The changes of mulberry silk structures and

Degumming

properties treated by calcium salt have been

The two silks are degummed twice with

researched by Yu-yue Chen et al, whose study

0.5%Na2CO3 solution for 30 min each, then

indicated that the secondary bonds of fibroin

rinsed thoroughly with distilled water, and

macromolecule made by polar group were

allowed to air dry at room temperature.

relocated with calcium treatment, making the
cross-section of fiber expand, and the axial
etc

The two silk samples were immersed into

demonstrated many micro pores appear in

40% calcium chloride solution for 30 minutes,

mulberry silk after calcium treatment [2]. Tussah

then turn into 5% EDTA at 100℃ for 5 minutes.

direction

contract

[1].

Lin

Hung

Calcium treatment

silk is the characteristic resource of China,
which has great differences with mulberry silk.

Mechanical properties

However, there has no report about the

Mechanical properties were tested with XQ-1

behaviors of tussah during calcium treatment.

fibrous Mechanica meter. The tensile velocity is

This paper investigated the differences of the

5mm/min.

structure and properties of the two kinds of silks
during calcium treatment by SEM、FTIR and

FTIR spectra

X-diffraction.

FTIR spectra of fiber samples were recorded
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with a Nicolet Nexus 670 FTIR spectrometer

in the mulberry, while tussah silk is just the

using the KBr disc technique.100 Scans were

opposite. Peptide chain -(Gly-Ala)n- is dominant

-1

taken with a resolution of 2 cm .

in mulberry silk, while –(Ala)n- in tussah silks
[2]. The intensive hydrophobic interaction
between lateral chains resulted in less dissolving

X-diffraction
X-ray diffractograms were recorded with a
Rigaku-D/Max-2550PC

diffractometer

loss for tussah. In addition, the binding force of

using

tussah in the crystallization area is greater than

Ni-filtered Cu-Kα radiation of wavelength

that of mulberry, leading to its poor solubility.

0.1542 nm. The X-ray unit operated at 40 kV
and 30 mA. Angular scanning was conducted
o

o

Mechanical properties

o

from 5 to 50 at 2 /min.

Mechanical properties of tussah and mulberry
silks treated by calcium salt under various time
are shown in Table II. The declines of the two

SEM
A JEOL JSM-5600LV electron microscopy

fibers in breaking strength were basically

with an accelerating voltage of 20 kV was used

consistent after calcium salt treatment for 60 min.

to

After calcium salt treatment, the elongation of

study

the

cross

section

and

surface

morphology of samples.

mulberry silk decreased with calcium treatment
time, while tussah increased at the same time.

RESULTS AND DISCUSSION

Obviously, after calcium salt treatment, the

Dissolving loss

dissolving loss of mulberry was relatively high,

Weight loss of the two silk fibers during

resulting in more pores and weak link, so that its

calcium salt treatment is shown in Table I. In the

breaking elongation decreased with the reduction

same treatment time, the weight loss of tussah is

of breaking strength. However the dissolving

smaller than that of mulberry. Both silks have

loss of tussah was lower, and calcium salt

important differences in the composition of

treatment destroyed the hydrogen bonds between

amino acids. The contents of Ala and Gly in two

polypeptide chains, therefore, it’s breaking

kinds of silks account for about 75% of the total,

elongation increased.

but the content of Gly is higher than that of Ala
TABLE I Weight loss (%) of the two silk fibers during calcium salt treatment
Time (min)

5

10

15

20

25

30

60

Mulberry

3.14

5.83

6.67

9.69

10.04

14.47

25.20

Tussah

1.00

1.90

2.10

2.20

4.30

6.70

7.40

TABLE II.

Mechanical properties of tussah and mulberry silks treated by calcium salt
Mulberry silk

Tussah silk

Time

Breaking strength

Breaking elongation

(min)

Mean

CV

Mean

CV

Mean

CV

Mean

CV

(cN/dtex)

( %)

(cN/dtex)

( %)

(cN/dtex)

( %)

(cN/dtex)

( %)

0

2.80

19.20

9.40

27.58

2.84

11.67

20.70

22.44

10

2.68

20.01

8.40

28.82

2.66

14.21

23.60

20.61

20

2.43

18.82

6.70

39.50

2.50

12.50

22.60

30.05

30

2.41

28.60

7.60

37.87

2.45

20.29

25.70

23.85

60

2.40

21.46

7.50

37.60

2.40

16.72

24.10

33.60
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Breaking strength

Breaking elongation

II from 1510 cm-1 to 1520 cm-1, which indicates
that calcium treatment caused mulberry silk
fibroin to change from β-sheet to α-helix

IR spectra analysis
FTIR spectra of mulberry and tussah by

conformation [4]. For tussah silk, amide II

calcium salt treatment for 30 min are shown in

showed a single peak at 1515cm-1 before

Figure1 and 2. After calcium salt treatment, the

calcium salt treatment, but after treated for 30

-1

absorption peaks of the two silks at 856cm

min, there was an unclear shoulder at 1530cm-1

disappeared, which suggests the Tyr residues are

except for a single peak at 1527cm-1. This

mainly distributed in amorphous areas and can

indicates the conformation transition from

be dissolved easily. The characteristic peak at

β-sheet to α-helix occurred for tussah after

-1

964cm for tussah increased, which indicates

calcium treatment. However, the position of

that the crystalline area of tussah did not

absorption peak in amide I did not change,

dissolve under calcium treatment. However, the

suggesting

-1

the

change

of

the

molecular

characteristic peaks at 997cm decreased in IR

conformation in tussah was less than of

spectra of mulberry, which shows that crystalline

mulberry.

area of mulberry decreased by calcium salt

16000

treatment for 30 min.
Intensity/CPS

14000
12000
10000
8000

a

6000

Transmittance /%

b

b

4000
2000
10

20

1750

30

40

1520

1650

2000

2θ/°

(1) Mulberry silk

1230

997

858

a

16000

1500

1250

1000

750

-1

14000

500
Intensity/CPS

Wavenumber /cm

FIGURE 1 FTIR spectra of (a) untreated mulberry silk and

12000
10000
8000

b

6000
4000

(b) mulberry silk treated with calcium for 30min

a

2000
10

20

30

40

2θ/°

(2) Tussah silk
FIGURE 3 X-diffraction curves of mulberry silk and tussah
silk (a. untreated; b treated by calcium salt for 30min)

856

964

a

2000

1750

X-ray diffraction analysis

1520

1650

1240

Transmittance /%

b

1500

1250

1000

Wavenumber /cm

750

X-diffraction curves of the two silks before

500

-1

and after calcium salt treatment are shown in

FIGURE 2 FTIR spectra of (a) untreated tussah silk and (b)

Figure 3. Crystallinity of mulberry reduced after

tussah silk treated with calcium for 30min

calcium salt treatment for 30 min whereas tussah

Silk fibroin conformation could be observed

increased. It can be seen from Figure 3, calcium

after calcium salt treatment. After mulberry was

salt treatment did not resulted in the change in

treated for 30 min, the absorption peak of amide

crystalline form of two silk fibers, and the

-1

-1

I shifted from 1640 cm to 1650 cm and amide

increase of crystallinity of tussah is mainly
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caused by the dissolution of amorphous areas.

after calcium salt treatment

The change of crystallinity in mulberry depends
on

the

relative

speeds

of

dissolving

in

CONCLUSIONS

amorphous areas and the transition from

Dissolving loss of tussah silk was less than of

crystalline to amorphous during calcium salt

mulberry silk because of its special peptide chain

treatment [5]. The predomination of the latter

–(Ala)n structure. After calcium treatment, the

leads to the decrease of the crystallinity in

change of breaking strength for tussah and

mulberry silks.

mulberry silk were consistent, presenting the
decline trend, but the breaking elongation of
mulberry silk decreased, while tussah silk

Morphologic observation
After calcium treatment, the fiber swelled, and

increased. The change from β-sheet to α-helix or

its molecular structure became relax, meanwhile

random coil conformation could be observed for

more pores appeared in fibrous cross section [6].

the two silk fibers, but the change of mulberry

The SEM photographs of two silk fibers at cross

silk was more obvious. After calcium salt

section and surface after calcium salt treatment

solution treatment, microporous appeared in the

were shown in Figure 4 and 5. Compared with

two silks, but the change of tussah is inferior to

tussah, there were more cavities in mulberry

that of mulberry silk.

silks, Meanwhile, after calcium salt treatment,
observation of the fiber surfaces also indicated
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pressure. The treatment gas was a mixture of
oxygen and Argon (0.5:100). Fiber samples were
placed into the barrier gap before turning on DBD.
Plasma treatment times were 20, 40, and 60seconds.
To avoid contamination from the atmosphere, each
sample was protected under argon in a sealed
quartz tube immediately after treatment and kept
for 24 hours before ESR test.

OBJECTIVE
The objective of this study is to confirm free
radical production by an atmospheric pressure
plasma reaction and to discuss how moisture regain
in wool can influence the outcome of plasma–
induced free radicals.
INTRODUCTION
Plasma treatments are increasingly used as an
effective method for improving the surface
wettability, shrink resistance and dyeing properties
of wool fibers [1]. Comparing with traditional low
pressure plasma, dielectric barrier discharge (DBD)
can be employed to continuous on-line industry use
due to its advantages of operating at atmospheric
pressure, free of arc discharge even at reasonably
high power levels [2]. Free radicals generated in
plasma treatment play an important role in
reactions for polymer surface modification [3].
Making investigation on free radical outcome is of
great significance to understand the mechanism of
plasma treatment and promote its application [4].
However, little research has been reported on this
point, especially for atmospheric pressure plasma.
According to our previous studies, moisture
content of the matrix is a key influence factor on
atmospheric pressure plasma treatment effects [5],
while in low pressure plasma this factor will not be
involved in the treatment.

Tests and analysis ESR spectra were recorded with
a Bruker Varian E X-band ESR spectrometer at
room temperature. The ESR scans were traced with
a 100 KHz microwave at a power level of 1mW.
RESULTS AND DISCUSSION
It is evident from figure 1 that the ESR signal
indicates free-radical character and the presence of
trapped free radicals in the DBD plasma treated
wool matrix. No significant signal due to
paramagnetic species has been observed in the
control wool sample. At short DBD plasma
exposure time (20 seconds), the apparent band
asymmetry of the signal suggests the ESR
spectrum may result from the convolution of
several different line shapes from induced radicals.
When the plasma during time increases up to 40
seconds, there are two new signals appear, one
located at about 12G below the central band and
the other at 43G above it. A subsequent increase in
the treatment time up to 60 seconds leads to a
tremendous increase of the central signal intensity
and the two new signals are still visible. These two
new signals seem to be correlated and appear or
disappear together, which is consistent with an
earlier report [6] on the occurrence of free radicals
in wool. The radical species present in DBD
plasma treated wool fibers can be attributed to
carbon or oxygen centered radical and nitrogen
radical.

EXPERIMENTAL
Materials Wool fibers (provided by Linglong
Textile Company, Zhejiang) were used in the
experiment. All samples were scoured twice in
acetone for 30 minutes to eliminate greasy
contamination, and vacuum dried for 12 hours in
room temperature. Before plasma treatment, the
samples were conditioned for 24 hours in 10% RH
environment, 65% RH environment or 100% RH
environment respectively.

The ESR spectra for the wool samples preconditioned in different relative humidity and then
treated by DBD for 40s are shown in figure 2. It
clearly shows that free radical formation is
inhibited in sample conditioned in 100% RH.
There almost no obvious spin signal consistent
with the other two samples appears in its spectra,

Plasma treatments An atmospheric pressure DBD
plasma (provided by Dacheng Company, Ningbo）
was used for the treatment. Two metal electrodes
coated with glass barriers with a gap of 3mm were
employed in the device to produce discharge with
1700V applied voltage power at atmospheric
- 106 -

overlapping of organic radical and nitrogen radical
which shapes and intensity change with increasing
the treatment time. The moisture content during the
treatment has tremendous influences on free radical
formation. Free radical formation is inhibited in
wool samples pre-conditioned in 100%RH before
plasma treatment. Intensive study should be done
to explore the influence of other treatment
parameters on free radical formation.

which seems quite similar to that for control one.
This phenomenon could be attributed to disruption
of intra- and inter- molecular hydrogen bonds in
wool by absorbed water, leading to decrease of
fiber crystallinity and swelling of the fiber bulk,
which facilitate plasma etching of wool fibers. It is
possible that the presence of activated low
molecular weight compounds produced through
plasma etching and the absorbed water molecules
in the wool matrix could quench the free radicals.
On the other hand, the looser fiber macromolecular
structure could make free radical recombine more
easily.
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FIGURE 1. ESR signal corresponding to control wool fiber and
the DBD plasma treated wool fibers (65% RH conditioned) for
20, 40, 60 seconds.

100% RH

65% RH

10% RH

FIGURE 2. ESR signal corresponding to 10%, 65%, 100% RH
conditioned, DBD plasma treated (40 seconds) wool fibers.

CONCLUSIONS
Atmospheric pressure DBD plasma irradiation can
efficiently cause free radical formation in the wool
matrix. The ESR signal could be attributed to the
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Abstract
A modified Polyacrylonitrile (PAN) fiber containing amidoxime groups and its fiber-Fe complex with ferric ions
were prepared, then their mechanical and thermodynamic properties were investigated in this study. The results
showed that the breaking strength and elongation at break of the PAN fibers gradually decreased with the
amidoximation increasing. The mechanical properties of the fiber-Fe complex depended on its Fe content. Small
amount of ferric ions coordinating with the fibers had a negative effect on their breaking strength and elongation
at break, but high concentration of ferric ions could impart excellent mechanical properties to the fiber due to
the crosslink generated by the intermolecular complexation. DMA results also showed that the molecular
construction of amidoximated PAN fiber with high conversion of nitrile groups had experienced serious damage,
but which was significantly recovered by coordinating with high concentration of ferric ions due to the bridged
effect.
Key words: amidoximated PAN fiber; ferric ion; complex; mechanical properties; thermodynamic properties
fiber. Nevertheless, the information of specific
factors affecting the mechanical properties such as
the conversion of cyano groups to functional groups
and loading metal ion content of the fiber is still
deficient up to now. For this purpose, the
amidoximated PAN fibers with different CP% (the
degree of conversion from cyano group to
amidoxime group) and their Fe-complexes with
various Fe content were prepared, then their
mechanical properties were investigated in this
study.
Furthermore,
the
thermodynamic
characteristics of PAN fiber, the amidoximated PAN
fiber and its Fe-complex were also studied in this
paper, which can provide useful information about
structure of the modified PAN fiber and is
especially important in establishing their possible
applications.

INTRODUCTION
Using modified polyacrylonitrile (PAN) fibers
containing functional groups (carboxyl, amide,
amidoxime, etc.) as efficient sorbents for the heavy,
transition and noble metals from aqueous media has
attracted much attention in recent years because of
their unique advantages, such as large specific
surface area, significant adsorption rate and
enhanced adsorption capacity, as well as easy
handling [1]. Moreover, the compounds of modified
PAN fiber coordinated with metal ions can be used
as heterogeneous Fenton catalyst for the oxidative
degradation of organic pollutants in waste water [2].
Therefore, a lot of efforts have been made to study
the synthesis of these fibrous materials and their
adsorption properties, adsorption mechanism
towards metal ions and practical applications [3, 4],
etc. However, little attention has been focused on
the physical properties of these fibrous materials
such as mechanical performance [5, 6], which is
closely related to their functionality, durability and
practicality. Lin WP et al. [5] prepared an
amidoximated PAN fiber and reported that a higher
amidoximation temperature would cause the fiber
with inferior mechanical properties. Ishtchenko VV
et al. [2, 6] synthesized a kind of modified PAN
fiber by hydrazine and hydroxylamine under
alkaline conditions, and then ligated the metal ions
onto the fiber surface. They pointed out that after
modification the mechanical strength of the fiber
was greatly reduced, but no change in properties
was observed after the metal ions ligating onto the

EXPERIMENTAL
Materials and reagents
The commercially available PAN threads with a
length of 2 m and diameter of 20 ± 1 um were
obtained from Shanghai Phoenix Decoration
Corporation of China. The contents of carbon,
hydrogen and nitrogen in this fiber was determined
to be 66.31, 22.97 and 5.51 wt %, respectively by
Elemental Analyzer (Elementar Analysensysteme
Co.Ltd, Germany). According to these results the
contents of acrylonitrile was calculated to be 86.96
wt %. All of the other reagents used in the study
were analytical grade.
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measured, and the results are shown in Figure 1.
It is found from Figure 1 that the breaking strength
and elongation at break of dry fiber samples
gradually decreased with their CP% increasing.
This is due to the increased amidoximation of PAN
fiber. The morphology of PAN fiber can be
described by the classical two-phase model [7]. In
this model, the discrete crystalline domains of the
order of several hundred angstroms are mixed with
amorphous domains of similar or smaller size. The
low crystallinity and orientation of the crystalline
molecular segments as a result of amidoximation
imparted low tensile strength to the fibers. In
addition, the amidoximation reaction would
decrease the molecular uniformity and encounter
microvoids in the fiber, leading to a decrease of
breaking strength and elongation at break under the
influence of stress concentration [8]. In other words,
the low crystallinity, orientation and presence of
microvoids in the fiber may be responsible for the
inferior mechanical properties of amidoximated
PAN fibers.

Synthesis of amidoximated PAN fiber
PAN threads (1.0 g), hydroxylamine hydrochloride
and sodium hydroxide, with a weight ratio of 1: 2.5:
0.48, were placed into a 250 ml flask, to which 40
ml of distilled water was also added. After being
treated at 68℃ for several hours, the threads were
taken out and washed with distilled water until
neutral, and then dried under vacuum overnight to
obtain the amidoximated PAN fibers, and their
CP% was calculated by the method presented in
literature [5].
Coordination process
1.0 g of the amidoximated PAN fibers were placed
into a 50 ml FeCl3 aqueous solution at room
temperature for 5 h under mild stirring to form the
amidoximated PAN fiber-Fe complexes. And then
the resulting fiber-Fe complexes were taken out and
repeatedly washed with distilled water, and finally
dried under vacuum until constant weight was
reached. The residual concentration of ferric ions in
solution
was
determined
by
using
a
Na2-EDTA-based titrimetric method. And then Fe
content (CFe-PAN) of the fiber-Fe complexes was
calculated as a mass.

25
dry samples
wet samples

20

FIGURE 1. Relationship between breaking strength and
elongation at break of the amidoximated PAN fibers and their
CP%.

RESULTS AND DISCUSSION
Tensile strength
Effect of CP%
The amidoximated PAN fibers with different CP%
were prepared by controlling reaction time. Then
their breaking strength and elongation at break were

Figure 1 (a) also presents that the breaking strength
of wet fiber samples were lower than that of the dry
ones, and the decreased trend with increasing CP%
was more significant. This is due to the deteriorated
combinations among the chains in the fiber.
Because of the swelling behaviour of the fiber in

Breaking strength(N)

Testing methods
The tensile strength of the dry and wet (the water
content was about 100% w/w) fiber samples was
measured by using YG065 laboratorial tensile tester
(Laizhou electronic instrument Co.Ltd, China)
according
to
the
Chinese
Standard
GB/T3923.1-1997 based on ISO/DIS 13934.1-94.
The distance between the two clamps before the test
was kept to be 200 mm, and the testing speed was
20 mm/min. All tests were carried out under
ambient atmosphere conditions. Prior to the wet
strength measurement, the fiber samples were
soaked in distilled water for 10 min. After excess
water of the samples was removed by using
laboratorial VF 15685 Padder (Werner Mathis AG
Co.Ltd, Switzerland), the samples were gripped
between clamps in the tensile tester and were
immediately subjected to tensile strength
measurement. The data shown correspond to
averages of at least 5 individual tests for each
sample.
Model DMA 242 Dynamic Mechanical Analyzer
(NETZSCN Co.Ltd, Germany) was employed to
investigate the dynamic mechanical behaviours of
the fiber samples, and thermal scans from 0 to 250
℃ were conducted at the heating rate of 10 ℃/min
with the frequency of 5 Hz.
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water, the water molecules could enter the polymer
and destroy the physical ties among the chains such
as Van der Waals bonding and hydrogen bonding,
leading to a decrease in the breaking strength of the
fiber. Furthermore, this damage would be
aggravated by increasing CP% due to the increased
hydrophilicity of the fiber. The increased trend of
elongation at break of the wet fiber samples with
increasing CP% observed from Figure 1 (b) would
be a result of the improvement of macromolecular
flexibility caused by the deteriorated intermolecular
combinations.
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(b) Elongation at break

Effect of CFe-PAN
As can be seen from Figure 2 that with changing
CFe-PAN from 17.19 to 79.75 mgg-1, the breaking
strength and elongation at break of both dry and wet
fiber samples significantly decreased, and reached
to a minimum value at the CFe-PAN of 79.75mgg-1,
then began to increase rapidly with increasing
CFe-PAN. The decreased trend of the breaking
strength with increasing CFe-PAN could be attributed
to the increase in the density of the packing and the
decrease in the uniformity of molecular structure
after ferric ions ligating onto the fiber. These effects
resulted in a decrease in breaking strength and a
more rigid fiber with lower elongation at break. But
the increased breaking strength and elongation at
break of fiber-Fe complexes at CFe-PAN above
79.75mgg-1 is due to the bridged effect of ferric ions.
Our previous study found that single ferric ion
could coordinate with three amidoxime units in
different molecular chains by covalent bond when
the amidoximated PAN fibers were used to
coordinate with ferric ions [9]. This may lead to an
increase in crosslink among the amidoximated PAN
fibers and a decrease in the segment mobility.
Therefore, it is reasonable to anticipate that small
amount of ferric ions coordinating with the fibers
have a negative effect on their breaking strength and
elongation at break, but high concentration of ferric
ions can provide fibers with excellent mechanical
properties for manufacture and using as a kind of
fibrous structure material as a result of bridged
effect of ferric ions.

FIGURE 2. Effect of CFe-PAN on breaking strength and elongation
at break of the amidoximated PAN fiber-Fe complexes. CP% of
the amidoximated fibers used is 78.97%.

Dynamic mechanical analysis
The thermodynamic behaviours of original PAN
fiber, the amidoximated PAN fiber and its
Fe-complex were studied by using DMA technique
to obtain the storage modulus (E') and energy
dissipation (tan δ), and the results are given in
Figure 3 and Figure 4.
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FIGURE 3. Storage modulus of original PAN fiber (a), the
amidoximated PAN fiber (b) and its Fe-complex (c). CP% of the
amidoximated fibers used is 78.97%, and CFe-PAN of the
amidoximated PAN fiber-Fe complex is 145.8mgg-1.
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FIGURE 4. Tan δ of original PAN fiber (a), the amidoximated
PAN fiber (b) and its Fe-complex (c). CP% of the amidoximated
fibers used is 78.97%, and CFe-PAN of the amidoximated PAN
fiber-Fe complex is 145.8mgg-1.
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Figure 3 shows that initial storage modulus of PAN
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high concentration of ferric ions due to the bridged
effect.

fiber was reduced significantly after the
amidoximation. But after coordinating with ferric
ions, the Fe-fiber complex exhibited a higher E'
than original PAN fiber. The lower E' value of the
amidoximated PAN fiber was due to the low
crystallinity
and
deteriorated
intermocular
combinations. The breakage of the paracrystalline
region in PAN fiber which can store energy and
avoid energy dissipation, would lead to a decrease
in the storge modulus. On the other hand, when the
cyano groups of PAN fiber were substituted by
amidoxime groups possessing larger volume, the
combinations of the chains such as Van der Waals
bonding and hydrogen bonding would be damaged,
in the case of experiencing a stress, greater strain
may be induced, which would cause a decrease in
the storage modulus. However, when coordinating
with ferric ions, the higher E' value of the
amidoximated PAN fibers is mainly owing to the
crosslink of ferric ions among the fibers, which
could enhance the intermolecular combinations
through coordination bonds between ferric ions and
amidoxime groups. This result reflected the
enhanced intermolecular crosslink generated by the
complex of ferric ions.

ACKNOWLEDGEMENTS
This work was kindly supported by a grant from the
Natural
Science
Foundation
of
China
(No.20773093). The authors thank the support from
the Ministry of Education of China through a grant
from Research Fund for the Doctoral Program of
Higher Education of China (No.20070058005). The
research was also supported in part by ‘‘Open-Lab
Grant (2005-01)’’ from the State Key Laboratory of
Environmental Aquatic Chemistry, Research Center
of Eco-Environmental Sciences, Chinese Academy
of Sciences.
REFERENCES
[1] Li Y, Liu RX, Zhang BW, “Application of an
imidazoline group-containing chelating fiber for the
determination of trace noble metals in
superhigh-temperature alloys”, Fresenius J Anal
Chem, 2000, 366, 821-824.
[2] Ishtchenko VV, Huddersman KD, Vitkovskaya
RF, “Production of a modified PAN fibrous catalyst
and its optimisation towards the decomposition of
hydrogen peroxide”, Appl Catal A, 2003, 242,
123-137.
[3] Bilaba N, Bilba D, Moroi G, “Synthesis of a
polyacrylamidoxime chelating fiber and its
efficiency in the retention of palladium ions”, J
Appl Polym Sci, 2004, 82, 3730-3735.
[4]
Gong
BL,
“Synthesis
of
polyacrylaminoimidazole chelating fiber and
properties of concentration and separation of trace
Au, Hg and Pd from samples”, Talanta, 2002, 57,
89-95.
[5] Lin WP, Lu Y, Zeng HM, “Preparation of the
amidoxime group containing chelating fiber and
adsorption property of gold Ⅰ. Prepartion of
chelating
fiber
by
amidoximation
of
polyacrylonitrile fiber”, React Polym, 1992, 17,
255-261.
[6] Ishtchenko VV, Huddersman KD, Vitkovskaya
RF, “Investigation of the mechanical and
physico-chemical properties of a modified PAN
fibrous catalyst”, Appl Catal A, 2003, 242, 221-231.
[7] El-Shishtawy RM, Ahmed NSE, “Anionic
coloration of acrylic fiber. Part 1: Efficient
pretreatment and dyeing with acid dyes”, Color
Technol, 2005, 121, 139-146.
[8] Morton WE, Hearle JWS, “Physical properties
of textile fibres”, London: The Textile Institute
Heinemann, 1975, 299-303.
[9] Dong YC, Du F, Han ZB, “Coordination
structure between modified PAN fiber and Fe(Ⅲ)
ion and its catalytic function on degradation of azo
dyes”, Acta Phys Chim Sin, 2008, 24(11),
2114-2121.

(2) Energy dissipation (tan δ)
It is observed from Figure 4 that at low temperature
tan δ of original PAN fiber was reduced after the
amidoximation and further decreased after
coordinating with ferric ions. It is well known that
the ratio of loss modulus to storage modulus gives
the tan δ, and it may be regarded as a measure of
energy dissipation of the material. As for the
amidoximated PAN fiber, the low crystallinity and
deteriorated intermocular combinations would
result in a decreased friction and less energy
dissipation, leading to a lower tan δ. The lowest tan
δ of the fiber-Fe complex is attributed to the
enhanced intermolecular crosslink which would
limit the segment mobility and cause less energy
dissipation. This result gave another evidence of the
bridged effect of ferric ions in the fiber mentioned
above.
CONCLUSIONS
The breaking strength and elongation at break of the
amidoximated PAN fibers gradually decreased with
their CP% increasing. Small amount of ferric ions
coordinating with the fibers have a negative effect
on their breaking strength and elongation at break,
but high concentration of ferric ions can impart
excellent mechanical properties to the fiber due to
the crosslink generated by the intermolecular
complexation.
The DMA analysis results were in agreement with
the tensile strength testing results. The
amidoximation would cause the inferior
thermodynamic properties of PAN fiber, but which
was significantly recovered by coordinating with
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ABSTRACT
This paper is aiming to develop the whisk broom fiber as textile material due to its environmental benefits and
excellent physical characteristics.The current work is concerned with the development of the technical fibers
from the original plant and research on their reinforcing properties in the innovative composites. The chemical
constitution was quantitatively tested firstly and compared with those of some other vegetable fibers. It reveals
that the chemical constitution of whisk broom fiber is much closer to that of bamboo. The strength, length,
width as well as the ratio of the last two were tested and analyzed in succession. The max fiber strength of the
technical whisk broom fiber is close to that of jute and bamboo. The strength as well as the dimension of whisk
broom fibers shows a large potential of being used as the new kind of reinforcing material. Polypropylene fiber
was used as matrix in this research which was fabricated into fiber mats with whisk broom fiber together.
Whisk broom fiber reinforced PP laminates were manufactured from the prepreg through the hot-pressing
process. The tensile and bending properties of laminates were tested. The SEM micrographs of fracture surface
of the laminates were analyzed as well. The results reveal that whisk broom fiber plays an important role in
laminates when burdening the load. The mechanical properties in lengthwise direction are prior to those in
transverse. Tensile and bending properties are improved with the increase of whisk broom fiber’s weight in
fiber mats. The tensile and bending strength in lengthwise direction of the 50/50 laminates are 103.09MPa
and131.43MPa respectively. The mechanical properties of whisk broom fiber reinforced PP laminates in this
research are able to reach or even exceed those of other similar vegetable fibers reinforced composites.
Keywords: whisk broom fiber; fiber strength; composites; mechanical propertie
a lot of work and the theoretical results enlightened
this research to a certain extent.

INTRODUCTION
As is known the problems of environment and
resources have been of greater importance all
around the world nowadays. A series of researches
have been carried out aiming at the pollution, lack
of resources and the better utilization of natural
resources in the last few years[1]. The development
and research on new kind of plant fibers especially
caught eyes of textile and material fields. Such
researches mainly included fiber’s treatment and
spinning capability. The development of pineapple
leaf fibers came to front among them. The details
we should listen to Yu Chongwen and Zhang
Mingyuan’s research on properties of pineapple
leaf fibers and spinning technology[2], Li Yinhuan
and Huang Maofang’s chemical treatment on
surface of pineapple leaf fibers and its
applications[3], W Liu, M Misra and P Askeland’s
manufacture of pineapple leaf fiber reinforced
composites and the estimation of their properties[4]
etc. Besides these, there were researches on other
kind of plant fibers, such as the palm fiber[5],
eulaliopsis binata[6], the meyer sedge fiber[7], and
also the research on nettle fiber and hemp
fibers[8,9,10] etc. The above researchers really did

Whisk broom, abundant in Asia and North
America, belongs to one kind of broomcorn
agrotypes. It could survive the drought and
waterlog easily with characteristics of simple
cultivation and short growth period. The green and
natural characters, the producible and friendly
processing as well as the economical and durable
products, promoted for many years the production
of cleaning appliances for rooms and kitchens in
whisk broom industry. Besides the environmental
profits, the length of whisk broom including stem
and fringe is quite long with natural color and
luster. With regard to fully utilization of natural
resources in order to enrich the category of textile
materials it could be important significance to
develop whisk broom fiber for textile applications.
There hasn’t been any report related to this
research at home and abroad up to now.
1 EXPERIMENT
1.1 Chemical constitution
Quantitative analysis of the chemical constitution
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of whisk broom fiber can be of great help to define
the substances existing in the plant and hence to
design the suitable degumming and extracting
technology. The test of chemical constitution was
performed according to GB 5889-86 concerning

ramie due to the lack of method special for whisk
broom by far. TableⅠshows the chemical
constitution of whisk broom and some other plant
fibers[11]
in
detail.

TABLE Ⅰ Chemical constitution of whisk broom and that of other plant fibers
Constitution(%)

whisk broom

lipid

jute

flax

hemp

0.60

0.3~0.7

1.2~1.8

1.6~1.8

bamboo
—

water soluble matter

10.91

1.5~2.5

4.5~5.5

9.0~10

7.5~12.5

pectin

1.01

1.1~1.3

1.4~5.7

7.0~8.0

0.5~1.5

hemicellulose

14.74

16~19

12~15

16~17

20~25

lignin

28.84

11~15

2.5~5

7.0~8.0

20~30

cellulose

43.90

50~60

65~70

55~60

45~55

As observed from Table Ⅰ that the chemical
constitution of whisk broom is similar to that of
bamboo, jute, flax and hemp. The content of lipid
and pectin is few, the one of lignin is higher, the
cellulose, however, lower than that of the above
fibers. The content of each kind of substance in
whisk broom is much closer to that of bamboo.

such as hemi-cellulose, part of pectin and lignin to
remove them from whisk broom fiber. At the same
time, NaOH could supply an alkaline environment
for H2O2 to oxidate and bleach fibers. H2O2 could
also oxidate and wipe off part of lignin. Thus the
process was able to realize degumming and avoid a
more complicated and time consuming flow.

1.2 Degumming and Extracting

1.3 Fiber testing

Like most of other vegetable fibers, the connection
between cellulose mainly depends on pectin and
hemi-cellulose. In order to separate filaments or
filament bundles the non-cellulose substances must
be removed as much as possible. There are several
kinds of degumming methods nowadays such as
chemical boiling-off, bio-enzyme, the combination
of the two methods above and the ultrasonic etc. For
the preliminary study, the chemical method was
chosen in this research. That was to mix NaOH and
H2O2 in one bath to degum and bleach the fiber.
NaOH reacted with the non-cellulose substances

The degummed fiber is soft and slippery being wet
while stiff and coarse being dry. It is in light golden
and owns a similar touch to that of jute.
Technical fiber was the result of the degummed fiber
being loosened and combed. Microscope was used to
observe and test the width. The length of the fibers
was tested by array diagram method. The tested fiber
strength was from the fiber of optimized degumming
technology. The details could be found in Table Ⅱ.

TABLE Ⅱ Physical properties of whisk broom fiber
length /mm

width /um

Ratio of

min.~max, average min~max, average length and width
28.9~197.9, 56.6

13~132, 32

1768.8

As observed in Table Ⅱ, both the length and width
of technical fibers are discrete in a definite range.
The main reason to that is probably that the whisk
broom fibers separate into bundles after being

percentage of

fiber strength

short fibers/%

/ cN.tex-1

36.2

27.50

degummed. The amount of filament in each bundle,
however, is quite different which is like other
vegetable fibers mentioned before. On the one hand,
the pectin and non-cellulose substances were
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removed a lot to make the fibers separate easily. On
the other hand, it is necessary to remain a certain
quantity of them to keep fibers in bundles which
guarantee the expected length and strength for textile
materials.
The percentage of short fibers is 36.2%, which is a
little higher if it is used as the spinning material
singly. While the ratio of length and width is over
1700 and the optimized fiber strength reached 27.50
cN/tex which is close to that of jute (26.01cN/tex)
and bamboo (35.7cN/tex). All these parameters show
a large potential of being used as the new kind of
reinforcing material.

according to their quality. The mixed matrix and
reinforcing material were loosened and combed into
fiber mats as the prepreg of the composites. The
whisk broom fiber reinforced PP laminates were
achieved eventually through hot-pressing process on
the machine.
1.5 Testing of mechanical properties of laminates
T tensile and bending specimen of the laminates
were made according to the standards of ASTM
(D63814) and ASTM (D790) respectively. The type
of testing machine used here was the Instron 3369.
he
2 RESULTS AND DISCUSSION

1.4 Manufacture of whisk broom fiber reinforced
PP composites

2.1 Mechanical properties of laminates

The technical whisk broom fiber was used as the
reinforcing material to mix with PP fiber evenly at
the ratio of 0/100, 40/60 and 50/50 respectively

TableⅢ was the results of mechanical properties of
whisk broom fiber reinforced PP laminates.

TABLE Ⅲ Mechanical properties of whisk broom/PP laminates
Specimen ratio of quality

tensile strength

tensile modulus

bending strength

bending modulus

/MPa

/Gpa

/MPa

/Gpa

transverse* lengthwise * transverse lengthwise transverse lengthwise transverse lengthwise
1

0/100

37.37

50.70

1.05

1.27

63.04

78.90

2.12

2.34

2

40/60

3

50/50

70.73

72.82

1.33

1.50

95.08

100.30

3.06

3.59

74.58

103.09

1.36

1.56

107.60

131.43

3.65

4.22

*transverse and lengthwise represent the testing direction vertical and parallel to that of the fiber combing respectively.

It could be seen from TableⅢ that the distribution of
whisk broom fiber in fiber mats play an important
role for the mechanical properties of laminates
regarding the same specimen. Parallel-laying was
used in this research which resulted that most of the
fibers were parallel to the lengthwise of fiber mats.
Thus the burdening ability of laminates in lengthwise
is strengthened. It is shown in Table Ⅲ that the
mechanical properties in lengthwise direction are
prior to those in transverse. With respect to the three
kinds of laminates made of different quality ratio, the
tensile and bending properties improve with the
increase of quality of whisk broom fiber in the mats
due to more fiber’s burdening the load. It is not the
better the more reinforcing fiber however. When the
whisk broom fiber is too much in the mats, the
content of matrix is small which could not penetrate
and soak the fiber enough. The mechanical
properties of laminates would be decreased in stead.
The mechanical properties of whisk broom fiber
reinforced PP laminates in this research is prior to
those of the wooden crushed plate in common use

whose tensile strength is 15~18Mpa, tensile modulus
is 1.0~2.4Gpa[12] . The tensile and bending strength
in lengthwise direction of the 50/50 laminates are the
best in this research. They are 103.09MPa and
131.43MPa respectively which could reach or even
exceed those of other similar vegetable fibers
reinforced composites[13,14].
2.2 Analysis of SEM micrographs of fractured
surface
Figure 1 (a) and (b) are the SEM micrographs of
tensile fractured surface in lengthwise of whisk
broom fiber reinforced PP laminates with quality
ratio of 50/50. Figure 1 (a) shows the basic shape of
whisk broom fiber in the composites. Most of the
fibers lie towards the same direction in lengthwise in
the picture which is the result of combing process for
fiber mats. It could be seen from Figure 1 (b) that it
is ideal for the combination of whisk broom fiber and
PP matrix. The matrix filled between fibers and their
roots are buried into the matix. The whisk broom
fibers stand upright from the matrix after being
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drawn to break due to burdening the load which
reveals that the fibers play an important role of
reinforcing the matrix. There are also few holes on
the matrix because the whole fibers are pulled out
which means that some parts of combination of
whisk broom fiber and PP matrix need to be
strengthened in further research.

(a)

(b)
FIGURE 1. SEM micrographs of fracture surface of whisk broom
fiber/PP laminates

3 CONCLUSIONS
(1) The content of cellulose of whisk broom fiber is
43.90% and other contents of chemical
constitution are similar to that of bamboo.
(2) The max strength of technical fiber is close to
that of jute and bamboo fiber.
(3) Whisk broom fiber could play an important role
in the composites when burdening the load.The
mechanical properties of whisk broom fiber
reinforced PP laminates in lengthwise direction
are prior to those in transverse.
(4) The abundant resources as well as the good
mechanical properties make the whisk broom
fiber worth further researching on developing it
as the new kind of reinforcing material.
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Abstract
For several decades, development efforts in ring spinning were focused on improving the existing technology
and incorporating automation and process-linking capabilities. It is well known that compact spinning technique
has been introduced as one of the best spinning innovations of this century. The concept behind the spinning
technology is that the strand of fibers issuing from the drafting system is condensed (usually pneumatically) and
this gives the yarn a more compact structure and a superior quality, especially in terms of hairiness and strength.
In compact spinning, compact groove is a pivotal organ by which fibers motion is controlled. The theoretical
approach of airflow distribution at compact groove, however, is still lacking. In this paper, a
geometric-probabilistic method was adopted, and airflow distribution at compact groove was described and the
probability of fiber compacting was analyzed. The new concept of compact degree and inhalation rate were
defined in this paper and the relationship between the compact groove parameters and sliver width was
discussed with mathematical deductions. This theoretical method can improve compact spinning effect and
analyze airflow distribution at compact groove. The results show that it will have the best compact effect when
the parameters of the compact groove, sliver width and airflow distribution satisfy certain equation which is
based on the hypothesis for compact degree equaling the inhalation rate. The new method is an alternative way
different from fluid dynamics and proves to be available.
Keywords: compact spinning; a geometric-probabilistic method; compact groove; compact degree; inhalation
rate
INTRODUCTION
Since compact spinning was shown for the first
time in the 1999 Paris International Textile
Machinery Exhibition (ITMA'99), it had been
applied in China and the rest of the world [1].
Today, there are a number of designs offered by
different machine manufacturers, but they all use
the same principle, namely condensing the fibrous
strand at the end of the draft region pneumatically
[2]. The main compact spinning machine producers
available today are Zinser by AirCom-Tex 700
(CompACT3), Rieter by K44 (Com4) and Suessen
by Elite. However, some other companies such as
China Ningbo Dechang Precision Textile
Machinery Company Limited—compact spinning
with inspiratory groove system have recently
introduced their own designs to the market, which
is added a slot-roller in front roller of ring spinning
frame. The compact spinning with inspiratory
groove system is shown in Figure 1. The slot-roller
is pressed on the surface of the front roller and
rotated relying on the friction between them. The
center of slot-roller is the inspiratory groove, at the

bottom of which has the same size and uniform
distribution round holes. The round holes in
condensing zone are connected with inner hollow
of the slot-roller and the others are insulated by
solid inner gallbladder. The principle is that fiber is
inhaled the groove by negative pressure to
condense, and then become yarn. Compact
principle and yarn construction have been reported
by several scholars [3-5]. Fu Peihua studied the
flow field rule on E1iTe system [6], but the
compact principle of airflow has not been
mentioned. Much of the research has been done
based on the simulation of the fields by
hydrodynamics. However, such a simulation can
not give an analytic mathematical expression, so
the evidence of the analytic calculation is still
lacking. In this paper, a research method of
geometric-probabilistic was adopted by which
airflow distribution at compact groove was
described. It will provide an important theoretical
method to improve compact spinning effect and to
analyze airflow distribution at compact groove.
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Let the width of the groove be L , field strength
parameter be a . Denote the origin of the
coordinate as the center of the groove and the line
parallel to the groove as the x-axis. Denote the
y-axis as the line perpendicular to the groove.
Denote the line perpendicular to the x-y surface as
the z-axis. So a three dimensional space is set.
Defining
z=

Figure 1. The compact spinning with inspiratory
groove system

(1)

a2
⎛
x ⎞⎛
y2 ⎞
⎜⎜1 + d 2 ⎟⎟⎜⎜1 + c 2 ⎟⎟
⎠
⎠⎝
⎝
2

Then the function describes the field strength
distribution at the groove. z stands for the field
strength at the point ( x, y ) , and parameter d and
c stand for the shape parameters of the surface.
We consider the projection of the Eq.(1) on x-z
surface and choose the two turning points of the
equation above as the two ends of the groove, then
we have

ANALYSIS OF THE FIELD STRENGTH IN A
PLAIN OF COMPACT GROOVE
The section of compact groove was shown in
Figure 2. From it we can find that the effect of
compact groove depends on the negative pressure,
the width of the groove and of the strand of fibers.
Another important factor is the distribution of field
strength at the groove. If the width of the groove is
favorable, all the fibers of the strand will enter the
groove so as to improve the effect of the twisting
and avoid the fibers at the edge. When the negative
pressure emerges under the flow of the groove, a
flow field of certain strength will exist at the
neighbor of the groove.

z=

(2)

a2
4 2⎞
⎛
2
⎜1 + 2 x ⎟ 1 + ay
⎝ 3L
⎠

(

)

Eq. (2) reflects the field strength at the groove.
Figure 3 is the three-dimension layout of the
strength at the groove in a specific case with L =4/3
and a =1 and. From it we can see that there exists
stronger field strength near compact groove and the
weaker field strength at the distant places. Because
of the character of the air flow, the flow strength at
each point of the field has a diverging property.

Figure 2. The section of the condensing zone
The field strength at the groove is a stereo structure.
In practice, the important concern is the field
strength on the plain of the strand and the compact
groove. So the model is much concerned about the
field strength at the groove. In the analysis of the
field strength in our model, the distribution of the
field strength is mainly discussed. We use surface
of second degree to describe the strength of the air
flow at the groove. This can be analyzed using
three-dimension mathematical methods.

FIGURE3. Shape of compact groove and qualitative indication

Figure 4 is the layout of the groove and the strand,
and b is the width of the strand, L is the width of
compact groove. In general, the width of the strand
is greater than that of the groove. If the width of
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the stand is much larger than the width of the
groove, then the system will give strand a larger
compact degree. In contrary, if the width of the
strand is near the width of the groove, the compact
degree will be less than the previous situation.

two-dimension in order to express the probability
quantitatively.
Let P( x, y ) be a probability density function of
fibers being absorbed at point (x, y )
(4)

P (x , y ) = kf ( x, y )

Where, k is the proportional
and f ( x, y ) is defined as before. Then

2

R − S1

Substituting

FIGURE 4. The relation of strand and the width of the groove

2

R − S1

f ( x, y )

by z , we have
(6)

⎛π
3L2 ⎞ 1 π
⎟⋅
1 = k ⋅ a 2 ⎜⎜ − arctan
⋅
4 ⎟⎠ a 2
⎝2

So we define the compact degree as follows.
Q=

(5)

∫∫ P( x, y)dxdy = ∫∫ kf ( x, y)dxdy

1=

coefficient,

(3)

b
L

So the coefficient k is certain.

Q stands for the compact degree.

Then we can calculate the probability of fibers in
S 2 , S3 being absorbed into the groove as

When b = L , then Q = 1, the compact degree goes to the
minimum value. For certain width of the strand, the
smaller the width of the groove, the better the
result it will be. The difference of the strand width
and the width of the groove reveal the effect of the
compact device. So the definition of the compact
degree is to show the function of the compact
device in the processing.

T=

S 2 + S3

=k

2

2

3

S2 , S3

L

is a descending

function with respect to L , and inhalation rate is an
increasing function with respect to L . So the
balance point of them is the condition that the
probability reaches the maximum value while the
compact degree takes a proper value. Then we have

3

absorbing the fibers in regions

⎛
4π ⎛⎜
arctan⎜⎜
⎜
6⎝
⎝

For certain b , compact degree b

At the same time, we can divide the region into
three parts S , S , S (see Figure 4). The fibers in
region S1 can be totally absorbed into the groove.
And S , S are symmetric ones in which the fibers
being absorbed into the groove depends on the
strength of the airflow. The larger the groove is, the
more the fibers can be absorbed into the groove. At
the same time the compact degree will go down. So
the contradiction will have a balance point with
respect to the parameters concerning the width of
the groove and the strength of the airflow. We
define an inhalation rate for the fibers in the
regions S 2 , S3 . It refers to the probability of
1

⎛ 3L2 ⎞ ⎞ π
⎛ 3 ⎞
8 ⎛⎜
⎟⎟
Lb ⎟⎟ − arctan⎜⎜
arctan⎜⎜
⎟⎟
⎜
4
3L ⎝
⎝ 4 ⎠⎠ 2 2
⎠
⎝
(7)
⎛ 3L2 ⎞ ⎞
3 ⎞
⎟⎟
Lb ⎟⎟ − arctan⎜⎜
⎟⎟
4
4
⎠⎠
⎠
⎝

∫∫ R( x, y)dxdy = k ⋅

⎛ 3 L2
⎞
⎛ 3
4π ⎛⎜
b
arctan ⎜⎜
=k
Lb ⎟⎟ − arctan ⎜⎜
⎜
4
L
6⎝
⎝ 4
⎠
⎝

⎞⎞
⎟⎟ +1
⎟⎟
⎠⎠

(8)

Where the 1 added in the back of the equation is to
insure the intersection of the two equations.
CONCLUSIONS
The effect of the compact groove depends on the
negative pressure, the width of compact groove and
of the strand of fibers. Another factor is the
distribution field strength at compact groove. The
geometric-probabilistic method is used in this issue
to find out an equation of some variables
concerning the compact groove. The balance
equation is achieved and the parameters can be

for certain

width of the groove and the strength of the airflow.
We assume that the probability of the fibers being
absorbed in region S2 , S3 is proportional to the
strength of airflow at each point in the regions.
Then we construct a field of probability of
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found by experiment. The approach and the results
can be used in the optimization of the compact
spinning and the effect of the compact groove
device can be improved.
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Abstract
We have successfully prepared the blend bio-fibers from cellulose and soy protein isolate (SPI) in
NaOH/thiourea/urea

aqueous

solvent

by

coagulating

with

10

wt

%

H2SO4/12.5

wt

%Na2SO4aqueoussolution.The structure and properties of the as-prepared blend fibers were
characterized by Fourier transform infrared spectroscopy(FTIR), scanning electron microscopy (SEM)
and tensile testing. The values of tensile strength and elongation at break for the blend bio-fibers with
10 wt % of WSPI reached 1.86 cN/dtex and 10.3%, respectively.
Keywords: cellulose/SPI; blend bio-fibers; spinnability; mechanical properties
INTRODUCTION
Biomacromolecules from various renewable

The blend films prepared from cellulose with

biomass resources, such as Polysaccharides and

animal protein such as casein [2] and silk fibroin

proteins have been considered as alternatives for

[3,4] have been investigated by Zhang[5]. The

petroleum-based polymers. Cellulose are the

cellulose films containing 10 wt% WSPI were

most

important

found have special porous properties and higher

biomacromolecules in nature, which have been

abundant

tensile strength and elongation at break than

considered as inexpensive and yearly renewable

other cellulose films[6].However, the bio-fibers

resource for various applications and the ideal

based on the directly dissolving methods had

substances

biodegradable

never been mentioned. There is no doubt that the

materials. Soy protein, generally regarded as one

blend bio-fibers have great potential as a kind of

of the most important groups of plant protein,

biological and medical materials.

of

and

developing

has great potential to be used as plastics in many
applications, which will reduce environmental

In this work, we attempted to prepare blend

waste and add value to agricultural products.

fibers from cellulose and SPI through the novel

Considering that the combination of proteins and

solvent -NaOH/thiourea/urea aqueous solution

cellulose can express many biological functions

for the first time [7]. The properties of the

and constitute the tissues of plants and animals,

prepared blend fibers, as well as the interaction

the

between cellulose and SPI throughout various

composites

based

on

biocompatible

polysaccharides and proteins show a potential as

characterizations

biomedical materials [1].

discussed. Literature has showed that blend films
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were

investigated

and

of SPI and cellulose have biocompatibility [6].

The 10 wt % H2SO4/12.5 wt % Na2SO4 aqueous

Therefore, the novel blend fibers of complex

solution was selected as the coagulation bath.

system of cellulose/SPI are expected to be an

The temperature of the coagulation bath was 20

important method for combining the advantages

℃. After spinning, the fibers were washed and

of both components and may have better

gradually

dried

at

ambient

temperature.

properties than either component.
EXPERIMENTAL
Materials
The cellulose (cotton linter pulp) was supplied
by Shanghai Cellulose Pulp Factory, China. The
viscosity-average molecular weight ( M η ) of the
cellulose was determined by viscometry in
4

cadoxen to be 8.56×10 . Cellulose samples were

FIGURE 1. Sketch of multifilament spinning machine
1-a pressure extrude with a stainless cylinder having cooling
jacket; 2-coagulation bath 3-Nelson-type roller;4-washing
bath; 5-heated roller; 6-take-up device

shredded into powder, and dried in a vacuum
oven at 70℃ for 24 h before use. Commercial

Characterization

soy protein isolate (SPI) was purchased from

The FTIR spectrum (3800-600cm-1) of blend

kayon biological technology Co, Ltd (shanghai,

fiber was recorded using a Nicolet 410

China), and vacuum-dried at 60 ℃ for 4 h to

spectrometer with a resolution of 4cm-1 and 64

contain 2% water content. All chemicals

scans per sample. Morphology of the fibers was

employed were of analytical grade and were

characterized on a JEOL JSM-5600LV scanning

purchased from commercial sources in China.

electron microscope (SEM). The fiber was
frozen in liquid nitrogen, snapped immediately,

Preparation of blend solution and fibers

and vacuum-dried. The free surface (side

5 wt % cellulose solution was prepared by

contacting the coagulant) and cross-section of

dissolving Cotton linter in 8 wt % NaOH/6.5 wt

the fiber was sputtered with gold for SEM

% thiourea/8 wt % urea aqueous solution as

measurements. The tensile property of the

described in the previous work[7].SPI was

as-spun fiber was measured on a universal

dissolved in the 6 wt % NaOH aqueous solution

tensile tester (XQ-1, Donghua University, China)

at room temperature to get a slurry with 10 wt %

according to ASTM method D2256-80.

of SPI content. The SPI solution was mixed with
the cellulose solution to obtain mixture solutions

RESULTS AND DISSCUSSION

containing 10 wt % of WSPI. The resulting

The IR spectrum of blend fibers is shown in

mixture solution was stirred at room temperature

figure 2. The broad band at 3423 cm−1 in pure

for 30 min and degassed at 10℃ by centrifuging.

cellulose fiber was ascribed to the stretching
absorbance of −OH. However, it shifted to a

A laboratory scale wet-spinning apparatus was

lower wavenumber in the blend fibers, as a result

used to prepare the regenerated cellulose fibers,

of the introduction of protein composition into

as schematically shown in figure1. The cellulose

cellulose and the formation of new hydrogen

solution was introduced into the cylinder at room

bonds [3, 8]. It also can be found in Figure 2 that

temperature. A pressure of 0.1 MPa was applied

cellulose and SPI exhibit carbonyl groups at

to the spinning dope to extrude it into

1,637 and 1,661cm-1, respectively. However,

coagulation bath using a spinneret of 24 orifices.

when
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they

were

blended,

two

apparent

absorption bands (around 1,650 and 1545cm-1)

intermolecular

appeared,

molecules.

indicating

intermolecular

the

hydrogen

presence
bonds

of

interactions

with

protein

between

cellulose and SPI molecules.

a

Pure SPI particles
Pure Cellulose fiber
SPI/Cellulose blend fiber
3500

3000

2500

2000

1500
-1

1000

Wavenumber / cm

b
FIGURE 2. FTIR spectra of Cellulose/SPI blend fibers, SPI
particles and pure cellulose fibers

The SEM micrographs of blend fibers are shown
in figure 3. The Cellulose/SPI blend bio-fibers
c

exhibited smooth topography and cylindrical
shape. What's more, the SPI particle can be
found along the surface of the blend fiber and
bigger pore size in the cross-section of fiber can
be found compared with that of pure cellulose
fiber. This difference arises in part from the

d

addition of SPI. Cellulose has three hydroxyl
groups per anhydroglucose unit while SPI is rich

FIGURE 3. SEM images of the surface of the blend fibers

in amine, amide, carboxyl, and hydroxyl groups.

(a,b), cross-section of the fibers(c,d)

In the blend solution, SPI partly destroyed the
interaction between solvent and cellulose chains

TABLE 1. Mechanical properties of cellulose/SPI blend

by a much stronger interaction between amido

fibers and pure regenerated cellulose fibers.

groups of SPI, and then the exposed hydroxyl
groups of cellulose prompted the formation of a
Fiber

new physical crosslinking network with a bigger
pore size than that of pure cellulose itself.

Cellulose/SPI

As can be found in Table1, the enhancement of

blend fibers

the tensile strength of the blend fibers with 10

cellulose

interaction between cellulose and SPI. Long
form

strong

intra-

and

strength

at break

cN/dtex

%

%

1.86

10.3

55

1.81

12

61

fibers

chain cellulose molecules, containing many -OH
will

Elongation

Regenerated

wt% of WSPI is another indicator for the strong

groups,

χc

Tensile

These interactions may include hydrogen-
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bonding, dipole-dipole and charge effects. In

microporous formation of cellulose/silk fibroin

addition, blending long molecules in SPI could

blend membranes. I. Effect of coagulants”,

bring about molecular entanglements, which in

Journal of Membrane Science

turn will improve the mechanical properties of

153-161.

cellulose. The decreasing of crystallinity of

[4]Yang, G.,Zhang, L., Cao, X., Liu, Y.,

blend of cellulose/SPI blend fibers may be

“Structure

explained for it. In the SPI composite film

cellulose/silk fibroin blend membranes. Part II.

reinforced with ramie and flax fiber, strong

Effect of post-treatment by alkali”,

interfacial hydrogen-bonding interaction was

of Membrane Science, 210, 2002, pp 379-387.

also found [9-11].

[5]Zhou, J., Zhang, L., “Solubility of cellulose in

CONCLUSION

sodium

Novel blend fibers of cellulose/SPI were

and

microporous

hydroxide/urea

177,2000,pp

formation

aqueous

of

Journal

solution”,

Polymer Journal (Tokyo) 32,2000, pp866-870.

prepared in NaOH/thiourea/urea aqueous solvent

[6]Luo, L.,Wang, X., Zhang, Y., “Physical

by coagulating with 10 wt % H2SO4/12.5 wt %

properties and biocompatibility of cellulose/soy

Na2SO4 aqueous solution. The blend fibers

protein isolate membranes coagulated from

exhibited smooth topography and cylindrical

acetic

shape. By addition of SPI, the particle and

Biomaterials Science, Polymer Edition,19, 2008,

apparent pore size can be found in surfaces and

pp479-496.

cross-sections of the blend fibers measured by

[7]Zhang, S.,Yuan, B., Li, F., Yu, J., “Structure

SEM. The results from FTIR revealed good

and properties of novel cellulose fibers”,

miscibility between cellulose and SPI in the

Chemical

blend fibers with 10 wt % of WSPI, as a result of

pp171-173

the strong hydrogen bonding between hydroxyl

[8]Kondo,

groups of cellulose and amido groups of SPI

“Characterization of hydrogen bonding in

molecules. The enhancement of the tensile

cellulose- synthetic polymer blend systems with

strength of the blend fibers with 10 wt % of WSPI

region selectively substituted methylcellulose”,

is another indicator for the strong interaction

Macromolecules, 27, 1994, pp210-215.

between cellulose and SPI. Cellulose/SPI blend

[9]Lodha, P., Netravali, A., “Characterization of

fibers is not only environment-friendly material,

phytagel modified soy protein isolate resin and

but the biomedical application can be expected,

unidirectional flax yarn reinforced "green"

especially for the tissue engineering scaffold.

composites”, Polymer Composites, 26, 2005,

aqueous

solution”,

Fibers
T.,

Journal

International,58

Sawatari,

C.,

,

of

2008,

Manley,

R.,

pp647-659.
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Preparation of Wool-Fe (III) Complex Catalyst and Its
Application in Degradation of Acid Black 234
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Abstract
Wool-Fe (III) complexes were prepared by coordination of wool fibers with ferric ions and characterized using
FT-IR and SEM, and then used as the heterogeneous Fenton catalysts for the degradation of an azo dye, C.I. Acid
Black 234 in the presence of H2O2 under light irradiation. The effects of irradiation intensity and Fe content of
Wool-Fe (III) complex on the dye degradation were investigated with respect to the discoloration percentage in this
work. The results indicated that Wool-Fe (III) complexes can be prepared by coordination of wool fibers with ferric
ions, and increasing ferric ion concentration in solution led to high Fe content of Wool-Fe (III) complex. Moreover,
it is found that Wool-Fe (III) complex have a significant catalytic effect on the dye degradation, especially under
light irradiation. With increasing Fe content of Wool-Fe (III) complex and high irradiation intensity can accelerate
the dye degradation.
Keywords: Wool fiber; Ferric ion; Photocatalyst; Azo dye; Degradation
(1) Pretreatment of wool yarns
INTRODUCTION
A given weight of wool yarns were treated with an
Heterogeneous Fenton technology becomes a hot
research area in handling with persistent organic
aqueous solution containing 1.0 gl-1 JFC at 40℃ for
pollutants because of its strong withstanding pH
30 min under slow stirring, and then rinsed
and capable reutilization. The preparation method
thoroughly with distilled water and dried in the
for heterogeneous Fenton catalyst turns into key
open air.
issue. It has been reported that several organic
material have been used as substrates such as
(2) Coordination reaction
Nafion membrane [1,2], ion exchange resin[3],
Dried wool yarns were weighed accurately via
alginate gel[4] and polyacrylonitrile fiber[5] to
AL204 electronic analytical balance, and then were
anchor Fe ions. Wool fiber is a kind of high natural
immersed in a given concentration (CFe) of FeCl3
polymer material and can coordinate with metallic
aqueous solution for about 5 h to obtain wool–Fe
ions such as palladium ions and iron ions to form
complex (Wool-Fe). Make sure that the ratio of
complexes, which have been used as hydrogenation
weight of wool yarns to the volume of FeCl3
catalyst [6]. In this study, we are interested in
solution was 1: 40. Wool yarns. The resulting
preparing Wool-Fe (III) complex (Wool-Fe)
Wool-Fe was taken out and repeated washing until
catalyst by using wool fiber as loading material to
no chloride ion left, and dried in vacuum system.
coordinate with ferric ion. And then Wool-Fe was
used as the heterogeneous Fenton catalyst for the
Characterization of Wool-Fe
degradation of an azo dye in the presence of H2O2.
The residual concentration of FeCl3 solution was
Two important effecting factors on dye degradation
determined by complexometric titration method
including Fe content of Wool-Fe and irradiation
after coordination for the calculation of Fe content
intensity were investigated.
(CFe-Wool) of Wool-Fe.
Composition of Wool-Fe was verified by using
APPROACH
NEXUS-670
Fourier
transforms
infrared
Materials and reagents
spectrometer (Nicolet Company USA). Scanning
Bleaching wool yarns were commercially available.
electron microscopic observations on specimens of
A commercial azo dye, C.I. Acid Black 234 was
Wool-Fe was carried out using KYKY-2800
used in this work, and purified using re-dissolving
scanning electron microscope (Apparatus Factory,
method before use. Other reagents were all of
Chinese Academy of Sciences, China).
analytical grade.
Dye degradation
Preparation of Wool-Fe
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and effect of ferric ion concentration (CFe) on Fe
content (CFe-Wool) was presented in Figure 1.

The photoreaction system was specially designed
for this experiment and consists mainly of chamber,
lamps, electromagnetic valve, relay, and water bath.
A 400 W high-pressure mercury lamp (Osram
Foshan Illuminance Company, China) and a 125 W
UV lamp (365 nm) obtained from Shanghai
PhilipsYaming Company China) were used for the
photocatalytic reaction. Ten open Pyrex vessels of
150 ml capacity were used as reaction receivers in
water bath. The schematic diagram of which was
described as our previous study [7]. Light intensity
inside photocatalytic reaction system was measured
using FZ-A radiometer that responds to light of
400-1000 nm and UV-A radiometer responding to
the UV-A region (BNU Light and Electronic
Instrumental Factory, China), respectively. The
average radiation intensity was measured to be
UV(365 nm)：0.49 mW/cm2，visible light（400-1000
nm）：5.07 mW/cm2, unless otherwise specified.
Wool-Fe was firstly fixed on small glass rack, and
then placed into 100 ml of test solution containing
50 mg L-1 Acid Black 234 and 3.0 mmol L-1 H2O2
at pH 6.0, and exposed to irradiation of lamps in
photoreaction system. At different time intervals,
1-2 ml of the test solution was withdrawn and
diluted suitably, and the absorbance of which was
measured at the λ max of the dye solution.
Concentration of the dye was determined with a
UV-2401 Shimadzu spectrophotometer. The
temperature in reaction vessel was kept at 25±1°C.
The discoloration percentage of the dye was
expressed as:
D%
(1)

=

(1-C/C0)

×

70

-1

CFe-wool (mgg )

60
50
40
30
20
10
0
0.00

0.05

0.10

0.15

0.20

-1

C Fe (molL )

FIGURE 1. Relationship between CFe and CFe-wool

Figure 1 shows that there is a good linear
relationship between CFe-wool and CFe, and which
can be depicted by Eq. (2).
CFe-wool =334.6CFe–0.351

（R = 0.9956）

(2)

This may be explained that there are great number
of coordinating sites such as disulfide bonds, amino
groups and carboxyl groups in the scale layers of
wool fibers, which are sufficient to react with ferric
ions. And as raising ferric ion concentration in
solution, more and more ferric ions interpenetrate
into the scale layers of wool fibers and were fixed
on wool fibers during the preparation.
Characterization for Wool-Fe
FT-IR analysis
Figure 2 shows that the characteristic absorption
band of disulfide bond in original wool fiber is
located between 1000 cm-1and 1200 cm-1[8]. It is
found that the intensity of absorption peak at
1020-1070 cm-1 in spectrum line a greatly decrease
comparing with spectrum line b, illustrating that
disulfide bonds had experienced obvious change,
which could be attributed to the coordination
reaction between sulfur atoms and ferric ions.

100%

Where C0 is the initial concentration of the dye
solution, and C is the residual concentration of the
dye solution.
RESULTS AND DISCUSSION
Preparation of Wool-Fe
Wool fiber, as a kind of natural macromolecular
compound is composed of variety of amino acid,
which were linked by disulfide bonds. And it is
found that the disulfide bonds on wool fiber show
strong ability of coordination with transition metal
ions to form wool metal complexes [6]. Besides,
amino groups and carboxyl groups in wool fibers
also can react with transition metal ions by to
produce the stable complex. Thus, it becomes
possible to prepare Wool-Fe through reaction of
wool fiber with ferric ions in this experiment. 1.0 g
of wool yarns were treated with different
concentrations of FeCl3 solutions at 20℃for 5 h,

On the other hand, stretch vibration absorption
spectra of NH is at 3300 cm-1 and the characteristic
absorption bands at 1690-1600 cm-1, 1575-1480
cm-1, 1301-1229 cm-1 and 767-625 cm-1 are
corresponding to amide I (C=O stretching
vibration), amide II (CN stretching vibration, NH
flexural vibrations), amide III (CN stretching
vibration, NH flexural vibrations)and amide
IV(OCN flexural vibrations etc.)[8], respectively.
The strength of these absorption peaks in spectrum
of Wool-Fe become weak compared to spectrum of
original wool fiber. This suggests that nitrogen
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atoms and oxygen atoms in amino acid have
coordinated with ferric ions.
a

Degradation of Acid Black 234
Effect of CFe-wool
0.50 g of Wool-Fe with different CFe-wool as the
catalysts were added into 100 ml Acid Black 234
aqueous solutions respectively. Then the
photocatalytic degradation of Acid Black 234 was
conducted and the results were presented in Figure
4.

IV

b
II

III

I
VI
V

100

-1

C Fe-wool (mgL )
0.00
1.12
3.36
8.53
35.72
69.42

4000

3500

3000

2500

2000

1500

1000

D%
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FIGURE 2. FT-IR spectra of Wool-Fe (line a) and original wool
fiber (line b)
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FIGURE 4. Relationship between CFe-wool and D%

It is observed from Figure 4 that D% is 24.33%
within 70 min in the absence of Wool-Fe. This is
probably due to the limited adsorption of Acid
Black 234 on the wool fiber. D% value gradually
increases with CFe-wool increasing from 1.12 to 69.42
mgg-1, indicating that Wool-Fe play a significant
catalytic role in the dye degradation under
irradiation. This may be because Wool-Fe as the
catalyst can accelerate the decomposition of H2O2
to generate more powerful oxidative hydroxyl
radicals (HO·), which are responsible for
degradation of dye molecules absorbed on the
surface of Wool-Fe.

(a)

Irradiation effect
The degradation of Acid Black 234 was conducted
in the presence of 0.50 g Wool-Fe and H2O2 under
different intensity of irradiation (listed in Table 1),
and the results were shown in Figure 5.
It is found from that D% value gradually increases
with the prolongation of reaction time in the dark.
But D% value is less than 40% within 70 min. This
illustrating that Wool-Fe as the catalyst has
catalytic capability for degradation without
irradiation. More importantly, high light irradiation
causes an increased D% value, and when dye
solution is under highest light irradiation (D), D%
value is more than 80%.

(b)
FIGURE 3. SEM images of Wool-Fe (panel a) and original wool
fiber (panel b)

As can be seen from Figure 3 (a) that the scales
were orderly arrayed on the surface of wool fiber.
However, Figure 3 (b) shows that the most of
scales were covered by a lot irregular particles
distributing uneven on wool fiber. Therefore, it can
induce that coordination between ferric ions and
wool fiber occurred on wool fiber.
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complex, and thus resulting in a fast degradation of
C.I. Acid Black 234.

TABLE I. Four different irradiation intensities

ultraviolet
light(365nm)/
mW/cm2
0.00
0.38
0.49
0.99

irradiation
(A)
(B)
(C)
(D)

visible light
(400-1000nm)
/ mW/cm2
0.001
1.58
5.07
9.38
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intensity of
illumination
/ Lux
1.8
5.11×103
22.1 ×103
27.4 ×103

The reason may be that Wool-Fe is activated in the
UV and visible light region. Another possible
explanation is that azo dyes such as Orange II could
act as the sensitizer of Fe (III)/Nafion/glass fibers to
lead to a conversion of Fe (III) to Fe (II) ions during
photoassisted Fenton reaction [2].
100
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FIGURE 5. D% at different irradiation

In this work, we believed that Acid Black 234 has
the same effect as Orange II due to the similarity in
molecular structure among them. Therefore, the
photosensitization of the dye molecules adsorbed
on Wool-Fe may lead to a charge transfer with the
concomitant quenching of the excited dyes* and the
formation of dye+, was suggested by Eq. (3) and (4)
and (5).

3+

Dye* + Fe / Wool
HO

(3)

Dye*

Dye + hv

+ Dye+ or Dye

Dye+ +

2+

Fe / Wool

Products

(4)
(5)

CONCLUSIONS
Wool-Fe complex can be prepared by coordination
of wool fibers with ferric ions. And increasing
concentration of ferric ion in solution leads to
Wool-Fe complex with high Fe content during the
preparation.
Wool-Fe
complex
as
the
heterogeneous Fenton catalyst can enhance the
effective degradation of C.I. Acid Black 234 in
water. High CFe-wool and increasing light irradiation
improve the catalytic performance of Wool-Fe
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Research on Enzyme Boiling Out and Bleaching Technology
Based on Flax Roving
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ABSTRACT
We adopt pectin compound enzyme to boil out flax roving. Use catalase to remove the residual oxydol left after
bleaching with oxydol. Then adopt orthogonal table in mathematical statistics and variance analysis. States the
affects brought by enzyme concentration, ph, temperature, time etc to boiling out and bleaching. The optimal
technical parameter and technical route of enzyme boiling and bleaching are confirmed. The sought optimal
technique: concentration of oxydol is 8 g/L, pH value is 9, temperature is 65℃, duration is 50min, mixing speed
is slow, and concentration of compound enzyme is 0.006g/L. 3. Catalase is used for removing the residual
oxydol in flax roving after the bleaching with oxydol. Through variance analysis, the biggest influential factor is
duration, and the next is the concentration of catalase, temperature, and pH value. The sought optimal technique:
concentration of catalase is 0.06g/L, pH value is 7, duration is 20min, and temperature is 50℃. Inspection
analysis shows that boiling & bleaching liquid is of no pollution, which can realize clean production.
KEY WORDS: flax roving; boiling out; bleaching； enzyme
There are impurities in flax roving, such as pectin
and lignin, which bring about many inconveniences
for primary processing and dyeing & finishing
manufacture. How to remove those impurities in
fiber and to reduce the damage to linen fiber
maximally at the same time has become the
problem that textile dyeing and finishing workers
concern. Traditional boiling and bleaching
techniques adopt chemical medicines like NaOH
and H2O2 etc, which pollute water resource
seriously. Although companies have adopted
biochemical process and biological enzyme etc to
handle the polluted water, but the result is not
satisfactory [1]. Through literature searches, there is
no report on flax roving enzyme boiling out and
bleaching technical technology research.

carbonate, sodium silicate, JH-VHF35 chelating
agent (from Shanghai Zhenxiang Chemical
Company), JFC penetrant and potassium
dichromate.
1.3 Equipment
Electronic balance, electric air blowing drying box,
pH-25 acidimeter, constant temperature shaking
water boiler, constant temperature water boiler,
capillary effect shelf and color-difference meter.
2 Method
Method of boiling-bleaching-on bath, two steps,
section division, material filling: heat up to 65℃,
add compound enzyme, chelating agent, and
penetrant, keep the temperature for 50 min, add
oxydol and sodium silicate, heat up to 95～98℃,
keep the temperature for 80 min, then rinse.

This article adopts pectin compound enzyme to
boil out flax roving. Use catalase to remove the
residual oxydol left after bleaching with oxydol.
Analyze various factors of enzyme boiling out and
enzyme removing the residual oxydol. The optimal
technical parameter and technical route are
confirmed.

3 Results
3.1 Measure of capillary effect
The determination of textile capillary effect is
carried out by hanging the sample of some
specification on the bracket, with the lower end in
potassium dichromate liquid, then the liquid will
ascend along the capillary to some height, which
can be indicated by the ascended height (cm) of
liquid within 30 min.

1. Experiment
1.1 Materials
Flax roving is provided by Zhaorong Flax Textile
Co., Ltd

3.2 Measure of whiteness
Measure L value, a value, and b value under L
system with color difference meter, and calculate
W value with Henter Jada Formula:

1.2 Reagents
Pectin compound enzyme, catalase (from Danmark
Novozymes Company), hydroperoxidation, sodium
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W=100-[(100-L)2+a2+b2]1/2

4. Discussion
Method of boiling-bleaching-one bath uses L18 (37)
Orthogonal Table and residual H2O2, removal uses
L9(34) Orthogonal Table. Table 1 and Table 2 show
the levels of factors, Table 3 shows the results, and
Table 4-6 show the variance analysis. [3]

3.3 Measure of residual H2O2
Apply oxydol analysis testing strip 1.10011.0001
which is produced by German Merck Company.

Table 1 Enzymolysis Experiments
Level

A: Concentration
of Oxydol(g/L)

1

B:
Blank

C:
Temperature(℃)

D:
Time(min)

E
:Running
frequency(Class)
Low

F: Concentration of
compound enzyme
p(g/L)
0.006

6

55

40

8.5

2

7

60

50

Middle

0.004

9

3

8

65

60

High

0.002

9.5

From Table 4 we can see that the temperature for
boiling out of pectin compound enzyme flax roving,
concentration of compound enzyme, and ph value
affect capillary effect obviously.

Table 2 Experiment of Hydroperoxidation Removal
With Catalase

Level

A:Concentration
of
Catalase
(g/L)

B

C

D

pH
value

Time
(min)

Temperature
(℃)

1

0.02

5

10

30

2

0.04

5

15

40

3

0.06

7

20

50

Table 4 Variance Analysis of Determination Result
Capillary effect
Source
of
varianc
e

Capillary
effect(cm/30min)

Whiteness
(%)

Residual
H2O2
Amount

1#
2#

16.2
17.6

49.3
50.6

5
2

3#

16.9

44.2

0

#

13.9

49.5

0.5

5#

17.5

50.2

0.5

#

17.8

46.7

2

7#

17.2

52.3

0.5

#

8

17.2

54.5

0.5

9#

18.3

48

0

4
6

Deviati
on
quadrat
ic sum

Freed
om
degree

Mean
square
sum

F
value

Signif
icance

A
0.4
2
0.2
0.36
C
5.86
2
2.93
5.25
**
D
1.98
2
0.99
1.77
E
1.01
2
0.505
0.91
F
6.26
2
3.13
5.6
**
G
5.35
2
2.675
4.79
*
Rando
2.79
41
0.068
m error
Quadra 23.65
53
tic sum
Note: F0.1(2,41)=2.44; F0.05(2,41)=3.23; F0.01(2, 41)=5.17

Table 3 Testing Results of Enzymolysis And Method
of Bleaching & One Bath Technique

No.

G: pH
value

4.1.1 Temperature
The biochemical reaction of enzyme catalysis is
ofendothermal reaction. The rate of reaction
accelerate with the increase of temperature.
However, enzymes are proteins with biological
activity, and the reaction temperature relatively
low.. When temperature exceeds the physiological
temperature of enzyme, there will be irreversible
denaturalization and inactivation, and enzyme will
lose the function of catalysis[4]. The higher the
temperature, the higher the capillary effect. When
the temperature reaches 65℃, capillary effect

Note: Experiment of residual H2O2 amount adopts L9(34),
so there are nine experiment values.

4.1 Factors for capillary effect
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shows the maximum value, what is the optimal
temperature for enzyme function is 65℃.

4.2 Affecting factors to whiteness
The concentration of oxydol affects whiteness most
obviously, and duration affects whiteness
obviously as well.

4.1.2 pH value
pH value is one of the biggest factors that affect
enzyme reaction. Changing of pH value may
change activation of enzyme, which will arise
irreversible denaturalization. Therefore, during the
experiment, the pH value of liquid should be
adjusted before cutting, then add enzyme. The
three pH values for the experiment are 8.5, 9, 9.5.
Through analyzing the experimental result, we
know that, with the increase of pH value, capillary
effect will increase first, and then decrease. When
pH value is 9, capillary effect will reach the
maximum value, which means that the optimal pH
value for enzyme function is 9.

Table 5 Variance Analysis of Determination Result
Whiteness

4.1.3 Concentration of compound enzyme
Reaction for substratum concentration to enzyme
catalysis can be indicated by the Michaelis-Menten
equation [9]:
µ=v[s] / (Km+[s])
In the formula, µ is the reaction speed tested when
substratum concentration is [s]; Km is MichaelisMenten constant mol/L(Km is the substratum
concentration when enzymatic reaction speed is
equal to the maximum reaction speed); v is the
maximum reaction speed when substratum
concentration is saturated.

Source
of
varianc
e

Deviati
on
quadrat
ic sum

Freedo
m
degree

Mea
n
squa
re
sum

F
val
ue

Significa
nce

A
C

28.75
4.71

2
2

11.71

2

9.7
11.5
93.9

**

D

14.3
75
2.35
55.85

63.1
11.2
70.9

E

9.21

2

F

3.76

2

54.60
51.88

G

2.76

2

1.38

Rando
m error

60.72

41

1.48

Quadra
tic sum
of total
deviati
on

121.62

53

*

3

4.2.1 Dosage of oxydol
From Table 4 we can see that with the increasing
of oxydol, whiteness of boiled out roving will be
improved accordingly. When the concentration of
oxydol is 8 g/L, the whiteness will reach the
maximum value.

When substratum concentration is much lower, the
speed (initial speed) of enzyme catalytic reaction
will increase quickly with the increasing of
substratum concentration. And the reaction speed
forms direct ratio with substratum concentration at
the same time. As substratum concentration
increases, the reaction speed will not be enhanced
according to the direct ratio any longer. When
substratum concentration has increased to some
extent, the reaction speed will reach the maximum
value, and the reaction speed will remain the same
even if the substratum concentration continues to
increase. The capillary effect of yarn will increase
with the increasing of enzyme concentration. But
when enzyme concentration reaches to some value,
the wetting property of yarn will not enhance with
it dramtically. From the experimental result we can
see that when enzyme concentration is 0.006g/L,
the capillary effect is the best.

4.2.2 Duration
Like general chemical reaction, enzyme, as a kind
of catalyst, its molecular weight is not changed
after the reaction. The longer the reaction duration
is, the higher the conversion rate of substratum will
be. By analyzing the experimental results, we find
that when the duration is 50min, whiteness can
reach the maximum value, which means that the
optimal duration of enzyme function is 50min.
4.3 Affect factors of residual oxydol
Duration is the most important factors that affect
the removal of residual oxydol in flax roving with
catalase, concentration of catalase is the second
important factor, and temperature and pH value
affect least.
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65℃, duration is 50min, mixing speed is slow, and
concentration of compound enzyme is 0.006g/L.

Table 6 Variance Analysis of Determination Result
Residual H2O2
Sou
rce
of
vari
ance

Deviation
quadratic
sum

Freedom
degree

Mean
square
sum

F
valu
e

A

6.23

2

3.115

2.16

C

7.73

2

3.865

2.67

D

3.73

2

1.865

1.29

Ran
dom
erro
r

2.89

2

1.445

Qua
drati
c
sum
of
total
devi
atio
n

20.58

8

Sig
nifi
can
ce

2. Through variance analysis, affects brought by
various factors to tested residual oxydol result
content are of the same effect and level, which
means that the affect factors tend to be uniform.
3. Catalase is used for removing the residual
oxydol in flax roving after the bleaching with
oxydol. Through variance analysis, the biggest
influential factor is duration, and the next is the
concentration of catalase, temperature, and pH
value. The sought optimal technique: concentration
of catalase is 0.06g/L, pH value is 7, duration is
20min, and temperature is 50℃.
4. Inspection analysis shows that boiling &
bleaching liquid is of no pollution, which can
realize clean production.
References
[1] Li Haijing et al. Overseas and domestic cotton
fabric biologic enzyme refining technology, dye
printing, 2001, (9): 38-40.

Note: F0.1(2,2)=9; F0.05(2,2)=19; F0.01(2, 2)=99.

[2] Chen Yepu et al. Inorganic and analyzing
chemical experiment. Beijing: Chemical Industry
Press, 1998. 58-59.

4.3.1 Duration
The content of residual oxydol will decrease with
extension of duration. When the reaction duration
reaches 20 min, content of oxydol will be the
minimum value.

[3] Zhou Wenlong. Application of enzyme in
spinning. Beijing: Spinning Industry Press, 2002.
53-59.

4.3.2 Concentration of catalase

With the increase in enzyme concentration, the
content of residual oxydol will decrease with it.
When concentration of catalase reaches 0.06g/L,
the removal amount of oxydol is to the utmost.

[4] Wang Furen et al. Application of biologic
enzyme in pre-processing. Dye printing, 2003, (3):
10-13.

5. Conclusion
1. Pectin compound enzyme is used for boiling out
of flax roving. Through the variance analysis of
determined whiteness, the biggest influential factor
is the concentration value of oxydol, and duration,
mixing speed, temperature, concentration of
compound enzyme, and pH value are the secondary
influential factors. Through the variance analysis of
tested capillary effect, concentration of compound
enzyme, temperature, and ph value affect capillary
effect obviously, while concentration of oxydol,
duration, and mixing speed affect capillary effect
less. The sought optimal technique: concentration
of oxydol is 8 g/L, pH value is 9, temperature is
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Spinability of Demestic New Star Fine Denier
Meta-aramid Fibre
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ABSTRACT
To disuss the spinability of New Star fine denier meta-aramid fiber, such properties as moisture absorption,
mechanics, crimp, friction, static behavior were mesured, and the results indicate that the breaking strength of
the fine denier meta-aramid fibre decreases, but its breaking elongation and initial modulus increases. Especially,
its moisture absorption immproves obviously and specific resistance reduces evidently compared with common
PET fibres. The crimp and static friction factor are all smaller than that of polyester fibre, which indicated that
the cohesion of the fibre is poor but more Smooth. Suggestions to solve the possible problems in spinning are
also given.
Keywords:Fine denier meta-aramid fibre; spinability;hygroscopicity; tensile properties; friction properties
1.

INTRODUCTION

2.2 Tensile property

Demestic New Star meta-aramid fibre is a high

The mechanical properties were tested on the XQ-1

heat-rasistant fibre with excellent thermal stability,

Fibre Strength Instrument in an atmosphere of

flame

chemical

20±2℃ and 65±3% relative humidity. The test length

stability and radiation resistance. Properties come to

was 10mm. The tensile rate was 10mm/min. The

advanced level among the same products in the word.

pre-tension was 0.05CN.The number of sample was

New Star meta-aramid fibres are used in filtering

50.

retardance,

electric

insulation,

material of high temperature and protective clothing
to replace imported fibres in demestic market. But at

2.3 Hygroscopicity

present, the study of meta-aramid fibre focused on

The fibre was weighed in a standard atmosphere of

the fibre with conventional fineness 1.5 ~2 denier,

20±2℃ and 65±3% relative humidity every 10

little work is on the spinability and new products

minutes, till the equilibrium of moisture absorption

development.

and desorption was obtained. Then the change of

In

this

paper,

experiments

and

comparations are made between demestic New Star

moisture regain was calculated.

fine denier meta-aramide fibre and polyester fibre on
tensile properties, hygroscopicity, crimp, surface

2.4 Crimp property

friction

Theoretical

The crimp property was tested on YG362 Fibre

principle for the production and development are

properties,static

behavior.

Crimp Elasticity Tester. The average number of all

given.

the crimp peaks and troughes, and the crimp recovery
were calculated . The nummber of the sample was

2.

50.

EXPERIMENTAL

2.1 Experiment materials
1.1dtex×38mm New Star meta-aramid fibre made by

2.5 Friction property

YanTai Spandex

According to the capstan method, the frictional

1.3dtex×38mm polyester fibre made by Sinopec

properties of the fibre was measured on Y1151

Yizheng Chemical Fibre Company Limited

Friction Coefficient Guage. The pre-tension was
0.098CN. All the samples were fully conditioned for

- 132 -

24 hours in a standard atmosphere of 20±2℃ and

modulus is 34.2% higher while the work of rupture

65±3% relative humidity. Then tested the results of

slightly higher than those of polyester fibre. Fig.1 is

the Torsion Balance when static and dynamic friction

the tress-stain curve of the two fibres. The

to rubber covered roller, steel roller and fibre roller.

breaking-elongation

The number of the samples was 30.

meta-aramid fibre are higher, the yield point is also

and

initial

modulus

of

higher to the fibre, thus lead to a better deformation
3

resistance. The high work of rupture means that it

RESULTS AND DISCUSSION

3.1 Discussion of mechanic property

will absorbs more energy when it is stretched, a good

TableⅠshows that meta-aramid fibre is of medium

flexibility, which increases the frictiom resistance of

strength and elongation with an average fineness of

the fabric. All the tensile properties of meta-aramid

1.14dtex. The breaking-tenacity is 37% lower, the

fibre decreased when wet, except the breaking

breaking-elongation is 27.2% higher, the initial

elonation.

TABLE Ⅰ Tensile properties comparation between meta-aramid fibre and polyester fibre
Breaking

work

Breaking

Breaking

Initial
Item

strength

of rupture

Elongation

Intansity

modulus（cN/dtex）
（cN）

（cN/dtex）

（%）

（cN/dtex）

Meta-aramid

Dry

Wet

Dry

Wet

Dry

Wet

Dry

Wet

Dry

Wet

Fibre

4.45

3.52

3.9

3.09

26.8

29.4

51.5

44.9

0.69

0.63

Polyester Fibre

7.7

7.4

5.79

5.56

19.5

18.9

33.9

31.44

0.64

0.61

3.2 Dicussion of hygroscopicity
The moisture absorsoption-desorption process curves
are depited as Fig.2 and Fig.3. It can be found from
Fig.2 that the moisture absorption process curve of
the fine denier meta-aramid fibre is similar to the
curve of the polyester fibre.In the first 30 minutes,
the moisture is absorbed fastly. But the moisture
absorbency of fine denier meta-aramid fibre is
greatly higher than that of the polyester fibre. In
about 50th minute, the moisture absorbing rate
begain to reduce. The equilibrium absorption of
moisture of the fine denier meta-aramid fibre appears

Fig.1 Stress-stain curve of meta-aramid fibre and polyester fibre

in about 120th minute, while that of the polyester

The characteristics above indicate that the carding

fibre take place in 170th minute. The moisture regain

guage should be increased, the speed of opening and

of meta-aramid fibre is 5.74% in absorping

carding unit should be decreased, to avoid the over

equilibrium condition 0.39% higher than polyester

beating cause the fibre break resulting from a large

fibre.

number of linter. At the same time, to spinning
successfully, the humidity should be controlled
carefully.
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absorbing

and

guiding

moisture.

The

strong

hygroscopicity is main depend on the hydrophilic
group of –CONH- in the macro-chain. In the other
hand, the fine fineness of meta-aramid fibre hollows,
big specific surface area and much more surface
energy make the surface absorption increase. The
stronger surface absorption of water present a better
hygroscopicity. All these make the hygroscopicity of
meta-aramid fibre superior to the polyester fibre.
The strong hygroscopicity of meta-aramid fibre
improves the spinning production. But because of the
Fig.2 Moisture sorption process curve of meta-aramid fibre and

high moisture absorption and desortion rate, the

polyester fibre

production

environment

must

be

strictly

controlled .120 minutes is enough to achieve the
absportion equilibrium. At the same time, a high
humidity should be kept in workroom to avoid
difficulty in production after moisture liberation.
3.3 Crimp property
Table 2 shows that the crimp numbers, crimp ratio,
and reidual percentage crimp of meta-aramid fibre
are lower than polyester fibre and other synthetic
fibres. It indicates that the crimp will soon lose after
Fig.3

Moisture desorption process curve of meta-aramid fibre

beating and drafting during opening and carding.
This will lead to weak cohesion force, loose fibres,

and polyester fibre

web forming difficulty, leakge web, sliver forming
The fig.3 shows that moisture desorption process

difficulty, choke pipe socket and coile chate, as well

curve of the fine denier meta-aramid fibre is similar

as the yarn snag and pull up resulting in decrease in

to the curve of the polyester fibre too. But the initial

strength and increase in hairiness of the yarn. So

moisture regain of meta-aramid fibre is greatly

cotton mill can only use the lubricant resistance agent

higher than that of the polyester fibre. In the first 30

in cleaning and carding to increase the cohesion

minutes, the rate of moisture desorption is fast, while

force.

moisture desorption of the meta-aramid fibre is

3.4 Surface friction property

greatly faster than that of the polyester fibre; About

Table 3 shows the dynamic friction cofficient of

in 110th minute for meta-aramid fibre avhieved

meta-aramid fibre to metal and rubber rollers. They

desorption equilibrium, and About in 180th minute

are both larger than that of polyester fibre. This make

for

of

the fine denier meta-aramid fibre easy to wind card

meta-aramid fibre and polyester fibre are 6.2% and

clothing,leather roller and roller during processing

0.45% respectively.

and produce more electrostatic. So antistatic agent

From the analysis, one can note that the moisture

should be used.

absorption and desorption rate of meta-aramid fibre

Generally speaking, the bigger the static friction

are both higher than that of polyester fibre, that is to

cofficient

say, the meta-aramid fibre has superior properties of

conhesion,worse smoothness are, It is helpful to the

polyester

fibre.

The

moisture

regain
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between

fibres

is,

the

stronger

yarn strength. But if it is over-big, electrostatic will

△u is small or negative, the cohesion will weake and

be easily accumulated and the fibre will wind the

smoothness will improve. In the tableⅡ, when fibre

mechanicals. The more in difference between static

to fibre rub, the static friction cifficient and the △u

and dynamic friction cifficient(△u) is, the stronger

of meta-aramid fibre are smaller, so the cohesion

cohesion, worse smoothness are. Otherwise, if the

force of meta-aramid fibre is weaker.

TABLEⅡ Crimp properties of meta-aramid fibre polyester fibre and synthetic fibre
Crimp number

Crimp rate

Residual percentage crimp

Crimp recorvey

（25mm）

(%)

(%)

(%)

Meta-aramid fibre

8.5

7.25

5.84

84.32

Polyester fibre

13

15.58

14.40

92.18

Synthetic fibre

12～14

10～15

10

70～80

Item

Table Ⅲ Static and dynamic friction coefficient of meta-aramid fibre and polyester fibre
Fibre to fibre
Fibre

Static

Fibre to rubber
Static

dynamic

dynamic

⊿ｕ
ｕs

ｕd

0.3473

0.2984

0.3777

0.3197

Fibre to metal
Static

dynamic

ｕs

ｕd

⊿ｕ

⊿ｕ

ｕs

ｕd

0.0489

0.3506

0.2398

0.1108

0.3423

0.3399

0.0024

0.058

0.2619

0.2344

0.0275

0.3722

0.2827

0.0895

Meta-aramid
fibre
Polyester fibre

4

CONLUSIONS

5

Compared to the polyester fibre, the meta-aramid

[1]

fibres have the strong stiffness, and deformation

Fuqiu

Wang.Study

On

Spinability

ofPolyphenlene

Sulfonamide Fibre [J]. Shanghai Textile Technology, 2006,

resistance. When opening and carding, the guages
and the speed of revolution should be carefully
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2.18-20
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Aihua Guan, Jianfei Zhang.Milk Protein Fibre and Wool
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rates are higher than polyester fibre, So the tempeture

Technology, 2007, (12): 6-7

and humidity should be stability to ensure the

[3]

successfully processing. The crimp number of
meta-aramid fibre is small, the crimp fastness is

WeiDong Yu, Caiyuan Chu.Textile Physics [M]. Shanghai:
Donghuan Uninversity Press, 2002: 61-63
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low,the fibre is bulk, the cohesion force is weak, so
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in spining, the crimp is easy to lose, the lap is easy to

Textile Technology,

visco volume, diffcult to formate a web. The
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dynamic friction cofficient of meta-aramid fibre to
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both metal and rubber roller are bigger than that of

Comparison [J]. Shanaghai Textile Technology,2008(4):

polyester fibre, so it is easy to wind card
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clothing,covered roller and roller during production
process.
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Spinning of Basalt Fiber Filament/Cotton Composite Yarns
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Abstract
Basalt fiber filament/cotton composite yarns are developed on a spinning frame with filament-feeding unit.
The effects of roving space on the tensile strength of composite yarns are analyzed. The properties of the
composite yarns such as core coverage, hairiness, break tension and evenness are tested. The results show that
the roving space of 8 mm is suitable for obtaining composite yarns with the best strength and the lowest
strength variability coefficient. The composite yarns have good properties.
Key Words: Basalt Fiber; Cotton; Composite Yarn; Core-sheath
INTRODUCTION

basalt fibre is environmentally safe. Such

Fiber processing methods have been updated

comparisons indicate basalt fibre has very

with the development of fiber materials and

promising prospects in global markets for

textile products and the appearance of new fibers.

military, industrial and consumer applications.

Filament/staple fiber composite yarn is very

Continuous basalt fibre (CBF) may have the

popular at present due to the advantages of entire

potential to partially replace Kavlar, Nomex, and

new style, functionality and wearability for

Teflon in future, especially in the global market

fabrics

of fire protection fabrics [2].

made

from

filament/staple

fiber

composite yarn.
Basalt fiber, however, has some disadvantage of
Continuous basalt fiber (CBF) is high-tech fiber,

scratchiness and low hydroscopicity, which

which is invented by Former USSR after 30 years

restrict the application of basalt filament in the

of research. Basalt fiber is known as “new

garment field [3].

mineral materials of the 21st century ". Basalt
rock is a readily available mineral in China,

In order to extend CFB’s application to wearable

which can be used to create high value material

products, we developed basalt filament/cotton

that is strong, durable, radiation resistant,

composite yarns, which has the core of basalt

insulating, and inert to chemicals and fungi.

filament wrapped with cotton fibres. These

Basalt fibre is stronger than wood, steel and glass

composite yarns are expected to have properties

fibres, and has some attributes superior to carbon

of anti-static, anti-ultraviolet radiation, thermal

fibers

[1]

insulation and soft handle [4].

(more resistant to corrosion, fire and

high temperatures). The costs and energy
consumption of manufacturing basalt fibre are

MATERIALS AND METHODS

lower than those of the other three top

The CFB filament and cotton fibres were 44 tex and

high-performance fibres, including carbon fibre,

2.0 dtex, respectively. The cotton fibre has mean

aramid fibre and ultra high molecular weight

length about 27 mm, moisture regain 9.2 percent,

polyethylene. Significantly, basalt fibres are

and tensile strength 1.96 cn / dtex and fineness of

100% natural and recyclable and manufacturing

roving 755tex.
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centre is at the same vertical line with the
Basalt/cotton composite yarns were spun on a

medium rubber roller’s. The aim of design is to

spinning frame with filament-feeding unit.

make sure the filament feed front roller at rest

Basalt/cotton composite yarns were formed by a

position, and at the same time to ensure the

core thread and two parallel rovings from

distance between roving strand and filament is

drawing and twisting. Reforms AS511A machine

constant.

is used for spin composite yarns (FIGURE 1).
In the test, the twist multiplier we chose better
was 340. In order to increase fiber peeling
resistance, the spindle speed should be a little
slower. In this paper, the appropriate Spindle
speed was 8000 r / min.
RESULTS AND DISCUSSIONS
Effect Of Roving Spacing On Strength Of The
Composite Yarn
The cotton staple slivers go through spinning
draft process, and combined with basalt-filaments
fed by the former roller. Near the front roller’s
nip, there is a gauge around 4-14 mm between
the basalt-filament and the cotton staple sliver,

FIGURE1. Reformed ring spinning frame

which has already been drafted. When the size of
Firstly, the basalt filament was put on the top- creel,

its gauge is reasonably selected, cotton fiber

and the cotton sliver fiber was put on the lower

would warp the filament more effectively. It

creel, which would be beneficial to the filament

could significantly improve the evenness of

unwinding.

composite yarns, reduce the number of weak
points of a yarn, and increase the yarn strength.

Then the unit used spring-tension weighted

Moreover,

devices. Two tension-disks of spring-tension

significantly less hairinesses compared with

weighted device were placed vertically and

cotton

juxtaposed. One side of the tension-disk was

basalt-filament and the cotton staple sliver makes

fixed by bolts, and the other side was close to the

the drafting roving sliver incline from front

spring which was fixed with adjustable bolts.

roller’s nip towards convergence point, and then

One of the purpose of using double trumpet was

pre-twisting triangle must become very narrow.

to make two roving strands feeding parallel, and

The torques caused by the twisting process are

to avoid the two roving strands winding or

favorable to effectively control the staple fiber

crossing with each other in the drafting area. The

into the twisting triangle, and significantly

other one was to avoid single component of yarn

decrease the number of floating fibers and

and reduce the end breaking caused by the

edge-fibers, which transfer from the inside to the

instability of instability roving strand spacing.

outside. The fibers in twisting triangle can be

the

yarns.

composite
The

spacing

yarn

shows

between

the

well integrated into the main body of yarns, so
Finally, a filament traverse guider was fixed

the hairiness of composite yarns decreases greatly,

above the medium rubber roller of cradle. The

and the yarn formation structure is compact and

shape of filament traverse guide is V-type. Its

smooth.
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From the figures, we may find that larger roving
Proper roving spacing can reduce the distance

gauge lead to lower strength and larger strength

between convergence point of roving strands and

variability. We carefully selected an optimal

the filament and front roller’s nip, thus reduce the

roving

horizontal and vertical movement of convergence

experiments. In this case, the composite yarn

point. Hence, roving strands and filaments can be

exhibited best mean strength and the lowest

effectively twisted, the evenness and strength of

strength variability.

spacing

8

mm,

after

numerous

the finished composite yarn can be improved, and
yarn nodules count per kilometer can be reduced.

Yarn Quality

The flow conditions remained constant during the

It is seen from the cross-sectional structure of the

tests, we adopted single factor analysis methods,

basalt /cotton composite yarn that the cross

selecting strength and strength coefficient of

sectional shape is approximately circular, which

variability as the testing standard to six different

is different from the kidney shape of ply yarn but

levels of roving gauge. The results show in

similar to the structure of single yarn. The surface

FIGURE 2 and FIGURE 3.

of the basalt filament is completely wrapped by
cotton fibers. The fibre density in the core of the
composite yarn is low but the fibres are densely

yarn strength CV%

packed around the edge. TABLE I illustrates the

18
16
14
12
10
8
6
4
2
0

performance of basalt fiber filament/cotton yarns.
It is seen from TABLE I that dragging force of

roving
0

4

6

8

10

12

14

fibre transferring in yarn depends upon the

spacing mm

interaction of spinning tension and geometric
position of fibers. With the triangle of twisting

FIGURE 2．The relationship between strand spacing and

area of the same yarn count increasing, the

strength CV%

thickness of strand would reduce correspondingly.
At that time, the dragging force of fiber transfer
is smaller. The outer wrapping fibers transferring

Yarn strength CN

to the filament is probability more, which

800
780
760
740
720
700
680
660
640
620

enhances the effect of wrapping. For better
cohesive of the two roving strands in the front

0

4

6

8

10

12

Roving

drafting area, these two roving strands should be

spacing mm

feed closely and in parallel. When filament yarn

14

feeding from the angle between the two roving
strands, the centripetal forces of these two roving
strands are counteracted to keep the basalt

FIGURE 3．The relationship between strand spacing and the

filament in the centre of plied yarn.

strength of yarn
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TABLE I . Performance of the basalt-fiber filament/cotton yarns
Evenne

Wrappin

Single

breaking

The yarn weight

Thin places in

Thick places

Neps of

ss

g

end

strength

per-100 metre

the yarn

in the yarn

the yarn

CV(%)

(%)

strength

(CN)

CV (%)

(ind./1000m）

(ind./1000m）

(ind./g)

14

31

ratio

CV (%)
15.2

52

8.56

929

2.3

9

Owing to core-sheath composite yarns in the

yarn twist multiplier have great influence on the

same twist direction with the same twisting rate,

resulting yarn strength.

the structure of plied yarns is compacted, which
increases the fiber cohesion thus yarn strength. In

Appropriate modification of the traditional cotton

addition, the fiber entanglement is enhanced due

spinning equipment is essential for producing

to the fibre transferring at the beginning of

quality basalt fiber filament/cotton composite

twisting. At the combination twisting point, the

yarn, as discussed in this study. Further research

fibers in the two strands would recur internal and

will focus on the application of basalt/cotton yarn

external transfers because of spirality, so the

to accelerate the development and utilization of

internal stress and external stress are balanced

basalt fibers, and create better values for the

and the utilization efficiency of yarn strength is

market of basalt fibrous assembly.

increased. Therefore, the tensile strength and
tensile elongation rate of core- sheath composite
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The yarn strength is closely related to the roving
spacing. Proper spacing can reduce the horizontal
and vertical movement of convergence point and
make the two roving strands filament effective
twist and improve evenness and appearance
quality of the yarn. The former roller speed and
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ABSTRACT
When two pressure bars are fitted in the break drafting zone, the frictional force field is extended
forward, the drafting force is increased, the untwisting of the twisted roving will decreases, the floating
distance of fibers will decreases, and the quality of spun yarn is improved. For improving quality of
spun yarn, the break draft ratios of SKF drafting system have to be changed when two pressure bars is
fitted. When the break draft ratios is too low, the twisted roving cannot be sufficiently draft in the break
drafting zone, resulting in thick places in the spun yarn. When the break draft ratios are too great, a
drafting wave in the drafting roving is caused, and the quality of spun yarn is influenced. The results of
our investigations reveal that a the break draft ratio of 1.35 and a 51mm roller settings are the optimum
spinning conditions for the roving of 0.545g/m and 109 twist multipliers.
INTRODUCTION
The sample roller drafting system is often
used in the break draft zone of modern cotton
ring spinning machines, and the fibers are not
controlled in efficiency during the drafting
process. Two pressure bars are installed in the
break draft zone of SKF drafting system, hence,
the factors: the frictional force field distribution,
drafting force and so on, are changed, which are

FIGURE 1 The pressure bar drafting system

benefit of the yarn quality improving. However,
the basic conditions of the break draft zone are
changed, because of the application of pressure
bar, the techniques parameters of the break draft
zone have to be adjusted. On the basic of
analysis the drafting theory of pressure bar in the
break draft zone of ring spinning machines in
our investigations, the relationship between
CV%, thin places, thick places, neps, yarn

FIGURE 2 The relationship between the drafting force and

quality

break draft ratios

index

and

the

drafting

technics

parameters is studied, and the break draft ratios
are reasonable decided, in order to get high

DRAFTING

quality yarn.

PRESSURE BAR IN BREAK DRAFT ZONE

THEORY

ANALYSIS

OF

Two pressure bars are fitted in the break draft
zone of SKF drafting system of modern cotton
ring spinning machines, shown in Figure 1, the
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parameters such as the frictional force field

force is produced by the completely movement

distribution, the account and stability of drafting

friction among the fibers. By analysis, the peak

force, fiber strand twist distribution, floating

drafting force value appears in the break draft

length in the break draft zone will be affected.

ratios zone that from 1.2 to 1.4 in the sample
roller drafting system. When two pressure bars

VARIETY OF FRICTIONAL FORCE FIELD

are fitted in the break draft zone, one huge

IN THE BREAK DRAFT ZONE

pressure and accessional frictional force field is

When two pressure bars are fitted in the break

produced, the drafting force and peak value are

draft zone, one passage is formed on the surface

improved, and the break draft ratios that produce

of the rear roller and two pressure bars, as roving

the drafting force peak value increased; At the

is fed into the drafting system, at the same time,

same time, the drafting force wave in the

three curve arches are formed. The fibers of

beforehand drafting zone decreased, which is

strand are pressed by pressure bar and rear roller,

benefit of improving and stability of yarn

getting huge pressure and accessional frictional

quality.

force field, the strong control to fibers is formed.
THE TWIST DISTRIBUTION IN THE
VARIETY OF THE DRAFTING FORCE

BREAK DRAFT ZONE

The relation between the drafting force and the

In the break draft zone of ring spinning

break draft ratios is shown in the figure 2,

machines, the velocity of middle roller is higher

research showing [1-6] that when the break draft

than rear roller’s, the fibers of roving strand

ratios are lower, the drafting force gradually

straightening and moving under the work of

augment with the increasing of the break draft

tension, the roving strand is untwisted and the

ratios till reaches the peak value, then the

twists are redistributed; If this phenomenon is

drafting force decreases quickly; the break draft

uncontrolled effectively, false drafts or even

ratios continue to increase, however, the drafting

roving breaks may be caused. When two

force decreases continuously, but the extent is

pressure bars are fitted in the break draft zone,

smaller. The relation between the drafting force

the untwist phenomenon is stopped by the

and the break draft ratios can be divided into

friction between pressure bar and roving strand;

three zones, which are the beforehand drafting

the arc formed by pressure bar prevent the twist

zone, the peak value zone, the displacement zone.

transfer. The greater pressure is given by

At the beginning of the beforehand drafting zone,

pressure bar, the better effect of stopping untwist,

because the break draft ratios is too low, the

twists transfer to the middle roller nip, and twists

phenomenon mainly shows in the straightening

redistribution phenomenon is decreased.

of the curve fibers and hook fibers in the drafting

Because

the

pressure

bar

can

prevent

process, there is no relative motion among the

untwisting and decrease twists redistribution, the

fibers, the main friction is stillness friction; At

surplus twists of strand in break drafting zone

the ending of the beforehand drafting zone, some

can be delivered to the front drafting zone.

fibers moving, but the main friction of most of

Consequently, the strand between two aprons

fibers is still stillness friction. At the peak value

produce centripetal pressure under the tension,

zone, because of slippage among the fibers in the

boosting up the strand density and the middle

drafting process, the drafting force curve

friction zone, fibers can be controlled effectively,

decrease quickly from the peak value, so the

the point of fibers speed variety gather to the

drafting force in the peak value zone is very

front roller nip, which is favorable for improving

instability. In the displacement zone, the drafting

the yarn quality.
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VARIETY OF FLOATING LENGT

strength(cN), CV%=the unevenness of yarn,

When two pressure bars are fitted in the break

T=the tex of yarn; we know from the figure 1,

draft zone, the strong controlling function is

the IPI index has a direct proportion with the

given by the arc of the pressure bar. Accordingly,

yarn breaking strength, and has a inverse

the floating length of the break draft zone is

proportion with CV% and T; The greater the IPI

shorten. When the break draft radios is selected

index, the higher the yarn quality.

at the ending of the beforehand drafting zone,
the floating length of the moving fibers shorten

RESULTS AND DISCUSSION

too, which is favorable for decreasing motion

Two pressure bars are installed and no pressure

distance windage and improving the drafting

bar in the break draft zone of SKF drafting

quality.

system of modern cotton ring spinning machines,
changed five break draft ratios of 1.08, 1.17,

EXPERIMENTAL

1.26, 1.35, and 1.44, to spin the 18.2tex yarn.

MATERIALS

Figure 3, Figure4, Figure5 and Figure 6 show

The

cotton

we

used

has

the

following

specifications:0.13tex, the quartile length of 28.9

the yarn quality (the IPI index, thin places, thick
places, neps), the results as following:

mm, the short fibers content that under the

Compared pressure bar drafting system with

16mm of 17.5%, roving of 545tex,the twist

the sample roller drafting system of SKF

coefficient of 109, CV% of 6.58%.

drafting system of modern cotton ring spinning
machines, when the break draft ratios are greater

EXPERIMENTAL CONDITIONS

than 1.1, CV%, thin places, thick places, neps

Two pressure bars are installed in the break draft

obviously decreased, the IPI index improved

zone of SKF drafting system of modern cotton

clearly, which shows pressure bar drafting

ring spinning machines, the installation size of

system is favorable for improving the yarn

pressure bar is shown in figure 1, 18.2tex cotton

quality, and the effect is very evident. The main

yarn were spun on a laboratory spinning frame

reasons are that the friction zone of the rear and

with the SKF drafting system under the

middle zone gather to middle roller nip, the

following conditions: the main draft and break

drafting force is great and steady, the roving

draft gauge are set at 43mm and 51mm

untwisting decreased, and the floating length

respectively, 1.08, 1.17, 1.26, 1.35, and 1.8 break

shorten, because two pressure bars are installed

draft ratios, 2.5mm tensor gauge, 12300 rpm

in the break draft zone of SKF drafting system.

spinning speed, 9/0 traveler, and 363 TM.

When the break draft ratios are lower than 1.1,
pressure bars are installed or not, the variety of

TEST

EQUIPMENTS

AND

YARN

thick places and thin places is very little.
Shown in figure 3, figure 4, figure 5, when two

QUALITY INDEX
We tested yarn quality [CV%, thick places
(degree

sensitivity:+50%),thin

sensitivity:-50%),

to the 1.35 break draft ratios, the IPI index has a

sensitivity:+200%)] with an YG135 tester. In

maximum value. When the break draft ratios is

order to discuss, the IPI index was defined as

lower than 1.35,the roving strand can’t be

following:

unwinded effectively, the drafting in main draft

F
CV % × T

neps

value in thick places and thin places with respect

(degree

P=

and

places(degree

pressure bars installed, the yarn has a minimum

zone will result in more thick places and thin

(1)

places, the IPI index decreased. When the break

Where P=the IPI index, F=the yarn breaking

draft ratios is too great, the drafting wave will be
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produced in the break draft zone, more thick

CONCLUSIONS

places and thin places will be produced and the

When two pressure bars are fitted in the break

quality of yarn decreased.

draft zone, the frictional field of the rear and
middle zone gather to middle roller nip, the
drafting force is great and steady, the roving
untwisting decreased, and the floating length
shorten.

Consequently,

the

yarn

quality

improved effectively. However, the break ratios
is lower than 1.1, the effect isn’t obvious.
For high quality spun yarn, when pressure bar
was fixed in the break draft zone, the break draft
FIGURE 3 The IPI index

ratios have to be changed. The results of our
investigations reveal that a break draft radio of
1.35 and a 51mm roller gauge are the optimum
spinning conditions for roving of 109TM and
0.545g/m liner density.
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ABSTRACT
Kapok (Ceiba pentandra) fiber, an agricultural product, contains the pectin and wax substances that
contributes to its hydrophobic–oleophilic characteristics. This document is about chemical pretreating
the kapok nonwoven to make it hygroscopic. A series of experiments were designed that altering the
concentrations of the reagents, NaOH and H2O2. The results were assessed through measurements of
the weight loss, whiteness, handle and hygroscopic moisture of the treated samples. And the best
technique for kapok was decided. After treated, kapok can be used in more scopes, such as one-off
facial tissues or diapers.
Chemical treatment of kapok nonwoven
Kapok nonwovens were soaked in baekers
containing the reagents concentrations as
shown in TABLE Ⅰ,Ⅱ and placed in a water
bath controlled at 90±2℃ for 1 h. The treated
samples were then removed, washed two times
with water at 80℃ and three times with water
at 25℃ until it was clean. The samples were
then dried to remove free water in the
centrifugal machine, and made dry enough in
the oven.

INTRODUCTION
Kapok (Ceiba pentandra) fiber, an agricultural
product, with a big cavity has extremely small
density and small diameter. FIGURE 1. It
contains the pectin and wax substances around
its
surface
that
contributes
to
its
hydrophobic–oleophilic characteristics.[1-9]

See in TABLEⅠ,Ⅱaltering the concentrations
of the reagents sodium hydroxide (NaOH) or
peroxid (H2O2) while the other factors were
fixed. The size of kaopk nonwovens is 80g/
㎡,and the samples were cut out 5cm in width
and 10cm in length.

FIGURE 1.

The properties testing of the treated samples
The weight loss, whiteness, handle and
hygroscopic moisture of the treated samples
were tested and also recorded in TABLE Ⅰ,
Ⅱ.

The photo of the cross section of kapok.

The kapok has a lot of resemblances compared
with cotton. They are both natural cellulose
fibers. Consulted the pretreatment of cotton,
processes known as alkalization and bleaching ,
kapok can also be treated to make it
hygroscopic, and it will have more applications.
For example, use as one-off facial tissues or
diapers. As the kapok is cheaper than cotton, it
can be brought out and instead of cotton in
some scopes.

The weight loss were tested by standard . The
handle was felt.
The whiteness index were obtained using the
whiteness apparatus model WSB-Ⅱd10. The
dry samples were put directly on the
apparatus , then read the shown numbers.
The hygroscopic moisture of the treated
samples were tested by getting the diffuse area
of a drop of water in 10s.

Nowadays,
synthetic
fibers
such
as
polypropylene, polyester and polyamide (nylon)
are widely used. But they are not biodegradable.
Therefore, the use of biodegradable or
agricultural products is a preferable alternative.
Kapok is a new choice, it is more
environmentally friendly.

RESULTS AND DISCUSSION
Plant fibers are composed of cellulose,
hemicellulose and lignin. Other components,
usually regarded as surface impurities, are the
pectin and wax substances. Eventually
chemical composition, including moisture

EXPERIMENTAL METHODS
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content, can help to determine properties of the
fibers.
TABLEⅠ.The concentration of NaOH changes while
others

are

fixed,and

the

properties

testing

results.( soft ranking 1~5,rank 5 is softer than 1)
NaOH

Other

Weight

Whiten

Soft

10s

(%)

facts fixed

loss

-ess

rank

Diffuse

index

area
2

(cm )
0.5

H2O2

7.69

79.4

5

0.24

1.0

(%):1.5

8.42

79.8

4

0.40

1.5

Na2SiO3

9.19

80.0

4

0.62

2.0

(%):1.2

11.08

80.3

3

0.85

2.5

JFC(%):

13.37

80.1

3

1.12

3.0

0.4

13.20

80.0

1

1.12

The hygroscopic moisture of the treated
samples became better as shown in the area
numbers of the water drop diffusing on the
nonwoven . When the concentration of NaOH
at 3.0% , the soft handle disappeared , and the
weight loss did not go up , so the quantity of
NaOH is over the need . And 2.5% was
selected .

TABLEⅡ.The concentration of H2O2 changes while
others

are

fixed,and

the

properties

testing

results.( soft ranking 1~5,rank 5 is softer than 1)
H2O2

Other

Weight

Whiten

Soft

10s

(%)

facts

loss

-ess

rank

Diffuse

fixed

index

area
2

(cm )
1.0
1.5
2.0
2.5

NaOH
(%):2.5
Na2SiO3
(%):1.2
JFC(%):
0.4

12.86

77.6

4

1.10

13.37

80.1

4

1.12

13.51

80.2

4

1.15

13.20

81.3

3

1.10

Sodium hydroxide (NaOH)
The quantity varying from 0.5% to 3.0% shown
in TABLE Ⅰ. The weight loss got bigger ,
when the more NaOH was using . The pectin
and wax substances were removed from the
surface of the fiber ,and then cellulose was
decreasing . The whiteness index was not
changed so distinctly , because the
concentration of H2O2 was not altered . When
the pectin and wax substances were removed
from the surface of the fiber, the soft handle
gradually disappeared.

Sodium hydroxide (NaOH) and Peroxid (H2O2)
are the most commonly used chemicals for
bleaching and/or cleaning the surface of plant
fibers.

Peroxid (H2O2)
Based on the experiments altering the quantity
of the NaOH , the selected concentration of
NaOH was fixed in TABLE Ⅱ,as the quantity
of H2O2 varying from 1.0% to 2.5%. The
weight loss came out to be close to each other ,
when the more H2O2 was using . The whiteness
index was changed distinctly , because the
concentration of H2O2 was altered . The soft
handle did not alter much , and so did the
hygroscopic moisture index . The proper and
economical one for H2O2 is 1.5%.
Other facts
Na2SiO3 is a reagent which can make the H2O2
more stable and effective.So it is essential to
add Na2SiO3 in the liquid. But according the
experiments ever made , the results were
similar when it varyed from a certain area . So
it is secondary in this study.

Sodium hydroxide (NaOH) will react with
pectin and wax substances , remove them off
the surface of the kapok fiber. And it will also
react with cellulose. The reaction of sodium
hydroxide with cellulose is shown in Eq. (1).[4]

JFC is a reagent which can help the chemical
substances penetrate the fibers . And also its
quantity with a certain area is no matter with
the end results .

(1)
The H2O2 is used to white the kapok , it react
with coloring matter of kapok , and remove
them off . And it is necessary to add Na2SiO3
with H2O2 , as the H2O2 is not stable with its
function to white fiber . Kapok is
hydrophobic–oleophilic , so it is required to
add a substance to help the liquid to penetrate
the fiber . JFC which is popular within industry
was used in this study .

The bath ratio is 1:80 , rather more than cotton
need , because the kapok need to be entirely
soaked in water , kapok in the same weight
with cotton has bigger volume.The reacting
time was determined by some experiments did
before . The more time spent , the more
reaction had taken place . And 1h is just enough
for the reaction .The temperature is determined
according to the treatment of cotton .
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CONCLUSIONS
It was found that on the condition of NaOH
concentration 2.5%, H2O2 1.5%, temperature
90℃, bath ratio 1:80 and time 1 hour , the
samples become white enough , have softer
handle and the weight loss is only 14.8% , and
become more hygroscopic.
Through pretreatment, the hydrophobic–
oleophilic kapok became hygroscopic. The best
technics has been decided. The results can be
use in industry.
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Abstract
Flax, as one kind of bast fibers, is preferred by consumers and used widely in clothing and garment because its
fabric has many virtues, such as, fast moisture absorption and carry-off, natural grain, bland color，unique
style,etc.. Therefore, the production scale in China is so expanded constantly that it has been listed the second
globally, next only to Russia now. But the yield in China is too deficit to meet textile industry about seventy
percents of flax materials are imported. Furthermore, import quantum of flax is increasing. The key problem
is poor quality flax in China. Therefore, Flax fibers with different harvesting time in Heilongjiang are
harvested to make out the ralation between quality and harvesting time of flax. These flaxes are pretreated
followed by component and mechanical properties test, infrared and X-ray diffraction are also used in
comparisons, then the optimal harvesting time is obtained. The results indicate that components of hydrotrope,
pectin and hemicellulose reduce with growing time increasing, the trend of components of lignin and cellulose
is contrary to that of the former. Fineness and length of fiber increase with growing time prolonging. While
tenacity and modulus ascend first and then descend, the turning point is anthesis. Therefore, one week after
blossom is the potimal harvesting time when textile properties are taken into account.

Key words: flax quality;harvesting time;relation
1. Introduction
Flax is popular because of its unique
style[1-4].Therefore, flax industry develops so fast that
material of flax can not fit the exploitation of
high-grade products, which results in more flax
imported. In fact, the quantity of flax in China is
enough, while its quality is poor, which descends its
application in high-grade products, which holds back
the development of flax. Besides textile technology,
the key technology is quality of flax material.
Growing time has much to do with quality of flax[5].
Because the quality and quantity of flax are brought
out during growing time.Therefore, it is profound to
study the relation between quality and harvesting
time of flax. Flaxes of different growing time in
Heilongjiang Pronvice are studied.
2. Experimental
2.1 Raw materials
Flax is harvested at different growing time in
Heilongjiang Province, harvesting times are 17th
June, 24th June, 30th June, 7th July, 13th July and
20th July, respectively. All the samples are
numbered from 1 to 6, in which the sample of No.2
is flower time.
2.2 Experimental design
The ingredients in flax were measured according to
GB5889-86, China test standard for ramie
composition, the results are given in table 1.

then the different flaxes are decorticated followed by
pretreatment. The pretreatment conditons are as
follows: the concentration of sodium hydroxide,
12g/L, 100℃, time, 2.5h. Pretreated flax fibers are
tested on stelometer for tenacity, elongation, on
cutting and weighing method for fineness, on
softness tester for softness. The tensile testing
conditions are as follows: gauge length 3cm, testing
speed 20mm/min. Their residual gum contents were
tested according to GB5889-86. In addition, infrared
and X-ray diffraction are also used to comparison.
3. Results and discussion
3.1 components change of different flax
Table I indicates that the contents of hydrotrope,
pectin and hemicellulose descend with growing time
increasing, while the contents of cellulose and lignin
ascend. Hydrotrope and pectin are nutrition during
flax growing time, therefore, their contents reduce
constantly. The more mature flax is, the more lignin
it has, which results in stiff hand.
The results are also proved by infrared test(shown in
figure 1 and figure 2). 1740cm-1and 1630 cm-1 are
character peak of pectin, while 1540 cm-1 and 1270
cm-1 are character peak of lignin[6], their trends tally
with the trends of datas in table I.

- 147 -

TABLE I. Components change of flax

No
1
2
3
4
5
6

regain
9.53
9.21
9.50
9.28
9.92
10.24

Wax
4.63
3.91
3.13
3.48
2.60
2.37

Hydrotrope
26.19
24.34
20.82
19.93
19.01
19.24

pectin
8.86
8.31
8.22
8.11
7.95
8.07

Hemicellulose
14.61
13.11
13.32
12.33
12.71
12.21

Cellulose
44.68
48.84
52.39
53.22
54.07
40.38

7
fineness(tex)

1.05
1.00
0.95
0.90

T

Lignin
1.03
1.49
2.12
2.93
3.66
4.49
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0.70
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FIGURE 1 Infrared spectrogram of flax
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Length change of flax

Length changes of flax are shown in figure 4. The
length of flax fiber is increasing at all times. It is
obvious that cell wall of single fiber thickens and
lengthens when flax grows, in addition, gum makes
single fibers come into bundle fibers. Thus, length
of bundle fibers is increasing during growing time.

800

wavenumber/cm-1

FIGURE 2 Infrared spectrogram of flax

3.2 Mechanical properties change of different flax
Figure 3 shows that flax fiber turns coarse, that is,
fineness of flax fiber is increasing with growing
time prolonging. Furthermore, fineness ascends
quickly during later period. As finer fiber can
obtain high-grade yarn, therefore, quality of flax
can be improved by shortening growing time.
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Tencity change of flax

5 Acknowledgments
This work was financially supported in part by
Key Laboratory of Science & Technology of
Eco-Textile (Donghua University), Ministry of
Education, China. We gratefully acknowledge
researcher Jin Guanrong, in Xiaoshan cotton &
bast research institute for supplying flax.

modulus(cN/tex)

6000
5000
4000
3000
2000
0

FIGURE 6

1

2

3
No

4

5

6

REFERENCES
[1] Kessler R. W., Kohler R., “New strategies for
exploiting flax and hemp”, Chemtech, 12,1996,
34-42.
[2] Carr D. J., Cruthers N.M., Laing R.M., et al.
“Fibers from three cultivars of new Zealand
flax(phormium tenax)”, Textile Res. J., 2, 2005,
93-98.
[3] Voronova M. I., Petrova S.N., Lebedeva T.N.,
et al., “Changes in the structure of flax cellulose
induced by solutions of lithium, sodium, and
potassium hydroxides”, Fiber Chemistry, 6,2004,
408-412.
[4] Izgorodin A. K., Konoplev Y.V., Zakharov
A.G., et al., “Study of the possible use of
intermediate flax as raw material for production of
cellulose”, Fiber Chemistry, 5,2004, 343-347.
[5] Zhang J, Henriksson H, Szabo IJ, et al., “The
active component in the flax-retting system of the
zygomycete rhizopus oryzae sb is a family 28
polygalacturonase”, J Ind Microbial Biotechnol,
32,2005, 431-438.
[6] Wang Jian, “Study of infrared spectroscopic
analysis of cotton stalk fiber”, Infrared, 4,2006,
25-28.

Modulus change of flax

softness(twist/20cm)

Tenacity of flax fiber goes up with growing time
increasing, while it goes down after third
sample(shown in figure 5), which indicates that
tenacity is biggest at one week after anthesis. The
trend of modulus is similar to that of
tenacity(shown in figure 6). Therefore, too much
growing time is harmful to quality of fiber.
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Softness change of flax

Figure 7 explains the change of softness.It is
obvious that softness of fiber reduces with growing
time increasing. The reason is that more and more
gum and lignin generate reducing softness.
3.3 X-ray test
The crystallinities of flax fibers are 65.04% ，
68.58% ， 72.56% ， 69.76% ， 69.16% ，
67.39%,respectively, whose trend is same with that
of tenacity.
4 Conclusions
The quantity and quality of fiber come into being
during growing period. The results are as follows:
contents of hydrotrope, pectin and hemicellulose
descend with growing time increasing, while the
contents of cellulose and lignin ascend. The datas
prove that the optimal strength and elongation of
fiber are best when flax is harvested one week after
blossom. Therefore, the optimal harvesting time is
one week after blossom when textile properties are
taken into account.
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Abstract
The influence of atmospheric plasma jet treatment on dyeability of the outer and inner surfaces of wool
fabric was investigated and the penetration of its etching into wool fabric was explored. After helium
atmospheric pressure plasma jet treatment of wool fabric, the dyeability of the control and treated fabrics
were measured. By comparing the K/S value of control and two surfaces of treated fabric, the influence of
processing parameters of atmospheric pressure plasma jet on modification effects of two surfaces were
studied. Therefore, during the process of atmospheric pressure plasma treating fabric, the effect of plasma
parameters such as treatment time, jet-to-substrate distance and substrate speed on penetration of plasma
etching into wool fabric was investigated. It was demonstrated that plasma treatment time and jet-tosubstrate distance has influence on the penetration of atmospheric pressure plasma jet etching into wool
fabric. However, the substrate speed has no significant effect on it.
Keywords: Atmospheric Pressure Plasma Jet; Etching; Wool Fabric; Dyeability
1. Introduction
In recent years, the plasma technology has been
used to modify textiles. People are attaching
much more importance to this method because it
is low energy consumption, environmentally
friendly and higher speed of process without
affecting bulk properties of the substrate.
Investigations of plasma treatment on textiles
include hydrophilic modification, dyeability and
adhesion improvement, desizing and so on.
Atmospheric pressure plasma jet (APPJ) is
different from low pressure plasma or other
plasma because only one surface of treated
material is directly contacted with plasma jet. On
a flat and nonporous substrate, plasma surface
modification is only limited on the one surface.
However, on porous fabrics, two sides of fabric
can be modified at by adjusting processing
parameters [1-5]. The purpose of this paper is to
investigate the effect of atmospheric pressure
plasma jet treatment on two sides dyeability of
woven fabrics.
2. Experimental
2.1 Plasma Treatment
Before plasma treatments, wool fabrics were
scoured with acetone for 30 minutes and then
dried in a vacuum oven. The plasma apparatus

was an atmospheric pressure plasma jet system
AtomofloTM-250. The cleaned fabrics were cut
into the size of 30×150 mm and set on a
rectangular wood frame, which was placed on
convey belt under plasma jet.
The wool fabric moved underneath the plasma
jet at a speed of 3mm/s. The carrier gas was
helium with a flow rate of 10L/min. The
temperature was set at 100ºC and the power was
set at 30W and 40W. Samples were treated for
two and three laps. The corresponding stationary
treatment durations for the two samples were
1.33s and 2.66s respectively.
2.2 Dyeability Measurement
Samples were dyed with DyStar Realean Amber.
The dye concentration was 0.5 g/L and 2 g/L
sodium sulphate was added. The liquor ratio was
1:100 and PH was adjusted to 4~5.5 by adding
acetic acid. Dyeing was carried out from 40 ℃ to
90 ℃ at the rate of 1 ℃/min, followed by 30
minutes dyeing at 90 ℃. The fabrics were rinsed
and dried at room temperature. The color
strengths of dyed fabrics were measured by Color
Measurement Spectrophotometer. The reflectance
measurements expressed as K/S value were
determined by the Kubelka-Munk equation [6].
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2.3 SEM Analysis
The morphological change of wool fiber
surface was examined using a JSM 5500 LV
scanning electron microscopy to determine
whether the atmospheric pressure plasma jet
treatment can etch the fiber surface. All of the
samples were gold coated prior to conducting the
SEM observation.
(a)

2.4 FTIR Analysis
The surface chemical compositions of the wool
fabric were studied using a Fourier Transform
Infrared Spectrometer (FTIR) model Nexus-670
(Nicolet, USA).
3. Results and discussion
3.1 Morphological observation
The SEM images of control and treated fibers
are shown in Fig.1 It can be seen that a layer of
compact scales is covering on surface of untreated
fiber. However, after plasma treatments, the scales
on fiber surface are destroyed to a certain degree.
The edges of some scales became lifted or less
distinct. The top ends of some scales were
shivered and some scales fell off from wool fiber
surface. The dyeability of two sides of plasmatreated fabric was improved [7].

Fig. 1 SEM micrographs of (a) untreated (b) Top
side and (c) bottom of treated wool fabric.
3.2 Chemical Analysis
Fig.2 shows FTIR transmission spectra of the
two sides of the wool fabric treated for different
treatment times. As the treatment time increased,
2800~3000 cm-1 peaks corresponding to the –
CH3 and –CH2- oscillators gradually decreased
and finally disappeared for the top side treated for
2 s (Fig.2a) and for the bottom side treated for
2.67 s (Fig.2b). And a slight increase in
absorption occurred in the 2800~3000 cm-1 region
corresponding to -OH and -NH- groups. However,
there was hardly any changes in the 1700~1200
cm-1 region corresponding to amide I and amide
III absorption bands [8].

(b)
Fig.2 FTIR transmission spectra of the control
and the two sides of the fabric treated for different
time (a) top side (b) bottom side.
The spectrum changes observed after atmospheric
pressure plasma jet treatments may be attributed
to the oxidation of –CH3 and –CH2- groups into
hydrophilic groups such as –OH and –NH- on the
fiber surfaces by active species in the plasma
where N comes from the surrounding air and
fragmented polymer chains on the surface of the
fiber. FTIR analysis indicated that the plasma
treatment was not just limited to the top side of
the fabric but also influenced the bottom side as a
result of diffusion of active species through pores
in the fabric.
3.3 Effect of Treatment time on dyeability
Fig.3 shows the influence of plasma treatment
time on the K/S value of the two sides of the
treated fabrics. The K/S value of two sides were
increased with the increasing treatment time. The
differences in K/S value between the two sides
rapidly decreased with the increase of plasma
treatment time, indicating a deeper penetration of
plasma with longer treatment time. As the
increase of the treatment time, the concentration
of active species in plasma jet accumulating on
the top side increased. Once the concentration of
the active species increased to a critical level, they
would have enough time to diffuse through the
fabric before being neutralized [3]. This could
happen when the treatment time exceeded 1.33 s.
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Fig.3 Influence of plasma treatment time on K/S
value for the two sides of the treated fabric.

Fig.5 Influence of jet-to-substrate distance on K/S
value of two sides of the treated fabric.

3.4 Effect of output power on dyeability

Fig.4 Change of K/S value with output power for
the two sides of the treated fabric.
Fig.4 shows the influence of the output power
on the K/S value of the two sides of the fabrics.
The K/S value was increased with the increasing
output power. And the difference in K/S value
between the two sides decreased with the increase
of the output power. In general, higher output
power increased the number and activity of active
species in plasma jet because at a higher output
power the deterioration of the epicuticle layer
could occur more rapidly than at a low output
power. In addition, as the output power increased,
the number of ions and free radicals reactive to
wool fiber surface increased, leading to the
formation of more polar groups as shown in Fig.2
[9-10].

Fig.5 shows the influence of jet-to-substrate
distance on K/S value of the two sides of the
treated wool fabric. The K/S value of the two
sides of the treated wool fabric increased first and
then increased and but the difference in K/S value
between two sides decreased first and then
increased. When the distance was smaller than 1
mm or larger than 6 mm, the water-absorption
time and K/S value was hardly changed by the
plasma treatment. When the distance was 2～3
mm the absorption times of the two sides of the
treated fabric were much shorter and the K/S
values were much bigger than that of the control
and there is no significant difference between the
two sides. When the distance between the plasma
jet nozzle and the fabric surface was too small,
the flow of the gas from the nozzle was almost
blocked by the fabric and the gas could only be
bounced off the surface and flow out in a more
parallel to the fabric surface direction, which
greatly reduced the effectiveness of the treatment.
On the other hand, when the distance reached 6
mm, the velocity and the activity of the active
species in the plasma jet greatly decreased when
reaching the top side of the fabric and thus was
not effective [11].
3.6 Effect of gas temperature on dyeability

3.5 Effect of Jet-to-substrate distance power on
dyeability
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Fig.6 Change of K/S value with gas temperature
for the two sides of treated fabric.
Fig.6 shows the influence of the gas temperture
on the water-absorption time and K/S value of the
two sides of the fabrics. The water-absorption
time of the two sides reduced and but their K/S
value increased with the increasing gas
temperature. And the difference in waterabsorption time and K/S value between the two
sides decreased with the increase of the gas
temperature.
3.7 Effect of substrate moving speed on
dyeability
Fig.7 show the influence of substrate moving
speed on K/S value of the two sides of the treated
fabric. It can be seen that K/S value of the two
sides of the treated fabric were bigger than that of
the control but it did not depend on substrate
speed within the tested range. Although substrate
speed is changed, the number of laps for each
sample varied in order to keep the same plasma
treatment time. For example, when the speed was
set as 1.5 mm/s or 3 mm/s, the moving number
was respectively set as one or two laps. It was
obvious that the moving speed of the substrate
was not nearly as fast as the moving speed of the
gas particles and therefore it should not affect the
collision between the active species and the fiber
surfaces.

4. Conclusions
After woven wool fabrics are treated with
atmospheric pressure plasma jet, dyeability of the
two sides significantly improved, indicating
penetration of plasma into a woven fabric. It was
found that the effectiveness of the plasma
treatment as well as plasma penetration through
the fabric were positively associated to the plasma
output power and the treatment time but had no
relation with the substrate moving speed. When
the jet-to-substrate distance was too small (<1
mm) or too large (> 6 mm) the effect of the
plasma treatment diminished.
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Technique and Mechanism Research on Kenaf Holoenzyme
Degumming
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ABSTRACT: The experiment on the kenaf holoenzyme degumming, confirms the optimal technique parameters for
degumming and analyzes the mechanism in aspect of microscopic action process. The results show that the holoenzyme
degumming is a kind of advanced and feasible degumming technology. Holoenzyme degumming can reach the
industrialized production requirement and the degumming parameters are: temperature 50℃, bath ratio 1:15,
pretreatment 35min, initial pH is 2.5, ratio of enzyme to raw hemp is 1: 200, reclaim 10% of the waste liquid at the
bottom of the degumming pool, add 90% water and 80% of the initial degumming enzyme amount.
KEY WORDS: Kenaf; Degumming; Holoenzyme; Technique; Mechanism
For a long period of time, researches on kenaf biological

TABLE I. Chemical components of raw kenaf (%)

degumming mainly focus on bacteria culture degumming

Cellulose

62.16

which

Hemicellulose

13.59

Pectic substance

0.76

can generate

hypectase

such

as

pectase,

hemicellulase, etc., while the research on adopting zymin
1

to directly degum is very few. Because the kenaf fiber

Water

8.25

is very short, it is needed to retain part of gum when

Lignin

11.93

degum if technique fiber is adopted to spin. Therefore

Others

3.31

some lignin in hemp skin can be properly retained. What
is eliminated in the degumming process is mainly

1.1.2 ENZYME

pectase and hemicellulose whose major chemical

The enzyme preparation produced by the Tianjin Zymin

components

and

Plant is adopted. This kind of enzyme is the macerozyme

polysaccharide. These polysaccharide are long-chain

of pectase with hemicellulose, and it is solid, easy for

macromolecule matters, not soluble in water. The

storage.

are

polypentose ， hexosan

selected enzyme can decompose these matters and make
them into soluble small-molecule matters. The text

1.2 METHOD

analyzes the mechanism of holoenzyme degumming

1.2.1CONFIRMATION OF DEGUMMING EFFECT

from the biochemical angle while researching the zymin

Confirm the degumming effect through hand feeling and

degumming technique, and provides the theoretical basis

eye observation. The main evaluation indexes are the

for application and research of holoenzyme degumming

degree of separation and softness of fiber. The two

in kenaf production aspects.

indexes will be taken as the main parameters to sort the

1. MATERIALS AND METHOD

hemp

1.1 MATERIALS

undegummed to overdegummed, among which, degree 0

degumming

degree

into

10

levels

from

1.1.1 RAW KENAF

stands for undegummed ， degree 1 ～ 4 stands for

Raw kenaf is got from the old hemp of previous year

incompletely degummed ， degree 5 ～ 6 stands for

planted in Chaoyang, Liaoning Province. Its chemical

completely degummed and degree 7～9 stands for over

components are assayed by GB 5889-86 methods. Refer

degummed.

to table 1.
1.2.2 TEST ON DEGUMMING CONDITIONS
Under the lab conditions, take the dry skin of kenaf as
raw material, through a group of orthogonal tests to
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define the basic scope of holoenzyme degumming

takes a long time to skin the hemp and the water content

techniques. On the basis of it, separately confirm the best

in hemp skin is little, the time of pretreatment can be

technique for temperature, pretreatment, starting pH

properly prolonged.

value, bath ratio, enzyme concentration and reclamation.
2.1.3 THE INFLUENCE OF STARTING PH VALUE
2. RESULT AND DISCUSSION
2.1THE

INFLUENCE

OF

ON DEGUMMING EFFECT
DEGUMMING

When the starting pH value is between 2-2.5, the

[1]

degumming effect will be the best, and the pH value will

CONDITIONS ON DEGUMMING EFFECT

2.1.1 THE INFLUENCE OF TEMPERATURE ON

increase to 2.5-3 within a few hours. Under certain

DEGUMMING EFFECT

conditions, each enzyme has its best pH field, within

When the temperature is below 50℃, the degumming

which the enzyme performs its best activity. The

speed increases along with the temperature rising. When

environmental pH value will influence the disassociation

the temperature is above 55℃, the degumming speed

of pheron molecules, especially the disassociation of

reduces along with the temperature rising. The influence

active central group; in another aspect, the pH value also

of temperature on enzyme reaction is the same as that on

affects the disassociation of substrate molecules and all

other common chemical reactions. Rising of temperature

these will influence the combination of enzyme and

will increase the action speed and collision frequency of

substrate and thereby influence their reaction speed. At

molecules so as to activate the molecules and speed up

the most suitable pH, the disassociation status of enzyme

the reaction speed among molecules. However, over high

molecules and substrate molecules is the best for their

temperature will cause the linkage among pheron peptide

combining with each other and so the reaction speed is

bond to disassemble, as a result, the enzyme is heated to

the fastest. The most suitable Ph value under these

be inactive. Therefore, the influence of temperature on

degumming conditions is 3. However, along with the

degumming effect is synthesized of both influencing

progressing of degumming, the pH value will increase

degumming speed and making the enzyme inactive.

within the initial few hours. As a result the starting pH

Under certain conditions, there is usually a most

value should be a little lower than the best one for

favorable temperature for enzyme reaction. Under these

degumming, and it is suitable to choose 2.5.

experimental conditions, the best temperature for pectin
reaction is 50℃.

2.1.4 THE INFLUENCE OF BATHR RATIO ON
DEGUMMING EFFECT

2.1.2 THE INFLUENCE OF PRETREATMENT ON

The influence of bath ratio on degumming effect lies in

DEGUMMING EFFECT

its influence on the pH of degumming liquid. What the

Along with the time of boiling pretreatment increasing,

bath ratio reflects is the concentration of substrate,

the degumming degree increases gradually under the

because

same conditions; at the duration of 30-35 min, the

concentration of enzyme action’s substrate -- hemp is

degumming is at its utmost speed. The boiling

very thick, all of the enzyme combines with the substrate.

pretreatment has effects on mainly two aspects: soluble

Changing the substrate concentration will not affects the

pectic substance of hydrolysis part; and wet the fibers to

enzyme action speed, so the bath ratio changes cannot

cause the raw hemp fiber to be plump so that it is easy

obviously influence the degumming. Seeing from the

for enzyme molecules to diffuse and be adsorbed. This

angle of production, the bath ratio of 1:15 is fairly

will help to quickly form the complex of enzyme and

suitable.

during

the

process

of

degumming

the

substrate and speed up the reaction. The longer the
pretreatment time lasts, the more beneficial it will be for

2.1.5

increasing the degumming speed. In consideration of

CONCENTRATION ON DEGUMMING EFFECT

saving the cost, it is quiet suitable to adopts the

Test results show that (refer to figure 1), the thicker the

pretreatment of 30～35mins. If it is fresh hemp of the

enzyme concentration is, the faster the degumming speed

current year, the time can be shortened properly. If it

is, and the shorter the time of completing degumming is.
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THE

INFLUENCE

OF

ENZYME

The weight proportion of enzyme to raw hemp is

original pH value of degumming fluid, so in this process,

increasing constantly, and the active sites of enzyme

the pH value of degumming fluid will increase gradually.

combining with substrate are getting more, as a result the

Because the initial pH of degumming is lower than the

generated resultants are also getting more and the speed

most suitable pH of the degumming enzymatic system, in

of degumming is faster. In consideration of both the

this process, the pH of the degumming fluid is more and

industrial production and saving the cost, the mass ratio

more beneficial for enhancing the activity of active

of enzyme to raw hemp may be 1:200, thus degumming

enzyme

can be completed around 8h.

combination of enzyme with substrate. The process of

parts,

and

therefore

beneficial

for

the

enzyme molecules diffusing to fiber can also be called
Degumming time/h

80

the process of enzyme “getting close” to the substrate.

70

2.2.2

60

THE

ENZYME

MOLECULES

BEING

ADSORBED ON THE SURFACE OF FIBER

50
40

The enzyme molecules are adsorbed on the surface of

30

fiber, and because the hemp concentration that is to say

20

the substrate concentration is very thick, nearly all the

10

pectase and the binding group of the active center of the

0
1/1000 1/500

1/400

1/200

1/100

hemicellulase are separately in complexation with the

1/50

substrate. In this process the active groups of enzyme

Enzyme concentration

exert the orbit control effect and the pheron goes forward

Fig.1
Dependence of enzyme concentration on degumming time
(此图片有点大)

with some conformation changes, which make the
2.1.6 THE INFLUENCE OF RECLAMATION ON

reactive group of substrate strictly and mutually orient

DEGUMMING EFFECT

with the catalytic group of the enzyme active center.

Adopt about 10% of the waste liquid at the bottom of

Meanwhile, some groups in the enzyme molecules may

reclamation degumming pond and add 90% water and

make the electron cloud in sensitive bond of substrate

80% initial degumming enzyme amount ， and the

molecules partly increase or decrease, and consequently

resultant is equivalent to the initial degumming effect.

generate the “electronic tension” and make the sensitive

Because the adopted zymin isn’t soluble in water and the

bond more sensitive, setting a foundation for the formed

specific gravity is larger than water, therefore major

complex of enzyme-substrate.

residual enzyme in the degumming waste liquid sinks to
the bottom. In addition, the soluble waster produced in

2.2.3 FORM THE COMPLEX OF ENZYME AND

the process of degumming has inhibitory effect on the

SUBSTRATE

activity of degumming enzyme; therefore adopting this

After the combination of enzyme active center with

method can both apply the residual zymin maximumly

substrate, the enzyme doesn’t immediately catalyze the

and reduce the side effect of waste liquid on degumming.

substrate to form reactant, but form an unstable
intermediate product with it-- complex of enzyme with

2.2

MICRO-ACTION

HOLOENZYME DEGUMMING

PROCESS

OF

[2-4]

substrate molecules become popularized, and are in an

2.2.1 THE ENZYME MOLECULES DIFFUSE
FROM WATER SOLUTION TO FIBER

substrate In this process, some chemical bonds in the

[5]

unstable condition and the reactive energy reduces, so a
little energy will enable to create product and set a

This is the process during which the substances in

foundation for rapidly forming products.

degumming fluid transfer. In the process that enzyme
molecules diffuse to the fiber, the soluble substances in

2.2.4 THE PRODUCT FORMED FROM COMPLEX

the surface of fibriia diffuse to the degumming fluid, and

Because the reactive needed energy is very low, the

the water molecules infiltrate into the inside of fiber so

intermediate complex will quickly release enzyme and

as to make it swelling. The pH values of the soluble

products. Aiming at the degumming reaction, basically

substances in hemp skin surface are all lower than the

they are the catalyzed products or decomposed products
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of enzyme to pectin and hemicelluloses. The melthyl
ester bond in pectate methyl ester will be hydrolyzed by
pectinesterasgenerating pectic acid and methanol solving
in water. The long chain substances such as poly-pentose
and poly-hexose will be cut by the enzyme at the α- 1, 4
glycosidic bond, and generate the pentose and hexose of
small molecules. The generated polysaccharide such as

Fig. 3 2000 times scanning electron micrograph of degumming fiber

pentose and hexose, etc. will continually generate the
triose, tetrose and pyruvic acid, solving in degumming

Carry out the strength test to the bundle fiber of the

fluid under the function of lyase.

hemp degummed by enzymatic method, and the breaking
tenacity of complete degumming (degumming degree is

2.2.5 THE RESULTANT DIFFUSES INTO THE

6) is 4.7cN/dtex, which is fully able to meet the

SOLUTION FROM THE FIBER SURFACE

production requirement.

On generation of the soluble resultants, they will diffuse
into the degumming fluid at once. Because the acidity of

3. CONCLUSIONS

degumming resultants is less stronger than that of

(1) Holoenzyme degumming can reach the industrialized

original degumming fluid, the acidity of degumming

production requirement and the degumming parameters

fluid decreases. The pH of degumming fluid will

are: temperature 50℃, bath ratio 1:15, pretreatment

continuously increases; when it exceeds the most suitable

35min, initial pH is 2.5, ratio of enzyme to raw hemp is 1:

pH for enzyme system action, the activity of enzyme

200, reclaim 10% of the waste liquid at the bottom of the

system and the generation speed of resultants will all

degumming pool, add 90% water and 80% of the initial

reduces;

degumming enzyme amount.

meanwhile,

some

resultants

solved

in

degumming have some inhibitory effect on the activity

(2) It is the zymin that takes major effect on the

of degumming enzyme; therefore, along with the

holoenzyme degumming. Enzyme is the biological

resultants constantly diffuse from the fiber surface to the

preparation which can reduce the needed reactive energy

solution, the degumming speed is reducing continuously.

and enable to degrade the colloid unsolvable in water
into small molecule substances solvable in water.

2.3 QUALITY OF PRODUCTS DEGUMMED BY

(3) The quality of degummed hemp by holoenzyme

ENZYME METHOD

degumming is pretty ideal and the technique is quite

From the scanning electron micrograph of degummed

simple, which can meet the industrialized production

kenaf fiber magnified 500 times, we can see that after

requirement.

enzymatic degumming of kenaf, the fiber is dispersed,

(4) The biggest obstacle for industrial production of

and surface is smooth, so the degumming is pretty ideal.

holoenzyme degumming is that the price for zymin is so

From the scanning electron micrograph enlarged 2000

high that the cost is accordingly high. Besides large-scale

times, we can see that the enzymatic degumming has

production to reduce the cost, to solve this issue, the

little harm to fiber and retain the fiber on surface, which

immobilized enzyme technology can be adopted so the

is benefit for improving the cohesion force of the

zymin can be continuously reclaimed to reduce the

resultant yarn and the yarn strength.

degumming cost.
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The rheology properties of a polyborylborazine as BN
fiber precursor
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Abstract
A polyborylborazine precursor for hexagonal boron nitride (h-BN) was obtained by reaction of boron
trichloride with methylamine and its rheology properties was characterised by shear rheological tests.
The results indicated that the precursor polymer is capable of being melt spun at moderate temperature,
which implies that the structure of the molecular chains of the precursor polymer are linear or branched.
Key words: Ceramics fiber; boron nitride; precursor; rheology
1. Introduction

procedures and were freshly distilled under

Melt-spinning represents a combination of an

nitrogen from potassium hydroxide prior to use.

extrusion process to form the fiber from the

Compounds were stored and filtered in a glove

polymer melt and an optional, on-line fiber

box dried with potassium hydroxide.

drawing that stabilizes the fiber line, reduces

2.2

the fiber diameter, and aligns the polymeric

In a typical experiment, a methylamine solution

chains along the fiber axis.1 Both shear and

in toluene (200ml) was contained in a 500ml

extension rheology should be considered for

one-necked reaction flask maintained at -80°C

studies of the melt-spinning process.

in the low temp bath. BCl3 (23.43g, 0.2mol)

In this paper, a polyborylborazine precursor for

gas was slowly condensed into the solution

hexagonal boron nitride (h-BN) was prepared
by

reaction

of

methylamine

boron
and

trichloride
the

from the steel cylinder, stirred for 5h while

with

some yellow solid formed, then allowed to

appropriate

warm up to room temperature and stirred for 1

polycondensation condition was chosen to

h. The reaction can be described as eq (1,2)2:

synthesize the precursor polymer. Rheological
measurements

were

used

to

Synthesis of B(NHCH3)3

predict

BCl3+3NH2CH3→B(NHCH3)3+HCl (1)
HCl+NH2CH3→CH3NH3Cl
(2)

fundamentally important issues regarding the
melt-spinning behavior of such polymers. SEM
experiments were used to investigate changes

The deposit was filtered off under nitrogen

in the fiber integrity during preparation.

protection and washed with toluene; then the
combined solutions were evaporated, yielding a
yellowish solid B(NHCH3)3.

2 Experimental
2.1 Starting materials and instruments
All synthesis reactions were carried out in a

2.3

purified nitrogen atmosphere to remove the last

precursor polymer

traces of oxygen and moisture. All solvents

B(NHCH3)3 was heated up to 170°C following

were

a four-step procedure: 30min at 80°C, 1h at

dried

and

purified

using

standard

Preparation

of

polyborazine-based

130°C, 16 h at 160°C, 1.5 h at 170°C. A yellow,
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viscous, precursor polymer was obtained, and a
yellow solid was obtained when cooling it
30

2.4 Characterization
The rheological measurements were carried out
in a nitrogen atmosphere by means of a ARES
－ RFS (USA) with a coaxial parallel plate

25

Complex Viscosity, η*

Dynamic Moduli,G',G"/Pa(102)

down to room temperature.

20

G'
G"

20

η*

15

geometry having a diameter of 50 mm. The gap
0.0

was adjusted to 0.5 mm. The geometry selected

0.1

0.2

0.3

Strain,γ

for these experiments was a plate-plate
geometry and 0.5g of samples was placed

Fig.1. Strain dependence of storage (elastic) modulus, loss

between preheated fixture plates and heated to

(viscous) modulus, and complex viscosity of the precusor

the

polymer in its molten state（Ttest=160°C）

desired

temperature.

The

precursor

polymers were handled inside a nitrogen-filled
glovebox.

The

rheometer

was

As observed, the precursor polymer had

carefully

constant high plateau values with a critical

calibrated with a Newtonian calibration liquid

strain

in consideration of the known fact that a
change in the gap influences the viscosity

of about 13%, above which the

rheological parameters were modified. After

measurement. Dynamic measurements were

the initial change of the rheological parameters

carried out in the linear viscoelastic region

in the first stage (in linear region below

obtained by strain sweep tests, using controlled
strain amplitude.

γc )

(Fig. 1) one can observe a gradual decrease in
the rate of their decrease. This represents a final,

3 Results and discussion

second, stage in the molten state. It is

Rheological properties of precursor melt

reasonable to suggest that γ 0 =10% represents

From the dynamic shear measurements, the
storage modulus G’, the loss modulus G”, and
complex viscosity

γc

η*

an appropriate value to maintain constant
dynamic moduli with deformation amplitude.28

3

were obtained.

The good thermal stability of the precursor
polymer in the melt was confirmed by such

The determination of the linear viscoelastic

experiments, since values of G’, G”, and

region is an important step in dynamic

η * remain unchanged for short times. So this

rheological characterization testing. In this
controlled-strain test, samples are heated and

preceramic polymer exhibited non-Newtonian

then deformed in oscillatory shear flow up to a
maximum strain

γ0

behavior during extrusion in the first stage 4.

which must be small

At room temperature the precursor polymer is

enough to be in the linear regime. Figure1

solid and must be melted in an inert atmosphere

shows the strain dependence of the storage

in order to allow melt-spinning. Thus, the shear

modulus G’, loss modulus G”, and complex

viscosity should decrease on heating in such

viscosity

η*

atmospheric conditions. The change of melt

for the sample at 160°C using

an oscillatory frequency

ω = 0.1 s

-1

viscosity

.

against

temperature

can

be

approximated by the following Arrhenius-type
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equation 5,

such precursor polymer was relation to its
molecular

E
ln η = ln A − a
RT

(3)

spinnability

and

criteria

provided

which

some

predicted

the

melt-spinnability of the precursor. Results
indicated that the precursor polymer possessed

7

non-Newtonian flow behaviour in the first

Experimental Points
Linear Fit of Experimental Points

6

lnη/Pa.s

structure

stage, which enhanced the stability of the melt

5

spinning process. The flow activation energies

4

of the precursor polymer, measured during the

3

measurement of their viscosity as a function of
the temperature, were high, presumably due to

2

0.00205

0.00210

0.00215

0.00220

0.00225

0.00230

0.00235

the branch of the basal polymeric network. The

0.00240

good spinnability of the precursor polymer

-1

1/T[K ]

Fig.2. Plots of

maybe

ln η against 1/T

its

highly

branched
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from the slope was ~110kJ/mol. The value was
lower than for poorly melt-spinnable polymers,
e.g., polycarbosilanes whose flow activation
energies are~180kJ/mol, and higher than
common linear polymer whose activation
energies are generally lower than 70kJ/mol.
This means that the viscosity of the precursor
polymer is considerably more temperature
sensitive than those common linear polymers.
Therefore, the precursor polymer can be spun
into fine fibers without breaking in a narrow
temperature range. The activation energies
were closely dependent on the polymer
architecture; such a finding supports the
suggestion that the overall structure of a typical
melt-spinnable BN precursor polymer was
highly branched, causing poor molecular
motion.4
Conclusions
Through the shear rheology investigations, we
wanted to know the rheological behavior of
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Abstract
A new polyborylborazine precursor for hexagonal boron nitride (h-BN) was obtained by the “two
points” way and its structure had been extensively characterized by 11B NMR,

13

C NMR and FTIR.

These results showed that the molecular precursor represented that these borazine rings connected via a
cross-linked network and a low proportion of peripheral N(H)CH3 groups.
Key words: Ceramics fiber; boron nitride; precursor
cavity content in final BN ceramic fiber.

Introduce
There are a variety of borylborazine-based
polymers which were converted into boron

Experimental

nitride fibers via the PDCs. However; it still

All synthesis reactions were carried out in a

represents a great challenge to produce BN

purified

fiber in large scale as engineering materials.

standard-line to remove the last traces of

Recently our group investigated on BN fiber

oxygen and moisture. All solvents were dried

precursor structure design and its synthesis to

and purified using standard procedures and

improve

processing

were freshly distilled under nitride from

properties, which is known to be the key issue

potassium hydroxide prior to use. Compounds

in ceramic fiber preparation. Monomers with

were stored and filtered in a glove box dried

two kinds of aminogroups at boron atoms have

with potassium hydroxide.

its

melt-spinnable

been used to limit the polymer cross-linking

atmosphere

using

Synthesis of monomer 1 (2, 4-Cl2-6-(CH3NH)

and control the nature of the linkages between
the borazinic rings within

nitrogen

B3N3H3)

the resulting

polyborazines[1]. This designed strategy based

(2,4-Cl2-6-(CH3NH)B3N3H3) was prepared by

on

of

dropping a solution of B-tri(chloro)borazine in

preformed polymers with pendant groups of

toluene into a solution of methylamine in

suitable

crosslinking

toluene at -78℃ with vigorous magnetic

properties has been employed to yield a “two

stirring, whereby methylamine hydrochloride

points” polymer [2].

precipitation was observed immediately. After

the

controlled
compositions

functionalization
and

the addition of TCB was finished, the reaction

Here, we report on the synthesis and the

mixture was heated to room temperature(RT).

characterization of a “two points” polymer

The precursor solution was then separated from

obtained from a chloroborazine and a reactive

the precipitated methylamine hydrochloride by

aminoborane, which has rather low methyl

filtration in an argon-filled glove box. The

group containing in precursor molecules, to

reaction was described as Scheme.1.

develop a new precursor polymer for BN fiber
with good melt spinning properties and low
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Cl

B

N

N
H

N
B

Cl

N
B

another 24hr reaction at 180℃, the product

H

H
Cl
2NH2CH3

B

B

N

N

B

H

H

became a viscosity fluid. Continued heating it

Cl
+

CH3NH3+Cl-

for 76 h at 180℃ in a flowing N2 atmosphere, a

H

NHMe

Cl

yellow powder was obtained. After cooling it to

Scheme.1. Preparation of momoner1 though the reaction of TCB

RT, this power was recovered as air- and

with methylamine

moisture-sensitive solids. Samples were stored
inside an argon-filled glove box.

Synthesis of monomer2 (B(NHMe)3)[3]

Results and discussion

A methylamine solution in toluene were
contained in the 500ml one-necked reaction

From Fig.1, we can find a series of typical

flack maintained at -80℃. BCl3 gas was slowly

peaks for the monomer 1 structure, such as the
infrared spectrum exhibits a typical absorption

condensed into the solution from steel cylinder,

of borazine ring at 698 cm-1[4], the peak at 746

stirred for 5 h while some yellow solid formed,

cm-1 attributed to B-Cl band vibration, and the

then allowed to warm up to room temperature
and stirred for 24h. HCl was absorbed by

peaks at 3441, 2958 and 1496 cm-1 attributed to

excess methylamine. The deposit was filtered

N-H,

off in a glove box under argon protection, it

respectively . The B liquid NMR spectrum of

was washed with toluene.The reaction was

monomer1 （ Cl2 (NHCH3) B3N3H3 ） (Fig.2)

depicted in scheme.2.

exhibits two main resonances in Fig.4, one

C-H

and

N-C

bands

vibration

11

broad resonance at δ=57.6 attributed to boron
atoms bound to -Cl groups [5], whereas one

NHMe

B

BCl3 +6CH3NH2
NHMe

+

resonance at δ= 27.1 attributed to boron atoms

3CH3NH3+CL-

bound to -NHCH3 groups. Therefore, the

NHMe

results of FTIR and 11B liquid NMR was good
consistent with expected structure of monomer

Scheme.2. Preparation of momoner2 though the reaction of

1 as described in scheme.1.

BCl3 with methylamine

Synthesis of borylborazine-based polymer 3
1496

698

Synthesis of the borylborazine-based polymer

2958

746

was performed at room temperature by
co-condensation of 2,4-Cl2-6-(CH3NH)B3N3H3

3441

(1) and B(NHCH3)3 (2) in a 1:1 molar ratio for
24 hours, in presence of a tertiary amine to

400

800

1200

1600

2000

2400

2800

3200

3600

W avenumbers ( cm -1 )

remove the hydrogen chloride formed. The
residue was filtered off with 100ml toluene in

Fig.1. FTIR spectrum of monomer1

an argon-filled glove box.

The obtained polymer3 was characterized by

Then the mixture was heated in vacuum to

the FTIR and NMR technique. The FTIR data

75℃ with vigorous stirring to remove residual

for polymer3 (Fig.3) displayed a characteristic

toluene to yield a yellow liquid with a little

sharp band at 3418 cm-1 assigned to the

viscosity. The monomer was polycondensed at

stretching of N-H and characteristic C-H

75℃ in a flowing N2 atmosphere with

stretching observed in the 2971 cm-1 region.

temperature raising rate of 1℃/min to the

Additional signals at around 1394, 1077, 804

desired temperature (Tthermolysis=180℃). With

and 730 cm-1 are, respectively, characteristic of
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the

B-N

stretching

coupling

with

CH3

13

N2BNHCH3+B-bridge. The liquid

C NMR

deformation in methylamino groups (-NHCH3),

spectrum exhibits three major signals, the

C-N

NH

signals at σ =21.2, 27.7ppm corresponding to

deformation ,BN extracyclic vibration and B-N

NCH3B (NHCH3)2 groups, whereas a minor

ring deformation.

resonance at σ= 37.1ppm was attributed to

stretching

coupling

with

the

(NH)2B(NHCH3) groups. These results are in

H

a
Cl

Ba
N

H

N

Ba

good consistent with the expected structure of

Cl

polymer 3 (Fig.5).

N

Bb

H
c

NHMe

NHCaH3

b
HN
B

100

80

60

40

20

0

-2 0

b

B

N
H

NHCcH3

NH
B

B
N

N

CbH3

CbH3

a

d (p p m )

Fig.2. 11B NMR spectra of monomer1

70

60

50

40

30

20

10

0

d (ppm)

Fig.5. 13C NMR spectra of polymer 3

The chemical structure of precursor polymer 3
is further proven by elemental analysis. As
2971

704 804
1077
0

500

1000

listed in table1, we can clearly find that the

3418

element composition is very similar with the

1394
1500

2000

2500

3000

theory expected molecular.

3500

-1

W a v e n u m b e r (c m )

Tab.Ⅰ. Elemental analysis (wt %) of polymer 3

Fig.3. FTIR spectrum of polymer 3

a

NHMe

b

Ba
Bb

N
H

N

C

H

23.6

46.8

22.7

6.9

B3.0N4.6C2.6H9.5

21.8

47.2

24.3

6.7

B3.0N5.0C3.0H10

formula

NHMe

NH

HN

Empirical

B

Bb

Experiment

Bb
N

N

Me

Me

value
Theoretical
value

It can be found that the infrared spectrum
-40

-2 0

0

20

40

60

80

exhibits a typical absorption of borazine ring at

1 00

708 cm−1 and the band BCl at 740 cm−1 is

d (p p m )

replaced by a band at 804 cm−1 which attributed
11

Fig.4. B NMR spectra of polymer 3

to the BN extra cyclic vibration. The total

B NMR spectrum of polymer3 (Fig.4)

absence of chlorine atoms in polymer 3 is

exhibited one resonance at σ =23.0ppm

emphasized by the latter analyze in which no

attribute

chlorine

The

11

to

B-aminoboryl

and

another

is

detected

characterization of

resonance at σ=26.7ppm was assigned to

final
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resulted

through

the

11

B liquid NMR. Thus, the

borazine

groups

can

be

reasonably assumed to be mainly borylamino

linear but also has network structure which was

groups N(CH3)B(NHCH3)2 and few NHCH3

unambiguously evidence by its FTIR spectrum

groups related to the probably low proportion

and high resolution

of 2,4-Cl2-6-(NHCH3))B3N3H3 in the starting

NMR. From its structure we can conclude that

borazine. As we know, the monomer 2

this polymer has an excellent property for

tris(methylamino)borane

melt-spinning and could be drawn into crude

presents

a

high

reactivity at room temperature and can act as a

13

C and

11

B liquid state

fibres.

particular amine. Consequently, borylamino
groups of monomer 2 are exchanged with
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Conclusions
In the present paper, we have described an
access to a “two points” BN polymeric
precursor

obtained

from

a

reaction

of

chloroborazine and a reactive aminoborane.
The
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Wastewater from Kenaf degumming and modifying
treatedwith a Chitin-Biomembrane method
ZHAO Sheng-min, ZHENG Lai-jiu*
College of Textile and Light Industry, Dalian Polytechnic University, Dalian, China
fztrxwr@dlpu.edu.cn
ABSTRACT
The wastewater composition produced in the kenaf degumming and modifying process is composed of
monosaccharides, monosaccharide derivatives, as well as polysaccharides and solids, such as
galacturonic acid, methyl ester, galactose, xylose, glucose and arabinose, which analyzed by using gas
chromatograph. These saccharides are served as carbon sources and prior to be absorbed by microbes.
Moreover, the temperature and pH conditions of the wastewater also favor the microbe growth. Thus a
biological chain of carbon source-microbe growth-wastewater treatment can be formed. The chitin is
selected as carrier which can easily solidify biomembrane. The wastewater produced in the kenaf
degumming and modifying process is treated with the biomembrane treatment device. The optimum
processing parameters are determined based on single factor and orthogonal tests, and they are
respectively time=18h, pH=7, initial COD=450, temperature=27℃. The experimental results indicate
that all water-quality indexes can reach level-2 criteria of the integrated wastewater discharge standard
after this biomembrane treatment.
KEY WORDS: Kenaf; wastewater treatment; degumming and modifying; chitin; biomembrane

1. INTRODUCTION
The application of bio-enzymatic technology in
bast degumming and modifying has been
become the hot topic in textile processing
technology recently. However, there exist some
problems on how to treat the wastewater
produced in the degumming and modifying
process with biological chain to achieve cleaner
production. In order to solve this problem, this
paper will use chitin biomembrane on
wastewater treatment, which can form a
biological chain of carbon source – microbe
growth – wastewater treatment, and then achieve
clean production of kenaf degumming and
modifying [1-2].

PROCESS
The constituents in wastewater are separated and
measured by using gas chromatography.The
internal standard methodis adopted to calculate
constitutes percentage of the samples.Based on
the appearance time and concentration of
internal-standard mannitol, shown in Table 1-1,
the relative ratio of arabinose, xylose, galactose
and glucose is calculated with arabinose (Ara) :
xylose (Xyl) : galactose (Gla) : glucose (Glu) =
135.618 : 85.6189 : 108.1807 : 139.9404 = 1.58 :
1 : 1.26 : 1.63.
The percentage of these four saccharides in the
total amount of substances is ∑ (Area ％
monosaccharide) / (1 - the percentage of
mannitol)

2. EXPERIMENT

=

(0.00349+0.03210+0.00612+0.00437+0.01711+
OF

0.00923+0.02077+0.02243+0.01084+0.02961+0

THE

.01343) / (1-99.31647％) = 22.216％, and the

KENAFDEGUMMING AND MODIFYING

percentage of total saccharides in the total

2.1COMPOSITION
WASTEWATER

ANALYSIS

PRODUCED

IN
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amount is ∑ (Area％ total saccharides) / (1the
percentage
of
mannitol)
=
(0.00793+0.00349+0.03210+0.00612+0.0043

7+0.01711+0.00923+0.02077+0.02243+0.010
84+0.02961+0.01343+0.21448+0.01361+0.00
62+0.01505) / (1-99.31647％) = 66.854％.

Table 1-1 Peak analysis and monosaccharide content
No.

Appearance

time

Peak

area

Percentage of peak

(min)

(pA*S)

area (%)

1

2.361

3.22911

99.31647

2

2.619

412.731

0.12694

3

2.762

68.1685

0.02097

4

3.007

195.392

0.06010

5

3.516

30.4314

0.00936

6

3.661

24.2217

0.00745

7

3.742

27.1870

0.0053

8

3.860

18.2039

0.00560

9

3.939

67.1014

0.02064

10

6.339

25.7893

0.00793

11

6.511

11.3629

0.00349

12

6.766

104.352

0.03210

13

7.037

19.9039

0.00612

14

7.273

14.2183

0.00437

15

8.114

55.617

0.0171

16

8.460

30.001

0.0092

17

10.973

67.535

0.0208

18

12.168

72.923

0.0224

19

13.193

35.257

0.0108

Monosaccharide

∑（pA*S）

Man

3.229

Ara

135．62

Xyl

85．62

Gla

108.18

The above data indicates that the wastewater is

chain of carbon source – microbe growth –

composed mainly by soluble monosaccharides,

wastewater treatment can be formed, which is

monosaccharide

favorable for biological treatment.

macromolecule

derivatives,
polysaccharides

as

well
and

as

minor

2.2BIOMEMBRANCE-CARRIER

solids. The temperature of wastewater is in the

SELECTION

range of 30-35℃ and its pH is about 7-8, which

PREPARATION

favors microbe growth

[3]

. Thus a biological

AND

BIOMEMBRANE

2.2.1CARRIER SELECTION
It is a key step to select ideal solidified microbe
carriers for wastewater treatment produced in the
kenaf degumming and modifying process. The
ideal carriers should possess the following
properties: nontoxicity, stability, high strength,
good mass transfer performance, and easiness to
solidify microbe [4-6]. In this work, the chitin is
selected as the carrier to solidify microbes due to
the low cost [7].
2.2.2 BIOMEMBRANE PREPARATION

Fig.1-1 Gas chromatography of kenaf bio-enzymatic
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The existence of amido in chitin molecular

averaged to enhance the accuracy of tests. degumming and

structure favors the microbe solidification under

modifying solution

mild conditions. The solidification method in
this experiment is as follows:

The working principle of wastewater treatment

(1) Taking 30g chitin and steeping it in 1000mL

is as follows. Water enters into degumming and

of 1 mol/L HCl twice to decompose the calcium

modifying tank through water pump to treat

carbonate till no bubble produced. Then rinsing

kenaf fiber. The water flowing out from

and boiling it in 1000mL of 10% NaOH for 2h to

degumming and modifying tank is degumming

deproteinization, and desiccate them finally.

and

(2) Steeping the astaxanthin in chitin membrane

contains

in KMnO4 for 1h to decolorization. Then rinsing

derivatives, polysaccharides and solids, such as

it by oxalic acid at 60℃～70℃ for 30min～

galacturonic acid, galacturonic acid methyl ester,

40min to get the white chitin membranes.

galactose, xylose, glucose, arabinose etc.. Under

(3) Stringing the chitin membranes, and hanging

the force of water pump, the wastewater enters

them on the equipment filled with the cultivated

into wastewater reaction tank through inlet . The

activated sludge for aeration cultivation. The

temperature of wastewater decreases to about

visible biomembrane is growing within a week,,

20°C and pH being about 7. The biomembrane is

indicating the microbe membrane has formed.

fixed at the bottom of reaction tank which arrays

(4) Useing the wastewater produced in the

loosely in sheets and forms concentric circle

bio-enzymatic

modifying

structure. The aerator is placed in middle-lower

process to substitute for the nutritive material

membrane which makes air coming into the

gradually, and naturalizing the microorganism in

device through air pump and aerating with

biomembrane for one week.

aerator so that the air can get through the surface

2.3

degumming

DESIGNMENT

OF

and

modifying

wastewater,

monosaccharides,

which

mainly

monosaccharide

of membrane smoothly. This provides oxygen

EXPERIMENT

EQUIPMENTS

for the reaction and speed up the reaction. The

We have designed wastewater treatment device by

inlet speed of air is controlled by rotameter and

ourselves to treat the wastewater produced in kenaf

adjusted according to wastewater treatment

bio-enzymatic degumming and modifying process. Thecapacity and initial COD, which makes the flow
working principle is shown as Fig.1-1. There have fiverate of wastewater on biomembrane surface
reaction kettles, each of which has an aeration device toadjustable.

When

the

wastewater

flows

ensure that the biomembrane containing chitin carrier can
circularly over the biomembrane surface, and the
grow continuously. These five reaction kettles are dealtorganic substances in the water clinging to
with the same conditions. theoutlet parameters of everybiomembrane are quickly absorbed and removed
kettle are measured respectively and the results are thenby oxidation. At the same time,
the regular samples are carried out to measure

and reaction time on wastewater treatment are

COD, BOD, pH, OD and other indexes. The

comprehensively investigated through single

wastewater

which

reaching

standard

after

factor and orthogonal tests.

treatment,

goes

through

filter(to

filter

2.4WASTEWATER

TREATMENT

microorganisms), and then is pumped into the

EXPERIMENT

secondary water storage tank by water pump.

1L wastewater

The secondary water can be reused by water

biomembrane are put into a reactor with aeration

pump for degumming and modifying. In this

device. Single factor tests are carried on by

work, chitin biomembrane method is used treat

taking time, pH, initial COD and temperature as

the wastewater. The effects of initial COD, pH

influencing factors, respectively. Initial COD is

168

and

10g

solidified

chitin

generally taken intermediate concentration, i.e.
1/3-1/2 of the concentration of original water.
Therefore, the value of 500 is selected as initial
COD. The concrete experimental parameters are
shown in Table 2. After that, we take the
orthogonal test: put 1L of wastewater into a
reactor with aeration device, and add 10g of

Fig.2-2 Effect of pH on wastewater treatment

immobilized chitin prepared. Do the test

3.3 THE INFLUENCE OF INITIAL COD

according to the test conditions in orthogonal

It is shown in Fig.2-3 that with increasing

table L9（34）detailed in Table 2-5 (including the

initial COD vlaues, the removal rate of outlet

results).

COD increases at first and then decreases. And
the removal rate reaches maximum when the

3 RESULTS AND DISCUSSION

initial COD is about 500, so the initial COD 500

3.1 THE INFLUENCE OF TIME

is a standard for selecting orthogonal test levels.

From Fig.2-1, it can be seen that with
increasing time, the COD values decrease
gradually and the decreasing trend becomes
slow after 24 h.

Fig.2-2 Effect of pH on wastewater treatment

3.4THE INFLUENCE OF TEMPERATURE
It is shown in Fig.2-4 that with increasing
temperature, the outlet COD decreases at first
and then increases, similar to that of pH. The

Fig.2-1 Effect of time on wastewater treatment

According

to

the

Wastewater

outlet COD is lowest when temperature is 25 ℃,

Discharge

so temperature=25 ℃ is a standard for selecting

Standard (GB8979-1996), the standard for

orthogonal test levels.

discharging ramie degumming wastewater is
COD≤300[8-9]. In this work, the CODs can
satisfy the standard when treatment time is
between 12-24h. Therefore, 12-24h is chosen as
a standard for selecting orthogonal test levels.
3.2 THE INFUENCE OF PH VALUE
It is shown in Fig.2-2 that the outlet COD
values decrease at first and then increases with
increasing pH values. The outlet COD reaches

Fig.2-4 Effect of temperature on wastewater treatment

the minimum when pH is 7, so pH=7 is a

3.5 ORTHOGONAL TEST RESULTS

standard for selecting orthogonal test levels.

From Table 2-1, it can be seen that the optimum
processing parameters of wastewater treatment
are

respectively

time=18h,

COD=450, temperature=27 ℃。
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pH=7,

initial

Table 2-1 Orthogonal Tests and results

Factors

Test No.

A:
Time (h)

B:
pH

Results
C:
Inlet COD

D: Temperature
(℃)

Outlet COD

1

12

6.5

450

23

257

2

12

7

500

25

241

3

12

7.5

550

27

377

4

18

6.5

500

27

221

5

18

7

550

23

208

6

18

7.5

450

25

296

7

24

6.5

550

25

451

8

24

7

450

27

213

9

24

Outlet
COD

7.5

500

23

398

k1
k2
k3

875
725
1062

929
662
1071

766
860
1036

863
988
811

T = 2662

R

337

409

270

177

Optimum
Order

A2 B2 C1 D3
B A C D

3.6 COMPARISON OF WATER QUALITY

3.7 THE CHANGE OF CHITIN SHAPES

QUALITY

The chitin shape has changed obviously during

BEFORE

AND

AFTER

TREATMENT

the wastewater treatment. The chitin was initially

The wastewater produced in the kenaf degumming

white and translucent, when its surface and inner

and modifying process is treated according to the

side are covered with a layer of dark brown

parameters in Table 2-1. The water qualities

biomembrane after solidification. While the

before and after treatment are compared, and the

color of the surface becomes light after

result is listed in Table 2-2.

wastewater treatment (Fig. 2-5), which indicates

The level-2 criteria of Integrated Wastewater

that microbes absorb a part of nutritional

Discharge

substances in wastewater through metabolism, or

Standard

(GB8979-1996)

for

a part of them are dropped from the surface.

discharging ramie degumming wastewater require
BOD5≤60,

COD≤300,

6<PH<9,

solids≤200,

chroma≤80. Our experimental results show that
the water quality after treatment with our chitin
biomembrane method can satisfy the level-2
standard of wastewater discharge.
Table 2-2 Comparison of water quality

COD

BOD5

pH

Solids

Chroma
(times)

Original chitin

OD

immobilization

value

(520nm)
Inlet

1675

569

7.2

807

50

0.97

Outlet

208

61

6.9

73

10

0.15
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After

for Jute & Kenaf Bast Fiber. Proceedings of
theTextile Institute 83rd World Conference 2004
(2) 565-566
[3] ZHENG Laijiu, LIU Jianyu. Processing and
Mechanism of Enzyme Degumming of Kenaf.
25 (1) 46-47
[4] WANG Hao, QIAO Hua and GAO Diansen.
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Coloration and Functional Finishing of Silk Fabric Using
Self-prepared Inorganic Microcrystals Dispersoid
Nano-super（R）
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Abstract：
To overcome the problems of existing silk textile coloration methods, we developed a kind of method to prepare
inorganic microcrystals dispersoid nano-super(R) agent with well-dispersed property. In this paper, the application
property of nano-super(R) agent were reported about coloration of silk fabric. The chroma parameters, color fastness
and function indexs of silk fabric were measured. The results show that the nanoparticles on silk fibre take on even
distribution and the size is about 8-10nm. The color depth increases following the increasing of agent concentration
and the color fastness arrive to the optimization. Perfect anti-ultraviolet and flame retardance properties can be
attained even the concentration of agent is only 4.0g/L. Comparing with the conventional dyeing and nano-functional
finishing, the technology has many advantages such as rapid, high effective, simple and environment-friendly.
Key words：nanomaterial; silk; coloration; anti-ultraviolet; flame retardance
actually not really "dyeing" in a true sense, wherein

1 INTRODUCTION
Dyeing is a process of adding colorant molecules

mechanistically, the binders serve as a bridge [2]. This

to textiles and then permanently holding these

particular mechanism adds limitations to this method of

molecules inside the fabrics under certain kinds of

coloration. In view of the foregoing, new colored

washing conditions. Using this process, the desired

textiles as well as innovative dyeing methods are

colors can be generated. To fulfill the dyeing purpose, it

needed having good fastness without the environmental

is preferable that the colorant molecules be both soluble

liabilities.

in water and interact with the textile's polymeric
The

molecules. The traditional dyeing technique in water

development

of

nanotechnologies

has

medium produces a great volume of colored and toxic

stimulated research on applications of nano-sized

wastewater and costs millions of dollars for treatment

pigment

[1]. Pigments, another group of colorants, can be

Nanoparticles are used in materials such as dispersions

categorized as being either organic or inorganic, and are

and coatings, which are used to make films and paints.

regarded as being both insoluble in water and having no

However, there are few reports about nanoparticles

interactions

Pigments,

coloration for textile [4]. One possible application is to

especially inorganic pigments, have been widely used in

directly employ pigment nanoparticles in textile dyeing.

applications including coatings, printings, and paintings.

Such an approach could be achieved if the nanoparticles

When pigments are used for the coloration of textiles,

can be reduced to a small enough size and the particles

various processes are employed including pigment

can be dispersed well to avoid aggregation of the

padding, batch exhaustion, and pigment printing. These

nanoparticles in dye baths. Previous research has shown

processes sometimes include binders, solvents, and

that surfactant dispersed CB nanoparticles in nominal

other optional additives. Using these techniques, the

size of 8nm were able to diffuse slowly into polyester

coloration occurs at the surface of the fabrics between

and acrylic fibers at temperatures above their

the textile polymers and the pigment molecules, it is

glasstransition temperatures in a thermal dyeing process

with

polymeric

textiles.
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particles

in

coloration

processing

[3].

[5].

Further

reasearch

has

shown

that

The CIE Lab values of the dyeings were measured

Cotton,wool,acrylic and nylon fabrics can be directly

with a tristimulus colorimeter The K/S values were

dyed by using surface modified carbon black(CB)

calculated according the kubelka-munk function from

[6],However, the exhaustion rate of the nanoparticles by

the reflectance determined at 402nm.

the fabric is very low due to the fact that only a small

2.5 Assessment of UV Protection Factor

portion of the nanoparticles is dispersed in singular

The Ultraviolet blocking effects of the silk fabric

particle form. Moreover, the CB nanoparticle-dyed

samples were measured in accordance with the

fabrics have relatively lower washing fastness and

Australian/New Zealand Standard AS/NZS 4339 (1996)

crocking fastness because most of CB nanoparticles are

by the Labsphere UV-1000F (Japan) with the scope of

adsorbed on the surface of fabrics.

wavelength ranging from 200 nm to 400 nm.
2.6 Assessment of flame retardance

To overcome the problems of existing textile
coloration methods, we developed a kind of method to
prepare

inorganic

microcrystals

Flame retardance was measured according to GB
/T 5455—1997.

dispersoid

nano-super(R) agent with well-dispersed property [7].

RESULTS AND DISCUSSION

In this paper, the application property of nano-super(R)
agent were reported about coloration of silk fabric. The

The traditional dyeing technique of organic dyestuff is

textiles so produced have good fastness and greatly

adding colorant molecules to textiles and then

reduce environmental concerns; the most important is

permanently holding these molecules inside the fabrics,

that the colored textiles have perfect anti-ultraviolet and

however, Coloration of inorganic pigment for silk fabric

flame retardance properties

is holding inorganic particles on the surface of fabrics
through

2 APPROACH

process.

Fig.1

revealed

the

microstructure of the silk fabric uncolored and colored.

2.1 Chemicals
Nano-super(R)

certain

(afforded

by

our

reasearch

team,prepared according to reference[7]), the other
chemicals were used as purchased without further
purification. E. coli and S. aureus were grown in our
laboratory. Silk fabric was supplied kindly by Haiansilk
Co. China.
2.2 Coloration process
FIGURE 1 SEM of the silk fabric uncolored (a) and colored (b)

In the first step, 10ml Nano-super(R) was poured
into 100ml stilled-water and then milled for another 30
minutes. In the second step,5g silk fabrics were dyed

From fig.1 we can see that there are many even

through traditional dip-pad-dry operation. In the third

and tiny spheric nanoparticles with 5-10nm in diameter

step, washing was performed in 30 ml solution

on the silk fibre colorated, which can be attributed to

containing 3g/L soap for 10min at 50°C and then rinsed

the microcrystals in Nano-super(R). Comparing the

with water and dried at room temperature.

sample uncolored with that colored, the surface of fibre

2.3 Surface Characterization

is relatively smooth and there are only few big

The

morphological

characterization

of

the

colorated silk fabrics and the nanocrystals was observed

agglomerations observed, which can be impurity on
fabric unremoved during washing.

by a scan electron microscope (SEM) (Japan S-570).

The CIELab-coordinates and the K/S values for

Samples were observed at 10 kV acceleration voltage,

various color qualities of dyed silk fabrics measured at

after gold sputtering.

a wavelength of 402 nm were shown in Table 1. At the

2.4 Assessment of color parameters

experimental conditions applied, the colour depth of
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silk fabric increases following the increase of

orange-yellow colour. The CIELab-coordinates given in

Nano-super(R) content, the color arrives to saturation

Table 1 prove the excellent light fastnes of 7–8 and wet

when Nano-super(R) content is 0.20 mol/L in

fastness with marks of 5, which indicates effective

experiment 4, showing K/S=10.33, L=55.05 and

Þxation of the nanoparticles inside the Þbre.

a=+17.42,b=+18.51,

which

corresponds

to

a

Table 1 CIELab-coordinates and the K/S values for various color qualities of dyed silk fabrics
No

nano-super(R)

L

a

b

K/S

C（g/L）

Wet

Crock

Light

fastness

fastness

fastness

0

0

95.72

-0.97

3.54

0.11

1

4.0

68.97

10.67

29.84

7.06

5

5

7-8

2

8.0

62.14

16.08

35.27

8.92

5

5

7-8

3

1.2

60.01

16.28

35.09

9.83

4-5

4-5

7-8

4

1.6

55.05

17.42

34.83

10.33

4-5

4-5

7-8

5

2.4

54.55

18.51

35.42

10.52

4

4

7

excellent protection classification compared to that of
Fig.2 shows the UV protection effect and its

the uncolored raw silk fabric. Comparing the samples

fastness. The UV absorption study of the colored

unwashed with that washed, it is very strange that the

fabrics reveals a high UV protection factor rating of 45

UV protection factor rating increases following the

according to the Australian/New Zealand Standard

increase of washing time, which can be attributed to the

AS/NZS 4339 (1996) when Nano-super® content is

fixation of nanoparticles inside the Þbre and its more

0.20 mol/L in experiment 4. This high UPF results in an

even distribution during washing process.

Fig.2 UV protection effect (A) and its fastness (B) for different silk fabrics uncolored and colored using different content of
nano-super(R) (sample number is consistent with table (1)

..

it can be found that the excellent flame retardance is

Table 2 shows the flammability of silk fabric uncolored

attained when Nano-super® content is 0.15 mol/L, with

and colored and their elongation intensity. From table 2

slight increase for the strength of fabric,which is
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and the cost of the post-treatment of colored wastewater

different the traditional organic retardant。

is minimized.
TABLE 2 flammability parameters of silk fabric uncolored and colored
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ABSTRACT
This paper introduces a new-developed water-soluble polyester(WSPET) membrane. We firstly research
molecular structure and aggregation structure of the membranes. Then the ingredients of the solution which
membranes hydrolyzing in are discussed. At last, a series of conclusions will be obtained through discussion.
KEYWORDS: WSPET; hydrolyzation; molecular structure; aggregation structure
INTRODUCTION
Water-soluble polyester(WSPET) has been
researched for many years for its good
hydrolyzation property. It has been used in textile,
coating, adhesive[1] and many other industrial
circles. The super-fine fibers and micro-reticular
fibers are just produced through composite
spinning by use of water-soluble polyester[2,3,4].
Since water-soluble polyester actually exist in
composite filament as a morpha similar to
membrane, we introduce a new-developed WSPET
membrane so that the corresponding experiments
and discussions could be closer to the reality.
Besides, through disscussing some basic properties
of the membrane, the corresponding conclusions
obtained are also useful for the possible application
of WSPET membrane.

The hydrolyzation speed is actually determined by
chemical structure and crystallization of the
polymer. The methods of accelerating the reaction
can be generalized as follows. Firstly, hydrophilic
group must be grafted to backbone so as to
improve the hydrophilicity of the polymer,
secondly reducing degree of crystallinity is another
effectual way. Above two ways are commonly
modes used to improve hydrophilic property. The
methods used to modify the polyester which our
group used are not oversteping the two major ways.
SIPE(m-phthalic acid two hydroxyethyl ester-5sulfonic acid sodium) and PEG(polyethylene
glycol) are major monomers used to modify the
polymer. The effect of SIPE is that it can reduce
electron density of the benzene ring next to it, thus,
it becomes easier for OH-1 attacking the carbonyl
group, all these actions are applicable to improve
hydrophilicity. The application of PEG is majorly
considered to reduce the rigidity of the macrochain.
Apparently the decrease about the rigidity of the
macromolecule is advantageous for improving
hydrolyzation property.

HYDROLYZATION MECHANISM
Although the polymer is named as water-soluble
polyester, actually it is Easy Hydrolysis
Degradable Polyester. The veritable WSPET is
only used in coating and adhesive circles but not in
composite spinning. The following reaction
formula can denote the procedure about the
hydrolyzation of the polymer.

EXPERIMENT SECTION
The main experimental material are WSPET
membrane and chips produced by Hangzhou
Xiaoshan Dahua Plastic Product Co.,Ltd with the
aid of our technology. The thickness of mambrane
is 15μm which stretched 10 times biaxially. And
the specific density is about 1.36 g/cm3. Sodium
hudroxide used is purchased from market and the
purity is about 98%.

Firstly, OH-1 attacks carbonyl group for its lower
electron density, midbodies are created, the
reaction continues so that –COOH is created at the
third step. Eventually the –COOH transforms to
–COONa since the whole process is implementd in
alkali solution.

Experimental instruments used in experiment are
Fourier Transform Infrared Spectrometer(FTIR),
Wide-angle X-ray Diffraction Spectrum(WAXRD)
and GC-MS. Besides, beaker, thermostatic water
tank, volumetric flask, electronic balance,
- 176 -

analysis, we can know that the WSPET membrane
has had the possibility of more easily hydrolyzing.

thermostatic oven and glass rod are also used for
researching the hydrolysis property of WSPET
membrane.

Through analysis of X-ray diffraction, the
characteristicses of the WSPET membrane and
chip are respectively presented in Fig.2 and Fig.3.
As seen in Fig.2 and Fig.3, the abscissa denotes
diffraction angle 2θ, 2θ=0~60°; the ordinate
denotes diffracted intensity I(2θ). The key
parameters of wide-angle X-ray diffraction
spectrum include 40kV of voltage and 12kW of
power, 10°/min of scanning rate of X-ray and 0.02°
of sample interval. Cu/K-α with 15.4056nm of
wavelength was used in this experiment.

Membrane and chips were firstly tested by FTIR
Spectrometer and X-ray diffraction spectrum, then
we heated the membrane in alkali solution and
analyzed the ingredients of the solution which
membrane hydrolyzed completely in by GC-MS.
For contrast, the crystallinity of WSPET chip is
also tested through X-ray diffraction. At last, alkali
deweighting on different condition was calculated
by use of electronic balance for analyzing
hydrolysis discipline.
RESULTS AND DISCUSSION
The Molecular characteristics of the WSPET
membrane is investigated with FTIR, which sample
is prepared by KBr wafer method. Their infrared
absorption spectrum can be seen clearly in Fig.1.
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FIGURE 2. X-ray diffraction of WSPET membrane
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FIGURE 1. infra-red spectrogram of WSPET membrane
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The absorption peak values of 2800～3000 cm-1
are attributed by the stretching vibration of carbonhydrogen bond (C-H) existed in molecule. It can
also be verified that there are stretching vibration
of carbonyl group(C=O) in aromaticring by the
absorption peak value of 1722cm-1, vibration of
unsaturated carbon-carbon bond in aromaticring by
the absorption peak values of 1409 ～ 1609cm-1,
stretching vibration of carbon-oxygen bond at
carboxy by the absorption peak value of 1265 cm-1
and flexural vibrations of carbon-hybrogen in
aromaticring by the absorption peak values of 725
cm-1 and 1018 cm-1. The most important is that the
absorption peak value of 1100 cm-1 verifies the
modified group –SO3Na has existed in molecular
chain. So it is easily deduced that SIPE has been in
molecular chain of the WSPET membrane. While
it is just SIPE that improves the hydrolyzation
property of the WSPET membrane. Through above

0
0
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20
30
40
Two-Theta(deg)

50

60

FIGURE 1. X-ray diffraction of WSPET chips

After the analysis by compute, crystallinity is
calculated out. The value is 41.18%. While the
crystallinity of the chips is about 49.07%. The
crystallinity value of the WSPET membrane is
lesser than the WSPET chip, which is opposite the
common discipline that fibers’ crystallinity value is
bigger than chips. However, the proper lower
crystallinity is just beneficial for hydrolysis of the
WSPET membranes because it becomes much
easier for water molecules entering into the
spatium of macromolecules.
By use of the Gas Chromatograph-Mass
Spectrograph(GC-MS), we can analyze the
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ingredients of the WSPET membranes after
hydrolyzation,
the
intuitive
result
is
demonstrated in Fig.4.

CONCLUSION
Through the above analysis, we can have a primary
understanding of the WSPET membrane, the
corresponding datas are necessary for farther
research and application of the membrane. The
accurater hydrolysis discipline about WSPET
membrane can help us preferably understand the
hydrolysis property and characteristic of watersoluble polyester in composite filament.

Absolute Intensity

After analysis, sodium salt of terephthalic acid,
m-phthalic acid, glycol and m-phthalic acid two
hydroxyethyl ester-5-sulfonic acid sodium which
used to be expected are not found in the NaOH
solution which WSPET membranes hydrolyzed in.
Considering Mass Spectrograph can only detect
the compound whose molecular weight is lesser
than 1000, we can deduce that the molecular
weight of the soluble substance in NaOH solution
are all above 1000. So we can know a fact that if
only the molecular weight of the macromolecule is
lesser than 1000 through controlling molecular
chain length, water-soluble polyester can dissolve
in particular solution. Even if the molecular weight
is higher 1000, dissolving still possibly happens.
[MS Chromatogram] TIC 500 3420 1.5 29.992
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FIGURE 4. Chromatogram of GC/MS

Since membranes are made by use of water-soluble
as a unique component and ingredients after
hydrolysis in different conditions are all researched
and contrasted, the hydrolysis discipline of watersoluble polyester obtained by us is much closer to
factuality.
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Abstract
Ionic liquid have received much attention for its environmentally friendly and recyclable in recent years. In this paper,
imidazole ionic liquid, [Amim]Cl and [Bmim]Cl were chosen as solvent to dissolve bamboo pulp. And different
conditions were discussed during the dissolve process, i.e. the dependence of polymerization degrees (DP) on storage
and dissolving temperature, time and anti-oxidizer etc. Conclude that the fittest temperature of bamboo pulp dissolved
in [Amim]Cl or [Bmim]Cl is about 100℃; impact of temperature is prominence during the dissolving process;
degradation of bamboo pulp in [Amim]Cl is more severe than [Bmim]Cl; chosen anti-oxidizer, Propyl gallate and
Hydroquinoe, seems can’t restrain the degradation of bamboo pulp; and no matter what condition, polymerization
degrees present more or less descending tendency.
Keywords: bamboo pulp,；ionic liquid； polymerization degrees (DP)；degradation
Introduction

properties, i.e. good anti-bacteria[9], water-absorbable,

As the non-renewable resources, i.e. petroleum, are

air permeable and elastic resilient, which can be widely

becoming more and more exhausted, cellulose, as a

used as bedding and clothing materials. These

nature macromolecule, has received many researchers’

commodities have the functions of improving blood

attention, due to its huge reservation in the world,

circulation, motivating cells and amend sleeping quality.

comfortable and environment friendly clothing. Both

On the other hand, bamboo cellulose is derived from

[1,2]

are good examples for

bamboo that is growing quickly, the reservation of

cellulose exploration, however, viscose process is

bamboo is largest in china. Therefore, we use the

viscose and Loycell

[3]

and Loycell can’t be

bamboo pulp, which is drive from bamboo cellulose

recycled easily due to the instability of the solvent

through a series of chemical and physical processing, as

NMMO. Therefore, researcher have been seeking for a

our study object. In the following, the DP change of

kind of new solvent. Ionic liquids (ILS) appear to give

bamboo pulp in [Amim]Cl and [Bmim]Cl were

us a dawn. According to the reports, ILS hold many

discussed.

unfriendly for environment

[4,5]

characters

, i.e. excellent dissolving power for

polymers, low volatility, negligible vapor pressure,

Experiment

potential for recycling, thermal stability and etc, which

Materials

have taken the honor of green solvent in 21 century.

Bamboo cellulose(DP=500, provided by Fujian Nanping

[6-8]

and

Paper Co., Ltd.); N-Methylimidazole, allyl chloride and

[Bmim]Cl exhibit excellent dissolution power for

chlorobutane(CP, Shanghai Jiachen Chemical Co., Ltd.);

cellulose in a direct way, and regenerated cellulose

Propyl Gallate(Wenzhou Ouhai Fine Chemicals Corp.);

shows some excellent qualities as Loycell.

Hydroquinoeis(Shanghai Chongming Yuxi Reagent

According

to

the

references

,

[Amim]Cl

Fac.); Collector-magnetic stirrer(Jintan Science Analysis
Bamboo cellulose fiber, as a kind of cellulose, is

Instrument Co., Ltd.); Ubisch viscometer(Shanghai

regarded as the fifth nature fiber after the cotton, hemp,

Glass Instrument Fac.); Microscope(Shanghai Optical

silk and feather, since bamboo cellulose fiber have some

Instruments Fac.).
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Synthesis
The ILS [Amim]Cl is synthesized as following[10]:
1-Methylimidazole and allyl chloride were added at a
molar ratio 1:1.1 to a round-bottomed flask fitted with a
reflux condenser for 12h at 60℃ with stirring. then, the
products was put in a vacuum oven at 80℃ for 24h so
as to remove the untreated materials. And the product
was a transparent straw yellow liquid.

Figure 1. Dissolved 5 wt. % bamboo pulp solution

The preparation of [Bmim]Cl is similar to that of
[Amim]Cl, as following[11]: 1-Methylimidazole and
chlorobutane were added at a molar ratio 1:1.2 to a
round-bottomed flask fitted with a reflux condenser for
24h at 90℃ with stirring. Then, the products was put in
a vacuum oven at 80℃ for 24h so as to remove the
untreated materials. And, similarly, the product was a
transparent straw yellow liquid.
a

Result

and

Discussion

(Measurement

of

DP

according to FZ/T 50010.3-1998)
The dissolving process of bamboo cellulose in
[Amim]Cl and [Bmim]Cl
5g bamboo pulp was blended with 95g ILS in flask at
90-130℃, after 15mins, the uniform and transparent
solution were got, as shown in Figure 1. Figure 2 shows
the microscope photos of bamboo pulp during
dissolving process, where the intricate cellulose

b

becomes small and little as dissolving process goes on.

Figure 2. Photos of dissolving process beginning (a)

In the dissolve process, we find another phenomena that

and about ending (b)

solubility degree of bamboo cellulose, with temperature
decrease

If dissolving temperature is high, the dissolving time is

corresponding, no matter in [Amim]Cl or [Bmim]Cl, but

short, but DP of bamboo cellulose decrease sharply,

all the value will level off in the end.

which will lead to property declination of bamboo

climb,

will

increase

and

viscosity

cellulose. 5 wt. % bamboo pulp [Amim]Cl and
Dependence of DP on dissolving temperature

[Bmim]Cl solutions were prepared at

The dissolving temperature plays an important role

110℃, 120℃ and 130℃ respectively, in 15mins, when

during the dissolving process. If dissolving temperature

all the bamboo pulp dissolve, then the pulp was

is too low, degradation of bamboo cellulose is also low,

regenerated from water, DP was measured respectively.

but the time to obtain transparent solution is too long.
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90℃, 100℃,
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400

410

DP

DP

350
300

400
390

250

380
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370
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Figure 3. Change of DP as dissolving temperature.

5

Time/h
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25

Figure 4. Change of DP as dissolving time.

The results were shown in Figure 3, which show that no

As shown in Figure 4, DP decreases with dissolving

matter in [Amim]Cl or [Bmim]Cl, the DP of bamboo

time increasing, the degradation of bamboo pulp in

pulp decreased with increasing dissolving temperature.

[Amim]Cl is more severe than that in [Bmim]Cl. In

Moreover,

every

[Bmim]Cl, DP of bamboo pulp is only decreased from

temperature is stronger in [Amim]Cl than in [Bmim]Cl.

500 to 390 in 24h, whereas, in [Amim]Cl, DP is

From 90℃ to 110℃, the range of DP change is narrow,

decreased from 500 to 355 in 24h. The DP decreasing

however, when temperature exceed 110℃, DP decline

rate with dissolving time is lower than that with

severely, afterwards, level off. The favorite dissolving

dissolving temperature. Furthermore, DP tends to be

temperature is about 100℃, where the dissolving time is

stable when the dissolving time exceeds 7h.

the

DP

decreasing

extent

at

short and DP change isn’t very serious.
Dependence of DP on storage time
Dependence of DP on dissolving time

Whether the DP of cellulose in ionic liquid will decrease

In general, DP decreases as time prolong serious. 5 wt.

during storage, people’s conclusions is vary from person

% bamboo pulp/[Amim]Cl and bamboo pulp/[Bmim]Cl

to person, some researcher claim that despite the

were prepared at 100 ℃ respectively, samples were

cellulose/ionic liquid is reserved in room-temperature,

taken from the solutions and regenerated, at 5min 15min

the degradation of cellulose also is going on, however,

30min 60min 2h 3h 4h 5h 6h 12h 24h respectively, for

the others opposed. Here 5 wt. % transparent pulp

DP measurement.

solution in [Amim]Cl and [Bmim]Cl respectively are
obtained by dissolving at 100℃ and the solution were

[Amim]Cl
[Bmim]Cl

500

kept at room temperature for 15 days, different samples
were taken to measure DP everyday.
460

460

[Amim]Cl
[Bmim]Cl

440

440

420
DP

DP

480

420

400

400
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30
Time/min

40
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Time/day
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Figure 5. Change of DP as storage time.

As shown in Figure 5, DP decreases slowly with
increasing storage time. As compared with the influence
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of dissolving temperature and dissolving time, the
decrease extent caused by storage time is negligible,

0% Propyl gallate
3% Propyl gallate

500

also the span of DP in [Amim]Cl is similar to [Bmim]Cl,

450

that in [Bmim]Cl.

400
DP

but the value of DP in [Amim]Cl is always lower than

1% Propyl gallate
5% Propyl gallate
3% Hydroquinone

350

Dependence of DP on Anti-oxidizer

300

Degradation of cellulose will affect the mechanical

250

properties of the regenerate cellulose. In general,

200

cellulose degradation is mainly caused by acid, alkali,

0

metal ion, thermal and oxidizer. There hasn’t acid and

5

10

Time/h

15

20

alkali in our solution, so our attentions were focus on the

Figure 7. Change of DP as dissolving time

metal ion, thermal and oxidizer. In this paper, the later

add anti-oxidizer at 100℃

25

two factors, thermal and oxidizer, were mainly talked
about, therefore, Propyl gallate and Hydroquinoe were

Conclusions

chosen as anti-oxidizer to look into whether the

From above discussion, the following conclusions were

anti-oxidizer can restrain the degradation of bamboo

concluded.

pulp. Figure 6 and 7 is gained by add anti-oxidizer in

The favorite temperature of bamboo pulp dissolved in

5 wt. % bamboo pulp/[Bmim]Cl transparent soluiton at

[Amim]Cl or [Bmim]Cl is about 100℃; in all the factors

80℃ and 100℃ respectively, then dissolving for 24h,

that contribute to the degradation of bamboo pulp,

samples were fetched at 3h 6h 12h and 24h for DP

impact of temperature is prominence; degradation of

measurement.

bamboo pulp in [Amim]Cl is more severe than that in
[Bmim]Cl; during storage, DP of bamboo pulp show

As shown in Figure 6 and 7, no matter add anti-oxidizer

slight decrease with time increasing; the chosen

at 80 ℃ or 100 ℃ , DP is still decrease as time

anti-oxidizer in our experiment can’t restrain the

increasing, it seems that add anti-oxidizer haven’t

bamboo pulp degradation.

restrain the bamboo pulp degradation, and that the more
anti-oxidizer is added the more degradation of bamboo
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ABSTRACT
This paper studies the effect of pretreatment time and stretching speed to yak hair fiber slenderizing.
Mechanical behavior of yak hair fiber bundles is tested by means of stretching equipment, which is developed
by our lab. The tensile behavior of yak hair fiber-bundles, with different stretching conditions, i.e. pretreatment
time and stretching speed, has been analyzed in characteristic values. The characteristic value which include
initial modulus, E0, yielding point, YP, strengthening point, SP, the length of yielding region, YL and breakage
point, BP, have been derived from the tail of bundle tensile curves. The experiment results show that the initial
modulus of yak hair fiber, after pretreatment process, is less than that of dry fibers obviously. Meanwhile, the
initial modulus also can be variation when the fibers are stretched with different pretreatment time and
stretching ratio. The length of yielding region is decreased gradually as the increase of stretching speed, while
the fiber is stretched at same pretreatment time. In addition, it can be found that the value of YL is optimal
when pretreatment time is 10min and stretching speed is 0.20min-1. To stretch yak hair fiber, the stretching ratio
should not be more than 80%, since the analysis result of breakage point, BP, from the tensile curves.
KEYWORDS: stretching slenderization; yak hair; structure; property; FT-Raman
macromolecule structure [5]. This paper studies the
effect of pretreatment time and stretching speed to
yak hair fiber slenderizing, according to the
analysis to the tensile curve of fiber bundle during
stretching, and the aim is to find out the optimum
process parameters in pretreatment time and
stretching speed for yak hair fiber stretching
slenderization.

INTRODUCTION
With the living standard improved, there is much
requirement to the wig products for people,
especially which are made by people’s hair.
However, the resource of people’s hair is quite
limited compared with the demand of market. Thus
the yak hair fiber is used as the material of wig
product instead of people’s hair. To produce wigs,
the longer the length of yak hair fiber is, the higher
the economic value is. It is significant to increase
the yak hair fiber’s length by artificial method.

APPROACH
The yak hair fiber sample, which average diameter
is 112μm, was stretched up to 100% longer than its
original length respectively on untwisted fiber
bundles using the stretching device invented by our
lab, with force and position sensor. All samples,
yak hair fiber bundles which stretched length is
60mm, were stretched according to the following
processes: Pretreating(Chemical Reagent, made by
our lab)→ Stretching (Untwist, Steaming) → First
Setting → Washing → Second Setting → Drying
(80℃) → Baking (130℃). After the stretching
process, the tensile curves, i.e. stress-strain curves,
could be obtain by means of the device.

The stretching slenderization is an effective way to
improve the length and reduce the diameter for
animal fiber [1, 2]. But mostly research is focused
on slenderization of wool fiber, including process
and mechanism of stretching [3, 4]. For yak hair
fiber, few studies are made on stretching process.
In order to obtain longer yak hair fiber by means of
stretching slenderization, it is necessary to
investigate the stretching process to avoid the
injury of fiber structure.
The influence of pretreatment time and stretching
speed on the transformation of macromolecule and
slippage is vital while the stretching slenderization
is carried out to yak hair fiber. These two
parameters not only relate to the damnification to
fiber but also they may lead to instability of

Here, the characteristic value which include initial
modulus, E0, yielding point, YP, strengthening
point, SP, the length of yielding region, YL and
breakage point, BP, could be derived from the tail
of bundle tensile curves in terms of Meredith’s
method [6]. According to the Meredith’s method,
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the characteristic value will be obtained as show in
Figure 1 in this study.

As showed in Figure 2, the initial modulus has not
difference between 5min and 10min in the
pretreating time, when the stretching speed is
0.20min-1 and 0.40min-1 respectively.

Stress /σ

BP

TABLE II. The characteristic values of tensile curve of yak hair
fiber with different pretreating time and stretching speed.

SP
YP

YL
0

εY

εB

εS
Strain / ε

FIGURE 1 Method of Meredith to pick up the characteristic
value from stress- strain curves of yak hair fiber bundles.

In this study, the fiber samples are stretched with
different pretreating time and stretching speed. The
experiment conditions are shown in Table I. Each
experiment is performed five times, so the
characteristic value is averaged from five values.

Pretreating Time
(min)
5

Stretching Speed
(%·min-1)
20

2

5

40

3

5

60

4

10

20

5

10

40

6

10

60

7

15

20

8

15

40

9

15

60

E0
(cN⋅tex-1)

YL
(%)

YP
(%)

SP
(%)

BP
(%)

1
2
3
4
5
6
7
8
9

0.059
0.067
0.071
0.061
0.065
0.095
0.091
0.072
0.065

57.17
54.00
49.50
59.84
51.00
47.33
54.00
50.00
47.33

7.17
8.67
6.50
13.33
6.50
10.00
4.67
7.50
7.33

64.34
62.67
56.00
73.17
57.50
57.33
58.67
57.50
54.66

89.00
80.33
81.50
90.00
83.33
75.50
82.50
81.67
79.33

However, the initial modulus increases obviously
when yak hair fiber bundle is pretreated for 10min
and stretched according to 0.60min-1. In addition,
the value of initial modulus, E0, increases gradually
with the increase of stretching speed, as the fibers
are pretreated for 5min or 10min in the
pretreatment reagent, but in contrast for 15min.
The results show that some fibers of yak hair
bundle are broken during initial stage of stretching
process, and the higher the stretching speed, the
more the quantity of broken fiber, when the
pretreating time is 15min. It also indicates that the
pretreatment reagent will damage the structure of
yak hair fiber if the pretreating time is more than
10min.

TABLE I. The experiment conditions for stretching samples
Experiment
No.
1

No
.

0.35

60%/min
40%/min
20%/min

0.30

initial modulus E0 /cN tex

-1

RESULTS AND DISCUSSION
According to the tensile curve obtained after
stretching process, the characteristic values,
including initial modulus, E0, yielding point, YP,
strengthening point, SP, the length of yielding
region, YL and breakage point, BP, have been
derived for each experiment. The results are listed
in Table II.

0.25

0.20

0.15

0.10

0.05

0.00

5

10

15

Pretreating Time /min

From Table II, it could be found that there are all
variations in the characteristic values of yak hair
fiber tensile behaviors under different conditions,
especially initial modulus, E0, the length of
yielding region, YL and breakage point, BP. The
variation of initial modulus E0 has been illustrated
in Figure 2.

FIGURE 2 The variation of initial modulus with different
experimental condition.

To stretching slenderization of yak hair fiber, the
length of yielding region, YL, is a key issue, which
will affect the extent that yak hair fiber could be
stretched , i.e. the final stretching ratio achieved.
Figure 3 shows the variation of the length of
yielding region, YL.
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This result indicates that slow stretching could
reduce the damage effectively to the structure of
yak hair fiber.
60%/m in
40%/m in
20%/m in

the length of yielding regionYL /%

80

CONCLUSIONS
The tensile behavior of yak hair fiber-bundles, with
different pretreatment time and stretching speed,
has been analyzed in characteristic values. The
characteristic value which include initial modulus,
E0, yielding point, YP, strengthening point, SP, the
length of yielding region, YL and breakage point,
BP, have been derived from the tail of bundle
tensile curves of yak hair.

60

40

20

0

5

10

15

Pretreating Tim e /m in

FIGURE 3 The variation of the length of yield region YL with
different experimental condition.

The research finds that the value of initial modulus
of yak hair bundle, E0, increases gradually with the
increase of stretching speed, as the fibers are
pretreated no more than 10min in the pretreatment
reagent. But the pretreatment reagent will damage
the structure of yak hair fiber when the pretreating
time exceeds 10min. Furthermore, the length of
yield region YL has a close relation with stretching
speed. The length of yield region is the longest, up
to about 60%, at 10min pretreating and 0.20 min-1
stretching speed, meanwhile the largest breakage
point can be obtained, up to 90%. Thus the
optimum process parameters to stretching
slenderization of yak hair fiber, in pretreatment
time and stretching speed, are 10min and 0.20 min1
respectively. It will avoid the damage effectively
to the structure of yak hair fiber and elongate the
fiber length and reduce the diameter of that.

To analyze Figure 3, it is presented that the length
of yield region YL has a close relation with
stretching speed at same pretreating time, that is,
the longer the length of yield region YL, the lower
the stretching speed. It shows that the stretching
speed raising will result that the strengthening
point, SP, is brought forward, and the yak hair fiber
will bear more action force when stretching.
Furthermore, the length of yield region is the
longest, up to about 60%, at 10min pretreating and
0.20 min-1 stretching speed.
Another factor to effective stretching, the breakage
point BP, is as important as the length of yield
region YL, since the breakage ratio in yak hair
fiber bundles could not be too high to satisfy the
economic value. So the breakage point BP should
be higher in stretching. Here, Figure 4 gives the
variation of the breakage point, BP.
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FIGURE 4 The variation of the breakage point BP with
different experimental condition.

From Figure 4, we can see that the breakage point,
BP, increase gradually with the stretching speed
decrease as a whole. Thus the stretching speed at
0.20 min-1 is the optimum value to stretch yak hair
fiber. Moreover, the yak hair fiber has the largest
breakage point value at the 10min pretreating time,
up to 90%, when the stretching speed is 0.20 min-1.
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ABSTRACT
In this paper, the effect of protease treatments on the prickle of a worsted woven wool blend fabric was studied.
The fabric was pretreated by H2O2 and then treated with protease Nuohe LAN. The prickle of the treated fabrics
was subjectively evaluated. The strength of the fabrics was measured.
Key words: protease treatment；worsted woven wool blend fabric； prickle；strength loss
INTRODUCTION
TABLE I

Wool fabric worn against the skin can evoke the

The detailed parameters of the original fabric

unpleasant sensation of prickle. Much work has
been down on the prickle of wool fabrics, and most
of the work has been focused on finding the factors
influencing the prickle of wool fabrics. The coarse
wool fiber was found to be the main cause for
evoking prickle[1-3]. Naylor’s work showed that
silicon treatment could somehow reduce the prickle

50% 66S W 25%2D PET / 25%2D PTT

Yarn count (tex)

12.5x2 x 12.5x2

weight（g/m2）

234.7

weave

Plain weave

Protease Treatment

of wool fabrics[2]. To reduce the prickle of a wool

The fabric was pretreated

with H2O2, and then degraded with protease Nuohe

fabric, the common way is to use finer wool.

LAN. In order to optimize the enzyme degradation

However, the production of finer wool is very

process, an L16(45) orthogonal test was carried out

limited.

as shown in TABLE II. The washing and
aminosilicone oil POWERSOFT ﹫ AE 38 CN

Protease treatment is environmentally friendly.

softening treatment (4%, 30ºC for 30min) followed.

Much work has been done related to the effect of

And finally, the treated fabrics were washed and

protease treatment on improving shrinkproofing,
dyeing affinity, and anti-pilling of wool fabric

Fiber composition

[4-6]

dried. Thus 16 kinds of treated fabric were obtained

,

and numbered as the same treatment number. The

while less work has been reported on reducing the

original fabric was numbered as fabric 0.

prickle of wool fabric by using protease treatment.
The aim of this paper is to find the effect of

Tensile Strength Test

protease treatment on the prickle of wool fabrics.

The fabric tensile strength

was tested on YG（B）026H—500 tensile strength
tester according to ISO/DIS 13934—1994. Three

APPROACH

replications on the warp direction were tested for

Experimental Materials A worsted woven wool

each fabric.

blend fabric was used in this study. The detailed
parameters were listed in TABLE I.

Prickle Evaluation The prickle of the fabrics was

subjectively evaluated at the conditions 22℃±2℃
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temperature

and

RH=55%±5%.

Ten

was 0.845. It showed that the subjective evaluation
results of fabric prickle were reliable and stable and
could be analyzed further.

female

university students who had been trained on
evaluating fabric-evoked prickle were chosen to
conduct the forearm test.

TABLE III

Prickle test results

5

TABLE II

Orthogonal Experinmental Design list L16(4 )

Treat

Factors

Fabric

0

1

2

3

4

5

6

7

8

-ment

H2O2

H2O2

H2O2

protease

protease

Subj1

3.7

3.7

1.5

2.5

1.0

1.0

3.8

1.0

2.3

No.

(%)

(min)

（℃）

（%）

（min）

Subj2

3.8

3.5

2.1

1.5

1.8

1.0

3.6

1.0

1.5

1

1.0

30

30

0.8

15

Subj3

4.5

2.0

1.0

1.3

1.2

1.0

3.0

1.0

2.0

2

1.0

15

60

2.0

45

Subj4

3.1

3.3

1.5

1.3

1.2

1.0

2.5

1.5

2.0

3

1.0

60

45

1.5

60

Subj5

4.0

3.6

1.8

2.4

1.0

1.0

2.7

1.2

2.5

4

1.0

45

55

0.5

30

5

3.5

30

60

1.5

30

Subj6

4.0

2.8

1.2

1.5

1.5

1.0

3.5

1.3

2.1

6

3.5

15

30

0.5

60

Subj7

3.9

1.9

2.1

1.4

1.7

1.0

4.0

1.0

1.2

7

3.5

60

55

0.8

45

Subj8

3.6

3.0

1.0

1.6

1.3

1.0

2.8

1.0

2.7

8

3.5

45

45

2.0

15

Subj9

3.8

2.7

2.0

2.0

1.1

1.0

2.7

1.4

1.8

9

5.0

30

45

0.5

45

Subj10

3.9

2.5

2.2

1.8

1.6

1.0

3.0

1.0

2.3

10

5.0

15

55

1.5

15

Ave.

3.8

2.9

1.6

1.7

1.3

1.0

3.2

1.1

2.0

11

5.0

60

30

2.0

30

Stdev.

0.4

0.6

0.5

0.4

0.3

0.0

0.5

0.2

0.5

12

5.0

45

60

0.8

60

13

2.0

30

55

2.0

60

14

2.0

15

45

0.8

30

15

2.0

60

60

0.5

15

16

2.0

45

30

1.5

45

TABLE III

Prickle test results (continued)

Fabric

9

10

11

12

13

14

15

16

Subj1

1.0

2.0

3.0

1.0

1.0

3.6

1.0

3.5

In the forearm test, a 1-5 scale was used for prickle

Subj2

1.0

1.2

1.8

1.0

1.2

3.0

1.0

3.2

evaluation, in which: 1=no prickle at all, 2=slight

Subj3

1.5

2.0

3.0

1.0

1.0

2.8

2.0

4.0

prickle, 3= prickle, 4=strong prikle, and 5=extreme

Subj4

1.8

1.7

2.1

1.0

1.3

2.3

1.6

2.7

prickle.

Subj5

2.0

1.6

2.0

1.0

1.1

2.5

2.2

4.2

Subj6

1.1

2.1

2.4

1.0

1.0

3.0

1.2

2.9

Subj7

1.0

1.5

1.7

1.0

1.3

2.4

1.5

2.7

Subj8

1.2

1.8

2.5

1.0

1.4

3.5

2.1

3.7

Subj9

1.6

1.7

2.7

1.0

1.1

3.0

1.8

3.1

Subj10

1.0

1.4

3.3

1.0

1.0

3.0

1.0

4.0

Ave.

1.3

1.7

2.5

1.0

1.1

2.9

1.5

3.4

Stdev.

0.4

0.3

0.5

0.0

0.2

0.4

0.5

0.6

Surface Fiber Diameter Measurement The
diameter of the yarn surface fibers of the worsted
woven wool blend fabrics was measured by using a
microscope with 400~500 magnification and the
number of the yarn surface fibers was counted and
recorded.
RESULTS AND DISCUSSION

Kolmogorov-Smirov test was then carried out and

Effect of Protease Treatment on Fabric Prickle

the result showed that the prickle test results for

The prickle test results are summarized in TABLE

each fabric followed the normal distribution.

III.

The paired t-test was further carried out to analyze
if there was any difference between the prickle of

The test of Kendall’s concordance coefficient was

the treated fabrics and the original fabric. The

carried out on the prickle test results and the

results showed that the difference between the

calculated Kendall’s coefficient of concordance
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prickle of the treated fabrics and the original fabric

about 3μm.

was significant at the significance level 0.05. The
prickle of the fabric was decreased after these

Tensile Strength Loss

treatments. Especially for treatments 4 (1.3), 5 (1.0),

tensile strength and elongation are shown in

7 (1.1), 9 (1.3), 12 (1.0) and 13 (1.1), the reduction

V.

of prickle was very outstanding. After these
treatments, the fabrics became almost non-prickle at

each fabric. The tensile strength loss ratio was
calculated according to the tensile strength of the

all.

treated fabric and the original fabric. The results

Effect of Protease Treatment on Surface Fiber
Diameter For each fabric, 3 warp yarns and 3
weft yarns were taken from different parts, and
the surface fibers in a range of 2 cm were
measured and counted for each yarn. The
measurement results of fabric surface fiber
diameter are shown in TABLE IV.

loss ratio of each treatment is more intuitively

The results of fabric
TABLE

Data are the means of three replications for

are also included in

TABLE V.

The tensile strength

shown in Figure 1.
TABLE V The effect of protease treatment on fabric tensile
strength

Fabric
TABLE IV The results of surface fiber diameter measurement

Tensile strength

Elongation

（N）

(%)

Tensile strength
loss ratio
（%）

0

534.3

39.7

0

Number of

Mean diameter

CV of diameter

1

411.9

39.5

22.91

surface fiber

（μm)

(%)

2

390.9

38.8

26.84

0

300

18.7

27.1

3

405.0

38.0

24.2

1

294

16.8

15.3

4

464.3

38.0

13.10

2

378

16.5

26.3

5

388.5

37.9

27.29

3

204

16.6

18.0

6

457.9

36.5

14.30

4

198

15.0

21.9

7

402.3

39.3

24.71

5

132

16.1

27.3

8

403.9

38.0

24.41

6

216

16.0

19.0

9

390.1

38.6

26.99

7

234

17.4

29.9

8

216

17.0

22.0

10

385.9

37.4

27.77

9

468

16.6

23.0

11

468.4

37.6

12.33

10

222

15.3

20.8

12

346.7

37.5

35.11

11

246

18.1

29.4

13

386.4

37.6

27.68

12

96

15.8

18.0

14

493.4

37.7

7.65

13

378

15.6

34.8

15

386.3

37.7

27.70

14

156

16.8

20.8

16

478.1

34.8

10.52

15

450

15.5

22.8

16

354

17.6

25.1

Fabric

From TABLE IV，it can be seen that the surface
fiber diameter was decreased after the protease
treatments. And the decreased degree varied with
the treatment conditions. For treatments 4, 10, 12,
13 and 15, the surface fiber diameter was reduced
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Strength loss ratio （%）

40
35

FUTURE WORK

30

The further work will be on the investigating the

25

effect of protease Nuohe LAN treatment on the

20

wool fabric hand and the industrial realization.

15
10
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treatment 4, the fabric prickle can be decreased
from 3.8 (4=strong prikle) to 1.3 (1=no prickle) at
the expense of 13.1% tensile strength loss.
CONCLUSIONS
It is evident that protease Nuohe LAN treatment
combined with H2O2 pretreatment can decrease the
prickle of worsted woven wool blend fabric. If the
treatment parameters are chosen reasonably, the
fabric prickle can be decreased greatly at an
acceptable tensile strength loss level.
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Effect on the Electrospinnability by Adding Surfactant in
Gelatin Aqueous Solution
Ruitian Zhu， Yurong Yan*，Guifeng Su
Department of Polymer Material and Engineering, South China University of Technology, Guangzhou, 510640
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Abstract
Water is a good solvent for the gelatin nanofibers prepared by electrospinning process, but the spinning
temperature must be maintained around 60 ℃ to 65 ℃. Gelatin mats with ultrafine fibers varied from
178 nm to 267 nm can be prepared under the optimized electrospinning conditions when the
concentration varied from 15 wt % to 25 wt %. Beads is evidence in regular arrays along ultrafibers
when the gelatin concentration was below 15 w t %. Sodium dodecyl sulfate (SDS) was added to
improve the electrospinnability of the gelatin solution of 13 wt %t. It has been recognized that the
surface tension of gelatin aqueous solution was decreased when SDS was added, meanwhile the
conductivity and the viscosity increased. With the SDS content of 0.3 wt % and 0.5 wt %, beads along
the gelatin fibers vanished. Smooth and uniform ultrafine gelatin fibers with fibers’ diameter 153 nm
and 132 nm were obtained.
Key words: Gelatin; Electrospinning; Ultrafine fibers; Surfactant
1.

diameters smaller than those of the cells [2], the

Introduction

Gelatin is a protein biopolymer obtained by

fibrous scaffolds prepared from electrospinning

partial degradation of collagen, which are the

can be considered as ideal candidates.

most abundant structural proteins found in the
animal body of skin, tendon, cartilage and bone.

In recent years, the electrospinning of gelatin is

Due to the outstanding performance of gelatin

attracting more and more attention. Suitable

such as biocompatibility, biodegradability, and

solvents for preparing an electrospinnable

commercial availability at relatively low cost,

gelatin solution are 2,2,2- trifluoroethanol

gelatin has been widely used in the medical and

(TFE)[3-5], formic acid[6], 1,1,1,3,3,3-hexa-

pharmaceutical fields as sealants for vascular

fluoro-2-propanol (HFP)[7-8], acetic acid[9] and

prostheses, carrier for drug delivery, dressings

a mixture of doubly distilled water and

for wound healing, tissue engineering, etc. [1]

ethanol[10]. And it is a problem to wash off the

For tissue scaffold application, the fiber mats

residual solvent from the ES products for

produced from biodegradable polymers have a

biomedical applications. In the present study,

diameter ranging from several microns down to

electrospinning of gelatin aqueous solution was

a few nanometers. Such small size fibers could

investigated by ZHU. Mats with ultrafine gelatin

physically mimic the structural dimension of the

fibers can also be prepared successfully under

extracellular matrix of various native tissues and

the optimized electrospinning conditions, and

organs, which are deposited and proliferated on

the ultrafine fibers’ diameter changed from 178

essentially fibrous structures realigning from

nm to 267 nm when the concentration varied

nanometers to millimeters. As human cells can

from 15% wt % to 25 wt %(Fig. 1) and there are

attach and organize well around fibers with

beads when the concentration is below 15％ by
weight.
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blunted medical needle spinneret (OD 1.0 mm,
ID 0.8 mm) was used. The syringe was
connected to a high-voltage supply, which is
capable of generating positive DC voltages up to
（a）15 wt ％

50 kV. A flat piece of aluminum foil was used to

（b）17 wt％

collect the electrospun gelatin fibers. And the
distance

between

the

spinneret

and

the

aluminum foil can be changed when necessary.

（c）19 wt％

The viscosities of the spinning solutions were

（d）25 wt％

measured by using a rotational viscometer
(Model No. NDJ-79) manufactured by Shanghai

Fig. 1 Effect of concentration on the morphology
of the gelatin fiber web

Changji Geological Instruments Co., Ltd at 65℃.

The smaller the diameter of the gelatin fiber is,

The conductivities and the surface tensions of

the larger the specific surface area of the fiber

spinning solutions were measured at 65℃ by

has. That would be applied profitably in

conductivity

biomedical field, such as tissue scaffold.

Singapore

Surfactant can lower the surface tension of

instrument

solution, it has the possibility of reducing the

Dataphysics).

diameter

of

fibers

with

(CyberScan PC510,

meter
EUTECH)

and

surface

(OCA-20-LHT,

tension
Germany

electrospinning,

improving the specific surface of ultrafine fibers.

The morphology of the electrospun fibers was

Sodium dodecyl sulfate (SDS) is the most

observed on a Scanning Electron Microscope

frequently used anionic surfactant in laboratory,

(Model No. XL-30FEG) manufactured by

it can also be used to improve conductivities of

Holland PHILIPS.

solutions. In this paper, influence of SDS on
electrospinnability of gelatin aqueous solution

3. Results and discussion

was investigated. During the electospinning

The results showed that the viscosity of gelatin

process, the applied voltage can be reduced

aqueous solution of 13 wt % was increased when

because of the reduction of surface tension of

SDS was added (Fig. 2), The increase tendency

solution by SDS, which consequently changed

of solutions’ viscosity was slow at beginning and

the other properties of the solution, e.g. viscosity,

then changed fast with the concentration of SDS

conductivity, and so on.

increasing. It was indicated that electrostatic
attraction is important for the development of

2. Experimental

viscosity in mixtures of polymer and surfactant

Gelatin, was obtained from Shanghai Sinopharm

in aqueous solution[11]. In the gelatin aqueous

Chemical Reagent Co., Ltd.

and Sodium

system, solution of polyelectrolyte, electrostatic

dodecyl sulfate (SDS) was obtained from

attraction between gelatin and SDS impelled the

Shanghai Runjie Chemical Reagent Co., Ltd.

two kinds of molecule bonding, forming a

Distilled water was used. The powders of gelatin

“compound”. And the gelatin molecule extended.

and SDS were swollen at room temperature.

Hence, the viscosity of gelatin solutions

Then the solution was put into thermostatic

increased. Likewise, the conductivity of gelatin

water bath at 65℃ for 3 hours to get into

aqueous solution almost increased linearly with

uniform

the increasing of adding SDS (Fig. 3), because

and

transparent.

During

the

electrospinning process, a 1 ml syringe with a

SDS is a kind of anionic surfactant.
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When the amount of SDS increased to 0.3 w t %,

During electrospinning, the formation of beads is

the beads in the gelatin fibers vanished (Fig. 4).

driven by the surface tension of solution. Surface

Smooth and uniform ultrafine gelatin fibers were

tension tries to make the surface area per unit

obtained. The ultrafine fibers’ diameter changed

mass smaller, by changing the jets into spheres;

from 173 nm to 132 nm when the addition of

the forces from the excess charge try to increase

SDS varied from 0.1 w t % to 0.5 w t %.

the surface area, which opposes the formation of
beads and favors thinner jets; viscoelastic force
resists rapid changes in shape[12]. As is shown,

80

s)

70

46

50

44

Surface tension / (mN/m)

·
Viscosity / (mPa

60

40
30
20
0

0.1%

0.3%

0.5%

0.8%

The adding amount of SDS in gelatin solution of 13% by weight

Fig. 2 The influence of SDS
on the viscosity of gelatin solutions

42
40
38
36
34
32
30

0
0.1%
0.3%
0.5%
0.8%
The adding amount of SDS in gelatin solution of 13% by weight

2.2

Fig. 5 The influence of SDS onthe surface tension of
gelatin solution

Conductivity / (mS)

2.0

increasing SDS concentration leaded to a higher
solution viscosity, and a lower the surface

1.8

tension (Fig. 5). Both effects favored the

1.6

formation of smooth filaments. And the viscosity
1.4

1.2

of 13 wt % gelatin solution with 0.5 wt % SDS
is similar to that of 16 wt % gelatin solution
0

0.1%

0.3%

0.5%

0.8%

which is of well electrospinnability without any

The adding amount of SDS in gelatin solution of 13% by weight

addition. From Fig. 4 and 5, we can see that the

Fig. 3 The influence of SDS
on the conductivity of gelatin solutions

surface tension of solution adding 0.1% SDS and
that

adding

0.3%

SDS

are

identical, but the later could be
electospun into smooth fibers. As
a result, surface tension is not the
only reason to make the beads
disappeared,

viscosity

is

so

important.
(a) 0

(b) 0.1 wt %

4. Summary
The formation of the beaded
nanofibers can be considered as
the capillary breakup of the
electrospinning jets by surface
tension. Adding SDS makes the
(c) 0.3 wt%

(d) 0.5 wt %

Fig. 4 Effect of addition of SDS on the morphology of the gelatin fiber web
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solution viscosity higher, and the
surface tension lower. Both these

effects promote the electrospinnability of the

5094-5102

gelatin aqueous solution with 13 percent by

[7] Telemeco T.A., Ayres C., Bowlin G.L., et al. Regulation

weight. And Smoother and thinner ultrafine

of cellular infiltration into tissue engineering scaffolds

gelatin fibers were obtained.
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ABSTRACT :
A new setup of multiple layered nozzles free electrospinning apparatus without the presence of actual
nozzles was designed. The cones emerged at the edge of the disks played the role of spinning nozzles
which could be kept into control by the operating conditions. As a result, the productivity rate has been
enhanced by adjusting the parameters of the apparatusn and at least 150 times productivity can be
obtained by using one layer compared with single nozzle. The process parameters studied in this work
included the concentration of the polymer solution, the applied voltage, the time of spinning and the
speed of rotation. SEM measurement depicted the well ordered nanofibers were fabricated in the
electrospinning process.
fiber's
1

productivity.

INTRODUCTION

structure of fiber mats as well as more than

decades, it has attracted significant attention

170 times productivity [9]. Many unique and

due to the fact that the one-dimensional

fascinating multi-nozzles modes have been

electrospun Þbers have various applications

reported and demonstrated in the recent years

such as filter media [2], sensors [3], polymer

[10-15]. In particular, S.A. Theron et.al.

electrochemical

studied the modeling of multiple jets and

photocatalysts [6] and so forth. Typically, the

analyzed the influence of the external electric

parallel alignment of ultrafine fibers can be

Þelds and mutual electric interaction of

utilized in conducting polymers to enhance the

multiple charged jets [15]. O. O. Dosunmu and

performance of electrical devices [7]. However,

coworkers produced porous polyethylene tube

the conventional single nozzle mode apparatus

to replace nozzles and found that the mass

has limited the formation of highly-ordered

production rate is 250 times greater than that

fibers as well as restricted the industrial use of

from a single jet [16]. Non-nozzle mode has

electrospinning for the low productivity.
researchers

have

double-layer

and they have obtained the isotropic network

of 100nm and even less [1]. Over the past

Therefore,

the

Dual nozzles was introduced by Mei Li et.al.

novel nanofibers with a diameter in the range

and

co-centric

increase

prepare Þbers with core-shell structures [8].

inexpensive and versatile process to fabricate

[4,5],

The

and

nozzle with two different solutions was used to

Electrospinning technique offers a simple,

batteries

morphology

been reported by R. T. Weitz et.al [17] but the

continuously

morphology of the fibers is not satisfactory

explored different types of spinning nozzle of

and

electrospinning apparatus in an effort to design
- 195 -

the productivity did

not

identified

clearly.In this study we focused on a novel

Alfa Aesar, M.w.1000,000)) was used to study the

nozzle-free setup which can effectively improve

formation mechanism of nanofibers on the nuzzle

the efficiency and productivity. The parameters

free apparatus, a water-ethanol mixture solvent

that affected the productivity will be investigated

was used to dissolution the polymer. To clarify the

under different operating conditions. Compared

influence of the solution's concentration upon the

with other electrospinning apparatus, the special

parameters, a solution of 3.0 wt.% and 3.5 wt.%

thing in this apparatus is that relatively high

of PEO in 60 wt.% aqueous ethyl alcohol was

productivity was achieved and large scale

prepared. The solution was carefully added onto

well-aligned structures of polymer nanofiber

the center of the rotating disks via syringe pump

mats were fabricated and characterized in the

at a constant speed of 90ml/h. Viscosity

electrospinning process.

measurements were performed on Changji
Instruments NDJ-79 Rotating Viscometer at the

2

EXPERIEMENTAL

room temperature to identify the viscosity of the

2.1 Multilayered Nozzle-free Setup

solution. Electrical conductivity was obtained by

To produce Þbres from the multiple layered disks,

a Eutech Instruments CON 510; automatically

the speed of the rotation and the push of the

temperature

syringe pump coordinated to provide sufficient

morphology of the electrospun fibers was

force to push the polymer solution through the

observed on a Scanning Electron Microscope

surface of disks to feed or replace drops at edge.

(Model No. XL-30FEG) manufactured by

When the collector was charged, jets issued from

Holland PHILIPS.

compensation

is

25°C.

The

the drops and electrospun Þbers were observed. A
sketch of the experimental apparatus is shown in
Fig.1. While the electrode was applied on the
collector and the paralleled disks started to rotate
at the same time, the polymer solution drops were
under the competition of the electrostatic force
and the centrifugal force. As soon as the solution

FIGURE 2. Image of fingers and small cones emerged at the

was deposited onto the disks through the syringe

edge of the rotating disks (left); SEM image of well-aligned

pump, it expanded outward, forming the so-called

architecture fibers (right).

fingers [17] and the Taylor cones appeared at the

3 RESULTS AND DISSCUSSION

very edge of the rotating disks (Fig.2). Hence the

We discover that numerous cones emerged in

solid nanofibers were collected in the collector

every direction at the edge of the disks due to

after the evaporation of the solvent.

the effect of the rotation. There was actually no
nozzle being utilized in this apparatus but the

b

small cones could possibly be regarded as
multiply

a
d

nozzles,

which

were

strongly

dependent on the rotating speed and the

c

potential applied on the collector. These cones

FIGURE 1. Schematic drawing of the experimental setup.

as well as the invention of the multilayered

(a) rotating component, (b) syringe pump, (c) collector, (d)

disks had contributed to achieve a higher

high voltage supply.

production rate. It is interesting to note that
aligned architecture fibers were collected in

2.2 ELECTROSPINNING PROCESS

this procedure possibly because of the fibers

A sample polymer poly(ethyleneoxide)(PEO,

are stretched and oriented when they jeted out
- 196 -

from the disks, resulting in a drastic reduction

solution performed better than the 3.0% PEO

in its diameter, to the nanoscale range( see

solution in terms of productivity. The reason

Fig.2).

behind this is the difference of viscosity and

Polymeric membrane and fingers could be

electrical conductivity (Table 1).

observed after the solution being dropped on

liquid have strong link to the time and the

72

2

68

180

Fingers' number

film formed on a disk and the fingers of the

160
140
120
100

0

1500rpm, the area of the film and the number

56
52
48
44

10

15

20

25

0

5

10

15

20

25

Negative Voltage/kV

TABLE 1. The viscosity and the electrical conductivity in
different concentration
Concentration
Viscosity
Electrical conductivity
/%
/Pa·s
/μs

of the fingers increased moderately and finally
reached a plateau after nearly five minutes, as
shown in Fig.3. Furthermore, it can be seen in

3.5

611

6.9

Fig.4 that the change of the film area and the

3.0

605

6.42

fingers' number at different centrifugal speed

By adjusting the operating condition of the

but at the same length of time(150s) and

apparatus and the number of the paralleled

voltage (-25kV). Notably, The rotation speed

disks, we were able to effectively control the

exerted more impacts on the fingers than film

area of the film and the fingers' number, thus

area. As the voltage was changed from 0 to

provided a means to control the number of the

-25kV, both the area and the fingers were

so-call nozzles at the edge of disks. Most

measured right at the point of 150 seconds; the

importantly, the productivity can also be

figures

accelerated

monitored by adjusting these parameters. We

dramatically thereafter(Fig.5). This can be

estimated that the productivity can reach 150

attributed to the fact that when the electrostatic

times greater than the single nozzle mode by

grew

slowly

but

90

210
180
150
120
90
60

collecting and weighting the electrospun Þbers
in terms of only one disk. Scanning electron

80

Fingers' numbers

240

3.0%
3.5%

100

3.0%
3.5%

270

Film Area/cm2

60

FIGURE 5. The relationship of area and fingers' number when
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approach is based on the combinational

when the time and voltage were constant.

influence of electric fields and rotating effect

force coordinated with the centrifugal force,

in order to fabricate the oriented polyethylene

high mass production rate could be realized.

oxide nanofibers. It should be noted that the

Also worth mentioning is that 3.5% PEO

cones found at the edge of the disks
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represented

numerous

Taylor

cones

and

Synth.Metal, 114, 2000: 109-114 .

[8] Dan Li, Younan Xia, Direct Fabrication
of Composite and Ceramic Hollow
Nanofibers by Electrospinning, NANO
LETTERS, 4(5), 2004: 933-938

well-ordered nanofibers were fabricated in this
process.

In

addition,

the

nozzle-free

conÞguration have controlled efficiency by
adjusting the speed and the time of the rotation

[9] Mei Li et al., Dual electrode mode
electrospinning
of
biodegradable
polymers, Applied Physics Letters, 92,
2008: 213114

as well as the electric potential. The present
work opens significant new possibilities for
polymeric nanofibers utilization in industry
and brings the electrospinning process a step

[10] Bin Ding, Eiji Kimura, Tomokazu Sato,
Shiro
Fujita,
Seimei
Shiratori,
Fabrication of blend biodegradable
nanofibrous nonwoven mats via multi-jet
electrospinning, Polymer, vol.45, 2004:
1895–1902.

closer to commercialization.
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Abstract
Polyester has excellent wearability, and milk protein has good biocompatibility. If polyester is grafted with milk
protein, the high performance polyester with excellent wearability and good biocompatibility can be produced.
But there is almost no reacting functional group in polyester fibers; in this paper, the polyester was encased with
hydroxide, and grafted with milk protein. The structure and property of polyester fiber grafted with milk protein
were studied by FT-IR spectroscopy, differential scanning calorimetry (DSC), X-ray diffraction and SEM. FTIR spectroscopy and X-ray diffraction exhibited milk protein was random coil conformation, and crystallite
orientation decreased slightly. DSC exhibited the thermal property of polyester fiber changed a little, and SEM
exhibited the polyester fiber was enclosed by milk protein. Experimental results showed that milk protein could
be grafted firmly on polyester through compound technology of encasing and crosslinking. Milk protein could
not be washed in the washing process. Encasing hydroxide and grafting milk protein technology is an effective
method to produce high performance polyester fabrics.
Keywords: polyester; milk protein; graft; crosslinkage; wearabilit
In this paper, the polyester was encased with
hydroxide, so that the polyester fabric has –OH to
graft protein. Afterward the polyester fabric was
grafted with milk protein by using a synthetic
crosslinkages compound. The structure and
property of polyester grafted with milk protein
were also studied.

1 Introduction
Polyester has high initial modulus, excellent
creasability and wash-wear character. Milk protein
has good biocompatibility. If polyester fiber or
fabric is coated with a layer of milk protein, this
kind of polyester fiber or fabric will not only has
excellent wearability, but also has good
biocompatibility. Then a kind of high performance
fabric can be produced.

2 Materials and methods
2.1Meterials
Polyester fabric(340 × 350/9.72tex×6.20 tex) and
milk protein were bought from market. Hydroxide
and crosslinkages compound were synthesized in
our laboratory.

At present, regenerated protein fibers are mainly
polyacrylonitrile and polyethylene alcohol
fibers[1,2]. Most reports are about structure of
regenerated protein fibers [3,4]. This is because
polyacrylonitrile and polyethylene alcohol fibers
are spun with water-solubility spinning liquid that
milk protein and other protein can be added to.
Regenerated protein can be grafted on
polyacrylonitrile and polyethylene fibers, because
there are lots of functional groups which can react
with crosslinkage compound in these two kinds of
fibers. Polyethylene alcohol fiber has enough –OH
to graft protein. The –CN can be changed to –
CONH2, -COOH, -COCl etc[5]. These functional
groups can be grafted with protein. But polyester
fiber is not spun with water-solubility spinning
liquid, and there is almost no reacting functional
group in polyester, therefore there is almost no
report on polyester grafted with protein.

2.2 Polyester fabric encased by hydroxide
The polyester fabric of 30cm × 30cm was
immersed into solution which contained 0.15%
hydroxide. The bath rate was of 1:50, temperature
of 130oC, and encasing time of 60 minutes.
2.3 Encased hydroxide polyester fabric grafted
with milk protein
In order to make different grafting milk protein rate
of polyester fabric, the polyester fabric encased
with hydroxide was immersed into milk protein
solution which contained different milk protein and
crosslinkage compound concentration. The
immersing temperature was 60oC, and time 60
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minutes. Then the polyester fabric was dryinged at
60oC, and baked at 95oC for 10 minutes.

3.2 Structure
The scanning electron micrograph of surface of
pure polyester fiber is shown in Fig2. It shows the
surface of pure polyester fiber is very smooth. The
scanning electron micrographs of surface of
polyester fiber grafted with milk protein is shown
in Fig 3. We can see that the surface of polyester
fiber grafted with milk protein is not as smooth as
Fig2’s. Obviously milk protein has been grafted on
it. Actually, the surface of polyester fiber grafted
with milk protein is smooth too, in optics
micrographs.

2.4 Measurement of firmness of milk protein
grafting on polyester fabric
The polyester fabric with grafting rate of 3.5% was
washed in solution which contained 0.1% soap at
40oC for 30 minutes. The firmness of grafting milk
protein was expressed with polyester fabric’s
weight loss rate which was calculated with initial
mass of polyester fabric and weight washed
polyester fabric.
2.5 Experimental
Fourier transform infrared (FT-IR) spectroscopy
was measured with PE FT-IR-Spelmm GX infrared
spectrometer by the ATR method in the region of
4000–400 cm−1 at room temperature.
Wide angle X-ray diffraction (WAXD) profile
were obtained by Beijing puxi XD-3 diffractometer
using Ni-filtered Cu Kα radiation generated at
36 kV and 20 mA.
Differential
scanning
calorimetry
(DSC)
measurement was performed by DSC 2003 F3
Maia instrument at a heating rate of 10°Cmin−1
under N2 gas atmosphere.
SEM micrograph was observed by Hitachi S-4800
SEM instrument.

Fig 2. Scanning electron micrograph of surface of pure
polyester fiber

3 Results and discussion
3.1 The washing firmness of milk protein
grafted on polyester fabric
Fig 1 shows the washing firmness of milk protein
grafted on polyester fabric obtained by washing in
soap solution. As can be seen, the milk protein
grafted on polyester fabric is firm enough. With the
increase of washing times, the loss rate of weight
of polyester fabric does not obviously increase.
4

Loss rate of weight/(%)

3
2
1
0
-1
-2

Fig 3. Scanning electron micrograph of surface of polyester
fiber grafted milk protein

-3
-4
0

2

4

6

8

10

Washing times
Fig1 The relation between loss rate
of grafting polyester and washing times
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Fig4 shows FT-IR spectra of polyester fiber grafted
with milk protein. We can see that the spectrum of
polyester grafted with milk protein is characterized
by the absorption bands at 1650.67cm−1 (amide I),
assigned
to
random
coil
conformation,
1514.95cm−1 (amide II), attributed to the β-sheet
structure, and 1231.99 cm−1 (amide III), random
coil conformation [7]. The FT-IR spectra of
polyester fiber grafted with milk protein is a typical
FT-IR spectra of protein, this shown the milk
protein was really grafted on polyester surface,
and the structure of grafting milk protein was
mainly random coil conformation。

Fig5 X-ray diffraction spectra of pure polyester fiber

Fig 4 FT-IR-ATR spectra of polyester grafted with milk protein

X-ray diffraction is often been used to investigate
the crystalline structure and molecular orientation
of fiber materials. Fig5 and Fig6 are X-ray
diffraction spectra of pure polyester fiber and
polyester fiber grafted with milk protein. The two
X-ray diffraction spectra are similar. The degree of
crystallite orientation of polyester fiber is 0.5484,
and polyester fiber grafted with milk protein
0.5404. The degree of crystallite orientation of
polyester fiber grafted with milk protein decreased
a little. This shows the structure of grafting milk
protein is random coil conformation.

Fig6 X-ray diffraction spectra of polyester fiber grafted with
milk protein

3.3 Thermal behavior
Fig 7 shows the DSC thermograms of pure
polyester fiber and polyester fiber grafted with
milk protein. Comparing A and B, we can see the
shapes of two DSC thermograms are similar. The
melting point of pure polyester fiber is 254.7oC,
and polyester fiber grafted with milk protein is
255.1oC. The grafting milk protein slightly effects
the melting of polyester fiber.
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Fig 7 DSC thermograms of polyester fiber:(A)Pure polyester
fiber,(B)Polyester fiber grafted with milk protein

4 Conclusion
Polyester could be encased with hydroxide to
endue polyester fiber with reacting functional
groups. Milk protein could be grafted on encased
hydroxide fiber by using a synthetic crosslinkage
compound. FT-IR spectroscopy showed the milk
protein was grafted on polyester fiber obviously.
X-ray diffraction exhibited milk protein was
random coil conformation, and crystallite
orientation deceased slightly. DSC exhibited the
thermal property of polyester fiber changed a little,
and SEM exhibited the polyester fiber was
enclosed by milk protein. Milk protein could be
grafted firmly on polyester by compound
technology of encasing and crosslinking. Encasing
hydroxide and grafting milk protein technology is
an effective method to produce high performance
polyester fabric.
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lead to some side-effects such as making patients feel

OBJECTIVE
The

biodegradable

poly(L-lactic

acid)(PLLA)

vertigo and headache [7]. So it is necessary to

nanofibers with Captopril loaded were prepared by

develop a new kind of dosage form for Captopril to

electrospinning as an alternative to the general tablet

overcome

of Captopril. The nanofibers have great potential in

nanofibers are a new kind of novel formulation with

biomedical applications.

promising clinical applications in the future. It not

these

side-effects.The

electrospun

only can achieve a relatively high bioavailability of
INTRODUCTION

the loaded drugs but also can

Electrospinning is a process that uses a strong

side-effects.

electric field to draw a polymer fluid into fine

In present study, poly(L-lactic acid) (PLLA) was

filaments with diameters in the range of nanometers

chosen and used as the drug carrier because of its

to microns and high surface -to-volume ratio[1].

good biocompatibility and biodegradability [8].The

Recently, this technique has attracted a great deal of

nanofibers of Captopril/ PLLA were prepared by

attention due to its ability to produce continuous

electrospinning.

ultrafine fibers effectively and fast. More than 100

(SEM) was used to analyze the fibers morphology

types of polymers have been electrospun into

and X-ray Diffraction (XRD) was used to examine

nanofibers, which are useful in different areas of

the integration state of the drug in the carrier.

Scanning

minimize their severe

Electron

Microscopy

research, such as filtration[2], membranes for aerosol
purification[3], thin coatings for defense and

APPROACH

protection[4]. They are particularly interesting for the

Captopril (purity more than 99%) was provided by

field of biomedical engineering as wounding dressing,

Shandong Weifang Pharmaceutical Factory Co.,Ltd

scaffolds for tissue engineering, and drug delivery

(China) and stored in the refrigerator at -20℃. Its

systems[5,6]. Biodegradable polymers are ideal

chemical structure is showed in Fig.1. Poly(L-lactide)

candidates for applications in biomedical field

(PLLA) (Mη=100,000) was purchased from Bright

because of their biocompatibility, biodegradation and

China Industrial Co.,Ltd. (Shenzhen, China). Acetone

mechanical properties.

and

Captopril is used widely for the treatment of

Sinopharm Chemical Reagent Co.,Ltd.(China) and

hypertension and congestive heart failure. In clinic,

were used without further purification.

the general Captopril tablets often needs to be used

Some amounts of Captopril were first dissolved in

three times a day for a long time, and it is easy to

acetone, then dichloromethane and slices of PLLA
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dichloromethane

were

obtained

from

were added with stirring for 5 h to obtain a

They were acetone and dichloromethane. The choice

concentration of 10 wt.% solution. The ratios of

of the solvents was discussed in the other article and

Captopril (relatively to PLLA used) in the composite

it was found that electrospun fibers with smooth

were changed from 0,5 ,10, 20 wt.% to 30 wt.% .The

surface and little beads were obtained in the solvent

as-prepared solution was carried out and put into the

whose ratio of acetone and dichloromethane was

electrospinning apparatus for spinning. The electric

1/2[10].Based on this solution, different ratios of

field strength was set at 13-15 kv and the distance

Captopril such as 5wt.%,10wt.%, 20wt. % and

between the needle tip and the collector was 18-22

30wt.% were added and electrospun.

cm. All electrospinning experiments were carried out
at about 20℃ in air. In order to remove the residual
solvent, the fiber mats collected were dried under
vacuum at room temperature for 24h.The blank fibers
were fabricated by the same method without
(a)

Captopril incorporation. Their cast films were also
prepared by casting the same concentration of
solution on the culture dish and making them dry.

(b)

FIGURE 1. Chemical structure of Captopril

(c)
The surface topography of the electrospun fibers was
assessed by using a scanning electron microscope
(Hitachi S-4800, Japan). X-ray diffraction (XRD)

FIGURE 2. SEM photographs of PLLA nanofibers containing (a)0,

patterns were obtained with a BRUKERS-AXS D8

(b)5 and (c) 5 wt.% of Captopril

FOCUS

Diffractometer(Germany).

Scans

were

obtained in the 2θ range of 5–60° with a step 0.05°

It was shown in Fig. 2 that the morphology of the

and counting time of 4 s/step.

neat PLLA and Captopril-loaded nanofiber. The SEM
images indicated the average diameters of neat PLLA
fibers electrospun were about 500 nm and their

RESULTS AND DISCUSSION
in

distributions were quite even. When the fibers were

electrospinning. Chloroform is widely used in the

loaded with 5 wt.% Captopril, the average diameters

process of electrospinning, especially in producing

of electrospun fiber decreased and their distributions

the

good

became uneven and a large amount of micropores

solubility[9], but it is very toxic. So, it is really

appeared on the surface of the fibers. This

necessary to find a better solvent to dissolve these

phenomenon

two kinds of materials. Based on the experimental

separation of the polymer and solvents. Since the

trials, two kinds of solvents were chosen in this work.

distribution of the solvents were uneven in the jet, the

The

solvent

is

drug-loaded

very

important

nanofibers

due

to

factor

its
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maybe

attributed

to

the

phase

volatile solvents evaporated completely after the
fibers became solid, leading to the formation of the
pores in the position of the fibers with rich solvents.
The numbers, sizes and distribution of the pores were
pertinent to the concentration of solvents and
(d)

interaction between the polymer and solvents[11]. In
the system of acetone and dichloromethane, acetone
was polar and volatile, it could form a very strong
interaction with the polar PLLA and decreased the
phase separation. So, as illustrated in Fig.2, the neat
PLLA nanofibers had few micropores, but after

(e)

PLLA was loaded with some drugs, the concentration
of PLLA in the solution was relatively reduced and
its interaction with acetone was weakened so that
evaporation of acetone became easier and more pores
formed in the surface of the fibers. The addition of
Captopril not only decreased the concentration of

(f)

PLLA in the solution, but also reduced the surface
tension of the solution, which resulted in instability
of the jet and the uneven distribution of the fiber

FIGURE 3. SEM photographs of Captopril /PLLA nanofibers

diameters. With the drug loading amount increasing,

containing (d)10, (e)20 (f )30 wt.% of Captopril.

the electrospun fibers became thinner , their
distributions got more confusing and more beads

X-ray diffraction (XRD) is often used to investigate

between fibers appeared as indicated in Fig.3. The

the state of the drug in the carrier. Fig.4 showed the

content of PLLA in the solution was declined and the

characteristic peaks of the PLLA cast films at

viscosity of the whole solution decreased so that the

16.6°and 19.0°. The peaks were very sharp and the

diameters of the electrospun fibers diminished. On

peak widths were very narrow, which indicated that

the other hand , Captopril was polar, it could form the

PLLA was crystalline, but the peak of electrospun

polar interaction with the solvents. When the content

fibers membranes was not so obvious that the low

of Captopril was a little, the interaction was not

crystalline or non crystalline state of the PLLA

strong, but the interaction became more important

nanofibers electrospun was indicated.

and lead to the surface tension of the solution
increase with the increase of the Captopril content.
Because the viscosity of the solution decreased and
the surface tension increased, more beads were easy
to form in the PLLA nanofibers .

FIGURE 4. XRD patterns of PLLA cast films(a), PLLA nanofibers
membranes(b).
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amount. The XRD patterns of Captopril/PLLA
Electrospinning was such a fast process that

nanofibers revealed that Captopril was incorporated

molecular chains of PLLA were highly oriented and

in a amorphous state into the carrier of PLLA

could not crystallize in very short time. The XRD

nanofibers.

It

patterns of Captopril and Captopril/PLLA nanofiber

nanofibers

electrospun

membranes containing 5 wt.% and 10 wt.% of the

bioavailability of Captopril and the controlled

drug were shown In Fig.5. There were many

delivery of Captopril incorporated in the PLLA

characteristic peaks on the XRD pattern of Captopril,

nanofibers was possible.

was

indicated

Captopril/PLLA

could

develop

the

which indicated this drug was polycrystal, but the
characteristic peaks almost disappeared when it was
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FUTURE WORK

the drug was amorphous, which developed the

The release rate of Captopril from the nanofibers wil

bioavailability of the drug and could be helpful for

be measured by a UV-spectrophotometer. The release

the drug release in the polymer carrier of PLLA

mechanism will be discussed.

nanofibers.
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Abstract
Compact spinning technology has now been available for years and is winning market acceptance. This paper
introduced the structure of the compact spinning with pneumatic groove and the formation principle and process
of the compact yarn. The moment of resistance to twist and the moment of torsion are also analyzed. The
condition of producing the compact yarn is determined. Results from this research confirmed that the positions
of fibers at different width change as a result of airflow, and the phenomenon of migration of fibers is to take
place in the section of the fiber bundle. The twist propagation can affect the compact yarn properties especially
the strength and hairiness. The yarns spun on the compact spinning system are characterized by higher tenacity,
higher elongation at break, smaller mass irregularity measured at short segments, and significantly lower
hairiness in comparison with yarns spun on the conventional ring spinning frame.
Key words compact spinning,；compact mechanism；trajectories of fibers； twist propagation
INTRODUCTION

the compact spinning with pneumatic groove, which

On compact spinning study, the main purpose is on

will also produce positive influences on the industrial

the change of the spinning craft to meet the request

application of compact spinning technology to the

of the high-grade fabric and weave [1-2]. It has

reform of domestic conventional ring spinning

already become the focus study both at home and

frame.

abroad, and it is regarded as a new spinning
technology of “21”century [3].The mechanisms of

INTRODUCTION

condensing fiber bundles are classified three

SPINNING WITH PNEUMATIC GROOVE

OF

THE

COMPACT

categories: aerodynamic convergence, mechanical
convergence and mechanical-pneumatic convergence
[4-6]. Fatma G. et al. [7] studied the properties of
compact yarns obtained from different systems, and
found that the K44 seemed to be more suitable for
finer yarns whereas the Air-com-Tex 700 generally
gave better results for medium to coarse counts.
Cheng Longdi. et al. [8] try to prove the yarn spun by
compact spinning used the inspiratory trough-like
roller is better than the yarn spun by traditional
spinning method. In this work, we will investigate
FIGURE 1. Compact spinning system with pneumatic groove.
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(a)Vertical view of condensing zone; (b) Cross section of

bundles is less than 3mm, the condensing effect of

pneumatic groove.

airflow for fibers is remarkable, however when it is
above and beyond 3mm, the condensing effect of

Compared with conventional ring spinning frame,

airflow for fibers is not obvious, which mainly dues

the compact spinning with pneumatic groove can be

to the negative pressure in air suction pipe. So in

gain by reconstruction of conventional ring spinning

view of obtaining the required compact yarn, the

machines as shown in Figure 1.The pneumatic

condensing effect of airflow for fiber can be satisfied

grooved roller located between the front top roller

by adjusting the negative pressure.

and the twist insert point is pressed by spring-loaded
device to the front roller, and it is delivered by
friction force between the front roller and itself. The
cross section width of pneumatic groove is gradually
reduced from its entrance to its bottom as shown in
Figure 1(b), the entrance width of pneumatic groove
Lg1=3mm，the bottom width of pneumatic groove
Lg2=1 mm.
CONDENSING MECHANISM ANALYSIS
The compact spinning with pneumatic groove

FIGURE 2. Trajectories of fibers with different initial positions in

utilizes the transverse air force and mechanical force

convergence zone

of the pneumatic groove to condense fiber bundle for
delivered from the nip point between the front top

THE MOMENT OF RESISTANCE TO TWIST
PRODUCED FOR SPINNING TENSION
The spinning tension Ti is gradually decreased

roller and the front roller are primarily condensed by

during the twist propagation, it can be obtained

transverse air force, and then enter into the bottom of

through investigating the infinitesimal radian, which

the pneumatic groove where the fiber bundles are

can be shown in Figure3 (b).The infinitesimal radial

synchronously converged by the pneumatic force and

pressure dNt, which is produced for yarn tension

the mechanical force which is caused by reducing of

during twist propagation through radian dθ, can be

cross section of the pneumatic groove, finally the

expressed by

eliminating spinning triangle. The fiber bundles

condensed fiber bundles are become a yarn along the
inferior by twisting.
To study penetratingly the condensing process and
mechanism analysis of compact spinning system
with pneumatic groove, trajectories of fibers in the
flow field are simulated by Matlab procedure as
shown in Figure 2, and it shows that fibers with
different initial positions in convergence zone
possess different trajectories; the motion rule of
fibers in the width direction performs evident

FIGURE 3. Distribution rule of round pores along inferior arc DE

symmetrical characteristics; When the width of fiber

and the radial normal pressure on an infinitesimal elememt of the
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pore2 which play an important role for compressing

yarn

⎛ dθ
dN t = T sin ⎜
⎝ 2
≈T

dθ
⎞
⎟ + (T − dT )sin( )
2
⎠

the fiber bundle, can be calculated by

dθ
dθ
dθ
+T
− dT
≈ Tdθ
2
2
2

2
Ma = μ( ps
1 1 + p2s2 ) r0 = 4μ( p1 + p2 ) r0 r

(2)

(7)

Then the radial pressure of the inferior arc bc and de

DISCUSS AND EXPERMENT

can be also expressed by

Before the fiber bundle is completely condensed, the
fiber bundle should not be twisted, or else the

β

β

Ts −μps
11

0

0

μ

−μθ
Nbc = ∫ Tbc (θ)dθ = ∫ (Ts − μps
1 1)e dθ =

(1−e )
−μβ

spinning triangle still exists in process of twisting

(3)

fiber bundles, which results in reducing the yarn
properties. So this demands that the moments of

β

resistance to twist should be greater than or equal to

β

Nde = ∫ Tde (θ) dθ = ∫ ⎡⎣(Ts − μ p1s1)e−μβ − μ p2s2 ⎤⎦ e−μθ dθ
0
0
=

(Ts − μ p1s1)e−μβ − μ p2s2

μ

(1− e )

the moment of torsion, which can be expressed by

−μβ

the inequality (8):
(4)

Mt + Ma ≥ M

where μ is the friction between the pneumatic groove

(8)

and the yarn, pi(i=1,2,3,4) stands for the mean
pressure value at inlet of the ith round pore,

And the moment of torsion, M, can be expressed by

si(i=1,2,3,4) is the area of yarn in the ith pore,

s1 = s2 ≈ 2r0 × 2r1 , β is the radian between two

2

⎛ Ny ⎞
π2
M = TyGy ⎜ ⎟ ×10−10 = 2πTyCy = TyGydy4
⎜δ ⎟
16
⎝ y⎠

adjacent pores. r0 is the radius of yarn, r1is the radius

(9)

of round pore.
where Ty is the yarn twist, Gy is the shear modulus of
So the moment of resistance to twist produced for

the yarn, Ny is the linear density of the yarn, δy is the

spinning tension Mt can be presented by

density of the yarn, Cy is the torsion rigidity of the
yarn [9].

Mt = μ(Nbc + Nde)⋅ r0

(5)

Substituting Eqs. (6), (7) and (9) into inequality (8),
Then inequality (8) can be modified as

Substituting Eqs. (3) ~ (4) into Eq. (5), the Mt can be
derived as
Mt = (1− e−μβ ) ⎡⎣(Ts − μ p1s1 ) (1+ e−μβ ) − μ p2s2 ⎤⎦ r0

(1−e ) ⎡⎣(T −4μprr ) (1+e ) −4μp rr ⎤⎦r +4μ( p + p ) r r ≥2πTC
−μβ

(6)

s

101

−μβ

2 01

0

1

2
2 0 1

(10)

The inequality (10) can be satisfied by adjusting
following main parameters: the negative pressure

THE MOMENT OF RESISTANCE TO TWIST
PRODUCED FOR RADIAL AIR FORCE
From Figure3 (a), the moment of resistance to twist
produced for radial air force caused by pore1 and

pi(i=1, 2) and the spinning tension, Ts, as well as
related structure parameters of the pneumatic groove
roller.
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experiments will be carried out for advanced
To display adequately the difference between the

investigation.

ring and compact spun yarns, a comparative study
was carried out for the appearance of the ring and
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ABSTRACT
The convergent point is of crucial importance to the characteristics of rotor-spun composite yarns. Quasistatic
model, linear dynamic model and nonlinear dynamic model are established for rotor-spun composite yarn
spinning process. By the established models, we can easily determine the position, the trajectories and phase
diagram of convergent point. The presented studies shed light on the understanding of the motion for rotor-spun
composite yarn’s convergent point.
KEYWORDS: rotor-spun composite yarn; convergent point; quasistatic; linear; nonlinear
1 INTRODUCTION
For diversification and improvement of yarn
properties, it is possible to use different compositions
of filament yarns or to combine a variety of
components such as staple fibers and filaments in a
yarn. In recent years, rotor-spun composite yarn
spinning has resulted in a great amount of
research[1-5]. Figure 1 illustrates the schematics of
the rotor-spun composite yarn spinning process. The
filament yarn is fed from a supply bobbin by means
of a tension device and a suitable guide to the
filament feed rollers, then it moves straight through
the filament guide tube and is drawn into the rotor
freely by suction. In the rotor the filament yarn is
combined with the staple fiber strand to form the
composite yarn, which is drawn through the doffing
tube and finally onto the take-up roller. The filament
guide tube is positioned along the axis of rotation of
the hollow rotor shaft. During the spinning process,
the positions of convergent point are of criminal
importance, which directly influence the structure of
composite yarn. Although various experimental
studies have been conducted for a long time, yet a
complete mathematical model has not been obtained.
In this paper quasistatic model, linear dynamic model
and nonlinear dynamic model are established for the
discussed problem.

2 QUASISTATIC MODEL
The characteristics of the composite yarn depends
mainly upon how and where the two strands of fiber
and filament are combined and mixed, so the
convergent point, the point O in Figure 2, is of
crucial importance[6-9]. We first assume the system
is in a stable condition. We set OA as the strand of
fibers, OB as the filament and OC as the composite
yarn, see Figure 2. As the reason of the rotor’s
structure as in the figure 1, B and C are in the same
vertical line.

FIGURE 2

Force analysis of a rotor-spun composite yarn

The system in Figure 2 must obey basic laws in
mechanics, including force balance and mass
conservation. The Force balance governing equations
for the system can, therefore, be written in forms:

∑F

x

= f1 + f 2 + f − ( Fx + F1x + F2 x ) = 0

(1)

y

= F y −( F1 y + F2 y ) = 0

(2)

∑F

Here F1 , F2 and F are, respectively, the tensions
of the fibers strand, the filament and the composite
yarn. F1 , F2 and F can be measured when
producing composite yarn. And f1 , f 2 and f are,
FIGURE 1 Schematics of spinning process

respectively, centrifugal forces acting on the strand of
fibers, the filament and the composite yarn.
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The centrifugal forces can be written in the
forms
2
f1 = m1ω 2 r1 , f 2 = m2ω 2 r2 , f = mω r .

ω 2 ρ1 ( R + x) ( R − x) 2 + y 2
+ω 2 ρ 2 x x 2 + y 2 + ω 2 ρ x x 2 + ( H − y ) 2

(3)

x

= 4F

2

x + ( H − y)

f1 , f 2 and f are, respectively, centrifugal forces
acting on the strand of fibers, the filament and the
composite yarn. r1 , r2 and r are respectively the
rotating radius of the center of the masses for the
strand of fibers, the filament and the composite yarn:
r1 = x +

R−x R+x ,
x,
=
r2 =
2
2
2

r=

(4)

x
2

Masses of the strand of fibers( m1 ), the filament( m2 )
and the composite yarn ( m ) can be expressed in the
forms:
m1 = ρ1 ⋅ OA = ρ1 ( R − x)2 + y 2 ,
m2 = ρ 2 ⋅ OB = ρ 2 x 2 + y 2

,
(5)

m = ρ ⋅ OC = ρ x 2 + ( H − y ) 2

By a simple geometrical analysis, components of
forces in x- and y-directions can be written in the
forms

+ 4 F2

x
2

x + y2

(9)

With this self-contained theoretical model, we can
determine the convergent point with ease. Under the
condition of R=19mm, H=0.9mm, ω =60000rpm, to
produce 58tex rotor-spun composite yarn with 70D
filament, by our quasistatic model we can get that
x=-12.56, y=0.72.
3 LINEAR DYNAMIC MODEL
Due to some perturbations, the convergent point
(equilibrium position O in Figure3) moves to an
instantaneous new position(O’). The distances x and
y are measured from the equilibrium position. Here
we chose a control volume D, which was chosen in
such a way that the mass center coincides with the
convergent point(O) of the strand of fibers, the
filament and the composite yarn.
Here A(L-R, -h), B(L, -h), C( L, H-h), C0(x0,y0),
C’ ⎛ x − L [ y − ( H − h )] + L, y ⎞ , O(0,0),
0⎟
⎜ y − ( H − h) 0
⎝
⎠
O’(x,y). L, h can be settled by our self-contained
quasistatic model as x and y[7].

,

x

Fx = F

2

x 2 + ( H − y)2

Fy = F

H−y
2

x + ( H − y)

F2 y = F2

y

2

, F =F
2x
2

x

,

2

x + y2

.

(6)

2

x + y2

As there is nearly no extra tension of the strand of
fibers, we assume that
F1 ≈ 0

(7)

Substituting Equations (3)-(7) results in

F2

y
x2 + y2

=F

H−y
x 2 + ( H − y )2

FIGURE 3

(8)

Dynamic illustration of a rotor-spun composite yarn

By a simple geometrical analysis, component of
forces in x- and y-directions can be written in the
forms

∑F

x

= Fx − F1x + F2 x − f1 − f 2 − f = M

d 2x
dt 2

(10)

∑F = F
y
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y

−F1y − F2 y = M

d2 y
dt 2

(11)

Here, M is the total mass of a fixed control volume.
The mass M is determined from the relation
M = ρ1l1 + ρ 2l2 + ρ l , where l1 , l2 and ρ1 , ρ 2
are, respectively, length and density per unit length of
the staple strand and the filament below the
convergent point, l is the distance of the two-strand
yarn above the convergent point, and ρ is the
density per unit length of the resultant composite
yarn.
The centrifugal forces can be written in the forms as
equation (5). Masses of the strand of fibers( m1 ), the
filament( m2 ) and the composite yarn ( m ) can be
expressed in the forms as equation (7).
By a simple geometrical analysis component of
forces in x- and y-directions can be written in the
forms:
Fx = F ⋅
≈F⋅

L−x

d2X
+ AX + BY = 0
dt 2

(17)

d 2Y
+ CX + DY = 0
dt 2

(18)

Suppose the special solution of the equation are,
X = A1 sin ( pt + α )

(19)

Y = A2 sin ( pt + α )

(20)

So we can get the general solution of the equations as
followings:
X = A1(1) sin ( p1t + α1 ) + A1(2) sin ( p2t + α 2 )

(21)

Y = A2 (1) sin ( p1t + α1 ) + A2 (2) sin ( p2t + α 2 )

(22)

( L − x)2 + ( H − h − y )2
⎛ x Lx + ( H − h) y ⎞
L
⎜1 − + 2
2 ⎟
L2 + ( H − h) 2 ⎝ L L + ( H − h) ⎠

They can also be written as,
x= X +a

(12)
Similar expressions can be obtained for

f y , f1x ,

= A1(1) sin ( p1t + α1 ) + A1(2) sin ( p2t + α 2 ) +

(23)

f1y , f 2 x , f 2 y , f1 , f 2 , f .

y =Y +a

Substituting Equations f x , f y , f1x , f1y , f 2 x ,

f 2 y , f1 , f 2 , f into Equations (10) and (11) results
in
d2x
+ Ax + By + k1 = 0
dt 2

(13)

2

d y
+ Cx + Dy + k2 = 0
dt 2

(14)

Here A , B , C , D , k1 and k 2 are the parameters.
If x=X+a, y=Y+b. a and b are real numbers. And
equations (15) and (16) can be written as
M

d2X
+ AX + BY + Aa + Bb + k1 = 0
dt 2

(15)

M

d 2Y
+ CX + DY + Ca + Db + k2 = 0
dt 2

(16)

If Aa + Bb + k1 = 0

= A2 (1) sin ( p1t + α1 ) + A2 (2) sin ( p2t + α 2 ) +

k2 A − k1C
BC − AD

(24)
A1(1) , A1( 2) , A2 (1) , A2 (2) , α1 , α2 are determined by
the spinning conditions.
Using the solved answers by the quasistatic model,
we can get that L=-12.56, h=0.72. Under the same
condition as in the quasistatic model, substituting
these numbers into Equation (13) and (14), we can
get new Equations as follows,
d2x
+ (8.5421e+009)x
dt 2
-(1.4608e+009)y+(3.1471e+009)=0

(25)

d2y
+ (1.4478e+006)x
dt 2
+(6.5826e+007)y-(1.8291e+007)=0

(26)

The equations can be solved as:

x = -0.32 + 0.36cos92422.13t - 0.05cos8128.69t

Ca + Db + k2 = 0

Equations (15) and (16) can also be written as，

k2 B − k1 D
AD − BC

y = 0.28- 0.28cos8128.69t

We can get the phase diagram and the trajectories of
the convergent point from Equations (11) and (12), as

- 214 -

shown Figure 4 and 5.

(27)

Similar expressions can be obtained for f y , f1x , f1y ,

f 2 x , f 2 y , f1 , f 2 , f .
Substituting Equations f x , f y , f1x , f1y , f 2 x , f 2 y ,

f1 , f 2 , f to Equation (10) and Equation (11)
results in the forms:

FIGURE 4 Trajectories of the convergent point

d 2x
+ A1 x 2 + B1 y 2 + C1 xy + D1 x + E1 y + k1 = 0
dt 2
(28)
2
d y
+ A2 x 2 + B2 y 2 + C2 xy + D2 x + E2 y + k2 = 0
dt 2
(29)
Here, A1 , B1 , C1 , D1 , k1 , A2 , B2 , C2 , D2 ,
and k 2 are the parameters.

FIGURE 5 Phase diagram of the convergent point

From Figure 4 and 5, we can see that Phase diagram

Using the solved answers by the quasistatic model,
we can get that L=-12.56, h=0.72. Under the same
condition as in the quasistatic model, substituting these
numbers into Equations (28) and (29), we can get the
phase diagram and the trajectories of the convergent
point, as shown Figure 6 and Figure 7.

of the ellipse demonstrates that the system is stable,
that is to say, the speed and displacement both are the
cosine functions of time. Displacement is in a certain
scope for cosine or sines wing with time.
4

NONLINEAR DYNAMIC MODEL
Within the same control volume D in figure 3, by

a simple geometrical analysis components of forces
FIGURE 6 Trajectories of the convergent point

in x- and y-directions can also be written in the forms
as followings[10,11]:
Fx = F ⋅

L−x
2

( L − x) + ( H − h − y ) 2

≈ F ⋅ { L( L2 + ( H − h) 2 ) −1 2 − ( L2 + ( H − h) 2 ) −1 2 x
+ L( xL + y ( H − h))( L2 + ( H − h) 2 ) − 3 2
+ 1 2[ −3L( L2 + ( H − h) 2 ) − 3 2
+3L3 ( L2 + ( H − h) 2 ) −5 2 ]x 2
+ 1 2[ − L( L2 + ( H − h) 2 ) − 3 2
+3LH 2 ( L2 + ( H − h) 2 ) −5 2 ] y 2
+[ −( H − h)( L2 + ( H − h) 2 ) − 3 2

+3L2 ( H − h)( L2 + ( H − h) 2 ) −5 2 ]xy}

FIGURE 7 Phase diagram of the convergent point

Phase diagram of the ellipse demonstrates that
the system is stable. The speed and displacement
both are the cosine functions of time. The nonlinear
dynamic model is available.
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5

CONCLUSION
We have proposed quasistatic model, linear
dynamic model, nonlinear dynamic model dealing
with a seemingly complex dynamic industrial process
of critical importance in the textile industry
-especially for the specialists in design,
manufacturing and using the machine-for the first
time. The models can be applied directly to the
spinning process investigation. And the presented
model provides a general pathway to study the
instability during the rotor-spun composite yarn
spinning process.
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ABSTRACT
The computational fluid dynamic model of compact spinning with lattice apron was established and was
computerized with parallel technologies & standard κ-ε turbulent model for simulating and characterizing the
flow field in convergence zone of compact spinning with lattice apron. Dynamic model of infinitesimal element
of fiber in the airflow filed were established. Trajectories of fibers with different negative pressure were
simulated by specially designed MATLAB procedure. Finally, 14.58 tex compact-spun yarn with different
negative pressure under the same condition was produced. Both results of simulation and experiment showed
that negative pressure is an important parameter to compact spinning, properties of yarn were improved first
then decreased with the increase of negative pressure, an optimal negative pressure was obtained to spin 14.58
tex compact-spun yarn on this system.
KEY WORDS: compact spinning with Lattice Apron; simulation; negative pressure; flow field; experiment;
yarn properties
precise measured as shown in Figure1, and
INTRODUCTION
Compact spinning with lattice apron is a new

computational fluid dynamic model was established

impulse in the field of ring spinning technology,

by GAMBIT2.0.4 shown in Figure 2(a), then flowing

which

state of airflow with five different negative pressures

significantly

eliminated

primary

and

secondary hairiness, improved mechanical and

was computerized with 3-D & FLUENT6.3.26 [3].

physical properties by reduction of the spinning
triangle[1-2]. Numerical simulation and experimental
research can help to sort out the intrinsic condensing
mechanism, and to find the potential influence and
theory foundation of negative pressure effect on
effectiveness of compacting as well as to instruct for
practical processing theoretically.
NUMERICAL SIMULATION OF AIRFLOW IN
CONDENSING ZONE AND DISCUSSION
The structure and size of all gathering components in
condensing zone of spinning with lattice apron was
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Velocity of all areas in condensing zone could be

（a）

extracted from simulated air-flow filed. Effect of
component velocities on fiber bundle is different.
X-axial velocity component is the velocity which
gets fibers gathering, Y-axial velocity component
helps fibers to keep close to the surface of lattice
apron and Z-axial velocity component helps to
deliver sliver. The research neglect the Z-axial
(b)

velocity because it is very small by compare to the

FIGURE1. Compact spinning system with lattice apron (a)

velocity component of X-axial and Y-axial ，

Structure and size of special pipe’s profile; (b) Structure and size

distribution rules of X and Y velocity at curve1 and 2

of the spinning system.

is shown in Figure 3. Both X-axial and Y-axial

Figure 2(b) is a schematic of region which is 2mm
over the suction slot in condensing zone. The
direction of fibers gathering is defined as X axial,
thickness of sliver is Y axial and the delivery of yarn
is Z axial. Curves 1 and 2 are cross the cured surface.
S1 and S2 express the inlet and outlet of condensing
zone separately.

velocities are increasing with the increase of negative
pressure. But the trend of increase is different. Along
curve1, X-axial velocity increase linearly with
negative pressure, but velocity of Y-axial just
increase at the region over the suction slot which
takes disadvantage to the effectiveness of compact.
Along curve2, increase trend of X-axial velocity is
similar with at curve1, and velocity in Y-axial just
increase around the outlet of condensing zone, which
is invalid to the compact effect.

X axial velocity (m/s)

4
P=-1000Pa
P=-1600Pa
P=-2300Pa
P=-3000Pa
P=-3600Pa

2

0

-2

-4

(a)

-1

0

1

2

3

4

5

Position of X axial direction (/m m )

(a)
1

Y axial velocity (m/s)

0

(b)

-1

P=-1000Pa
P=-1600Pa
P=-2300Pa
P=-3000Pa
P=-3600Pa

-2
-3
-4

FIGURE 2 Simulated zone (a) Air-flow filed computational zone;
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(b) Parts of condensing zone.
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FIGURE 3. Component velocity distributions at different negative
pressure (a) X-axial velocity component along curve 1; (b) Y-axial
(c)

velocity component along curve 1; (c) X-axial velocity component

(d)

along curve 2; (d) Y- axial velocity component along curve 2.

To get the trajectory of fiber in condensing zone of
compact spinning with lattice apron, dynamic model
of infinitesimal element of fiber in the airflow filed
was established [4], trajectories of fibers at different
initial positions are simulated by specially designed
MATLAB procedure. The simulated result is shown
in Figure 4. It indicates that controlling of airflow
effect to fibers enhances as negative pressure
increase. The condensing of fiber bundle is not ideal
while negative pressure is small, and it gets perfect
as negative pressure increase, but when add to a
certain degree, as negative pressure increase, the fast
growing of Y axial velocity makes fibers controlled

(e)
FIGURE 4. Trajectories of fibers with different initial positions in
convergence zone（a）P=―1000Pa；
（b）P=―1600Pa；
（c）P=―
2300Pa；
（d）P=―3000Pa；
（e）P=―3600Pa.

by airflow completely and hard to gather, which

EXPERIMENT RESEARCH AND ANALYSIS

takes disadvantage to effectiveness of compact.

To verify the results of the simulation and determine
the influence of differences in negative pressure on
yarn quality, 14.58tex compact combed cotton yarns
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are spun on compact system with lattice apron under
the same conditions with five different negative

CONCLUSIONS

pressures which has been researched above. After

The simulated results show that converging airflow

production, the following physical and mechanical

is generated by negative pressure; Trajectories of

properties of six bobbins of each yarn have been

fibers move from the same initial positions are

tested and compared: breaking force, elongation at

different

break, Uster properties and hairiness. The results are

condensation gathering effectiveness of compact

given in Tables I.

spinning affected by negative pressure, it shows that

as

negative

pressure

changes,

and

the higher the negative pressure is, the stronger the
TABLE I. Yarn quality test results of 14.58tex compact yarns with

control of airflow does, however, it does not means

different negative pressure

the invalid control of fibers is increased. In fact, an
optimum negative pressure is at about 2300Pa.

Yarn quality
parameters

Results of the experiment indicate: qualities of yarn

Negative pressure (Pa)
1000

1600

2300

3000

3600

enhance first and then diminish with increase of

229

278

299

294

291

negative pressure, when negative pressure is at

5.4

5.1

5.3

5.8

5.9

12.42

12.61

11.65

11.85

12.11

7

0

0

2

2

46

62

48

45

34

it is believed that this research can provide a reliable

Nep(+200%)

123

118

103

92

96

researching method and theory for further study.

Hairiness (H)

4.52

3.27

3.13

3.23

3.36

Breaking
force (cN)
Elongation at
break (%)
Evenness (%)
Thin places
(-50%)
Thick places
(+50%)

2300Pa the quality of CJM 14.58tex yarn is the best.
The conclusion of experiment is consistent with the
theoretical results, which can be verified by the
computation modal in this paper is reasonable. Also
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Abstract
The conventional method is used to get the optimal conditions of pectinase production from fungus in this paper,
temperature, pH, nitrogen source, carbon source and shaker speed are involved in the experiments, then the
optimal conditions of pectinase production from the fungus are obtained, that is, pH6, nitrogen source potato,
carbon source pectin, cultural temperature 30℃, shaker speed 200r/min. Then flax roving is treated with fungus
under its optimal pectinse production conditions and its residual gum contents is 17.63%. Last comparisons are
made between unretted and retted flax roving by components, SEM, and infrared spectrum. Treated rovings
with chemical-treatment and microbe-treatment are also compared by properties, which proves that microbe
treatment of flax roving is feasible.
Key words: pectinase production; optimization; application; flax roving
temperature, cultural time and the speed of shaker
were involved to obtain the optimal enzyme
production conditions in the experiments. pH
varied from 4 to 10 at 32℃, and temperature from
25℃ to 50℃ at pH6.0. In the initial experiments
no or few cellulase and hemicellulase were found
in the enzyme testing of the fungus, therefore only
pectinase activity was tested in the following
experiments.

Introduction
Flax is receiving resurgence of interest worldwide
because of its unique characteristics, such as, better
moisture pick-up and moisture permeability,
comfort and peculiar style[1,2]. While the traditional
material in flax industry, dew－retted flax fiber, is
combed, drawed and roved successively, in which
flax roving is treated with alkali in order to
improve its separation degree and enhance its
spinnability [3]. This method is effective and has
been used by now, although it consumes huge
water and energy, generates environment
pollution[4]. But with the environmental protection
has been paid more and more attentions in the
world, the pollution-free method in textile industry
is inevitable.Some scholars once treated flax roving
with enzyme, while attempts to date have not
proved successful[5]. Cellulase is also used to treat
roving and the treated roving can be used in
knitting, but some chemical treatments are
involved[6].
Therefore, our specific objectives in this study
are to treat flax roving with fungus under its
optimal conditions of pectinase production, and
compare the treated roving with control sample and
chemically-treated roving to verify the feasibility
of microbial treatment of flax roving.

Figure 1 Mycelium and spherical gleba of fungus
Flax roving characteristics and treatment
The evaluation of retting was based on the residual
gum content in retted flax roving and residual gum
content was tested according to GB5889-86, China
test standard for ramie composition[17], the results
are listed in table1.
The flax roving was treated under the optimal
pectinase production conditions for 8h; 10g of flax
roving was used in every expriment, then control
sample, the treated samples and the traditional
chemically-treated roving were compared by

Experimental
Optimization of pectinase production from fungus
The fungus(shown in figure 1) was separated from
the retting water[7] and deepfreezed in library.
Enzyme activity test was based on dinitrosalicylic
acid assay[8]. The pH of culture medium, different
carbon
source,
nitrogen
source,cultivation
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pectinase activity(U /m L)

ingredients,
properties,
scanning
electron
microscope, infrared spectrum analysis.
Results and discussion
Optimization of pectinase production
Figure 2 illuminates that the petinase activity
increases with pH increasing, while it decreases
when pH is more than 6, which indicates that the
optimal pH for pectinase production is about pH 6.

pectinase activity(U / m L)

while starch produces the worst effect, the effects
of mannose, cormeal, and glucose is common.
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0
0
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FIGURE 5 Effect of shaker speed on pectinase prodution

1200

The result(shown in figure 5) reflects that the
fungus is aerobic, that is, presence of oxygen
benefits the growth of fungus to secrete more
pectinase. However too high speed of shaker is no
use to produce enzyme.
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Figure 2 Effect of pH of the substrate on
pectinase prodution
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FIGURE 6 Effect of cultural temperature on pectinase prodution

According to figure 6, cultural temperature
avails the production of pectinase when it is under
30℃, while too high temperature destroys enzyme
production and its anabolism. Therefore, 30℃ is
appropriate for fungus to secrete pectinase.

Figure 3 Effect of nitrogen source on pectinase
prodution

pectinase activity(U / m L)

The effect of nitrogen sources on pectinase
production is shown in figure 3. it is obvious that
potato results in most enzyme activity followed by
yeast extract, while beef extract obtains smallest
pectinase activity. as one kind of natural material,
potato has complex constitution, which maybe
supply fungus with proper nourishment and is
easier for fungus to absorb.
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FIGURE 7 Effect of cultural time on pectinase production

1200

Figure 7 demonstrates the effect of time on
pectinse production. Cultural time has two sides to
pectinase production, in the beginning it benefits
the pectinase poduction, while it goes against
pectinase production at later period. Therefore, 60h
is the proper cultural time.
Test of the treated flax roving
The constituents in different flax rovings were
measured according to GB5889-86, China test

800
400
0
glucose

starch

m annose pectin
carbon source

corm eal

FIGURE 4 Effect of carbon source on pectinase prodution

Different carbon source results in different
pectinase activity. Figure 4 indicates that pectin is
the best carbon yielding maximal enzyme activity.
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standard for ramie composition[17], the results are
listed in tableⅠ.
It is obvious that enzyme from fungus is effective
to remove the gum in flax roving. More hydrotrope
and pectin are removed, in fact, hydrotrope is
soluble pectin, which proves fungus secretes more
pectinase (shown in table Ⅰ).

Fiber is surrounded with heavy gum and
there is little void between fibers in control sample
(shown in figure 8a), after treatment fibers in retted
roving become fine (shown in figure 8b), which
verifies that the separation degree of fiber in flax
roving is improved.

TABLE Ⅰ Ingredients in retted flax rovingand control sample
Ingredient(%)

Wax
1.20

Control sample
Treated sample

Hydrotrope
5.63
1.79

0.94

Pectin
1.65
1.13

Hemicellulose
Lignin
Cellulose
Residual gum content
14.67
1.67
75.18
23.11
12.61
1.25
82.28
17.63
FIGURE 9 Infrared spectrum of control sample and retted
roving(16h)
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(a) control sample
(b) fungus-treated flax roving (16h)
FIGURE 9 Infrared spectrum of control sample and retted
roving(16h)

Comparison between fungus-treated roving and
chemistry-treated roving
TableⅡindicates that flax roving treated under
optimal pectinase production condition is finer and
has better mechanical properties, such as tenacity,
softness. Just the contrary, the fineness of roving
with chemical treatment is bigger than that of
control sample, which is due to retting mechanism.
reaction happens between terminal residue and
sodium
hydroxide
resulting
in
shorter
macromolecule, therefore, reaction goes on entad,
then gum is removed, but little change occurs
between macromolecule and fineness is not
improved. While vegetative mycelium of fungus
can extend into macromolecule of gum, in which
cleavage comes into being, so flax roving treated
with fungus becomes finer.

(b) fungus-treated flax roving
FIGURE 8 Scanning electron microscope of control sample
and retted roving(×1000)

Figure 9 shows that no obvious change occurs
at 1056cm-1 of retted flax roving, which indicates
that cellulose has few changes. Absorption peak at
1735cm-1 and absorption peak at 1635cm-1, which
are the feature peak of esterified carboxyl and
galacturonic acid[9], respectively, have obvious
changes meaning that pectin is removed, which can
be approved in table Ⅰ.
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of kenaf fiber”, Enzyme Microb Tech, 40,
2007,1806-1809.
[8]Jiang J.，Liu X.L., Li C.Q. & Peng K.,
“Determination of Pectinase Activity by
Spectrophotometry”, Journal of Qiqihar
University, 14, 1998,62－66.
[9]Li R.Q., “Measuring Techniques for Textile
Materials”, Shanghai: Donghua University
Publishing House,2005,435.

TABLEⅡProperties comparison of different treatment ethods
Indices
Finen elongati Tenacity Modul
Softness
(cN/tex) us
ess
on(%)
(twist/20
(cN/te
(tex)
cm)
x)
Control
2.78
3.55
44.3
2952.0
133.1
sample
8
1
3.06
34.4
2482.2
81.3
Chemistry- 3.29
9
3
treated
roving
2.68
3.31
36.8
2583.3
116.92
Microbe1
2
treated
roving

Conclusions
The optimal conditions of pectinase production
from the fungus are: pH6, nitrogen source potato,
carbon source pectin, cultural temperature 30℃,
shaker speed 200r/min, the residual gum contents
of fungus-treated flax roving is 17.63%. The
separation degree of fiber in flax roving is also
improved. Compared with control sample and
chemically treated roving, microbe-treatment flax
roving has satisfactory fineness, tenacity and
softness. Therefore, microbe treatment of flax
roving is feasible.
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Abstract
Electrospinning is a unique technique able to prepare the fiers having diameters in the ranges from nano- to a
few micrometers. In this paper, PVP/AlCl3 organic-inorganic hybrid fibers were prepared by using sol–gel
processing and electrospinning technique using polyvinyl pyrrolidone(PVP)、aluminum trichlkride anhydrors
(AlCl3)、ethanol and distilled water as materials. The hybrid fibers were then calcined in air at 1100 ºC for 5 h
to obtain alumina (Al2O3) fibers. The fibers were characterized by means of SEM, FT-IR and XRD, respectively,
and it was found that the resulted alumina fibers have diameters in the range of 100 to 800 nm, and they are
highly crystalline in α phase.
Key words: Electrospinning, α-alumina, Nano/micro fibers, Calcinations.
1 Introduction
Alumina fibers have long been attracting broad
interests due to their high strength and elastic
modulus, corrosion resistance, low thermal
conductivity, chemical stableness and good
electrical insulation [1,2]. And they have been found
wide applications in multiple areas, including high
temperature insulating materials, reinforecement
materials of metals, ceramics and polymers, and
catalysts or absorbents for scavenging precious or
heavy metals. Actually, nanoscale alumina are
more preferable in many cases as fibers down to
nanometer scale will provide benefits of lower
dosage and better compatibility with matrix when
used as fillers, and also higher adsorbing capability
or more surface active sites when employed as
absorbents or catalysts, which are brought by their
fine size, huge surface area to volume ratio and etc
[3]
.

borate composite fibers by electrospinning a
viscous mixture of aluminum acetate and 10%
aqueous solution of poly (vinyl alcohol) [13]. Azad
et. al. prepared α-alumina nanofibers by
electrospinning using PVP/aluminum 2, 4pentanedionate as the precursor[14]. In this work, αalumina in the form of nano/micro fibre was
prepared by an electrospinning method using solgel spinning solutions of AlCl3/PVP after
calcination.

However, most of the previous work in synthesis of
nanoscale alumina has focussed on the preparation
of alumina in the form of particles or films by
methods such as thermal evaporation [4],
anodisation [5], sputtering [6] and sol–gel processes
[7]
. Among all the routes to produce nanoscale
fibers, electrospinning is recognized as one of the
simple and versatile processes, through which
continuous nanofibers from a huge range of
materials, including polymers, composites and
ceramics [8,9], and many kinds of inorganic
nanofibers including NiO [10] 、 TiO2 [11] 、 ZrO2
[12]
etc. have been successfully produced in recent
years. Dai et al. reported the synthesis of alumina-

2.0 g of AlCl3 were first dissolved in 8.0 ml water,
which was then dropped slowly into 57 ml of 5
wt% PVP in ethanol solution with stirring. The
mixture was kept stirring for 4h, and thus the
viscous sol-gel spinning solutions of PVP/AlCl3
were obtained. The spinning solution was filled
into a hypodermic syringe and delivered to the
blunt needle tip (the nozzle diameter is 0.8mm) at a
flow rate of 5 ml/h via a micro-syringe pump. The
positive terminal of a high voltage power
(DC60000-1mA, Tianjin DongwenHigh voltage
Power Supply Plant) was applied to the needle of a
hypodermic syringevia an alligator clip. A rotating
plate covered with an aluminum foil was served as

2 Experimental
PVP (Mn=1,300,000) and anhydrous aluminum
trichloride (AlCl3, reagent grade) were purchased
from Boai NKY Pharmaceuticals Co., Ltd, and
Tianjin No.3 Chemical Reagent Plant, respectively,
and used without further purification. All other
reagents were all commercially obtained in the
reagent grade and used as received.
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acollector, which was grounded and used as
counter electrode. The applied voltage was 30kV.
The distance between the tip of the syringe and
collector was fixed at 180mm. The as-prepared
PVP/AlCl3 organic-inorganic hybrid fibers were
collected for 8h and dried in vacuum at 90 oC for
24h, which were then calcinated in a muffle oven
at 1100 oC for 5 h in air to get pure alumina fibers.
The morphologies of the resulted fibers were
observed by means of scanning electron
microscope (SEM, FEI QUANTA200). The FT-IR
spectra of alumina fibers were recorded on a FTIR
spectrophotometer (Bruker, Tensor 37). XRD
patterns of the samples were recorded using a
Diffractometer (D/max2500X, Japan) with a
Geiger counte, scans were made from 10◦ to 80◦ (2θ)
at the speed of 2◦ min−1.

Fig. 1 SEM micrographs of PVP/AlCl3 hybrid fibers (a) and
alumina fibers prepared by calcination of the PVP/AlCl3 hybrid
fibers at 1100 oC for 5 h (b).

Fig.2 shows the FTIR spectra of the PVP/AlCl3
hybrid fibers and alumina fibers. It can be seen
clearly that two strong bands appear around
3000cm-1 and 1600cm-1 in Fig.2 (a) ,which can be
assigned to the bending and stretching vibration of
C–H and C=O groups of PVP, respectively. The
presence of a broad band in the regions of 500～
1000cm−1 corresponding to the stretching vibration
mode of Al–O may be due to the formation of
AlOHCl2 or AlOH2Cl when AlCl3 was dissolved in
the water. From the IR spectrum of the alumina
fibers (Fig.2 (b)), we can see that the band in the
region of 500–1000 cm−1 corresponding to Al–O
bond becomes stronger and the two bands at 1600
and 3000cm-1 in the spectrum of the PVP/AlCl3
hybrid fibers disappear, suggesting that the PVP
components was removed completely and the
alumina was formed.

3 Results and discussion
In the spinning solutions, aluminum trichlkride
anhydrors was the precursor of the alumina, and
PVP was served as polymeric matrix to hold
aluminum trichlkride anhydrors and also to provide
the solution spinnability. By adjusting the viscosity
and surface tension of the spinning solution,
AlCl3/PVP organic-inorganic hybrid fibers could
be obtained. As shown in Fig. 1(a), the diameter of
the hybrid fibers fell into the range of about 1～2
micros, and the surface of the fibers was quite
smooth, and no obvious surface defect, such as
beads could be found. When calcined at 1100ºC,
the PVP matrix in the elecstrospun AlCl3/PVP
hybrid fibers was completely burned off, while the
dispersed Aluminum trichlkride anhydrors
component of the fibers was decomposed and
alumina was generated at such a high temperature,
which kept the original filament form but with
much smaller diameter. Fig. 1(b) gives the SEM
photo of alumina fibers electrospun from 5wt%
AlCl3/PVP solution and calcined at 1100 ºC, whose
diameter is in the range of about 100 to 800 nm.
Compared with the intact AlCl3/PVP hybrid fibers
(Fig. 1(a)), the calcined alumina fibers shrunk
about much times due to the removal of the PVP
matrix, while their long aspect ratio as filament
was well preserved.

Fig.2. FTIR spectrum of the PVP/AlCl3 hybrid fibers (a) and
alumina fibers prepared by calcination of the PVP/AlCl3 hybrid
fibers at 1100 oC for 5 h (b).

Fig.3 shows the XRD curve for the alumina
fibers after calcination at 450 ℃ (a)and 1000 ℃
(b)for 5h, respectively. When calcinating the
PVP/AlCl3 hybrid fibers at 450 ℃ , the obtained
alumina fibers were not fully crystallized, which
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evaporation for alumina nanopowder synthesis in
an inductively coupled rf thermal plasma”, Plasma
Sources Sci. Technol. 15 (3), 2006, 441-449.
[5] M. Kokonou, A.G. Nassiopoulou, A.Travlos.
“Structural and photoluminescence properties of
thin alumina films on silicon, fabricated by
electrochemistry”, Mat. Sci. Eng B. 101 (1-3),
2003, 65-70.
[6] A.Khanna, G.Deepak. “Nanocrystalline gamma
alumina coatings by inverted cylindrical magnetron
sputtering”, Surf. Coat. Technol. 201 (1-2), 2006,
168-173.
[7] E.Breval, C. G.Pantano. “Sol-gel prepared nialumina composite-materials .2. structure and hotpressing temperature”, J Mat. Sci. 27 (20), 1992,
5463-5469.
[8] S.C. Ioannis. “Novel nanocomposites and
nanoceramics based on polymer nanofibers using
electrospinning process-A review”, J. Mater.
Process Tech. 167, (2-3), 2005, 283-293.
[9] K.H. Lee, H.Y. Kim, M.S. Khil, Y.M. La, D.R.
Lee, “Characterization of nano-structured poly
(epsilon-caprolactone) nonwoven mats via
electrospinning”, Polymer. 44, (4), 2003, 12871294.
[10] H. Y. Guan, C. L. Shao, S. B. Wen, B. Chen,
et al. “Preparation and characterization of NiO
nanofibres via an electrospinning technique”, Inorg.
Chem.Commun. 6 (10), 2003, 1302-1303.
[11]S.Madhugiri, B .Sun, P.G. Smirniotis P.John.
“Electrospun mesoporous titanium dioxide fibers”,
Micropor. Mesopor. Mat. 69 (1-2), 2004, 77-83.
[12] X.G. Yang, C.L. Shao, Y.C. Liu, R. X. Mu, H.
Y. Guan. “Nanofibers of CeO2 via an
electrospinning technique”, Thin Solid Films, 478
(1-2), 2005, 228-231.
[13] H. Q. Dai, J. Gong, H. Kim, D. Lee. “A novel
method for preparing ultra-fine alumina-borate
oxide fibres via an electrospinning technique”,
Nanotech. 13, (5).2002 674-677.
[14] A. M. Azad. “Fabrication of transparent
alumina (Al2O3) nanofibers by electrospinning”,
Materials Science and Engineering A. 36,
2006. 468-473.

was suggested by its poorly developed XRD
pattern. However, when the calcinations
temperature was increased to 1000℃, the intensity
of its characteristic peaks was enhanced
remarkably, and it can be seen the nine reflection
peaks appeared at 2θ is 25°(012), 35° (104),
37°(110),
42.5°(113), 52°(024), 57°(116),
61°(018), 65°(214) and 67°(300) respectively as
shown in Fig. 3 (b), which could be exactly
indexed as pure α-alumina.

Fig. 3 XRD spectra for the alumina fibers calcined at 450 ºC (a)
and 1100ºC (b) for 5h.

4 CONCLUSIONS
PVP/AlCl3 hybrid fibers were first produced
through the electrospinning technique, which were
then calcinated in air at 1100 ºC for 5 h to obtain
alumina fibers. SEM observations found that the
as-prepared alumina are continuous fibers
diameters in the range of 100 ~ 800nm, and they
are highly crystalline in α form as indicated by
XRD measurement.
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ABSTRACT
Based on the analysis of the principle of the design of double-faced jacquard fabric, this paper brings forward
an innovative design: First it’s the superposition of two separate patterns by using CAD, then the card file is
generated, in which the stitching double-layer weave is used as stitch structure. The double-faced jacquard
fabric developed in this way of design has some advantages. The weft with different raw materials, yarn sizes
and colors can be used in the face and the back of the fabric; in particular, the arrangement ratio of the weft is
not confined. Therefore the face and the back of the fabric have different colors, patterns and styles completely.
Moreover, a single warp beam for weaving can be achieved and the products are applied in the fields of
furnishing, clothing and so on. It possesses a very good use value.
Keywords: Jacquard fabric with double different effect; The principle of design; The superposition of patterns;
Stitching Double-layer weave
At present, in clothing and garment accessories, there
are many reversible garments or scarfs which possess
double-sided effect. In the previous, sew two pieces
of different fabrics together; on one hand the process
is complicate; on the another hand the price increases
using two pieces of fabrics; furthermore, two pieces
of cloth depart from each other, which is poor
comfort and beauty in use. If face and back patterns
are designed independently by using traditional
design method, make out separate cards file, and
then superpose them. Both of weft group numbers
and yarn size are the same in face and back layers, so
it is comparative simple in patterns, structures, styles
and colors. These designs are mainly applied in
double-faced jacquard fabric with different
photographic patterns.
Based on the analysis of the principle of the design
of double-faced jacquard fabric, this paper brings
forward an innovative design: First it’s the
superposition of two separate patterns by using CAD,
then the card file is generated, in which the stitching
double-layer weave (Fig.1) is used as stitch structure.
The double-faced jacquard fabric developed in this
way of design has some advantages. The weft with
different raw materials, fineness and color can be
used in the face and the back of the fabric; in
particular, the arrangement ratio of the weft is not
confined. Therefore the face and the back of the
fabric have different colors, patterns and styles
completely. Moreover, a single warp beam for
weaving can be achieved and the products are

applied in the fields of furnishing, clothing and so
on.
Pattern
design
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Pattern
design
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design
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FIGURE 1. The design principle of double-faced jacquard fabric

1 THE SUPERPOSITION PRINCIPLE OF
PATTERNS
FOR
DOUBLE-FACED
JACQUARD FABRIC
The design of pattern is the primary step of color
design. First, design the face and the back pattern
respectively, then shift and amplify them to the point
paper through CAD. Here the warp yarn and the weft
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yarn should be the same, and the color of one
Jacquard design corresponds to one stitch. In
addition, we should name different color numbers of
the face and back pattern design, such as: if the face
pattern has m kinds of stitches, then every stitch is
named:a1, a2, a3……am; if the back pattern has n
kinds of stitches, then named b1, b2, b3……bn, then,
in the superposition pattern, named a1b1 as the
adding of a1 and b1, a1b2 as the adding of a1 and b2,
ambn can be achieved by analogy. The Jacquard
design colors of the superposition are the product of
the face and back, namely m*n and the double-layer
stitch are m*n according to the principle of one
Jacquard design color corresponds to one stitch.

FIGURE 3. Back side pattern

Pattern superposition must be realized in common by
superposition function, color changing function and
protective coloration function of CAD. For example
the three levels in the face and back respectively. a1,
a2, a3 are the face pattern color numbers (Fig.2); b1,
b2, b3 are the back pattern color numbers (Fig.3). It
(Fig.4) is the superposition of the face and back
patterns, a1b1 are superposition of a1 in face side
and b1 in back side, other colors are analogized as:
a1b2, a1b3, a2b1, a2b2, a2b3, a3b1, a3b2, a3b3.
Stitch a1b1 is the corresponding of Jacquard design
color number a1b1, namely the stitches
corresponding to a1 and b1 is double-layer weave.
a1b2 … ambn can be achieved by analogy with it.

FIGURE 4. Image of the superposition of face side and back side
patterns

2
THE
DESIGN
PRINCIPLE
DOUBLE-FACED JACQUARD FABRIC

FIGURE 2. Face side pattern

OF

2.1 The design principle of fabric weaves
When designing double-faced jacquard fabric
structures, we should think over the influence on the
style of double-faced jacquard fabric and fabric
weave, which affected by the face weaves, back
weaves and binding weaves. On one hand, if face
weaves are different from the back weaves, the more
crossing points the more yarn crimp, off-looming the
gray goods recovered sharply, in contrary, the less
crossing points the less yarn crimp, off-looming the
gray goods recovered less, it make the fabric
unsmooth; on the other hand, because of the different
interlacing counts of double-faced structure, this is
apt to make the difference warp run-in between two
layers, so that the weaving can not be realized. To
solve this problem, must use two-beam, but this
design principle require single warp beam to design
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double-faced jacquard fabric. It should keep the
beam leveling and winding density uniform and then
it will make the fabric even[1].
2.2 The design principle of basic stitch for face
weaves and back weaves
Two layers in double-faced fabric are relative. If one
side is definite as the face cover, the other is the back
cover. Face weaves are the face stitches, but back
weaves are different from the backing textures. Their
relationship is reversible, such as backing texture is
4/1 right twill and back weave is 1/4 left twill.
Stitching double-layer weave is applied to
double-faced jacquard fabric, its basic stitch for face
weave and back
weave mostly choose
three-elementary weaves and derivative weaves, on
one hand, double-faced jacquard fabric are compact
with these structures, on the other hand, the difficulty
of weaving is avoided by using simple structures.
When basic stitch for face weave and back weave are
different, should first according to the fabric
requirement to choose the face weave, then choose
the back weave. Two layers may use the same
structures or not, but the texture and the fabric
tightness must be similar. It will avoid uneven fabrics
and weaving difficulties caused by different
contraction percentage between the two layers. For
example: 2/2 regular basket weave is used as face
weave, and back weave should choose 2/2, so that
their characters are comparatively close [2].
When choose the face and back weave, the
arrangement ratio must be considered, as follows: the
arrangement ratio of warps is 1∶1, and the
arrangement ratios of wefts are 1∶1, 2∶1
respectively.
①the arrangement ratio of warps is 1∶1, and the
arrangement ratio of wefts is 1∶1
When the arrangement ratios of warps and wefts are
the same, choose basic stitch for face and back layers
with the same or similar interlacing counts as a rule.
It makes fabric tightness tend to the same, and
helpful to the evenness of fabric and fabric weaving.
Such as 5-thread satin on face layer and back weave
may choose 5-thread satin, 4-thread twill, 5-thread
twill and so on. Their intertexture counts are the
same or similar.
②the arrangement ratio of warps is 1∶1, and the
arrangement ratio of wefts is 2∶1
When the arrangement ratio of warps and wefts are
different, generally, face yarns are more than back

yarns. Therefore, back weaves which interlacing
counts are more than face weaves should be chosen
to avoid the drawback of structural slack, and
consequently fabric tightness tends to be uniform,
meeting the qualification of uniform fabrics, and
suitable for weaving. For example: when the
arrangement ratios of warps and wefts are 1∶1,
2∶1 respectively. If 5-end twill or 10-end satin is
used as face weaves, back weaves should be chose
plain or 5- end stitch. But if it wants to achieve
special effects in fabric two layers, face and back
yarn with interlacing counts or raw materials
differently. To avoid the effects on fabric appearance,
handle and feasibility of weaving which caused by
face and back yarns’ minification; it needs to use
two-beam work.
2.3 The design principle of binding weaves
①the choice of combining stitching
There are three methods for this combining stitching,
back warp stitching, face warp stitching and
combined stitching[3] which use the yarns combined
by themselves. Both of the face and back covers are
important, so when choose combining stitching
methods, face weaves are warp faced textures, back
warp stitching is preferred to use which is benefit for
hide the binding points; face weaves are weft faced
textures, face warp stitching is a reasonable choice
for hide combining points; face weaves are same
faced textures, back warp stitching is better to hide
the combining points and it is stability because of
warp yarns are finer and more fastness than weft
yarns.
Actually relations between choices of combining
stitching and crimp contraction exist in weaving.
When the arrangement ratios of warps and wefts are
1∶1, the two ground stitches are superposed to form
double-layer weave. It is reasonable to choose the
combined stitching. If choose the back warp stitching
or face warp stitching it is unable to weave by using
single warp beam. Although there is no change in the
interlacing counts between two layers, it is a great
difference in warp crimp contraction.
②the choice of binding weaves and binding points
Binding weave is used to connect with the face
weave and back weave. A reasonable binding not
only has no influence on fabrics surface but also
increasing fasten power. While choosing binding
weaves, as to configuration binding points, the
fastness, well-distribution of binding points and the
smoothness of fabrics are the most important factors.
In general, binding points distribute well in repetition
of weave. For the face side of fabrics: if binding
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points are warp interlacing points, they lying in face
warp float; if they are weft interlacing points, they
lying in face weft float. If face weaves are stitches
which have orientation such as twills, distribution
arrangement of binding points should be accordance
with the orientation of twill weaves. Consequently,
when binding the face weaves and back weaves, the
suitable binding weaves should be chosen according
to two weaves respectively.
2.4 The design of arrangement ratios
The determination of double-layers fabrics’ face and
back yarn arrangement ratios should think over all
kinds of factors, such as fabric applications, styles,
raw materials, yarn sizes, back weaves and so on.
The arrangement ratio of warp yarns determines the
overlap of two layers warp and numbers per reed. In
order to make produce conveniently, the same yarn
sizes would be used, the arrangement of warps is
1∶1 or 2∶2. The same group warps must be in the
same reed dent, so as to overlap[4]. The face and back
wefts arrangement ratio is dependent on shade of
wefts, yarn sizes, raw materials, density. In addition,
the composition of raw materials of warps and wefts,
tension balance in warps and wefts and effects of
structures. Therefore it can take the same
arrangement ratio or not, such as the arrangement
ratio of warps is 1∶1, and the arrangement ratio of
wefts is 1∶1, 2∶1, 1∶1∶1.
The totally different style of the double-faced
jacquard fabrics with two different faces can be
designed by choosing the ratio of arrangement, the
raw materials, weave structures and so on. The
arrangement ratio is 1∶1, one group of weft is
cotton, and the other group is angel’s hair. The
double-faced jacquard fabrics with two entire
different styles on the face and back are designed by
double-layer structures. If arrangement ratios of
warps and wefts are 1∶1, 2∶1 respectively, two
face wefts are presented on the surface of fabrics by
weave texture design, so that enriched the effects of
cloth. Consequently, a reasonable choice of
arrangement ratio is importance to design.

While using face and back wefts with variance yarn
sizes should think over factors of hiding, warp run-in.
when design binding weaves, should first think using
fine weft bind with other side warp to achieve good
face side. The designs of whole structures need to
integrate the height of crimp, interlacing counts,
fineness of weft and so on. The crossing points are
less in thick weft, while more in fine weft. The
weave should insure warp run-in keep accordance in
weaving.
3 CONCLUSIONS
The design principle is the superposition of two
separate patterns by using CAD, then the card file is
generated, in which the stitching double-layer weave
is used as stitch structure. The double-faced jacquard
fabric developed in this way of design has some
advantages. The weft with different raw materials,
yarn sizes and colors can be used in the face and the
back of the fabric; in particular, the arrangement
ratio of the weft is not confined. Therefore the face
and the back of the fabric have different colors,
patterns and styles completely. Moreover, a single
warp beam for weaving can be achieved and the
products are applied in the fields of furnishing,
clothing and so on. It possesses a very good use
value, and has a wide market development prospects.
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2.5 The relationship between yarn sizes and
structures
Because single warp beam is applied in weaving,
make warp run-in is basically identical in structure
design. This is one of principles in design.
While using face and back wefts with close fineness
we can choose basic stitches that have the same or
similar interlacing counts. It makes fabric tightness
basically identical and assures weaving all right.
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ABSTRACT
CFD software is used to simulate airflow and its distribution of condensing zone in compact spinning with
perforated drum. Results indicate velocity of airflow is opposed on each side of slot in suction component.
Matlab software is used to simulate the condensing principle of fiber bundle. Condensing process under
different skin fraction coefficient is also discussed. The condensing principle of fiber bundle can be described
by motions of fibers in different initial positions. The condensing process can be described as fast convergence,
adjusting convergence and convergence completion. There exists a critical skin fraction coefficient. When skin
fraction coefficient is lower than the critical value, fiber bundle can condense completely. This can provide a
theoretical base on the size optimization of components that consist of compact spinning system with perforated
drum.
Keywords:compact spinning; perforated drum; airflow field; condensing principle
INTRODUCTION

these issues, CFD and Matlab software are applied to

Compact spinning system with perforated drum

simulate three-dimensional airflow field and motion

condenses fiber bundle by negative pressure. This

of fiber bundle in condensing zone of compact

system can diminish or eliminate twisting triangle,

spinning system with perforated drum.

improve structure of yarn, reduce hairiness and
improve quality of yarn. Nowadays research on this

SIMULATION OF 3D AIRFLOW FIELD

system mainly concentrates on following aspects: 1)

Established of CFD Model

Working principle of main components that consists
of compact spinning with perforated drum [1]. 2)
Performance comparison of yarns [2] or fabrics [3-4]
— both knitting and weaving, made by compact
spinning system with perforated drum and traditional
ring spinning system. 3) Performance comparison of
yarns [5] made by compact spinning system with
perforated drum and other compact systems. While
there is little research on the airflow field and its
distribution discipline of condensing zone. So it is

FIGURE 1 Condensing zone

with motion of fibers in different positions and

Compact spinning system with perforated drum [6] is

condensing principle of fiber bundle. In view of

a system based on G33 ring spinning, of which the
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diameter of front roller is enlarged and perforated.
There is a suction component with a slot which is
installed inside perforated drum and removable.
When compact spinning system with perforated
drum works, air over perforated drum goes through
round holes in perforated drum and slot in suction
component, and flows out of negative pressure
aspiration channel finally. Schema of condensing

(a) Velocity vector over perforated drum

zone is as shown in Figure 1.
To know airflow and its distribution discipline in
condensing zone, CFD model is established by
Fluent Software. For the sake of simplifying
calculation processes, some assumptions are made as
follows:
1) Because fiber bundle occupied only little room

(b) Radial direction of perforated drum

compared with the whole condensing zone, supposed

FIGURE 2 Velocity vector image of condensing zone

that the existing of fiber bundle has no effect on
airflow field.

Figure 2(a) shows that there is an obvious velocity

2) Because negative pressure is low, regarded that

variety in condensing zone, which can indicates the

fluid air is viscous and incompressible, and there is

influence on velocity distribution of condensing zone

no heat exchange while air is flowing.

owning to the existing of slot in suction component.

3) Because there is no airflow for the holes that isn’t

Velocity in this zone is larger than others, especially

over the slot in the suction component, the suction

at the holes over the head-end of suction component.

component with a slot and the active holes in the

Velocity of condensing direction is opposed, which

perforated drum are regarded as a whole.

can ensure the effective convergence of fiber bundle.
Simulation of Figure 2(b) can suggest zones where

Take negative pressure p=900Pa for example, the

there are active holes in perforated drum. This

computation model applies implicit formulation

velocity distribution can ensure the aggregation of

solver, standard k-ε turbulence model and SIMPLE

fiber bundle.

algorithm to simulate the three-dimensional airflow
of condensing zone.

MOTION SIMULATION
Motion of Single Fiber

RESULTS AND DISCUSSION

To know motion principle of fiber bundle, Matlab

Study on airflow field and its distribution can help to

software is used to simulate the movement of fibers

understand condensing principle of compact spinning

in condensing zone, and then condensing process of

system with perforated drum. Velocity vector image

fiber bundle can be known. For the sake of

of calculation zone over perforated drum is as shown

simplifying, the condensing zone on perforated drum

in Figure 2(a), and that of radial direction of
perforated drum is as shown in Figure 2(b).

is reconstructed. Then Newton’s second law can be
used. The newly-built transfer distance is just equal
to the arc length of transfer direction. Supposing the
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fiber is constituted of unnumbered infinitesimal

different skin fraction coefficient is chosen to discuss

segments, motion of single fiber can be described by

the condensing effect of fiber bundle in condensing

motion of the infinitesimal segment, and then motion

zone. Skin of perforated drum is made by special

trajectory of fibers can be simulated by self-designed

polishing treatment, so it is lower than 0.26-fraction

Matlab procedure. Condensing principle of fiber

coefficient between cotton and steel [7]. Fraction

bundle can be simulated by motion of fibers in

coefficients in this paper are chosen as 0.04, 0.08,

different positions. Supposing the width of fiber

0.12, 0.16, 0.20 and 0.24. The condensing effects of

bundle is 3 centimeters, and the fineness of fibers

fiber bundle are as shown in Figure 4.

equals to 20 microns. Here, take three fibers in
different positions for example, the position of each
is separate as follows. No.1 and No.3 are two of the
outside fibers in fiber bundle. No.2 is one of the
middle fibers of fiber bundle. If negative pressure is
900Pa and skin fraction coefficient f is 0.08, motion
trajectory of each fiber is as shown in Figure 3.

FIGURE 3 Motion trajectories of single fibers

From Figure 3, different motion trajectory of fibers
in different positions can be obtained. There is a
significant transverse convergence, especially for
fibers at head-end of the slot in suction component.
Motion amplitude of these fibers in the two sides is
much larger than that of inside fiber bundle in
condensing direction. Fibers in different positions
mix and interlace mutually by airflow force.
Motion of Fiber Bundle
The motion of fiber bundle can be simulated by
motions of fibers in different initial positions. The

FIGURE 4 Condensing process of the fiber bundle in different

condensing effect of fiber bundle is influenced by

skin fraction coefficient

skin fraction coefficient of perforated drum, so
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Figure 4 suggests that skin fraction coefficient of

Matlab software. The convergence of fiber bundle

perforated drum plays a very important part to the

can be described as fast convergence, adjusting

condensing effect of fiber bundle. The condensing

convergence and convergence completion. The skin

effect gets better along with the decreasing of skin

fraction coefficient can influence condensing effect

fraction coefficient. The fiber bundle can not be

of fiber bundle. When the skin fraction coefficient is

compacted sufficiently until the fraction coefficient

lower than critical value, fiber bundle can converge

is small enough. That is, there exists a critical skin

completely. It can provide a theoretical base on the

fraction

fraction

size optimization of components that consist of

coefficient is lower than critical value, the fiber

compact spinning system in production practice to

bundle can condense completely. From Figure 4 the

know airflow field and motion of fiber bundle.

coefficient.

When

the

skin

critical value of skin fraction coefficient can be
obtained about 0.08. Figure 4(b) suggests the
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ABSTRACT
The fiber distribution in yarn cross section and the properties of cotton yarns spun by the false twist compact
drafting method was studied and be compared with those of yarns produced by the conventional ring spinning
method. The investigation of packing density of yarns showed that the yarns spun by the new method have
more compact structure in the cross section than the conventional ring spinning yarns of the same twist level.
Moreover, the position of the maximum value of the packing density changed inward to the yarn axis. Yarn
properties test results showed that compared with the conventional ring spinning yarn, the yarn have better
evenness, tenacity, elongation and less hairiness. In addition, the relationship between the structure and
properties of yarn spun by the false twist compact drafting method was analyzed briefly.
INTRODUCTION
During the last four decades, many spinning systems
were introduce and brought forward latest techniques
in the yarn spinning field and these systems have
gained popularity gradually [1]. At the same time, the
ring spinning technology also being refined
ceaselessly with views to increase productivity
combined with the higher quality [2][3]or to improve
certain performance[4]. The latest innovation in ring
spinning technology called “compact spinning” or
“condensed spinning” has been shown to effectively
improve yarn quality[5]. But the pneumatic
compacting systems have several shortcomings, such
as high cost of investment, high cost of maintenance
and spare parts, and high energy consumption. These
restricted its wider application.
In this study, we used a modified ring spinning
system which based on the false twist compact
drafting technique developed by Yu et al. [6][7].This
method use a false twist device which located in the
front drafting zone to imparts false twist to fiber
strand and condenses the strand into a more compact
form, This can adjust the fiber strand shape in the
front drafting zone and enforce the inter-fiber
cohesive force, gave a better control of fibers
especially the floating fibers in the drafting zone and
improve yarn qualities.
Our objectives in this investigation were to analyze
and compare the properties of cotton yarns produced
by the modified spinning systems with those of the
conventional ring spun yarns and find the
relationship between yarn structure and properties.
MATERIALS AND METHODS
The 480tex carded cotton roving was used in the
experiment. Two kinds of 29.5tex yarn with twist

levels of 515 tpm and 665 tpm were spun by this
false twist drafting method, another two kinds of
yarns with same linear density and corresponding
twist levels were spun by the conventional ring
spinning method as reference samples.We used a
modified 4-spindle laboratorial cotton ring spinning
frame to produce these four kinds of yarns, when
spun the false twist drafting yarns, we used the
method described in [8] to adjust the drafting units.
Based on the results of preliminary experiments, we
set the parameters as follows: the gauge of breaking
draft zone was 51mm and the breaking draft ratio
was 1.2; the false twist tube rotated count-clockwise
and the rotational speed ratio was 0.35.
To determine the fiber arrangement in the cross
section of the yarn, we prepared the yarn cross
section slices by using a microtome, and then
observed these slices under an optical microscope
equipped with a high resolution CCD camera. Photos
of the yarn cross sections captured by the CCD were
transferred to a personal computer for further
analysis. In the analysis stage, first, we used image
processing software to adjust and transform the
photos to binary format. Following that, a specially
developed program was used to calculate the center
and radius of yarn cross section, then the images
were processed manually and another program was
used to determine the yarn packing density.
There are two methods that were mainly used in
calculating the cross sectional packing density of
staple fiber yarn. The first method was proposed by
Morton and Yen[9], and further developed by Hearle
et al.[10]. In this case, the cross section of yarn is
divided into five or more annulus of equal radial
space or equal area, and the packing density is
termed as the number of fibers per unit area.
However, Nechar et al.[11] pointed out the results
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We adopted the second method to estimate the fiber
distribution in the experiments. Each yarn cross
section was divided into six concentric annuli of
equal area. In addition, the packing densities of two
annuli which have radius of one tenth and one fifth,
respectively, were also calculated. The packing
density of a certain annulus was defined as the total
area of fibers in the annulus to the area of this
annular itself. In addition, the position of the annulus
(r) was expressed as a fraction of the yarn radius (R).
All of the yarn samples were conditioned for at least
24 hours under standard atmosphere (temperature of
20±2℃ and relative humidity (RH) of 65±2%)
before properties testing. We used the YG172 yarn
hairiness tester to measure the hairiness of yarns at a
speed of 30m/min. Each bobbin measures three
different parts which are small bobbin, middle
bobbin and full bobbin, and the average value for
each bobbin was calculated. A ChangLing YG135G
evenness tester was used to measure the yarn
evenness, the testing speed was 400m/min and
testing time is 2.5 minute for each bobbin. Yarn
tensile properties were measured by an YG061
electronic single yarn strength tester, the gauge is
500mm and testing speed was 500mm/min. Three
bobbins were tested for each sample, fifty readings
for each bobbin were recorded.
RESULTS AND DISCUSSION
Yarn Structures
Figure 1 shows the packing density of each annulus
plotted against the position of that annulus (r/R)
which represented by the ratio of radius of the
annulus (r) to that of the yarn (R).

0.7

Conventional,515tpm
Conventional,665tpm

0.6

False tw ist,515tpm

Packing Density

acquired by that method maybe not accurate enough
in practice, the reason is that there is large variation
in fiber cross sectional area, especially for natural
fibers like cotton and wool. So they suggest using the
ratio of the total cross sectional area of the fibers in a
certain annular of the yarn cross section to the area
of that annulus to characterize the packing density.
The second method was widely used by latter
researchers, and with the improvement of
experimental instruments and the development of
computer graphic processing technology, some of the
experiment woks could be accomplished accurately
and rapidly by virtue of personal computer and
related
professional
or
special
designed
software[12][13].

0.5
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0.4
0.3
0.2
0.1
0
0

FIGURE 1.
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0.2

0.4

r/R

0.6

0.8

1

Packing density of different annulus along yarn

According to the packing density curves in Figure 1,
it can be seen that the packing density is not uniform
across the yarn cross section. The packing density is
low near the yarn axis and then rises rapidly, packing
density reaches the maximum value at the position
about one fourth or one third of the yarn radius from
the yarn axis. After that, the packing density
deceased continuously from the inner zone to the
surface for all yarn samples. It also could be seen
that the change patterns of packing density curves
are very similar for conventional ring spinning yarns,
and there is also little difference between the change
patterns of curves for yarn spun by the false twist
drafting method. The packing density function of all
four yarn samples could be described as the thirdorder polynomial function of radical position.
We can identify the effect of twist level on packing
density by comparing the packing density curves of
the yarns spun by same spinning method but with
different twist levels. As illustrated in Figure 1, the
yarns with higher twist level seems have more
compact structure, this could be attribute to that the
higher twist level leads to a higher lateral press of
acting on the yarn in the direction normal to the yarn
axis.
For yarns spun by the false twist drafting method,
Figure 1 shows that they are more compact at the
inner zone of the yarn cross section than the
conventional ring spinning yarns with same twist
level. Furthermore, the position of the maximum
value of the packing density changed inward to the
yarn axis. These differences maybe explained by
principle of the false twist drafting method.
As we all know, the roving have a certain twist
before it was feed into drafting units of the ring
spinning frame, but as the drafting process
continuing, the strand is attenuated and detwisted, it
becomes very thin and there are nearly no twist
remains at the nip of the front rollers. After emerged
from the front rollers, its width is many times the
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diameters of the yarn to be spun, when the strand is
twisted, there forms a so called “spinning triangle”
area [14]. The peripheral fibers in this area are difficult
to be bound-in the yarn body and causing loose fiber
or hairiness [15]. The false twist drafting method use
the false twist generated by the false twist tube to
enforce the cohesion between the fibers and make
the strand more compact, therefore, the fiber strand
become narrow and the length of the spring triangle
also be condensed, this is helpful to make more
peripheral fibers to be integrated into the yarn, and
produces a more compact and smoother yarn.
Yarn properties
The detailed properties test results of conventional
ring spinning yarns and the false twist drafting yarns
are given in Table I.
TABLE I. Properties of the yarn samples

Yarn
Samples

Evenn
ess
(CVm)
(%)

Breaki
ng
Streng
th
(cN/te
x)

Breakin
g
Elongat
ion
(%)

Hairines
s
Index
(≥3mm)

515 tpm
Conventi
onal

14.31

14.59

6.32

9.11

665 tpm
Conventi
onal

14.07

15.11

6.64

7.74

14.18

14.73

6.67

8.27

13.94

15.34

6.75

7.35

515 tpm
False
twist
665 tpm
False
twist

close to that of the yarn spun by same method but of
higher twist level.
The results in Table I also show that the change trend
of yarn hairiness index almost mirrors that for yarn
evenness and breaking strength, the conventional
yarns are hairier than the false twist drafting yarn and
the highly twisted yarns are smoother than the lower
twisted samples.
Combined with the analysis results of yarn packing
density, it will be easy to understand the changes in
yarn properties: The yarns produced by the false
twist drafting method are more compact near the
yarn axis, at the same time, more fibers in the
spinning triangle were integrated into the yarn
structure and less fibers protrude from the yarn body,
all of these will make full use of the fiber properties
and are helpful to improve yarn tenacity and reduce
hairiness.
CONCLUSIONS
The false twist compact drafting method is a
modification of the traditional ring spinning
technology, which uses the false twist generated in
the front drafting zone to change the shape of the
fiber strand emerging from the nip of the front rollers
and thus can improve resultant yarn qualities. The
study on yarn structure showed that the yarns
produced by this method are more compact at the
inner zone of the yarn cross section than the
conventional ring spinning yarns with same twist
level. In addition, the position of the maximum value
of the packing density changed inward to the yarn
axis. Yarns spun by this method have better evenness,
tenacity, elongation and less hairiness.

From Table I, we see that yarns with higher twist
level have better evenness and higher breaking
strength. It also shows that the yarns produced by the
false twist method are more regular and stronger than
conventional ring spinning yarns. But the effect of
twist level seems predominate, viz. the evenness and
the breaking strength of the false twist drafting yarn
with twist level of 515 tpm still inferior to those of
the conventional ring yarn with twist level of 665
tpm.
As far as breaking elongation is concerned, the
elongation of the false twist drafting spun yarn with
twist level of 665 tpm is the best. But elongation of
the false twist spun yarn of 515 tpm is also high and
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INTRODUCTION

Material Co. Ltd, China. All other reagents were

Electrospinning technique is a simple and effective

chemical grade and were used without further

method to obtain ultra-fine fibres with diameters

purification.

ranging from micrometers to a few nanometers. The
electrospun fibrous mats present a range of useful

Electrospinning

characteristics such as high-specific surface area,

PPESK was dissolved in different solvent including

high aspect ratio and high porosity with small pore

single solvent (N-methyl-2- pyrrolindone (NMP),

[1]

size . Electrospun nanofibrous membranes would

N,N-dimethyl acetamide (DMAc) and the mixture

have found various applications such as nano-sensors,

solvents of NMP and DMAc and of NMP and

electronic optical materials, protection clothing and

tetrahydrofuran

filtration media.

concentration of all the solutions was fixed at 15w/v

(THF).

Unless

specified,

the

%. The electrospinning device mainly consisted of an
Poly(phthalazinone ether sulfone ketone) (PPESK)

adjustable high-voltage power supply (up to 50 kV,

has been attracting more and more attention in

Tianjin Dongwen Co. Ltd, China), a syringe and a

membrane industry due to its excellent mechanical

spinneret. The spinneret was made in the following

[2]

strength, thermal stability and chemical resistance .

way: a glass tube was heated and drawn to get a

It has been applied for gas separation, ultrafiltration

conical tip, and the commercial polyethylene vial

and nanofiltration at high temperature[3]. PPESK

sampler (0.5 ml) was fixed tightly on the conical tip.

separation membranes can be easily fabricated by

The internal diameter of the polyethylene vial was

phase inversion process. However, there are no

ca.0.7 mm, the spin rate wasn’t controlled on

reports on electrospinning PPESK menbranes.

purpose.

In this study, the effects of electrospinning process

Characterization

parameters, solvent and polymer concentrations on

NDJ-79 rotary viscometer (Changji Geological

the electrospinnality of PPESK were focused. In

Instrument Co. Ltd, Shanghai) was used to measure

addition, heat treatment and addition of polystyrene

the apparent viscosity of PPESK dopes. Electrical

was carried to improve the mechanical property of

conductivity of the solutions was determined using

PPESK membrane.

DDB-303A

conductivity

instrument

(Leici

Instrument Factory, Shanghai). The surface tension
EXPERIMENTAL

of the solutions was tested by BZY-1 automatic

Materials

surface tension tester (Hengping Instrument Factory,

PPESK (the ratio of sulfone group to ketone group

Shanghai). The temperature was adjusted to 25±1℃

was 1) was provided by Dalian Polymer New

prior to all the measurements.
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The morphology of the ultrafine fiber membranes

Figs 2 show SEM images of PPESK fibers from the

was observed by Scanning electron microscope

solvent NMP at the different tip-to-collector

(SEM), HITACHI S-570, and the samples were gold

distances with voltage 10kv. The broken fibres were

sputter coated in order to prevent charging during

collected at the distance of 10 cm possibly the

data sampling. All the membranes were immersed in

solvent was not completely evaporated and thus the

solvent steam for 20 min and then heat treated at

fibers couldn’t be experienced to be stretched. If the

50℃ for 2 h before mechanical measurement.

distance was too large, the electrospinning wouldn’t

Tensile strength of the membranes was measured

proceed well due to low electric field formed

with a universal tensile tester, Shenzhen KQL

between the tip and the collector. The fibers showed

Experimental Instrument Co Ltd, Shenzhen, in the

fair morphology at the distance of 18 cm.

light of GB/T13022, with crosshead rate 2mm/min,
sample width 5mm and thickness 0.11-0.13mm.
RESULTS AND DISCUSSION
Effect of processing variables
Figs 1 present the SEM images of electrospun fiber
from NMP solvent at the tip-to-collector distance of
12cm. We could find that the fiber morphology
became ill-favored with the increase of spin voltage.
The electrospinning couldn’t be continued since it
always turned into drops at 8kv. It meant that the
voltage was not large enough for PPESK solution to

Fig.2 SEM images of the fibers spun at tip-to-collector distances

overcome the surface tension in order to reach target.

((a) 10cm, (b) 14cm, (c)18cm, (d) 20cm)

When the voltage was over 10kv, the jet splay
became stable, however, the fiber appearance tended

In addition, the electrospinning experiment proved

to be disorder. The reason was that high applied

DMAc to be a good solvent except that the solvent

voltage imbalanced the jet splay’s viscous force and

was very sensitive to moisture in air and this would

surface tension and hence led to less control of the

cause some uncertainty in electrospinning.

fiber formation [4]. It seemed that spin voltage 10kV
should be right value to get ultrafine fiber.

Effect of mixture solvent
The

solvent

is

a

key

parameter

for

the

electrospinning process. It may affect polymer
solubility, solution viscosity and jet stability.
Generally solvents with a low vapor pressure provide
a wider window for optimizing process parameters.
Although the solvent THF with a low vapor pressure
can’t dissolve PPESK completely, the mixture
solvent of THF and NMP did offer good solubility
for the polymer. When NMP was used as a solvent,
the beaded or less stretched fibers were often resulted.
The fiber morphology was nice with DMAc as a
Fig 1 SEM images of the fibers morphology with different

solvent, but the spinning process couldn’t proceed

electrospinning voltage ((a) 8kv, (b) 10kv, (c) 12kv, (d) 14kv)

smoothly. So the mixture of two solvents would be a
viable route to optimize spinning parameters.
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differences of solvent volatility and hygroscopy in
the solvent system. In fact, the high hygroscopy of
DMAc appeared to promote its volatility.
Table 1PPESK solution properties of the mixture solvent system
of NMP and DMAc at 25℃
NMP:DMAc(v/v)

Fig.3 SEM images of the fibers from the mixture solvents of NMP
and DMAc ((a) 9:1, (b) 7:3, (c) 5:5, (d) 3:7, (e) 0:10 v/v)

ruptured at the volume ratio of 9 to 1. While the
ultrafine fiber diameters displayed remarkable
differences in the fiber diameter and its distribution
at the ratios of 7:3,5:5 and 3:7. We may scrutinize
that the fibers gave well stretched peculiarity at the
ratio of NMP to DMAc 3:7 and this could offer good
properties.

conductivity and surface tension were generally
determinant parameters on electrospinnability and of
course the key to understand electrospinning

24.5

41.8

7:3

155.0

28.8

40.8

5:5

140.0

33.0

39.7

3:7

135.0

37.5

38.2

2:8

115.0

38.8

38.3

0:10

80.0

41.1

36.4

decrease while that of large fiber to increase, and the
average fiber diameter was increased with the
increase of THF content and the fiber uniformity was
improved signifcantly. The fiber morphology from
the ratio of 5:5 was most satisfied. Table 2 gives the
solution properties of the solvents of NMP and THF
at 25℃, the change of fiber diameter with THF

content.

surface

tension

with

that

of

electric

viscosity and surface tension were ready for small
fiber.

High

repulsion of the charges present at the surface, and
and

accorded

with the decrease of conductivity, although the dope

jet and produce bead-free fibers as a result of the
viscosity

well

conductivity, namely, the fiber diameter increased

conductivity would strongly stretch electrospinning

low

165.0

distribution, the fraction of small fiber seemed to

in both viscosity and surface tension of solutions
DMAc

tension,mN/m

and THF on the fiber morphology. We can find that

shows an increase in the conductivity but decreases
of

μs/cm

Fig.4 reveals the effect of different ratios of NMP

behaviour, fiber morphology and properties. Table 1

increase

mPa·s

Surface

9:1

content

In electrospinning process, the dope viscosity,

the

Conductivity,

the fiber diameter almost presented double peak

It can be seen from Fig 3, the fibers were severely

with

Viscosity,

would

thermodynamically favor the small fiber diameter.
However, the relationship between fiber diameter
and the solution properties seemed contrary to the
well accepted knowledge. The reason could be the
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Reinforcing treatment by heat and blending
The mechanical properties of the fiber mats were
usually poor since the molecular weight of PPESK
was relatively small. Actually the mechanical
properties of as-spun membranes couldn’t be
subjected to be measured in our experiment. After
Fig.4 SEM images of the fibers from the mixture solvents of NMP

the immersion treatment in solvent and further heat

and THF((a) 9:1, (b) 7:3, (c) 6:4, (d) 5:5, (e) 4:6)

treatment, the tensile strength of the membrane was
1.22 Mpa. While polystyrene was blended into

Table 2 PPESK solution properties of the mixture solvent system

PPESK dopes, the tensile strengths of composite

of NMP and THF at 25℃

membranes were increased up to 2.34 and 2.63 Mpa

NMP:THF

Viscosity

(v/v)

mPa·s

Conductivity

Surface

at the levels of 10wt% and 20wt%, respectively, but

μs/cm

tension

decreased down to 1.41 Mpa at 30 wt % of

mN/m

polystyrene. The strength downturn could originate

9:1

165.0

25.2

41.0

from the incompatibility between two polymers, and

8:2

160.0

26.1

39.4

the

7:3

130.0

26.5

39.0

investigated.

6:4

125.0

22.7

40.1

5:5

140.0

23.2

34.8

CONCLUSIONS

4:6

105.0

18.6

35.1

The electrospin PPESK fiber membranes can be

3:7

115.0

15.3

32.2

realized from the NMP and DMAc solutions

detailed

mechanism

should

be

further

although the fiber morpholgy weren’t much satisfied.
The mixture solvent system did demonstrate
satisfactory

fiber

mechanical

properties.

treatment and

morphology

polymer

Mixture

but

with

poor

solvent,

heat

blending were viable

approaches to implement PPESK fiber membranes in
reality.
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ABSTRACT
The compact procedure of fiber band in compact field of compact spinning are briefly illustrated. The motions
of fiber band in compact field are discussed theoretically from which tilting angle of suction slot in profile tube,
additional twists created by fiber band’s rotating around its own axis and ultimate twists in compact yarn are
deduced accordingly. The existence of additional twists is also verified through experiments in this paper.
Keywords:Compact spinning,；additional twist； tilting angle of suction slot.
INTRODUCTION
Compact spinning as a recently hot topic produces
strong interests among textile scientific technicians
and has been widely used in the industrial. Recently,
only china has more than one million spindels on the
equipment, more of which was transformed from the
traditional ring spinner. It is found in practice that in
the same technical condition, including using the
same roving to make the same count yarn, there are
some differences between compact spun yarn and
ring spun yarn not only in the hairness, strength and
evenness, but also in the twist. Generally, the twist of
compact spun yarn is about 5% higher than that of
ring spun yarn, which was called Additional Twist.
This article makes some kinematics analysis for the
fiber band in the compact district of compact
spinning, builds model of the additional twist for
further discussion
Compact spinning was improved from the basis of
the traditional ring spinning， the core is to gather
before to twist. Adding a serious of compact
equipments on the spinning machine could
efficiently reduce the width of twisting triangular
space. Take Suessen for example, in the original
condition of the same size of ring spinning machine
and same technical components, add a serious of
compact equipments ahead of the front roller. We
consider the compact spinning adds the compact
equipments, compared with the ring spinning. So the
appearance of the additional twist is related to this
equipment. However, there is rarely relevant research
being reported.
As we known, a set of compact apparatus[1~2] is set
up in front of front roller with other technological
parts and process dimensions unchanged. The
compact apparatus consists of profile tube, lattice

apron with more than 3000 pores /cm2, lattice apron
pressing rollers and other relative transmitting parts.
There are several small tilting suction slots in the
profile tube corresponding to each spinning position
respectively. The length of each small tilting suction
slot is equal to that of fiber band segment being
sucked against lattice apron by negative pressure.
The profile tube is closely embraced by lattice apron
which is driven by lattice apron pressing roller fitted
with rubber cot by virtue of friction between the
lattice apron and its pressing roller. Front pressing
roller and lattice apron pressing roller which are both
equipped with a small gear respectively are
connected by an idler and all of them together
constitute the so-called compact apparatus. The front
roller drives front pressing roller by virtue of friction,
and the front pressing roller drives the lattice apron
pressing roller through an idler, and then the lattice
apron pressing roller drives the lattice apron also by
virtue of friction. The coefficient of friction between
lattice apron and lattice apron pressing roller is ten
times greater than that between lattice apron and
profile tube, thus the exact movements of all lattice
aprons used in compact spinning frame are
guaranteed at all times. The profile tube is coated
with wearable material which has the property of low
coefficient of friction.
APPROACH
As shown in Figure 1, because the profile tube is
subjected to negative pressure, the fiber band in
compact field is immediately sucked to lattice apron
by negative pressure at the end S1 of tilting suction
slot after it is delivered out of front roller nipping
line and moves forward together with lattice apron,
and at the same time the fiber band rolls along the
surface of lattice apron in virtue of negative pressure
of tilting suction slot. Under the conjunct actions of
moving and rolling, the fiber band is condensed
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together and moves forward to the lattice apron
nipping line along the edge of tilting suction slot. To
create longitudinal tensile force and to draw curving
fibers straight in fiber band as well as further to
guarantee the perfect condensing effect of fiber
assembly, the diameter of lattice apron pressing
roller is a little bigger than that of front pressing
roller. The rolling of fiber band along the surface of
lattice apron ensures the fiber-ends to be well
embedded into fiber band[3~4].

lattice apron

v = v front roller
1

α

delivery lattice
apron nipping
line

vaS4

ve

v lattice =ve

vr

tilting suction
slot in profile
tube

profile tube

S1

v lattice = vcompact yarn
roving traverse

FIGURE 2. Composition of velocities of fiber band

front roller

Let the radius of fiber band in compact field be r, the
angular velocity of fiber band be ω, the rotate speed
of fiber band be n, the additional twists created by
fiber band’s rotating around its own axis in compact
field be T0, consulting Figure 1, we can obtain the
following details:

end S1 of tilting
suction slot

profile tube
lattice apron
tilting suction slot

delivery lattice apron
nipping line
P

delivery direction
of compact yarn

vr = ve ⋅ sin α ， va = ve ⋅ cos α ， n =

FIGURE 2 compact procedure of fiber band in compact field

In order to obtain optimal motion conditions,
different length, width and tilting angle of suction
slot in profile tube are adopted according to different
thickness of compact yarns as well as different raw
materials.
As shown in Figure 2, after having been delivered
out of front roller nipping line, the fiber band is
immediately sucked to lattice apron by negative
pressure and moves forward together with lattice
apron, and this motion is called embroil motion of
fiber band caused by lattice apron. In addition to its
embroil motion, the fiber band rolls along the surface
of lattice apron in the direction vertical to the edge of
tilting slot under the action of negative suction due to
a tilting angle α of suction slot in profile tube, and
the motion is called relative motion of fiber band.
Under the conjunct actions of embroil motion and
relative motion, the fiber band finally moves forward
in the direction of tilting suction slot, and this motion
is called absolute motion of fiber band.

vr
2πr

According to stable twist theory[5] , therefore the
additional twists can be drawn as

T0 =

n tan α
=
va
2πr

(1)

Suppose to ring spinning machine’s spindle speed is
ns, then the twist, which is produced by the ring
traveler , T1 is:

T1 =

ns ns
= ⋅ cos α
ve v1

(2)

(twist direction Z)
So the ultimate twist is

T = T0 + T1 =

ns
tan α
⋅ cos α +
v1
2πr

(3)

RESULTS AND DISCUSSION
The relation of ultimate twists in compact yarn and
the direction of suction slot in profile tube is
discussed below:
(a).If the suction slot is arranged at top-right hand
direction, the direction of additional twists created in
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" apron nipping line-front roller nipping
line:17mm,
" front roller nipping line-end S1 of suction
slot:13mm
" end S1-end S4 of suction slot:20mm

compact field is Z. The ultimate twists in compact
yarn
can
be
expressed
as

ns
tan α
⋅ cos α +
when spinning yarn with
V1
2πr
n
tan α
twist direction Z and as T = s ⋅ cos α −
V1
2πr
T=

!

Rotate speed of spindle:14000r/min;

when spinning yarn with twist direction S.

!

Tilting angle of suction slot:10.5°;

(b).If the suction slot is arranged at top-left hand
direction, the direction of additional twists created in
compact field is S. The ultimate twists in compact

!

Negative suction pressure:83mmHg;

!

Compact drafting ratio:1.017;

yarn can be expressed as T =

when spinning yarn with twist direction S and as

The average twists of 50 samples from conventional
and compact yarn, which are tested with Model
Y331A
Yarn
Twist
Tester,
are

T=

respectively.

ns
tan α
⋅ cos α +
V1
2πr

ns
tan α
⋅ cos α −
when spinning yarn with
V1
2πr

twist direction Z.
From what are mentioned above we can know that to
realize T =

ns
tan α
⋅ cos α +
, when spinning
V1
2πr

compact yarn with direction of twist Z, the suction
slot in profile tube must be arranged at top-right hand
direction, and when spinning compact yarn with
direction of twist S, the anti-direction of suction slot
is advisable.
EXPERIMENT
To prove the existence of additional twists in
compact yarn created in compact field, twist
comparative experiments have been conducted.
Experiment conditions involved are as follows:
!

Material: pure cotton roving with 4.18 g/10m;

!

technological conditions:
" Machine type: conventional ring spinning
frame FA502 equipped with compact
spinning apparatus;
" Drafting ratio of conventional ring spinning:
27.3;

!

Compact yarn count: 15.3 tex;

!

Design twist factor: 307;

!

Gauge length:
" back roller center-mid roller center:55mm
" mid roller center-front roller center:43mm

Tcon = 784.5(T / m) and Tcom = 871.4(T / m)
From the factually tested data we can see that the
twists in compact yarn are increased compared to
that of conventional spinning yarn. The gain of twists
in compact yarn can be calculated as follows:

T0 = ΔT = Tcom − Tcon = 86.87
（T / m) .
The percentage of twist gain is expressed as:

η=

T0
ΔT
× 100% =
× 100% = 11.07% .
Tcon
Tcon

To spin 15.3 tex cotton yarn, the actually tested
diameter of fiber band in compact field is 0.61mm.
From formula (1), the theoretical additional twists
can be calculated as 96.7 twists/cm, which mainly
accords the additional twists tested factually in
compact yarn when considering the hydroplaning of
fiber band’s rolling along the surface of lattice apron.
The significance of additional twists in compact yarn
created by fiber band’s rolling along lattice apron in
compact field lies mainly in the following two
aspects:
(a) To keep other technological parameters
unchanged, the strength of compact yarn is enhanced
with the increase of twists of compact yarn.
(b) Under the condition that the strength of compact
yarn equals that of conventional ring spinning yarn,
the ultimate twists in compact yarn can be decreased,
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which can increase the output of compact yarn as
well as economical benefit.
CONCLUSIONS
1. The ultimate twists of compact yarn are composed
of twists created by ring traveler and additional
twists; additional twists are caused by the rolling of
fiber band in compact field and their quantity are
determined by both radius of fiber band in compact
field and angle of tilting suction slot in profile tube.
2. To spin yarn with twist direction Z, the tilting
suction slot is arranged at top-right hand direction,
and to spin yarn with twist direction S, the tilting
suction slot is arranged at top-left hand direction.
3. The additional twists are significant to higher
strength of compact yarn and higher economical
benefits.
FUTURE WORK
The curve shape of suction slot have a significant
impact on the additional twist, it will be one of future
research.
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INTRODUCTION
Recently high performance functional materials
with novel structure have been developed widely.
Thermal storage phase change materials(PCMs), as
particular smart materials, play an important role
among them[1-3]. Though outstanding advantages
such as higher contents of working materials and
stable shape, the porous PCMs are always rigid that
prevents its application in other areas. At the same
time temperature-adaptable fiber and fabrics
currently are always prepared with pure phase
change materials and carrier materials which can
not supply satisfied effects for its low contents of
working materials and low transition enthalpy[4-5].
So, how to prepare a flexible porous PCM used as
temperature-adaptable fabrics with higher transition
enthalpy becomes very interesting problems. In the
last study[6], the preparation, structure characters
and phase change performances of porous phase
change PEG/PU membrane were discussed. In this
paper, the essential wearing characteristics of the
membrane such as mechanical properties, bending
rigidity and moisture permeability are studied.
APPROACH
Liquid Polyurethane(PU, 30% solid content) was of
chemical grade and purchased from Shandong
Yantai HuaDa Chemicals Industry. Polyethylene
glycol(PEG) 1000 and 2000, N,N-Dimethylformamide (DMF) and Ammonium carbonate
((NH4)2CO3) were of chemical grade and supplied
by Shanghai Sinopharm Chemical Reagent Co. Inc..
(NH4)2CO3 was grinded into powders using high
speed disintegrator before use.
PEG 1000 and 2000 were blended with mass ratio
1:1 and melted into liquid for binary systems. The
homogenous mixture solution was obtained by
dissolving PU(30% solid content) and the melted
PEG in DMF with vigorous stirring. When the
mixture solution was cooled down to room
temperature, an emulsion of superfine powders of
(NH4)2CO3 in DMF was added into the mixture and
stirred vigorously for 1h to form a homogenous
solution. After degassing, the resulting solution was
cast onto a plane glass model using a glass bar. The
cast film was placed at ambient temperature for
2min, and then immersed into water at room
temperature for 3 min. And then the model was
taken out of water and dried in the air for about 5h.
Finally the membrane was removed from the model

and placed in climatic chamber with condition 50℃
and 70~80% R.H. for at least three hour. After
steam treatment, the films were stored in ventilative
environment for at least one week before
measurements. During membrane preparation,
when PEG content changed, the concentration of
PU was kept at 15% in PU and DMF blended
solution; and when DMF content changed, the
weight ratio of PEG to PU was kept at 3:1.
The surface morphology of the films was
investigated using SEM (HITACHI, model S-450)
at 20 kV with gold powder coating on the samples.
Mechanical properties of the membrane were
measured using Instron5566 with 30mm gauge at
the strain rate of 100mm/min at room temperature.
Dimensions of the specimen used were
100mm×28mm by size. Measurements of five tests
were averaged for each sample. Bending length of
the membrane was measured according to
ISO9073-7:1995(inclined plane method). Test
procedures of abrasion resistance were carried out
with Rotary Platform Abraser (Abrader).
Moisture permeability was measured with positive
cup test according to GB/T12704-91B ． The
moisture permeability was calculated using Eq.(1)：
B
(1)
Moisture permeability( g / m 2 ⋅ h)=
t⋅A
Where B is the weight loss of water in cup; A is the
vaporing area of water; and t is the time interval of
specimen placed on the cup.
RESULTS AND DISCUSSION
Morphology of the membrane
Figure1 shows the morphology and porous structure
of the membrane.

FIGURE1 SEM photos of the membrane
(a) surface；(b) sub-layer ×200；(c) cross-section
It can be seen that the surface of the membrane is
smooth and compacted. It is observed that in the
sublayer round or hexagon pores as beehive stand
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Tensile properties of PPCM
The testing results of mechanical properties of
PPCM with different PEG content are presented in
TableⅠ. It shows that as PEG mass percentage
increases, breaking strength and elongation and
initial modulus of PPCM decrease obviously. The
addition of PEG blocked the aggregation of PU
macromolecule during film formation and occupied
some space, which made the structure of membrane
become loose. After the formation of PPCM, when
the membrane is drawn, the crystallization and
adhesion of PEG would restrain the extension of
PU macromolecule, which reduces the amounts of
the macromolecule loaded at the same time and
thus increases the non-simultaneous breakage of
PPCM. As a result, breaking strength and extension
and initial modulus of PPCM decreases to some
extent.
TABLEⅠ The tensile properties of the membrane
with different PEG content
breaking
strength
MPa
0.6853
0.4785
0.2969
0.2131
0.1945

initial
modulus
N/mm2
6.327
5.324
3.342
2.634
2.261

P E G 47.8 %
P E G 62.2 %
P E G 74.9 %
P E G 80.1 %
P E G 84.6 %

7
6
5
4
3
2
1
10

20

30

40

50

Tem perature( ℃ )

FIGURE2 Bending length of the membrane under
different temperature
It also shows that the relationship between bending
length and PEG content was complex and depended
largely on testing temperature. It can be observed
that the bending length of the membrane increased
with the increase of PEG percentage at 10℃, but
decreased at 50℃. It is mainly due to the phase
change behavior of PEG. PEG has strong
crystallization under phase change temperature and
lower flexibility than PU. And thus at lower
temperature the increase of PEG content resulted in
the increase of bending rigidity of the membrane.
However, when the ambient temperature reached
above transit point(about 30 ℃ )[6], the whole
membrane became very soft and was easy to bend
for the soften PEG. While around transit point both
the porosity structure and phase change behavior of
PEG played important role on the bending rigidity
of PPCM.
Abrasion resistance of PPCM
The abrasion measurement results of PPCM with
different PEG content are shown in Figure3. It is
observed that the abrasion resistance decreases as
PEG content increases. The attenuation tendency
slows down while PEG percentage reached 80%. It
is mainly due to the increase of PEG content
resulting in the dramatic reduction of mechanical
properties When PEG formed continuous phase in
the PPCM, the reduction tendency of abrasion
resistance thus slowed down.
30.0
27.5

3

Breaking
extension
mm
307.7
263.6
153.8
110.3
84.2

8

Cyclomatic number(×10 )

PEG
content
%
47.8
62.2
74.9
80.1
84.6

flexibility of PPCM depended on environmental
temperature largely.

Bending length(cm)

side by side for a certain distribution. Observed
from the cross section, the pores grow along the
thickness direction of the membrane. The
morphology observation and thermodynamics
study[6] showed that the membrane is of porous
phase change membrane(PPCM).
The porous membrane is composed of two sections:
compacted surface and porous sublayer. The
smooth surface can provide most strength of the
membrane and good protection to prevent leaking
of the working materials. The porous sublayer is the
supporting structure of the whole membrane and
provides the room which the working materials fill
with. In the sublayer PEG was divided into small
unit by a lot of pores and lost the flowability even
at high temperature. In addition, flexible hand of
the membrane also roots in the porous sublayer
structure.

Bending rigidity of PPCM
As Figure2 showing, bending length of PPCM
with different PEG content decreases gradually as
testing temperature increases. As environment
temperature increases, phase change material PEG
will become soft gradually until it changes to liquid
state from solid state. Thus the change of
temperature produced huge effects on PEG
morphology and rigidity. Correspondingly the

25.0
22.5
20.0
17.5
15.0
45

50

55

60

65

70

75

80

85

90

PEG content(%)

FIGURE3
The relationship between abrasion
resistance and PEG content
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Moisture permeability of PPCM
PPCM is made of carrier material (PU porous
membrane) and work material(PEG). The first has
moisture permeability function through micro
porous and the latter has moisture permeability
function through hydrophilic groups. Thus PPCM
has dual moisture permeability function.
As TableⅡ showing, with the increase of PEG,
moisture permeability of PPCM increased gradually.
The increase of PEG content expanded the size of
pore in the membrane, which may enhance
moisture permeability through micro porous. In
addition, the increase of PEG content increased the
density of hydrophilic ether link which is typical
nonionic hydrophilic groups, and thus moisture
transferred along these “molecule steps” more
easily and moisture permeability was enhanced
further.
TABLEⅡ Moisture permeability of the membrane
with different PEG content
Weight ratio
of PEG /PU
Moisture
permeability
(g/m2h)

1/1

2/1

3/1

4/1

5/1

4126

4378

4532

4663

4729

Moisture permeability of PPCM (PEG:PU=3:1)
under different temperature was measured. The
results are presented in Figure4. Obviously
moisture permeability increases with the increase of
environment temperature and there is a sharp
increase between 30℃ and 50℃. t may be due to
that phase change happened in the PPCM and PEG
macromolecule thermal motion was accelerated,
which resulted in the increase of micropore
instantly and enhanced the transport of moisture.
5500

Permeability(g/m2h)

5000

4500

4000

3500

3000
10

20

30

40

50

Temperature(℃)

FIGURE4 Moisture permeability of the
membrane under different temperature
Human body usually feels hot and sweats at this
temperature range. Sweat moisture can penetrate
through the PPCM and at the same time the melting
phase change of PEG is endothermic reaction. Thus
correspondingly the temperature of microclimate
can be reduced. Under phase change temperature,
PEG in PPCM began to be consolidation and

crystallization and release latent heat. Though
moisture permeability decreased, it can still satisfy
the need of sweat transferring and keep the
comfort-ability of the fabric. By combining
moisture permeability with thermal activation, the
PPCM
possesses
auto-adjusting
moisture
permeability function.
CONCLUSIONS
Porous phase change membranes(PPCM) were
prepared with selected PEG binary systems and
liquid PU. The analysis of mechanics characteristics
showed that: as the content of working material
PEG increased, the breaking strength, breaking
elongation, initial modulus and abrasion resistance
of PPCM decreased. Bending rigidity of the
membrane depended on testing temperature largely.
The results of moisture permeability and absorption
testing
indicated
that
the
PPCM
had
auto-conditioning moisture permeability function
and the increase of PEG content strengthened the
moisture permeability of PPCM through
micropores and hydrophilic groups.
ACKNOWLEDGMENT
This research was funded by Wuhan University of
Science and Engineering(Preparation and characters
of porous phase change composite materials
2008Z09).
REFERENCES
[1] Tao X (ed.), Smart Fibres, Fabrics and Clothing.
The Textile Institute, Woodhead Pub. Ltd.,
Cambridge, UK, 2001.
[2] Pause B, Development of heat and cool
insulating membrane structures with phase change
material, J. Coated Fabrics, 1995, 25(7), 59.
[3] Yin Huibin, Gao Xuenong, Ding Jing, Zhang
Zhengguo, Experimental research on heat transfer
mechanism of heat sink with composite phase
change materials, Energy Conversion and
Management, 2008, 49(6): 1740-1746.
[4] Mondal S., Phase change materials for smart
textiles – An overview, Applied Thermal
Engineering, 2008, 28(11-12): 1536-1550.
[5] Nihal Sarier, Emel Onder, The manufacture of
microencapsulated phase change materials suitable
for the design of thermally enhanced fabrics,
Thermochimica Acta, 2007, 452(2):149-160.
[6] Xie Huifang, Preparation and characterizations
of a flexible phase change material of PEG and PU
with porous membrane structure, Wuhan: Wuhan
University of Science and Engineering, 2007.

- 250 -

Study on the distribution of accelerated points of floating
fibers in drawing zone
Zhiliang Zhang1, Hongqin Yu2, Chongwen Yu *1
1 College of Textiles, Donghua University, 201620, Shanghai, P.R. China,
2 School of Textiles, Zhongyuan University of Technology, 450007, Henan, P.R. China
Contact author yucw@dhu.edu.cn, zhangzhiliang@mail.dhu.edu.cn
ABSTRACT
The distribution of the accelerated points of fibers in roller drafting is an important factor to the evenness of the
drafted strands. The motion of floating fibers during drafting has been considerably studied with the aim to
control the floating fibers effectively and to improve the regularity of the drafted strands. This paper studied the
accelerated point distribution of floating fibers in drawing zone. The experiments on accelerated points were
carried out in a draft zone of an experimental drawing frame. The draft ratio is changed from 2 to 6, and the
sliver hanks (g/m) are 3.90, 4.65, 5.33, 6.15, and 7.06 respectively. The results showed that sliver hank has a
great effect on the accelerated point’s distribution. With the draft ratio increasing, accelerated points move
closer to front rollers. With the increasing of sliver hank, the variation of the positions of accelerated point
decreased, and the unevenness of the drafted sliver decreased as well.
Keywords: draft； accelerated point； sliver hank
studied the effect of main factors, such as sliver
hank and draft ratio on accelerated points.
APPROACH
The measures of accelerated points’ position were
carried out in a single draft zone of an experimental
drawing frame. The materials used were viscose
slivers, some dyed ramie fibers were used as
tracing fibers. The roller ratch was set at 44mm.
The length of viscose fiber was 38mm and the
length of trace fiber was 30mm. The draft ratios
were 2, 3, 4, 5, and 6, respectively. The sliver
hanks (g/m) were 3.90, 4.65, 5.33, 6.15, and 7.06,
respectively. The rotate speed of front rollers was
set at 120r/min.

INTRODUCTION
Roller drafting, as a key and preliminary process of
making the sliver thinner, has been widely used in
most of the spinning systems. The behavior of
single fibers in the drafting process of a single zone
was focused on the motion of floating fibers which
are neither held by the front rollers nor by the back
rollers. Floating fibers can be classified into two
groups: the stable groups and the unstable groups.
It has been made clear that the unstable groups
cause the unevenness in the drafting processes [1].
A lot of studies have been reported about the
drafting process [2-4]. The aim of the research was
to understand the principle of floating fibers’
motion in the process. And some studies tried to
establish mathematical models of floating fiber
motion on the base of analyzing the forces acting
on it [5] [6]. Most of the researches on the
accelerated points of the floating fibers in the
drafting zone focused on the observation of the
accelerated points [7-9]. These researchers tried to fit
the accelerated points with some statistical
distribution functions. Some researches focused on
the factors that influence the dispersion of the
accelerated points, such as the distance between
rollers, draft ratio and friction forces configuration
around the drafted slivers. And the other studies
dealt with the shape of the fibers in the drafting
zone and the other compacts on the fibers
movement in the process. Rare research is reported
on the effect of the sliver hank. But more and more
examples show that the sliver or strand hanks play
a very important role in drafting. This article

RESULTS AND DISCUSSION
front roller

back roller

Ratch

FIGURE 1. Single draft zone of the experimental drawing frame
Figure 1 shows the single draft zone of the experimental
drafting frame.
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The average distance of the accelerated points (cm)

TABLE I Percent of inner layer fibers
1.6

3.90g/m
4.65g/m
5.33g/m
6.15g/m
7.06g/m

1.4
1.2

Layer(i)

Number
of
fibers(N)

1
2
3
4
5
…

1
7
19
37
61
…

1.0
0.8
0.6
0.4
0.2

2

3

4

5

6

The draft ratio

FIGURE 2. The effect of draft ratio on the position of the
accelerated points

Number of
Inner layer
fibers
(Ninner)
0
1
7
19
37
…

Percent of
inner layer
fibers（％）
0
14.29
36.84
51.35
60.62
…

In Table I, it can be seen that with the fiber layers
increasing, the proportion of fibers in the inner
layer increases. One inner layer fiber is surrounded
by 6 fibers and therefore controlled by friction
forces of 6 fibers. But one outer layer fiber contacts
with 3 fibers and endure the friction forces of 3
fibers. The more friction force, the better the fiber
motion controlled, therefore, the position of
accelerated points is closer to the front rollers,
which is helpful for the improvement of the
evenness of the drafted strands.

In Figure2, the data of the Y axis represent the
distance of the accelerated points to front rollers.
The Figure 2 shows that the position accelerated
points approach to the front rollers with the draft
ratio increasing, and the variation of the position
become smaller with the increasing of the sliver
hanks. Meanwhile, with the sliver hank increasing,
the fiber quantity in the sliver section increases
accordingly. The percentage of inner layer fibers in
the sliver increases when the sliver hank increasing
and the positions of inner fibers have important
effect on the distribution of accelerated points.

There are some other structure models with
different core fibers, as shown in Figure 4-7, and
we discuss them together here.

When the cross-section of fibers is assumed to be
circular, the structure model having the maximum
filling density is shown in Figure 3.

FIGURE 4. Structure model with
2 core fibers

FIGURE 5. Structure model with
3 core fibers

FIGURE 6. Structure model with
4 core fibers

FIGURE 7. Structure model with
5 core fibers

FIGURE 3. The structure model of fibers assembly having the
maximum filling density [10]

N = 3i (i − 1) + 1

(1)

Nout = N i − Ni −1

(2)

Nin＝N i −1 = 3(i − 1)(i − 2) − 1

(3)

y=

N i −1 3(i − 1)(i − 2) + 1
=
Ni
3i (i − 1) + 1

Using Eq. (5), it can be worked out the number of
each layer fibers. Here, c is number of core fibers
in each structure model and it can be 2, 3, 4 and 5,
respectively.

(4)
where i is the number of layers; N is the number of
fibers; Ninner is number of inner layer fibers; Nouter is
the number of outer layer fibers; y is the percent of
the inner layer fibers.

ni = 6(i − 1) + nc

(5)

Then

The results obtained from Eqs. (1), (3) and (4) are
shown in Table I.

n

n

1

1

N i = ∑ ni = ∑ [6(i − 1) + nc ]
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(6)

12.0

n −1

11.5

CV of the drafted silver(%)

N
y = i −1 =
Ni

∑ [6(i − 1) + n ]
c

1
n

∑ [6(i − 1) + n ]
c

1

n −1

=

6∑ i + (nc − 6)(n − 1)

11.0
10.5
10.0
9.5
9.0
8.5

3.90g/m
4.65g/m
5.33g/m
6.15g/m
7.06g/m

8.0
7.5
7.0
6.5

1

6.0

2

n

3

4

5

6

The draft ratio

6∑ i + (nc − 6)n
1

FIGURE 9 The effect of the sliver hanks on the unevenness of
drafted slivers

n(n − 1)
6
+ (nc − 6)(n − 1)
2
=
n(n + 1)
6
+ (nc − 6)n
2
=

3n 2 + (nc − 9)n + (6 − nc )
3n 2 + (nc − 3)n

In Figure 9, it is obvious that the CV (coefficient of
variation) of the drafted slivers decreased with the
increased sliver hanks. That means sliver hanks
play an important role on the distribution of
accelerated points in drafting.

(7)

CONCLUSIONS
The sliver hanks play a very important role in the
accelerated point’s distribution. With the draft ratio
increasing, accelerated points move close to front
rollers. With sliver hank increasing, the variation of
the distance between accelerated points and front
roller nip decrease, therefore, the drafted sliver
unevenness decreases.

When the number of core fibers is not 1, the
proportion of in-layer fibers can be calculated
using eq. (7). These structure models have the
same trend that the proportions of the inner layer
fibers increase with the layers increasing.
3.90g/m
4.65g/m
5.33g/m
6.15g/m
7.06g/m

CV of the accelerated points

1.2
1.1
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ABSTRACT
The uniformity of melt blown fabrics is mainly decided by the coat hanger die. So searching out
optimal coat hanger die geometry to distribute the molten polymer uniformly across the die outlet
width is a major interest of some textile and chemical engineering researchers. An optimizing design
procedure was proposed based on multi-membered evolution strategy (ES) and finite element method
(FEM) in this paper. The slot gap and the manifold angle of the coat hanger die were chosen to be the
design variables and the CV% value of the flow velocity at the die outlet was regarded as the objective
function. The design variables were optimized according to the multi-membered ES and the objective
function was calculated by FEM. Two different multi-membered ES (2, 6) and (2+6) were applied. The
optimum values of the CV% were about 1.772%, while the CV% value of the initial die geometry was
21.32%. The uniformity of the flow rate across the die outlet width was improved evidently.
KEY WORDS
Melt blowing process, coat hanger die, Evolution Strategy, simulations
INTRODUCTION
The coat hanger die plays a role of distributing
the molten polymer uniformly across the die
outlet width so as to ensure the transverse
uniformity of the end product in the melt
blowing process and film or sheeting industry.
Searching out optimal coat hanger die geometry
so as to produce uniform melt-blown fabrics has
been a major interest of textile researchers.
Nowadays, the
progress of
evolution
computation has provided powerful tools for
engineering optimization and one sub-discipline
of EC known as evolution strategies are
essentially adapted for finding the optimal
solution of numerical problems. Therefore, an
optimal design method of the coat hanger die
geometry based on the combination of ES and
FEM is introduced in this paper.
In 1971, Rechenberg put forward the first
multi-membered ES, i.e. the (μ+1)-ES. There are
μ parents in a generation in the (μ+1)-ES. Two
of them are chosen at random and recombined to
produce one offspring, which also underlies
mutation. The selection resembles “extinction of
the worst”. It may be the offspring or one of the
parents, thus keeping the population size
constant. After a few years, Schwefel introduced
two further versions of multi-membered ES. The
first is (μ+λ)-ES, in which not only one offspring
is created in a generation, but λ≥1 descendants,
the λ worst out of all (μ+λ) individuals are
discarded. The second is (μ, λ)-ES, in which the

selection takes place among the λ offspring only,
no matter how good or bad the parents’ fitness.
Obviously, this strategy relies on λ>μ. The
differences between the multi-membered ES and
the simplest two-membered ES are not only in
the number of individuals but in the
recombination and mutation. The former has the
operation of recombination in the evolution
process and the mutation operator is self
adapting, while the latter has no recombination
and the mutation operator is controlled
according to 1/5 successful rule. The detailed
process of recombination and mutation of
multi-membered ES will be introduced in the
next relative paragraph.
OPTIMIZATION OF THE COAT HANGER
DIE GEOMETRY
The initial coat hanger die geometry

Figure 1 the schematic diagram of coat hanger die

Figure 1 is the schematic diagram of coat hanger
die. The manifold of the initial die geometry is
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determined by equation (1).
x
R( x) = 10 − 5
L

(1)

Where R is the radius of the manifold, x the
distance from the symmetry plane A-A, L the
half width of the coat hanger die, H the slot gap,
α the manifold angle. Let L=0.1m, H=1.5mm,
α=30°, the radius of the inlet Ri=10mm and the
land height B= 30mm. In the case of this work,
the material is 1% CMC aqueous solution, the
material constant k at the temperature of 24℃ is
0.799, the power law index is 0.696, and the
density is 1010.1kg /m3. The geometry
parameters H and α have an obvious influence
on the variation of flow rate at the die outlet. So
H and α will be optimized as the objective
variables with the constraint conditions of
0<H ≤5mm, 0<α<90º. The CV% value of the
flow velocity at the die outlet will be regarded as
the objective function, which will be calculated
by FEM.
Operating procedures of multi-membered ES

The initial population contains μ individuals.
The initial value of variables in each individual
can be generated from the initial geometry
parameters. The initial value of σj can be
determined according to the specific problem.
Here, σH =0.5, σα =1.0, they will be self adapting
in the evolution process.
Recombination
Two parents are selected from the population
randomly to recombine into one descendent in
the recombination. There are two standard
classes of recombination in ES. That is the
“discrete recombination” and the “intermediate
recombination”. According to Schwefel’s
recommendation [1], the former is suitable to the
objective variables and the latter is suitable to
the mutation operators. Assuming Parent1 and
Parent2 are selected randomly from the
population, the descendent is generated as
follows:
Parent1=
(3)
( X 1 , σ 1 ) = (( x11 , x12 ,⋅ ⋅ ⋅, x1n ), (σ 11 , σ 21 ,⋅ ⋅ ⋅, σ n1 ))
Parent2=
(X 2, σ 2 ) = ((x12, x22,⋅ ⋅ ⋅, xn2 ),(σ12, σ22,⋅ ⋅ ⋅, σn2 ))
Descendent=
1 2 1
2
q1, x q 2 ,⋅ ⋅ ⋅, x qn ), ( σ1 + σ1 , σ 2 + σ 2 ,⋅ ⋅ ⋅, σ 1n + σ n2 ))
n
1 2
2
2
2

( X , σ ) = (( x

(4)
(5)

Where qi (i=1, 2, ···, n) is equal to 1 or 2
randomly.

Figure 2 the procedures of multi-membered ES

Figure
2
shows
the
procedures
of
multi-membered ES simply, in which g
represents the generation. Line 4 to line 8 is a
loop to produce λ offspring individuals. The
main five steps in the procedure are initialization,
recombination,
mutation,
selection,
and
termination conditions. They will be introduced
as follow five sections.
Initialization
Assuming the ES task is a minimization problem.
The objective variables are described by X=x1,
x2, ···, xn, where xi are real variables (i=1, 2, ···, n).
Each individual of ES corresponds to a vector in
n-dimensional space and is characterized by
some standard deviation σj (j=1, 2, ···, m; 1≤m≤n)
of normal distribution, which is called mutation
operator and characteristic of the adaptive
properties of ES. In this article, the variables are
H and α, so n=2. Then each individual can be
expressed as follows:
(X, σ) = ((x1, x2), (σ1, σ2))
(2)

Mutation
In multi-membered ES, the descendent generated
by the recombination will be mutated as follows:
σ i′ = σ i ⋅ exp(τ 0 ⋅ N (0, 1) + τ ⋅ N i (0,1))
(6)
xi′ = xi + σ i′ ⋅ N i′(0,1)
(7)
Where σi′ represents the standard deviation after
mutation, xi′ the new descendent after mutation,
N(0,1), Ni(0,1), Ni′(0,1) three different normal
distributed random number with the expectation
value being zero and variance being 1, τ0 and τ
the learning parameters. The two learning
parameters are recommended by Schwefel [1] as
follows:

τ 0 = c 2n and τ = c 2 n
(8)
Due to n=2 in this article and the two learning
parameters being within the interval 0.1-0.2 are
usually used in practice [2], the constant c=0.3 is
suitable.
Selection
In each generation, repeat the step recombination
and mutation to produce λ descendents. μ
individuals corresponding to smaller value of
objective function are selected out of all (μ+λ)
individuals in (μ+λ)-ES or λ individuals in (μ,
λ)-ES respectively to be the next generation’s
parents. The value of objective function is the
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CV% value of the flow velocity across the die
outlet width. It can not be expressed and
calculated by traditional analytical method. So
the FEM was used to simulate the
three-dimensional flow field and achieved the
velocity at the die outlet. The detailed simulation
procedures were introduced in our previous
paper [3].
Termination conditions
Frequently used convergence criterion consists
of no further improvement in the objective
function or reaching the maximum number of
generations. However, these will take a large
numbers of iterations and much time. From the
point of view of economics, the search process
can also be stopped according to the “finite
generations method” proposed in our previous
paper[4]. That method actually means the
progress absence of the objective function for
finite generations. It will not take much time to
achieve satisfactory results if the “finite
generations” are chosen properly. On the
principle of the “finite generations method”, the
termination condition in this paper is that
checking the number of successful mutations for
every 10 generations, when the number is found
to be zero for the first time the search process is
stopped. That means the objective function has
no better value for at least 10 generations.
RESULTS AND DISCUSSION
Two types of multi-membered ES were carried
out to optimize the coat hanger die geometry in
this paper. They are (2,6)-ES, (2+6)-ES. The
evolution processes of them were stopped at the
30th generation based on the above termination
condition. The minimum CV% values achieved
in the whole evolution process were 1.772%,
2.1442% respectively. There was a dramatic
decline in the CV% value compared to the initial
coat hanger die geometry 21.32%. From these
can be seen that the method of optimal design
the coat hanger was feasible in this article.
The selection of (μ+λ)-ES takes the old parents
into account. It guarantees the survival of the
best individual found. So from the figure 3 we
can see the CV% value of the objective function
was decreasing in the whole evolution process.
However, this plus selection is prone to sink into
local optimal point. The selection of (μ, λ)-ES
takes only the λ newly generated offspring
individuals into account. In other words, the
parents are forgotten even when they are better
than all offspring. So we can see from the figure
4 that the next generation’s CV% value is not
always less than the previous generation. This
comma selection can jump out the local
minimum point and has good global
convergence properties. In this article the best

CV% value 1.772% was exactly achieved in the
(2, 6) ES.
In the choice of μ and λ there is no need to
ensure that λ is exactly divisible by μ. It is only
necessary that λ exceeds μ in the (μ, λ)-ES. In
this article, the value of μ and λ are chosen
smaller for the reason of computing time, but the
results is still satisfactory. However, in order to
speed up the rate of convergence a suitable
choice would be λ≥6μ.

Figure 3 The variation of CV% in the evolution process of
(2+6) ES

Figure 4 The variation of CV% in evolution of (2,6) ES

CONCLUSIONS
In order to improve the molten polymer’s
transverse flow uniformity at the coat hanger die
outlet, two types of multi-membered ES (2, 6),
(2+6) combined with the FEM were applied to
optimize the die geometry in this paper. The
CV% value of flow velocity across the die outlet
width decreased from the initial value of 21.32%
to the best value of 1.772%, which was achieved
at the 19th generation in (2, 6)-ES. The optimal
value of variable H and α was equal to
2.6831mm and 11.0841° respectively. The
uniformity of molten polymer distribution across
the die outlet width was increased obviously.
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INTRODUCTION

Mechanical Properties

Cellulose as the most abundant regrowing

The mechanical properties of samples were

organic material exhibits useful application.

measured by XQ-1 Tensile Tester (China Textile

Compared with polyester, nylon, and other

University, China). The sample gauge was

synthetic fibers, cellulose fiber is characterized

20mm, and the tensile rate was set at 10mm/min.

in excellent moisture and thermal properties.
Taly fiber, as one kind of new regenerated

Birefringence measurement

cellulose fiber, is produced by a special process

Birefringence (Δn) measurements of fibers were

to remove sugar and grease, so Taly fiber

performed on an Olympus XP51 optical

possesses unique properties, such as oil and

polarized

stains removal, and antibacterial property.

compensator (Olympus Co., Japan).

APPROACH

WAXD measurement

Materials

WAXD of powder or parallel fiber bundle

Taly fiber of 1.75dtex and Lyocell, viscose

samples were performed on a D/MAX-2500PC

staple fibers of 1.3dtex were supplied by

diffractometer

Hangzhou Zhonghui Co.

λ=0.154nm) at 40 kV and 35 mA. The

light

microscope

(Rigaku,

with

Japan)

(Cu

Berek

Kα,

crystallinity (αc) and the Hermans crystal
Fiber profile

orientation factor (fc) could be calculated

The profiles of the cross-sections and surfaces of

according to the method shown in literature

the various fibers could be observed by optical

Furthermore, the amorphous orientation factor

microscope (Olympus, Japan).

(fa) could be calculated by the following Stein

[1]

.

Equation [2].
Moisture content
Put

various

samples

into

the

standard

environment (20±3℃, 65±4%RH) for more than
24h and then weight them as W0. Place the
samples in an oven of 105-110℃ for 1.5h. At the
end of the time period, remove the samples from
the oven and put them into a desiccator. When
the samples had cooled to room temperature,
reweight

them.

Repeat

the

heating

Δn＝αc fc Δnco ＋(1－αc)fa Δnao
(1)
Wherein, Δn is the total fiber birefringence, αc is
the crystallinity, fc is the crystal orientation
factor, fa is the amorphous orientation factor,
and Δnco and Δnao are the characteristic
birefringence of the crystal phase and the
amorphous phase, respectively. Here, it is
assumed that Δnco = Δnao = 0.05455.

and

reweighting process per 0.5h until the weight is

Sugar content analysis

constant to within ± 0.001g and record the

The fiber was inverted into monosaccharide

weight as W1. Then sample moistures content

solution by two-step sulfonate hydrolysis. The

can be calculated.
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sugar derivative, which could be absorbed by

with

UV, was formed from monosaccharide solution

orientation degree, the moisture of Taly fiber

and standard solution respectively based on PMP

was similar to that of viscose fiber, which was

[3]

the

lower

crystallinities

and

lower

method . Furthermore, the sugar contents of

higher than that of Lyocell fiber. Therefore, Taly

fiber could be analyzed by HPLC with UV4810

fiber had excellent comfort properties, and

detector.

unique hand feel.

RESULTS AND DISCUSSION

TABLEⅡ. Mechanical properties of fibers

Taly fiber

Ly o c e l l

Vi s c o s e

Ta l y

Dry strength

4.34

2.36

2.58

Dry elongation

10.0

20.9

16

Dry modulus

37.4

20.0

25.2

We t s t r e n g t h

3.46

1.42

2.04

We t e l o n g a t i o n

10.4

25.3

17

We t m o d u l u s

34.6

7.0

20.4

TABLE Ⅱshowed that the mechanical properties
of dry Taly fiber were similar to those of dry
viscose fiber, but the mechanical properties of
wet Taly fiber were much higher than those of
wet viscose. The ratio of dry strength and wet
Viscose fiber

strength of Taly fiber was about 1.2, which was
close to that of Lyocell fiber. Therefore, the
mechanical properties of Taly fiber were better
than those of viscose.
20.2o 21.9o

Intensity (arb. units)

12.0o

Lyocell fiber
FIGURE 1. Micrographes of surfaces and cross-sections of fibers

It was very obvious from Figure1 that the

3

2

surface of Taly fiber was not smooth and similar

1

5

to that of viscose fiber, but the cross-section of
Taly fiber was closer to round and similar to that

10

15

20

25

2 Theta(degree)

30

35

40

FIGURE 2. WAXD patterns for various fibers
(1-viscose fiber, 2-Taly fiber, 3-Lyocell fiber)

of Lyocell fiber. It could be deduced that Taly
fiber was spun by a special process, which was

The WAXD patterns for viscose, Taly and

different from viscose and Lyocell process.

Lyocell fiber were shown in Figure2. And the
crystallinities calculated from Figure 2, Δn, fc,

TABLEⅠ. Moisture of various fibers

Moisture (%)

Ly o c e l l

Vi s c o s e

Ta l y

12.2

13.3

13.1

and fa for the fibers were listed in TableⅢ.

Since the moisture of the fibers can increase
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Table Ⅲ. The structure parameters of various fibers

Figure 3 was the content analysis results of

Sample

Δn

αc (%)

(fc)

(fa)

various fibers based on HPLC. It was very clear

Taly

0.02554

42.33

0.756

0.283

that the sugar of Taly, viscose and Lyocell

Viscose

0.02416

40.12

0.712

0.248

Lyocell

0.03196

56.32

0.807

0.301

consisted of manna, glucose and xylose.
Moreover, the sugar content of Taly was lower
than those of viscose and Lyocell. It was

From Figure 2, it was clear that Taly fiber also

well-known, sugar was necessary for bacteria to

showed the characteristic diffraction peaks of the

survive. Therefore, Taly fiber could expectedly

monoclinic cell of celluloseⅡat 2θ=12.2º, 20.2º

possess an excellent antibacterial property.

and 21.9º, corresponding to 101, 10 1 and 002
lattice planes, respectively. From the results

Conclusion

listed in Table Ⅲ , it could be found that the

Taly fiber also showed the characteristic

crystallinity of Taly fiber was similar to that of

diffraction

viscose fiber, and a lot lower than that of Lyocell

mechanical properties of Taly fiber were better

fiber. Taly fiber, however, had much higher

than those of viscose, because of improved

orientation degree than viscose, which played a

crystalline structure. Taly fiber had lower sugar

key role on the mechanical properties of fiber

contents than those of viscose and Lyocell,

materials. Therefore, these results indicated that

therefore, it could expectedly possess an

the improved crystalline structure of Taly fiber

excellent antibacterial property.

peaks

of

cellulose

Ⅱ .

The

resulted in better mechanical properties than
viscose.
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INTRODUCTION
Cellulose is the most common organic polymer on
the Earth and is regarded as an almost
inexhaustible source of raw materials. So effective
use of cellulose not only reduces the consumption
of the limited fossil resources but also protects the
environment of the Earth. Starting with dissolution
of pulp as a purified raw material, cellulose is
changed by large-scale industrial processing into
regenerated materials (fibers, paper, food casings,
membranes, sponges, and among others) and
cellulose derivatives (ethers and esters). However,
processing and derivatization of cellulose are very
difficult in general, because this natural polymer is
neither meltable nor soluble in conventional
solvents due to its hydrogen bonded and partially
crystalline structure[1-2]. So present industrial
production of regenerated cellulose and cellulose
derivatives are in long time dominated by polluting
viscose process and heterogeneous processes,
respectively In recent years, the dissolution of
cellulose in ionic liquid, especially in 1-butyl-3methylimidazolium chloride ([BMIM]Cl) is
studied a lot by many people[3-9]. It is reported that
[BMIM]Cl is very sensitive to water which would
significantly decrease the solubility of cellulose. In
this paper, two kinds of dissolving processes were
used to prepared cellulose dope: one is to dissolve
cellulose directly with pure [BMIM]Cl and the
other is first swelling cellulose in aqueous
[BMIM]Cl and then dissolve cellulose by vacuum
evaporation. The rheological behaviors and
spinning performance of cellulose dopes prepared
by different dissolving processes were compared.

temperature of 100~1050C. Then the mixture
gradually turned into a homogeneous solution.

APPROACH
Cotton pulp (DP=686.5, α-cellulose content 95.5%,
Baoding Chemical Fiber Co., China) was used in
this paper. [BMIM]Cl was purchased from BASF
(Germany).

RESULTS AND DISCUSSION

The two steps dissolving process: a quantity of
distilled water was added in [BMIM]Cl to obtain
aqueous [BMIM]Cl systems (0, 2, 3, 4 and 5% per
mass of water), then cellulose/[BMIM]Cl dopes
were prepared from slurry of cellulose in the
aqueous ionic liquids by removing the excessive
water at elevated temperature, vacuum and high
shearing rates after a certain swelling time.
Cellulose content in the obtained spinning solution
was 11wt% in all solutions.
The dissolution state of cellulose pulp in
[BMIM]Cl was observed by polarized light
microscope (PLM) with hot stage at 100℃,
respectivly.
The rheological measurements were made on
RS150L Rheometer (Haake,Germany) and a cone
plate (Ti, 35/1º) was used.
The spinning solution was extruded through a
spinneret with 0.145mm in diameter, and then
passed through an air gap of 50 mm in length and
immersed in a coagulation bath of water to
precipitate cellulose in filament form. The
filaments were washed with water, wound, and
dried.
The mechanical properties of fibers were measured
with XQ-1 Tensile Tester (China Textile University,
China).

The direct dissolving process: a certain mount of
cellulose pulp and pure [BMIM]Cl were mixed and
stirred continually under vacuum at the

0h
8h
FIGURE 1. PLM images of cellulose dope prepared by direct

- 261 -

dissolving process (in pure [BMIM]Cl at 100 ℃)

dissolving process, which means cellulose
molecular in solution made by swelling and then
dissolution process is more even, compared with
the solution prepared by the direct dissolving
process. These results showed that using the two
steps dissolution process can obtain a higher
concentration cellulose solution and the spinning
performance of the cellulose solution made will be
better than the direct dissolution process

0h
3.5h
FIGURE 2. PLM images of cellulose dope prepared by two step
dissolving process (in aqueous [BMIM]Cl with 3% water at
100℃)

The dissolution states of cellulose pulp in
[BMIM]Cl by using different processes were
investigated. The results showed that there are
many particles in the cellulose dope prepared by
direct dissolving process, and these particles
wouldn’t disappear even the time of heating and
stirring were increased (Figure 1). In addition, the
two steps dissolving process, i.e. firstly swelling
the cellulose pulp to the maximum in aqueous ionic
liquids containing different initial water contents
and then dissolving it by vacuum evaporation to
remove the excessive water, was also used to
prepare the cellulose dope. It was found that few
particles could be observed with PLM (Figure 2) in
the dope. Moreover, the dissolving time for two
steps dissolving process was decreased obviously,
compared with the direct dissolving process.

Zero-shearing
viscosity(85℃,Pa.s)

QA
(%)

0%
2%
3%

7797
4645
3055

37.1
46.7
47.2

4%
5%

2843
2723

47.8
48.2

1000

H

#

1500

500

0

-3

-2

-1

0

1

2

3

lgλ

FIGURE 3 The relaxation spectra of 11% cellulose/[BMIM]Cl
solutions made from [BMIM]Cl with different initial water
contents at 90℃
TABLE II. Comparison the spinnability of the cellulose dopes
prepared by different dissolving processes

TABLE
I.
The
rheological
parameters
of
11%
cellulose/[BMIM]Cl solutions prepared by different dissolving
processes
Initial water content in
[BMIM]Cl

no water
2%
3%
4%
5%

2000

Initial water
content in
[BMIM]Cl

Spinnability
(the number of broken ends in 2
hours spinning )

0%
2%
3%

8
2
2

4%
5%

2
1

Table I compares the spinnability of the cellulose
dopes prepared by different processes. The results
showed the spinnability of the cellulose dope
prepared by two steps dissolving process was much
better than that of direct dissolving process. The
reason may be that the there are many particles in
cellulose dope prepared by direct dissolving, which
cause poor quality of cellulose dope and weaken
the spinnability.

Cellulose/[BMIM]Cl spinning dopes were prepared
by different dissolving processes, respectively. The
zero-shearing viscosity of 11% cellulose dopes
were listed in table I. It can be found that the
zero-shearing viscosity of dope prepared by two
steps was lower than that from direct dissolving
process, which means the dope with a higher
concentration of cellulose can be prepared and the
production efficiency can be improved by the two
steps dissolving process. In addition, the relaxation
time spectra of cellulose dopes were determined,
and the low molecular content QA of cellulose dope
can be calculated according to the reference [10],
the results are listed in figure 3 and Table I. The
results showed that QA of cellulose dope made by
two steps was higher than that from direct

Table III shows the mechanical propertied of
regenerated cellulose fiber from cellulose dope
prepared by different dissolving process. The
results showed that the tensile strength of the fiber
by the two steps dissolving process was higher than
that of direct dissolving process. The reason may
be that the quality and the spinnability of spinning
dope were better for two steps dissolving process,
which are useful to prepare the cellulose fiber with
better mechanical properties.
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Ionic liquids: current developments, potential and
drawbacks for industrial applications, Lenzinger
Berichte (2005,84： 71–85.
[6] T. Liebert and T. Heinze, Interaction of ionic
liquids with polysaccharides. 5. Solvents and
reaction media for the modification of cellulose,
Bioresources 2008, 3：576–601.
[7] Swatloski R P, Spear S K, Holbrey J D, et al.
Dissolution of cellose with ionic liquids. J. Am.
Chem. Soc., 2002, 124(18): 4974-4975.
[8] Frank H, Birgit K. New Developments in
Dissolving and Processing of Cellulose in Ionic
Liquids. Macromol. Symp., 2008,262: 23-27.
[9] Kosan B, Michels Ch, Meister F. Dissolution
and forming of cellulose with ionic liquids.
Cellulose, 2008, 15: 59–66.
[10]
Michels
Ch,
Kosan
B.
Lyocell
process-material and technological restrictions.
Chemical Fibers International, 2000, 50: 556-561.

TABLE Ⅲ. The mechanical properties of regenerated cellulose
fiber from 11% cellulose/[BMIM]Cl solutions prepared by
different dissolving processes
Initial water content
in [BMIM]Cl

Tensile strength
(cN/dtex)

Initial modulus
(cN/dtex)

0%

2.07

35

2%

2.29

34

CONCLUSIONS
A new kind of two steps dissolving process, firstly
swelling the cellulose pulp to the maximum in
aqueous [BMIM]Cl with different initial water
contents and then dissolving it by vacuum
evaporation to remove the excessive water, was
used to prepare cellulose/[BMIM]Cl dope, the
dissolution state and spinning performance of
cellulose dope were compared with those from
direct dissolving process.
The result showed that few particles and gels were
observed in cellulose dope prepared from two steps
dissolving process, compared with the direct
dissolving process.
The cellulose dope prepared by two steps process
had the lower zero-shearing viscosity and higher
QA value than that from direct dissolving process.
The spinniability of cellulose dope form two steps
process was improved a lot than direct dissolving
process. In addition, the tensile strength of
regenerated cellulose fiber from two step processes
is higher than that from direct dissolution.
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ABSTRACT
Plasma treatment is an environmentally friendly technique which introduces polar groups or increasing surface
roughness without affecting the bulk properties. However, it is also well known that treated surfaces undergo
aging, leading to hydrophobic recovery and degradation of hydrophilicity dependent properties over time. In
this study, the ultra high modulus polyethylene (UHMPE) fiber was selected as a model fiber to investigate the
effect of the organic solvents pretreatment on the aging effect of atmospheric pressure plasma treatment. It was
found that the pretreatment of the selected organic solvents to the fibers might improve the effect of plasma
treatment and retard the aging effect, which was attributed to the swelling effect of the solvents to the UHMPE
fiber surfaces.
Keywords: Atmospheric pressure plasma treatment; UHMPE fibers; interfacial shear strength; aging effect;
Laser scanning confocal microscope
fiber diameter around 28 μm. In this research, the
matrix was epoxy resin prepared with Araldite LY
3600 CL and hardener Aradur 3600-1 CL (CibaGeigy, Basel, Switzerland).

1 INTRODUCTION
As
an
environmentally
friendly
surface
modification method, plasma technology can
produce a significant modification of the polymer
surfaces and keep the bulk properties of the
materials intact [1-3]. Recently more attention has
been paid to plasmas operating at atmospheric
pressure due to possible advantages of eliminating
an expensive vacuum system, on-line processing
capabilities, high efficiency, and the scalability to a
larger area [4-6]. However, polar functional groups
introduced via the plasma treatments tend to
disappear gradually and eventually the effects of
surface treatments are lost [7-9]. The investigation
of the aging effect of plasma treatment is very
critical for the application of plasma treatment
technology. In this study, the UHMPE fiber was
selected as a model fiber to investigate the effect of
the organic solvents pretreatment on the aging
effect of atmospheric pressure plasma treatment.
The surface rearrangement and the migration of
polar functional groups were studied as a function
of the aging time. The change of the surface
properties and the aging effect was investigated by
Laser scanning confocal microscope (LSCM),
contact angle measurements, and interfacial shear
strength (IFSS) with epoxy resin.

2.2 Sample preparation
The UHMPE fibers were soaked in acetone for 10
min and then dried in a chemical hood for 24 h at
room temperature to remove finishes. Three
different groups of the fibers were soaked in
ethanol, dimethyl sulfoxide (DMSO) and decane at
20ºC for 24 hours respectively. Then the fibers
were rinsed in the distilled water for four times
followed by drying in the vacuum oven at 80ºC for
2 hours to remove the residual agent.
2.3 Plasma treatment
The plasma treatment of samples was conducted on
an atmospheric pressure plasma jet (APPJ)
apparatus manufactured by Surfx Technologies
(California, USA). The plasma jet system was
equipped with a round nozzle of an active diameter
of 2.5 cm. The fibers moved underneath the plasma
jet at a speed of 3 mm/s. The distance between the
nozzle and the substrate surface was about 3 mm.
The carrier gas was helium (99.99% purity) with a
flow rate of 20 liter/min (LPM) and 0.2 LPM
oxygen was added. The power was set at 40 W.
After the treatment, the fibers were immediately
placed into a clean plastic bag to minimize
potential contamination. The control and the
treated samples were stored at the standard
condition of 20ºC and 65% relative humidity to
perform the aging experiments.

2 EXPERIMENTAL
2.1 Materials
The UHMPE fibers were provided by Ningbo
Dacheng Chemical Fiber Group Company. The
yarn was made up of around 240 monofilaments
with a tensile modulus of 130 GPa and a single
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species, collide with the molecules on the polymer
surface, which lead to chemical and physical
reaction between plasma and substrate surface,
such as introducing different functional groups,
chain cross-linking, and also chain scission. In
addition, some difference was observed in the dye
spatial distribution in fiber cross sections between
the four different treatment groups. There were
more dye molecules adsorbed by DMSO and
decane pretreated UHMPE fiber surfaces than
those could be observed in the directly treated
UHMPE
fiber
cross-section.
The
high
concentration of fluorescence on the organic
solvent agent pretreated fiber surface indicated that
the swelling agent pretreatment can improve the
effect of the plasma treatment, leading to a higher
diffusion rate of the fluorescent dye.

2.4 Measurement of crystallinity
X-ray diffraction (XRD) measurement was
conducted using a diffractometer (D/max-2250PC
from Rigaku Company, Japan). The diffractometer
provided Ni-filtered Cu Kα radiation with an
accelerating voltage of 40 kV and an anode current
intensity of 300 mA.
2.5 Laser scanning confocal microscope (LSCM)
analysis
The LSCM analysis was carried out using LSM
510 META microscope, which was equipped with
a laser system of 543 nm wavelength. Untreated
and treated UHMPE fibers were cut into about 2
cm and then dyed with propidium iodide
fluorescent (0.1g/L) at room temperature for 30
minutes. After being washed by distilled water, the
fibers were placed on a glass slide for scanning.
The images were obtained using xz scanning to
provide an optical cross section of the fiber.
2.6 Contact angle measurements
The wettability was determined by measuring the
water contact angle on the fibers using the sessile
drop technique by determining the shape of water
droplets attached to the fibers with a JC2000A
Stable contact angle analyzer (Powereach Digital
Equipment, Shanghai, China). Each contact angle
reported was an average of at least 15 different
measurements and at least 5 different fibers were
used.
2.7 Interfacial shear strength test
The IFSS values of UHMPE/epoxy composites
were measured with the micro-bond technique. To
investigate the aging process of the plasma treated
UHMPE surfaces, two sets of samples were
prepared at 1 hour and 30 days respectively after
the initial plasma treatment.

（a）

（b）

（c）

（d）

Figure1. LSCM images of UHMPE fiber cross-section after
APPJ treatment. (a) treated directly; (b) soaked in ethanol
before treatment; (c) soaked in DMSO before treatment; (d)
soaked in decane before treatment.

3.2 Contact angle measurements
Figure 2 shows the change of the water contact
angle of the plasma treated UHMPE fibers during
the aging process. The data were collected freshly,
and 10, 20 and 30 days after the initial plasma
treatment. The water contact angle of the control
UHMPE fibers was around 109° and a substantial
decrease of the water contact angles were found for
all the treatment groups while no significant
difference was found between them. When stored
in the ambient air, the water contact angle of all the
treatment groups showed an increase gradually
over time. Thirty days after the initial plasma
treatment, the contact angles of the directly
treatment and ethanol pretreatment groups
increased to around 78°, while those of the DMSO
and decane pretreatment groups increased to about

3 RESULTS
3.1 LSCM analysis
LSCM images of cross section of the UHMPE
fibers after the APPJ treatments were shown in
Figure 1. The untreated fiber had almost no dyed
region on the surface after being dyed for 30
minutes as expected, thus no LSCM image of the
control fiber was acquired. This could be due to the
chemical inertness and low surface energy of
UHMPE fibers. In contrast, the rings of treated
fibers were obvious and continuous. That could be
attributed to the introduction of polar functional
groups, which create the reactive sites at the fiber
surface. The various reactive species in the plasma
such as electrons, ions, free radicals and metastable
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surface could be acquired for the polymer with low
crystallinity than that with high crystallinity under
the influence of plasma [10]. The purpose of the
pretreatment of selected organic solvents in this
study is to produce significant structure change on
the UHMPE fibers without the polymer
degradation. The structure and properties of the
polymer are known to be changed after treated with
the different organic solvents. In order to explore
the influence of the solvent pretreatment on the
crystallinity structure of the UHMPE fibers, the
crystallinity of control UMHPE fibers and those
soaked in ethanol, decane and DMSO for 24 hours
were tested with the wide-angle X-ray diffraction
examination. The exemplary runs were recorded
(Figure 4) and the calculated crystallinities were
abtained (Table I).

73°, which indicated that the former two groups
had the larger aging rate than the latter two groups.

FIGURE 2. Variation of the water contact angle of the plasma
treated UHMPE fibers with the aging time.

3.3 Interfacial shear strength
Figure 3 shows the values of IFSS for all treatment
groups 1 hour and 30 days after the plasma
treatments by the micro-bond test. It was found that
the IFSS value for plasma treated fibers increased
by 175% to 198% freshly after plasma treatment.
After thirty days, the IFSS of all plasma treated
groups decreased. However, the reduction rate of
the IFSS value was different among the four
treatment groups. After thirty days, the IFSS of the
directly treatment and ethanol pretreatment groups
decreased 29 and 30% respectively, while those of
the decane and DMSO pretreatment groups
decreased only 9 and 11% respectively. The
pretreatment of DMSO and decane on the fibers
appeared to significantly reduce the aging behavior
of the fiber surfaces.

FIGUER 4. X-ray diffraction of the UHMPE fibers soaked with
different organic solvent.
Table I. Crystallinities of the control UHMPE fibers and soaked
in ethanol, DMSO, and decane for 24 hours respectively.

Sample

Control

Pretreat
-ment
with
ethanol

Crystallin
ities
(%)

76.80

75.18

Pretreat
-ment
with
DMSO

Pretreat
-ment
with
decane

70.18

69.01

The results showed that after soaked in DMSO and
decane for 24 hours the amorphous region of the
UHMPE fibers enlarged and so the crystallinity
dropped; however, the crystallinity of the UHMPE
fibers pretreated for the same time in the ethanol
did not change substantially, indicating that the
UHMPE did not swell so fast in the ethanol as in
the DMSO and decane. The swelling of the
polymer in the solvent is basically determined by
the polarity and the solubility parameter of the
polymer and solvent. UHMPE is a kind of nonpolar polymer and its solubility parameter is
15.8~17.0. Decane is a good swelling agent to it
for they have close polarity and solubility
parameters and DMSO is a kind of good solvent

FIGURE 3. Comparison of IFSS of UHMPE/epoxy interface 1
hour and 30 days after plasma treatment.

4 DISCUSSION
During plasma treatment, the crystallinity of the
polymer was suggested to have some relationship
with the chemical interaction between the plasma
species and the polymer surface, that is to say, for
the different polymers with the same chemical
structure, the higher degree of oxidization of the
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for both polar and non-polymer polymers. Thus the
UHMPE fibers swelled more in the DMSO and
decane than in ethanol.
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It was suggested that solvent-induced structural
modification may lead to the formation of the
micro-pores and micro-voids in the polymer
structure [11]. During APPJ treatment, for the
DMSO and decane pretreated UHMPE fibers, the
lowed crystallinity as well as the pores and voids in
the fiber structure facilitated the oxidation process
and thus could make the fiber surface more
oxidized. On the other hand, due to the opening of
the physical structure, the distance of the surface
molecules increased and more pores and microvoids appeared in the structure, thus more polar
side groups might be introduced into the microvoids close to the fiber surface and thus the depth
of the oxidized layer on the fibers was increased
during the treatment. This indicates that the surface
rearrangement and diffusion of polar functional
groups became slower if a more polar groups and
thicker hydrophilic layer was formed at the
interface. The similar results were found by Kim et
al. [12], who suggested that during the plasma
treatment the hydrophilic functional groups
introduced at the specimen surface (about 0.5 nm)
at low specimen temperature while those formed
inside (0.5–8 nm) at high specimen temperature. A
thick hydrophilic layer formed at the interface
could improve the plasma treatment effect and
reduce the aging effect.
5 CONCLUSIONS
Higher fluorescent dye diffusion was found for the
DMSO and decane pretreatment UHMPE fiber
groups right after the plasma treatment. Thirty days
after plasma treatment, the smaller water contact
angle and higher IFSS to epoxy were obtained for
the DMSO and decane pretreatment groups. It was
found that the pretreatment of the selected organic
solvents to the fibers might improve the effect of
plasma treatment and retard the aging effect, which
was attributed to the swelling effect of the solvents
to the UHMPE fiber surfaces.
FUTURE WORK
It needs to further discuss the selection of the
different solvent and the pretreatment parameters
such as temperature and time systematically.
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ABSTRACT
Raw jute bast fibre is stiffness, harshness, and coarse. The objective of the current investigation was to develop
process recipes for the production of finer jute fibre which can be used in textiles. Retted jute fibres were treated
by combination of alkali and laccase processes. Alkali and laccase processes were optimized based on linear
density, gum content, lignin content, and breaking strength of jute fibres. The results show that the optimum
alkali process is sodium hydroxide concentration 20 g/L, sodium sulfite concentration 20 g/L, at 120 ℃ for 120
min and the best laccase process is laccase at 15 g/L for 90 min at 55 ℃. The degummed jute fibres were
blended with different percentage of cotton fibres and spun into 27.8 tex blended yarn on the compact spinning
frame successfully.
dioxygen is reduced to water. Further nonenzymatic transformations of the phenoxy radicals
can result in lignin degradation[8]. The objective of
this investigation is to develop process recipes for
degumming of jute fibres which can be spun into
the yarn by the compact ring spinning technology.

INTRODUCTION
The nature jute fibre is stiffness and coarse[1]. It
mainly contains cellulose incrusted with nonfibrous substances like lignin and hemicellulose[2].
Hemicellulose and lignin are the two main
noncellulose
constituents
in
jute
fibre.
Hemicellulose which usually acts as filler between
cellulose and lignin contributes little to the strength
of fibre[3]. Lignin is highly crosslinked molecular
complex with amorphous structure and acts as glue
between individual cells and between the fibrils
forming the cell wall[3]. Therefore, jute is a long
filament composed of a number of short ultimate
cells which are cemented by lignin and
hemicellulose[4]

MATERIALS AND METHODS
Materials
The retted jute fibres (BT-C grade, Bengal) were
kindly supplied by Jiangsu Redbud Dyeing
Technology Co. Ltd.
Chemicals
Sodium hydroxide (AR) was purchased from
Shanghai Chuangbo Refining Glass Apparatus Co.
Ltd. Sodium sulfite (AR) was supplied by Pinghu
Chemical Reagent Co. Ltd. Refining agent was
bought from Shanghai Hongguang Chemical
Reagent Co. Ltd. Sulfuric acid (AR ) was obtained
from Shanghai Chemical Reagent Co. Ltd. Laccase
was supplied by Novozymes (China) Investment
Co. Ltd. The Ethylenediaminetetraacetic acid was
purchased from Shanghai Lingfeng Chemical
Reagent Co. Ltd. The citric acid monolydrate and
Disodium hydrogen phosphate were from Shanghai
No. 1 Chemical Reagent Co. Ltd.

Removal of a portion of the hemicellulose from
jute makes the fibre more flexible[5]. Roy[6]
reported that partial removal of hemicellulose and
lignin can obtained the better bundle separation and
fineness of fibre. Jute degumming process usually
needs to have alternately two-stage treatments[7].
Both lignin and hemicellulose come out from jute
fibre in aqueous hot NaOH/Na2SO3 solution[1].
The maximum loss of lignin was about 35% in the
NaOH/Na2SO3 solution at temperature ranging
from 90 ℃ to 165 ℃[1]. However about 65% of
hemicellulose can be removed in that hot
NaOH/Na2SO3 solution.

Methods
Scouring treatment

Therefore, the next stage is removal of the lignin
content of jute. Laccase acts on phenolic substrates
by catalyzing the oxidation of their phenolic
hydroxyl groups to phenoxy radicals while

The retted jute fibre was treated with sodium
hydroxide 5-35 g/L, sodium sulfite 0-30 g/L,
refining agent 4 g/L. The samples were kept for 30- 268 -

210 min and the temperature was raised to 90 ℃,
100 ℃, 110 ℃, 120 ℃ and 130 ℃separately.

Effect of Sodium Sulfite Concentration
It can be seen from the figure 2 that the gum
content of the fibre decreases with the increase of
sodium sulfite concentration. The lignin content
decreases with increase of the sodium sulfite
concentration, however, lignin content stops
declining with the increase in Na2SO3
concentration up to 20 g/L. That can be attributed
to the fact that in the NaOH/Na2SO3 solution, both
the lignin and hemicelluloses come out from the
different parts of the fibre cell at different extent,
affecting mostly the middle lamella liberating the
intrinsic fibre cells[1]. Therefore, the sodium
sulfite concentration is chosen to 20 g/L.

Laccase treatment
The alkali scoured jute was treated at PH value of
5[9] and the temperature of 55 ℃ with the laccase
concentration of 1 g/L, 5 g/L , 15 g/L, 25 g/L and
35 g/L. The sample which obtained by the
optimum laccase concentration was treated for 30
min, 60 min, 90 min 120min and 150 min.
Yarn production
The degummed jute fibres were blended with
different percentage of cotton fibres and spun into
27.8 tex blended yarns on the compact spinning
frame.
Testing
Tensile properties of jute fibres were based on
ASTM D 3822-07 at the gauge length of 10 mm.
The fineness of fibre was tested according to
GB/T12411.3. The gum and lignin contents were
tested according to GB/5889–86. The tensile
properties of blended yarns were evaluated on
YG061 Tensile Tester according to ASTM D2256
with the testing gauge length of 500mm. We
studied the mass irregularity of jute/cotton blended
yarns on Uster Tester-II at 400m/min test speed.

FIGURE 2. Effect of Sodium Sulfite Concentration on the
lignin content and gum content

Effect of Time
Figure 3 shows that lignin content of the fibre
decreases as we increase the treatment time. This is
also reported by Ali[7]. The gum content of the
fibre decreases up to 90 min and then increases
with the increase of the treatment time. That is
because the removal of the lignin largely facilitates
the dissolution of the hemicellulose[5].

RESULTS AND DISCUSSION
Effect of Sodium Hydroxide Concentration
Figure 1 shows that the breaking strength of the
jute fibre decreases slightly with the increasing of
the sodium hydroxide concentration up to 20 g/L
and then decreases sharply. However, the gum
content of jute decreases with the NaOH
concentration increasing up to 20 g/L and then
stops decreasing with further increasing in NaOH
concentration. The sodium hydroxide concentration
is chosen to 20 g/L.

FIGURE 3. Effect of treatment time on the lignin content and
gum content.

The effect of the treatment time on the breaking
strength and fibre fineness is shown in figure 4.
Both breaking strength and fibre fineness decrease
with increase of the treatment time. The reason is
that lignin acts as glue between individual cells and
between the fibrils forming the cell wall and
provides plant tissue and individual fibres with
compressive strength[3]. The removal of a portion
of the lignin causes the damage of the jute fibre.
The better fineness of fibre may be attributed to

FIGURE 1. Effect of Sodium Hydroxide Concentration on the
breaking strength and gum content.
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partial removal of lignin and hemicellulose[6].
Thereby the optimum treatment time is 120 min.

FIGURE 7. Effect of laccass
concentration on fibre fineness
and lignin content.

FIGURE 8. Effect of laccass.
concentration on the breaking
strength and gum content.

It is observed from the figure 8 that the gum
content increases with the increase of the laccase
concentration. The reason is that the removal of the
lignin largely facilitates the dissolution of the
hemicellulose (shown in figure 7). With the
increasing of the laccass concentration up to 25 g/L,
the breaking strength is lower than 3.5 cN/dtex
which is the average breaking strength of the
cotton.
Therefore,
the
optimum
laccass
concentration is 15 g/L.

FIGURE 4. Effect of treatment time on the breaking strength
and fibre fineness plotted at 95% confidence interval.

Effect of Scouring Temperature
Figure 5 indicated that both gum content and lignin
content decrease with the increasing of the
treatment temperature. However at the temperature
between 120 ℃ and 130 ℃ the gum content in the
jute fibre was found to decrease very slowly as the
treatment temperature was prolonged.

Effect of Laccass treatment Time
Figure 9 shows that the fibre fineness decreases
with the increasing of treatment time up to 90 min.
However, the breaking strength increases with the
increase of the time up to 60 min and then
decreases. The breaking strength is lower than 3.5
cN/dtex at the time of 120 min. therefore the
acceptable treatment time is 90 min.

FIGURE 5. Effect of treatment temperature on the lignin
content and gum content.

From figure 6, it can be seen that the breaking
strength decreases with the increasing of the
temperature. The fibre fineness decreases with the
increasing of the temperature up to 120 ℃.
Therefore, the acceptable temperature is 120 ℃.
FIGURE 9. Effect of treatment time on fibre fineness and
breaking strength plotted at 95% confidence interval.

Uster evenness of blended yarns
Uster mass irregularity and imperfection count in
the yarn are given in TableⅠ. The values of Uster
evenness and hairiness increase as the amount of
jute content increases. The number of neps, thin
places, and thick places in blended yarn show the
same increasing as we added jute fibres in the
blended yarns. In other words, with the increasing
of jute content, the properties of blended yarn
become worse and worse.

FIGURE 6. Effect of treatment temperature on the breaking
strength and fibre fineness

Effect of Laccass Concentration
Figure 7 shows that the lignin content decreases
with increase of the laccass concentration. That is
because laccass is a multicopper oxidase, one of
the extracellular glycoprotein enzymes expressed
by white-rot fungi and other organisms that play a
crucial role in the terrestrial carbon cycle by
helping to degrade lignocellulosic materials[8].
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TABLE Ⅰ Uster mass irregularity and
imperfection count in the blended yarns.
Blended U* Hairiness Thin places
ratio (%)
(H)
(-50%)

Thick
Neps
places
(+200%)
(+50%)

J25/C75 17.05

4.71

217

1491

1343

J38/C62 19.26

5.52

801

2015

1809

J50/C50 21.89

5.63

2013

2674

2762

*Uster mass irregularity

Yarn tensile properties
The breaking tenacity and elongation of compact
yarns are shown in Figure 10. The breaking
tenacity and elongation for the blended yarns
decrease as the amount of jute fibres increases. One
reason is that interfibre friction decreases with
increasing of jute content[10]; another reason is
that the number of thin places increases when
amount of jute fibres increases which is shown in
Table Ⅰ. In other words, the thin place is weakestlink for a yarn, the more thin places, the more
failure probability of the yarn has. Decreased
elongation of yarn is because more jute fibres
which are not extensible than the cotton fibre are
added in the blended yarn.

FIGURE 10. The tensile properties of jute/cotton blended yarns
at different blend ratio.

CONCLUSIONS
The optimum alkali process is sodium hydroxide
concentration 20 g/L, sodium sulfite concentration
20 g/L, at 120 ℃ for 120 min and the best laccase
process is laccase at 15 g/L for 90 min at 55 ℃.
The degummed jute fibre is spun into the 27.8 tex
blended yarns. The breaking strength and
elongation of the compact blended yarns decrease
with increasing of jute content. The Uster evenness
and imperfection count of both blended yarns
increase as we add the jute content in the blends.
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ABSTRACT
This paper proposes a new needleless electrospinning apparatus applying the method of splashing polymer
solution on to the surface of metal roller. It is mainly composed of three parts -supplying polymer solution
system, metal roller spinneret and collector part. The polymer solution provided by the uniformity distribution
device is splashed on to the surface of metal roller which is rotating .when a high voltage is applied in addition
to the metal roller , many cone-jets can be formed. Multiple electrified jets undergo strong stretching by the
electric field and bending instability, solvent evaporates and solidified nanofibers deposit on the collector, as in
an ordinary electrospinning process. This machine has a good adaptability for producting kinds of nanofibers.
The average diameter 213nm of PLLA nanofibers have been produced ,so are the average diameter 174nm
PEO nanofibers .The rate of fiber production is as 24-45 times as that of the single needle electrospinning
applied widely.
et al [1] reported that many simultaneous
electrospinning jets can be gained form the surface
of tube having a porous wall. The polymer solution
is pushed by low air pressure of 1-2 kPa through
the tube wall at the drilled holes. On the outer
surface of the tube polymer drops form at the
locations of the drilled holes. A wire electrode is
inserted inside the tube to maintain an equal
electrical potential in the vicinity of each of the
drilled holes, even in poorly conducting liquids.
When the voltage applied to the wire electrode, the
polymer
solution
is
electriferous.
The
electrospinning jets on the outer surface of the tube
undergo strong stretching by the electric field
between the tube and the aluminum foil collector
grounded and solidified nanofibers deposit on the
aluminum foil, as in an ordinary electrospinning
process. He ji-huan et al [3] mimic the spiderspinning in electrospinning using an aerated
solution, which leads to various small bubbles on
surface with very small surface tension, as a result
the bubble can be easily electrospun into
nanofibers with low applied voltage. Jirsak Oldrich
[4]
research group invented a new machine called
“nanospider” for highly producing nanofibers. The
most important part of it is its roller-liked spinneret,
which differed from ordinary ones. The spinneret
dips some solution from the underlying overflow
vessel when it is rotating. When the hemi-surface
of the roller-liked spinneret containing solution
gets to the summit, many Taylor cones form. Then
the electrospinning jets undergo stretching by the
electric field between the spinneret and the upper
collector and solidified nanofibers deposit on the
take-up gear. All these apparatus get rid of the

INTRODUCTION
At present, the method of electrospinning [1] is a
simple and convenient method for producing
nanofibers. Electrospinning of polymer nanofibers
attracted significant attention and have gained a
wide range of applications, which include filter
media ,composite materials , biomedical
applications (tissue engineering , scaffolds ,
bandages , drug release systems ) , protective
clothing , micro- and optoelectronic devices ,
photonic crystals and flexible photocells [2] during
the last few years. All these nanofibers applications
need a large quantity of fibers. However, the fiber
production rate of single needle electrospinning
apparatus used widedly, which can produce only
0.3-0.5g nanofibers in an hour, is too slow, which
is restricting the development and industrial
application of electrospinning. So, an inexpensive
scaleable electrospinning machine with higher
production rate is needed to promote the
improvement of electrospinning technology. In
recent years, many researchers and scholars have
been devoting themselves to this item and have
achieved some accomplishments. For example,
Yarin et al [2] utilized a two-layer system, with the
lower layer being a ferromagnetic suspension and
the upper layer a polymer solution, for multiple
electrified jets. Steady vertical spikes of magnetic
suspension which is subjected to a normal
magnetic field provided by a permanent magnet
perturbed the interlayer interface, as well as the
free surface of the uppermost polymer layer. The
perturbations of the free surface become sites of
jetting directed upward, when a normal electric
field is applied in addition to this system. Varabhas
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end, the nanofiber productions are taken up by the
coil rotating rig.

confinement of needles. The Taylor cone form on
the free surface of the polymer solution. However,
it is better to have a stimulator on the free surface
of the solution to stabilize the electrospinning
process. So, our research group were enlightened
by all these machines, modified the “nanospider”
machine and proposed a new needleless
electrospinning apparatus applying the method of
splashing polymer solution on to the surface of
metal roller. The method of sputtering is just a
stimulator compared to the free surface of the
solution which is applied in “nanospider”. As a
result, we can get more Taylor cones. Meanwhile,
the rate of fiber production has been highly
improved.

EXPERIMENT
To validate the practicability and adaptability of
this apparatus, the author conducts some
experiments at certain technics parameters. We
found that the diameter of the hole (6) and the
rotating velocity of the metal roller have some
influence on the process of spinning. Our object is
getting more Taylor cones. The more, the better. So,
we must control strictly the apparatus parameters.
If the diameter of the holes are too big, more
solution splash on to the surface of metal roller.
Meanwhile, the dropping rate of the solution is fast.
The un-spinning solution will be reclaimed into the
solution callback groove, which wastes too much
polymer solution. What’s worse, the primary cones
may be covered by the new drops. If the holes are
too small, the high concentration solution will
block up them. Through changing the size of the
holes from 1.0cm-2.0cm, we found that 1.5cm is
better. If the rotating speed of the roller is too fast,
it adds more disturbances on the process of
spinning and wastes too much energy. But it can’t
be too low, either. Or the solution on the roller will
drop to the callback groove because of deadweight,
which can also result in less Taylor cones. The
appropriate speed is 2-4 r/min through observing.

SCHEMATIC
DRAWING
OF
THE
APPARATUS
The main method of this apparatus is applying the
technology of sputtering. Its mechanism of
working is showed as follows. Schematic drawing
of it is embodied in fig1.

After confirming the apparatus parameters, we did
two experiments using PLLA and PEO as raw
materials. In both trials, the size of hole on the
uniformity distribution device is 1.5 cm. The
rotating speed of the metal roller is 2r/min. The
polymer solution I was prepared by stirring 10 wt%
PLLA with 90 wt% chloroform as the solvent at
room temperature for 2 h. The polymer solution II
was prepared by stirring 9 wt% PEO with 91 wt%
distilled water as the solvent in three-necked flask
at 80 ℃ for 3 h. Both of the experiments were
conducted at room temperature. Fig 2 shows the
SEM image of PLLA 10 wt% nanofibers formed
with gap distance of 80cm and 55KV applied
voltage. Fig 3 shows the SEM image of PEO 9
wt% nanofibers formed with gap distance of 50cm
and 40KV applied voltage. The fiber diameters
were determined using software Photoshop. For
each image not fewer than 30 sites of fiber
diameter were measured. The mean diameter of
PLLA nanofibers is 213nm. The one of PEO is
174nm. Both images show that there isn’t any
imperfection on the surface of the fibers. So, we
can gain nanofibers with even diameter at
appropriate technics parameters.

FIGURE1. Schematic drawing of the apparatus. (1) dissolution
barrel (2) filter (3) solution container (4) gager (5) uniformity
distribution device (6) small hole (7) metal roller (8)
convolution roller (9) unreel roller (10) solution callback groove
(11) aluminium griddle meshwork (12) nanofibers collecting
meshwork

The polymer solution of suited concentration is
confected in the dissolution barrel (1). Then, the
polymer solution after filtrating (2) is stockpiled in
the container (3). Quantitative solution controlled
by the gager (4) is transported form the container
(3) into the uniformity distribution device (5). The
solution is splashed onto the surface of metal roller
rotating all the time through the hole (6) of the
uniformity distribution device. when a high voltage
is applied in addition to the metal roller, many
Taylor cones can be formed .Multiple electrified
jets undergo strong stretching by the electric field
and bending instability , solvent evaporates and
solidified nanofibers deposit on the collector (12),
as in an ordinary electrospinning process .In the
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distance-45cm, the rotating speed of metal roller2r/min.
The image of supplying solution system

FIGURE 2. SEM image of PLLA 10 wt% fibers. These fibers
were formed with gap distance of 80 cm and 55KV applied
potentials.

FIGURE 4. the instantaneous image of small drops’ dripping
from uniformity distribution device

FIGURE 3. SEM image of PEO 9 wt% fibers. These fibers were
formed with gap distance of 50 cm and 40KV applied potentials.

To determine the mass production rate the mass of
fiber collected on the collector during an hour
interval was measured. The result shows that this
method can produce fiber in range of 12-14g/h for
a 30cm long metal roller spinneret. Electrospinning
production rates from a single nozzle (needle or
pipette) are typically 0.3-0.5 g/h. This shows that
the production rate from this machine is about 2445 times the rate of that of a single nozzle. The
production rate of this apparatus can scale as the
long of the metal roller. So, we can farther improve
the fiber production rate if necessary.

FIGURE 5. the instantaneous image of one drop dripping on the
surface of metal roller

Fig4 shows that a series of solution drops form at
the holes on the bottom of uniformity distribution
device because of deadweight. When the mass of
solution drop conquer gravity it will splash on to
the surface of metal roller. Consequently, these
phenomena can be observed randomly. Besides,
the solution drop will be flat after a few of
seconds’ spinning. That is why Fig5 shows that
there is only one solution drop on the surface of
metal roller. In spite of these, it doesn’t have any
effect on the continuity of the electrospinning
process and the output of nanofibers.

VISUALIZATION
OF
THE
ELECTROSPINNING PROCESS
To farther find out the spinning mechanism and
entire process of this new device, we take some
pictures when it is working with digital camera. In
this trial, the polymer solution III was prepared by
stirring 6 wt% PEO with 94 wt% distilled water as
the solvent in three-necked flask at 80℃ for 3 h.
Other testing parameter: voltage-50KV, gap

The image of metal roller’s spinning process
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surface tension, the electrospinning jets can be
formed, as seen in fig6. Then the electrospinning
jets will undergo strong stretching and bending
instability in the high electric field between the
metal roller and the aluminium griddle meshwork
grounded, as seen in fig7-8. Because of the
phenomenon forming randomicity and shooting
angle, we only gain some pictures of one side of
the metal roller spinneret. On the other side of the
metal roller, we can get the same experiment
phenomenon. So, we didn’t lay the same pictures
there.
CONCLUSIONS
Through the experiments, we can conclude that it
can produce nanofibers with even diameter in a
range of 150-500nm at certain technics parameters,
which is the same as the single nozzle ones.
However, the device products fiber mats at mass
rates greater than can be obtained from a single
electrospinning jet. Besides, the design and setup
of the apparatus is relatively simple compared to
array of multiple needles. It has reached what we
expected.

FIGURE 6. the instantaneous image of electrospinning jets
engendering from solution drop on the surface of metal roller
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FIGURE 7. the instantaneous image of electrospinning jets’
steady stretching and part of bending instability

FIGURE 8. the instantaneous image of electrospinning jets’
bending instability

Fig6-8 shows the entire production process of
metal roller spinneret’s spinning. In all the upper
pictures the white parts are the electrospinning jets.
The solution drop agglomerates enough electric
charges when high voltage is applied in addition to
the metal roller. If the coulomb exclusive force on
the surface of solution drop exceeds solution
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ABSTRACT
Electrostatic flocking technology is to flock in electrostatic field, that is, charged pile is preferably propelled
toward an adhesive coated substrate by electrostatic force. In this paper, superfine fibers (0.1 dtex) were used as
the pile and flocked into a fabric coated with adhesive under different process.
The effect of induced voltage, operating time, and the distance between electrodes on density of the pile were
discussed respectively. The experimental results showed that density of the pile increased with the increase of
induced voltage and operating time, while decreased with the increase of distance between electrodes.
Furthermore, density of the pile could reach maximum by the optimization of flocking process. The scanning
electron microscopy study confirmed a high density of pile under optimized process.
1 INTRODUCTION
Electrostatic flocking technology is to flock in
electrostatic field, that is, charged pile (short fibers)
is preferably propelled toward an adhesive coated
substrate by electrostatic force. It is widely used on
items ranging from retail consumer goods to
products for high-technology and military
application. A flocked product imparts a decorative
or functional characteristic to a surface. In the
electrostatic flocking process there are three key
factors known as electrostatic field, pile, and
adhesive coated substrate. The surface properties of
the final products, such as appearance, handle and
color, are determined mainly by the property of
pile material. In the flocking process flocks are
made of nylon or rayon fibers with low volume
resistivity. With increasing interest in the
outstanding properties of superfine fiber, the
application of superfine fibers in electrostatic
flocking process is becoming more and more
significant. Fabrics made of superfine fibers are
extremely soft, fluffy, water-proof or waterrepellent, warm-keeping. However, there are few
published reports on the study of electrostatic
flocking process using superfine fibrous materials.
The density of the pile, which is considered as an
important measurement of property of flocking
products, is determined by induced voltage,
distance between electrodes as well as operating
time. As far as we know, there have been no
experimental investigations on the electrostatic
flocking process of the superfine fiber. Therefore,
in this contribution, experimental measurements
have been performed on the flocking process of
superfine fiber, and images of flocking products
with different process have been observed.

2 EXPERIMENTAL
2.1 Materials and instruments
The pile was made of fibers with diameter of 3μm
(0.1 dtex) and length of 2 mm. A plain cotton
fabric, with thickness of 0.4 mm and areal density
of 220 g/m2, was used as the substrate here. The
fabric was washed, vacuum-dried at 60℃ for 4 h
and then conditioned at 20℃ and 60 % RH for 24 h
prior to experiment. Numerous square pieces of the
fabric at approximately 10 cm × 10 cm were
obtained and evenly coated with adhesive.
The flocking equipment used in this study was a
multi-functional Electrostatic Flock Model CN250
designed for flocking fabrics. Figure 1 shows a
diagrammatic sketch of the equipment. It consists
of an upper electrode and a ground electrode, a
feed plate and substrate coated with adhesive.
Upper Electrode
+

Feed Plate

V
Substrate
Ground Electrode

FIGURE 1 Diagrammatic sketch of flocking equipment

2.2 Measurement of density of the pile
The adhesive coated samples were weighed
immediately. Then the obtained pile was flocked
onto the samples. The weight of fabric samples
coated with adhesive and flocked samples were
measured respectively to calculate the density of
the pile according to the equation as follow.
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M =

G -G
A

under distance between electrodes 10cm, 15cm and 18cm

(1)

0

Form the results as shown in figure 2, it was found
that when the distance between electrodes was set
to 18 cm, the density of the pile slightly changed
with increasing of the induced voltage. It was due
to the fact that with a longer distance between
upper and ground electrodes, the electric field was
weak, thus the force exerted on the pile was less
than the surface tension from the adhesive.
Therefore, the fibers were not flocked into the
fabric but floated on the surface.

where M is the density of the pile, g/cm2; G is the
total weight of the flocked sample, g; G0 is the
weight of fabric sample without flocking, g; and A
is the area of samples, 100 cm2 in this study.
Images of pile on the surface of the fabric were
observed using a scanning electron microscopy
(SEM) in order to examine the results.
All the experiments were carried out at room
temperature (20℃) and under relative humidity of
60%.

3.2 Distance between Electrodes
Figure 3 shows the effect of distance between
electrodes on density of the pile. In this experiment,
the induced voltage was 50 kV, and the operation
time was set to 2 s, 4 s, 6 s, 8 s, respectively. As
mentioned before, the intensity of electric field had
an impact on the density of the pile. It is well
known that intensity of electric field was
determined by the induced voltage and the distance
between electrodes. The results revealed that
increasing distance between electrodes caused
decreasing of density of the pile. However, when
the distance between electrodes was adjusted from
7 cm to 10 cm, the variation of density of the pile
was slightly. It was because of the air ionization
due to the too short distance between electrodes.

3 RESULTS AND DISCUSSION
3.1 Induced Voltage
Figure 2 shows the effect of induced voltage on
density of the pile. In this experiment, the
operating time was 6 s, and the distance between
electrodes was set to 10 cm, 15 cm and 18 cm,
respectively. The results revealed that in all cases,
density of the pile increased with the rise in voltage
more or less. The induced voltage had a directly
impact on the amount of electric charge of the pile,
the straightness and motion characteristic of the
fibers in the electric field. The variation of density
of the pile was reasonably explained by the fact
that with increasing of the induced voltage or the
intensity of electric field, the force exerted on the
pile increased, which could lead to more fibers be
coated into the fabric. However, the over-high
induced voltage and intensity of electric field could
cause discharge. According to the Chinese
Regulation on License to Work Safety, the corona
current of the electrode should be less than 0.1 mA
during the flocking process so that the safety of
workers will be guaranteed. Therefore, in order to
acquire high density of the pile, increasing the
induced voltage should be applied along with some
other necessary methods.

Density of the pile
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2
mg*10 /cm
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FIGURE 3 Plot between density of the pile and distance
between electrodes under operating time 2s, 4s, 6s, 8s, 10s, 12s

18cm
15cm
10cm

10

2s
4s
6s
8s
10s
12s

6

9
8

3.3 Operating time
The effect of operating time on density of the pile
was shown in Figure 4. In this experiment, the
distance between electrodes was set to 15 cm, and
the induced voltage was set to 30 kV, 40 kV, 50 kV,
and 60 kV, respectively. The density of the pile
increased rapidly at the first 4 s and then continued
to increase in a slower rate. For the operating time
of 12 s, it remained constant at a maximum value
of 7 mg×10-1/cm2 under the voltage of 60 kV.

Density of the pile
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FIGURE 2 Plot between density of the pile and induced voltage
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From these results, it was found that density of the
pile increased with the rise in operating time within
12 s. These results suggest that operating time in
flocking process should be controlled in 12 s in
order to improve the production efficiency and
save energy.

30kV
40kV
50kV
60kV

6

Density of the pile
(mg*10-1/cm2)

4 CONCLUSIONS
The density of the pile during flocking process
mainly depends on the induced voltage, the
distance between electrodes and the operating time.
The experimental results show that density of the
pile increased with the rise in induced voltage and
operating time, while decreased with the rise in
distance between electrodes. The experimental
studies on flocking process show that the flock
density can reach maximum by the optimization of
process, and a high density of the pile could be
acquired under the induced voltage 60 kV, distance
between electrodes 15 cm and operating time 6 s.
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FIGURE 4 Plot between density of the pile and operating time
under induced voltage 30kV, 40kV, 50kV and 60kV

3.4 Morphologies by SEM
Figure 5 and Figure 6 shows the scanning electron
micrographs of fabric surface after different
flocking process. From the comparison between
figure 5 and figure 6, it is confirmed that a higher
density of the pile could be acquired under the
induced voltage 60 kV, distance between
electrodes 15 cm and operating time 6 s.

FIGURE 5 SEM of a flocked laid by superfine pile over the
surface of fabric with adhesive (d=15cm, U=60kV, t=6s)

FIGURE 6 SEM of a flocked laid by superfine pile over the
surface of fabric with adhesive (d=7cm, U=60kV, t=10s)
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ABSTRACT
This paper studies on the relationship between knitting parameters and electrical properties of 1x1 rib fabric
knitted from stainless steel fibers. The loop length which is described by using the sinking depth setting of the
stitch cam as well as fabric take-down tension was chosen as the key factors. Fabrics with different parameters
were produced on a STOLL CMS 320TC flat knitting machine in our lab. Test results show that the two factors
have influences on fabric conductive properties. Regression equations were established for predicting fabric
properties and the results of verification experiment reveals that these equations are fitted.
INTRODUCTION
Knitted fabrics are widely used for making apparel
and decoration, but it used as sensors based on
their loop configurations are quite novel
applications [1]. According to De Rossi’s research
the elastic and extendable substrates of the fabrics
make it feasible for these sensors to be used for
measuring large tensile strain. The applications of
these conductive fabric sensors are based on the
changes of the electrical resistance responding to
stimuli such as deformation, temperature, humidity,
as well as some chemicals.

influence of knitting parameters on
conductivity of 1x1 rib conductive fabrics.

the

METHODOLOGY SELECTION
Response surface methodology has already been
adopted in textiles for optimizing process. Thus, in
this study, it was chosen for investigating the
relationship between knitting parameters and
properties of the conductive fabrics.
EXPERIMENTAL
Experimental Design
Base on previous experiments [7], the loop length
which is described by using the sinking depth
setting of the stitch cam as well as fabric takedown tension are two key factors. Each factor had
two levels, and preliminary experiments were
conducted for determining the boundaries. Table I
shows these factors and levels, and the
experimental arrangement is shown in Table II.

Xue et al have proposed a theoretical model of
electro-mechanical behavior of plain woven fabric
made from intrinsically conductive yarn, and also
have developed the relationships between the
electrical resistance and fabric density, as well as
uni-axial tension [2]. Several papers were published
for describing the relationships between the
load/elongation and electrical resistance of the
conductive fabrics [3, 4]. Zhang et al investigated the
electro-mechanical properties of knitted fabrics
made from stainless steel multi-filament yarns both
theoretically and experimentally. They found that
the contacting resistance of the over lapped yarns
in the fabric is the key factor that governs the
sensitivity of the fabric sensor. In addition, the
fabric structure that determines the structure of the
circuit network is also an important factor affecting
the characteristics of the fabric sensor [5].

TABLE I. Factors and levels
Level
−1
1

Plain structure is a popular knitted structure used
for most investigations, but rib structure has larger
extensibility and elastic recovery than plain
structure. In our previous study, we made some rib
fabrics [6], and theoretically investigated the
relationship between the electric property and
fabric extension [7]. In this study, we will study the
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Loop length / mm
7
11

Factors
Take-down tension / N
1
3

1
2
3
4
5
6
7
8
9
10
11
12
13

TABLE II. Experimental schedule
Loop
Take-down
Standard
Operation
length
tension
sequence
sequence
/mm
/N
7
1
9.0
0.6
10
2
9.0
0
5
3
6.2
0
1
4
7.0
1.0
3
5
7.0
3.0
6
6
11.8
2.0
2
7
11.0
1.0
4
8
11.0
3.0
8
9
9.0
3.4
13
10
9.0
2.0
9
11
9.0
2.0
11
12
9.0
2.0
12
13
9.0
2.0

FIGURE 2. Image of the fabric after washing

Test
Drawing was completed by using a fabric drawing
tester with a constant speed of 50cm/min and pretension of 0.5N. Fabric resistance was measured by
using an Agilent Digital multimeter, and the results
were recorded and processed by a PC
RESULTS AND DISCUSSION

Materials
Stainless steel fiber was used in this experiment.
The main constituents analyzed by EDS of the
fiber are Fe, Cr and Ni. Table III shows its
characteristics.

Relationship between knitting parameters and
electrical property
Figure 3 and 4 are the plots of fabric resistance
changes at 50% and 100% extension respectively.
They reveal that the fabric resistance changed
greatly with the decrease of the loop length and
decrease of the take-down tension. The fabric
resistance changes more significantly at 50% than
at 100% extension.

TABLE III. Characteristics of the stainless steel fiber
Filament Diameter / mm

0.034

Kinetic Friction Coefficient

116.8

-1

Fracture Strength / (cN·tex )

77.80

Elongation Percentage / (%)

32

Conductivity / (Ω·cm-1)

10-4-10-5

These plots also show that it is possible to obtain a
fabric with significant resistance change during
drawing if it is knitted with the lowest tension and
the smallest loop length or only with the biggest
loop length.

Fabric preparation
1x1 rib fabrics was produced with a STOLL CMS
320TC flat knitting machine in our lab. Since the
strength of stainless steel fiber is very low, and the
fiber always breaks during knitting processing.
Thus, a soluble fiber yarn was fed with the
stainless steel fiber for improving the knittability.
After knitting, the soluble fiber was dissolved in
hot water and dried in our lab. Figure 1 and 2 show
the images of the fabrics before and after washing.

ΔR/Δε
<
10
– 20
– 30
– 40
– 50
>
50

10
20
30
40

3.0

tension

2.5

2.0

1.5

1.0

7

8

9
10
loop length

11

a. Contour plot

FIGURE 1. Image of the fabric before washing

b. Surface plot
FIGURE 3. Fabric resistance changes at 50% extension
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3.0

2.5
tension

from stainless steel fibers was investigated by
using the Response Surface Methodology. The
loop length and take-down tension were selected as
the key factors and several experiments were
carried out. The results show that the two factors
have influences on fabric resistance. Regression
equations were also established for predicting
fabric properties and the verification results reveals
that these equations are useful.

ΔR/Δε（100%
<
10
– 15
10
– 20
15
– 25
20
– 30
25
– 35
30
>
35

2.0

1.5

1.0

7

8

9
10
loop length

11
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ABSTRACT
Successive TiO2 film photocatalysts supported on surface modified PAN-carbon fiber (PAN-CF) substrates were
prepared via the sol-gel dip-coating method with Ti(O4H9)4 as a precursor. Several techniques such as scanning
electron microscope(SEM), thermogravimetric analysis (TGA), X-ray diffraction (XRD) were utilized to
investigate the optimized concentrations of Ti sol, annealing temperature and their influence on the final
properties of the TiO2/CF. The interfacial bonding properties of carbon fiber with TiO2 film was evaluated by
ultrasonic vibration. The results show that M5TiO2/CF has favorable load fastness and load rate. The
photocatalytic properties of TiO2/CF were investigated by degrading acid orange Ⅱ (80mg/L) under UV
irradiation. The results suggest that the catalytic activity have significant difference compared with
M3TiO2/CF、M5TiO2/CF、M7TiO2/CF and the M5TiO2/CF has been shows the optimum catalytic performances.
Keywords:Carbon fiber; Titanium dioxide film; Load fastness; Photocatalytic
INTRODUCTION
Titanium dioxide (TiO2) has attracted extensive
attention due to its excellent optical, electrical
properties. It is well known for it’s wide
applications in the field of photocatalysis,
photovoltaic conversion and photochemical
conversion [1, 2]. TiO2 has been taken as one of
commonly used photocatalysts due to its low cost,
high photocatalytic activity and excellent chemical
stability. It appears in industrialized technology
gradually, because TiO2 has been used as
photocatalysts illuminated by UV light, which leads
to complete oxidation of organic components [3].
However, in the aqueous phase, the suspended TiO2
powders present some drawbacks in their separation
and recovery from water, which limits the titanium
dioxide photocatalyst of the implementation process
of industrialization. Therefore, the preparation of
immobilized photocatalysts is a decisive factor that
the photocatalyst can be used in practical
application. In order to prepare immobilized
photocatalytic materials which exhibit good
catalytic performance and combined fastness. In
this paper, the good adsorption of PAN-carbon fiber
has been used as a catalyst support and successive
TiO2 film photocatalysts supported on surface
modified PAN-carbon fiber (PAN-CF) substrates
were prepared via the sol-gel dip-coating method.

acid(65 ～ 68%) ， Acetylacetone (AR) were
purchased from Wuxi Zhanwang chemical reagent
Co. Ltd., China; acetic acid (AR) and Absolute
alcohol (AR) were purchased from Shanghai
Shengxiang chemical reagent Co. Ltd., China;
1.2 Carbon fiber surface treatment
PAN-carbon fiber (0.1g/ beam, 30 beams) was
oxidized in refluxing concentrated nitric acid
(160ml) for 4h in oil bath 115℃. After cooling and
washed with demineralized water until pH>6.
1.3 Preparation of TiO2 supported on carbon
fiber
The TiO2 sol was prepared by using tetrbutyl
orthotitanate as the Titanium precursor and alcohol
as the solvent. The preparation of process as follow:
17.08mL of Ti (OBu) 4 was dissolved in the mixture
solution of XmL (X=157mL, 69mL, 61mL) of
EtOH/2.9mL HAC and 0.5ml ACAC. After
magnetic stirring for 1h, the obtained solution was
hydrolyzed by addition of 0.9ml water and 10ml
EtOH dropwise under stirring for another 1h. three
different concentrations (0.3M, 0.5M and 0.7M) of
Ti sol were obtained.
The surface modified PAN-carbon fiber (PAN-CF)
substrates were dip-coated with sol–gel mixtures,
and followed by drying at room temperature.
Finally, the coated carbon fiber substrates were
calcined in nitrogen environment at different
temperatures with the rate of 3℃/min and kept at
relevant temperature for 2h to obtain TiO2/CF

1. APPROACH
1.1 Materials
PAN-carbon fiber(T300C), Toray Inc., The diameter
is about 5~6.5μm; Tetrabuty- ltitanate (CP), Nitric
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photocatalyst. TiO2/CF which prepared with
different concentrations of Ti sol（0.3M, 0.5M,
0.7M ） were named M3TiO2/CF, M5TiO2/CF,
M7TiO2/CF. Titanium dioxide, which prepared with
different concentrations of Ti sol（0.3M, 0.5M,
0.7M）were named M3TiO2, M5TiO2, M7TiO2.

ultrasonic vibration。
1.5 Photocatalytic experiments
The photocatalytic activity of the prepared
TiO2/CF was evaluated from the photocatalytic
degradation of acid orange Ⅱ in an aqueous
solution. The acid orange Ⅱconcentration after
degradation could be measured by UV-spectr
photometer at the wavelength of 484nm, which
corresponds to the maximum adsorption of acid
orange Ⅱ.

1.4 Characterization
The surface morphology of TiO2/CF photocatalyst
was investigated by scanning electron microscopy
（SEM, JSM-5610LV）. The crystallinity of the
TiO2 was determined by X-ray diffraction (XRD,
D8-Discover Cu-Ka λ=1.540562Å). The thermal
proper of carbon fiber was studied by TGA(Pyris1),
at the heating rate of 10 ℃ /min in nitrogen
atmosphere.

2 RESULTS AND DISCUSSION
2.1 Surface morphology of TiO2/CF
photocatalyst
Fig. 1(a) shows the SEM images of the M3TiO2/CF.
Thickness of the titania film layer seeing from the
figure is about 0.1~0.3μm, it also shows formation
of serious crack titania layer on top of the carbon
fiber support. Fig. 1(b) shows the SEM images of
the M5TiO2/CF. It shows that the M5TiO2/CF
provides a uniform and crack-free titania layer. It is
probably that the form of uniform and crack-free
titania layer was attributed to the reasonable ratio of
sol and the hydrolysates exist most of linear
molecular chain and less branched [4]. The surface
morphology of M7TiO2/CF shows crack titania
layer and TiO2 particles uniformly distributed in the
surface as shown in Fig. 1(c).

The load fastness was characterized by ultrasonic
cleaner (SY3100DH) at the frequency of 55 kHz.
The initial load rate K1, loading loss rate L and load
rate after ultrasonic vibration K2 were expressed as
follows:
W − W0
(1)
K1 = 1
× 100%
W1
W − W2
(2)
× 100%
L= 1
W1 − W0
W − W0
(3)
K2 = 2
× 100%
W2
Where W0 is the dry weight of carbon fiber after
HNO3 oxidization; W1 is the dry weight of initial
TiO2/CF; W2 is the dry weight of TiO2/CF after

a:M3TiO2/CF

2.2 Thermal stability of carbon fiber

b:M5TiO2/CF
c:M7TiO2/CF。
FIGURE 1. Surface morphology of TiO2 thin film supported on carbon fiber

- 283 -

mainly due to the organic carbonation at heat
treatment, the presence of carbon on the surface of
titania inhibits its phase transformation, lead to a
higher thermal stability. The M3TiO2, M5TiO2,
M7TiO2 with different carbon content on the
surface of titania at 800℃. Upon increasing the
carbon content more of the anatase phase was
preserved [5]. Therefore, M7TiO2 maintained
anatase phase at 800℃.

100
95
90

80
75
70
65

Untreated PAN-CF

60

PAN-CF after HNO3 treatment

55
50
100

200

300

400

500

600

700

2.4 Interfacial bonding properties
The characterization of interfacial bonding fastness
of the various TiO2 films supported on carbon fiber
was carried out by ultrasonic vibration. The change
of load rate after ultrasonic vibration 1h and load
loss rate of TiO2/CF are shown in Fig.4. The initial
load rate of M3TiO2/CF is 2.97%. While the initial
load rate were found as 4.88% and 4.96% for
M5TiO2/CF、M7TiO2/CF, respectively. While load
rates of M3TiO2/CF, M5TiO2/CF and M7TiO2/CF
were turn into 0.43%, 2.41% and 1.66% by

800

Temperature(℃)
FIGURE 2. TGA curves of PAN-carbon fiber

In order to improve the binding fastness of carbon
fiber with TiO2 thin film that nitric acid oxidization
processing was adopted for graft oxygen-containing
polarity groups on surface of carbon fiber. The
change of oxygen-containing polarity groups on
surface of carbon fiber and the thermal stability of
carbon fiber were studied by thermogravimetric
analysis (TGA). The TGA curve in Fig. 3 shows a
weight loss over the temperature range from 100 to
850 ℃ . The pre-modified and post-modified
PAN-CF with a good thermal stability was
observed until 600℃. In this temperature range,
weight loss of untreated PAN-CF was calculated to
be approximately 2.4 wt%. While the weight loss of
sample treated PAN-CF was observed about 6.0 wt
%, which indicated the oxygen- containing polarity
groups were improved to a certain degree. The
curve decreased rapidly above 600℃, which can be
attributed to the declining of the thermal stability of
CF and oxidation of CF.

8
7

Load rate (wt.%)

6

70
60

4

50

3

40
30

2

20
10

0

ultrasonic vibration 1h, and the load loss rates were
measured as 85.9%, 51.9% and 67.6%, respectively.
The result indicates that M5TiO2/CF has higher
interfacial bonding fastness than M3TiO2/CF and
M7TiO2/CF. M5TiO2/CF also has high initial load
rate, relatively. Corresponding to the result of SEM,
successive TiO2 thin film may improve interfacial
bonding fastness with CF.
2.5 Photocatalytic properties of TiO2/CF
The photocatalytic activity of TiO2/CF was

Intensity(a.u.)
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FIGURE 4. Change of load rate after ultrasonic vibration 1h
and load loss rate of TiO2/CF
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2.3 TiO2 crystal phase analysis
TiO2 powder was used as the sample of crystal
phase analysis instead of TiO2 film because of the
signal was weak. The XRD patterns of the sol-gel
TiO2 powders calcinated in nitrogen environment at
different heat treatments are presented in Fig. 3. It
shows that three kinds of TiO2 powders remain only
in the anatase form after calcinations below 700℃
and rutile phase of M3TiO2 and M5TiO2 starts to
grow after that temperature. But the M7TiO2
maintain complete anatase phase. This may be
a

100
The initial load rate
Load rate after ultrasonic vibration
loading loss rate

500℃
20

30

Load loss rate (wt.%)

Weight loss(%)

85

40

50
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2 θ (d g r e e )
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FIGURE 3. XRD patterns of TiO2 nanoparticles subjected to heat treatment between 500℃ and 800℃ for 2h
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70

80

evaluated by degradation of acid orange Ⅱ
(80mg/L), a typical azo dyes, used as model
compound to test the photodegradation capability of
photocatalysts showed in Fig 5. It could be seen
that the photocatalytic activity of TiO2/CF increased
with a boost of calcinations temperature between
500 ℃ and 800 ℃ , but only the photocatalytic
activity of M7TiO2/CF was declined at 800 ℃ .
From crystal analysis, M3TiO2/CF and M5TiO2/CF
had higher catalytic activity after calcined at 800℃
due to the mixcrystal structure was formed [6].
M7TiO2/CF remain only in the anatase form after
calcinations of 800℃. The synergy effect between
Concentration (mg/L)
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fastness than M3TiO2/CF and M7TiO2/CF, the load
loss rate of M5TiO2/CF were measured 51.9%.
While the load loss rate of M3TiO2/CF and
M7TiO2/CF 85.9% and 67.6%, respectively.
(3)The photocatalytic activity of TiO2/CF was
evaluated by degradation of acid orange Ⅱ, the
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photocatalytic activity compared with M3TiO2/CF
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FIGURE 5. TiO2/CF photocatalytic degradation of acid orangeⅡsolution
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carbon fiber and TiO2 films was weaken due to the
fact that the structure of carbon fiber was destroyed
at 800℃as shown in TGA curve. The M5TiO2/CF
has optimum photocatalytic activity compared with
M3TiO2/CF and M7TiO2/CF calcined at the same
temperature. The photocatalytic activity of TiO2/CF
is governed by many factors, based on the above
results, the reason of different catalytic activity of
TiO2/CF that calcined at same temperature can be
explained in the following way: (a) The higher load
rate and suitable surface morphology may improve
the catalytic activity of TiO2/CF. (b) The differences
of crystal structure, particularly, the mixcrystal
structure can improve the catalytic activity
effectively. (c) Carbon layer structure was formed
on the surface of titania under heat treatment
processing and it can be efficient separation of
electron-hole pairs.
3 CONCLUSIONS
(1)Successive TiO2 film photocatalysts supported
on surface of modified (PAN-CF) substrates were
prepared using the sol-gel dip-coating method by
regulate the concentration of Ti sol.
(2)M5TiO2/CF had higher interfacial bonding
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ABSTRACT
Rayon-based carbon fibers marinated by mixture aqueous solution containing NaCl and H3PO4 are
activated by steam for manufacture activated carbon fibers (ACF) in this work. We found that
macropores (pore size > 50 nm) were developed on ACF surface with a given adding amount of NaCl
and H3PO4. The pore distribution and morphology of the resulting ACFs were examined by scanning
electron microscopy (SEM), revealing that the pore structure can be controlled by different NaCl
concentrations. Using wide angle X-ray diffraction (WAXD) ，we demonstrated that the crystal
structure of the ACF was uncorrelated to the adding amount of NaCl. But different concentration of
NaCl will strongly influence on the tensile strength of ACF. The results proved that macroporous ACF
with a certain tensile strength can be manufactured by activating carbon fibers.
Keywords: Activated carbon fiber; Macropores; Crystal structure; Tensile strength
1 INTRODUCTION
ACFs, mainly because of their high adsorption

ACF by activating CF immersed in the mixture

rates and capacities, have attracted considerable

aqueous solution containing NaCl and H3PO4 [3].

attention. But neither physically activation by
H2O/CO2 nor chemically activation by H3PO4

2 APPROACH

can produce macropores (pore size > 50 nm) on

2.1 Preparation

ACF to separate larger molecules such as virus

Rayon-based carbon fibers were marinated by

and pollutants

[1] [2]

. In our previous work, we

attempted to add some alkali metal salt to widen

mixture

aqueous

solution

with

different

concentration of NaCl (shown in Table 1).

pore size. We found that the presence of NaCl in
impregnation

aqueous

solution

containing

TABLE 1

Different mixture pore widening agent.

H3PO4 accelerated to activate rayon precursors
and the resulting ACF possessed remarkable

Samples

NaCl

H3PO4

pore

A0

0mol/L

0mol/L

size-widening, the tensile strength of ACF

A1

0.1mol/L

0 mol/L

dropped sharply.

A2

0.1mol/L

0.01mol/L

macropores.

However,

due

to

the

A3

0.1mol/L

0.1mol/L

The objective of this study is to develop

A4

0.1mol/L

1mol/L

macroporous ACF with proper tensile strength.

A5

0.1mol/L

7.7mol/L

Firstly, we utilize carbon fibers rather than rayon
as ACF precursors so that we can make use of

2. 2 ACF surface characterization

the higher strength of carbon fiber. Then, we

Surface texture and pore structure were observed

attempt to produce macropores on the surface of

by scanning electron microscope（JSM-5600LV,
- 286 -

Hitachi Ltd., Japan, resolution <3.5nm). Image

powder form.Ni-filtered CuKαradiation (k =1.54

of surface of ACF were shown in figure 2.

Å)

was employed as a radiation source. Voltage

was 40 kV and circuit was 80 mA. Scanning
2.3 WAXD measurement

speed was 4° /min and scanning 2θ ranged

The crystal structure of ACFs was investigated

from10°to 50°.

by WAXD (D/MAX-r, Rigaku Co. Japan) in

pore widening agent

rayon-based carbon fiber

RACF

activation

pre-treatment

FIGURE 1. The flow chart of the ACF processing

3 RESULTS AND DISCUSSION

we only prepared traditional ACFs. It has been

3.1 Surface morphology of ACFs

widely accepted that the conventional ACF,

The morphology of ACFs was observed by

manufactured

scanning electron microscopy (SEM), as shown

impregnated precursor (without NaCl) by steam

in Figure 2.

activation, possesses only micropores rather than

A0

from

phosphoric

acid

–

mesopores or macropores [4-6].

A1

But we can find some macropores presenting on
among samples A2 to A5. In particular, A3 and
A4 possess some pores with size larger than
200nm. So NaCl was introduced into the

A2

impregnant solution to help enlarge the pore size

A3

during the activation, and the effect was
approved in our previous works[3]. It is
interesting to find that NaCl, as a pore widening
agent, not only useful to rayon fiber, but also to
rayon-based carbon fiber. Moreover, the pore
structure

A4

A5

can

be

controlled

through

an

appropriate ratio of NaCl impregnation. The
mechanism of such pore size enlargement will
be probed in our next work.
3.2 Crystal structure
To gain a further insight into the activation

FIGURE 2. SEM images of the surface of ACF

process, the samples were characterized by

(A0-A5)

WAXD. As shown in figure 3, each of the ACFs
prepared in this work has two broad peaks at

It can be found that no visible pores on the

2θ=24.0-24.5°

surface of A0 and A1. Without NaCl and H3PO4,

There is no obvious difference among the
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and

43.6-44.1°

respectively.

WAXD curves of all samples. A6 emerged three

main potential reason is that pores only

diffraction peaks because excessive amount of

generated on the surface, whereas the inner

NaCl crystallize on the surface. It demonstrated

structure such as crystal structure of ACF was

that the crystal structure of the ACFs is

not destroyed [6].

uncorrelated to the adding amount of NaCl. A

A0

A1

A2

A3

A4

A5

FIGURE 3. WAXD curves of ACFs (A0-A5).

not be seen on the surface of A0 and A1. With

3.3. Tensile strength

the generation of macropores on A2, A3, A4 and

Tensile strength of ACF (GPa)

0.8

0.6

A0

A5, the tensile strength of the samples decreased

A1

sharply, the strength of A5 only being 0.3GPa.

A2

decreased the strength of ACF, a brittle material.

This indicated that the presence of pores
However, the strength of macroporous ACFs

A3
0.4

prepared in this work, arranging from 0.3 to

A4

0.5GPa, is much higher than that of traditional

A5

ACF (normally less than 0.1GPa) [7].

0.2
0

2

8

3.4 Future work

Different concentration of NaCl (mol/L)

To deepen the macropores on ACF, we need to
FIGURE 4. Intensity of ACFs while impregnated by

optimize the activation additions such as

different concentration of NaCl.

temperature and duration. And, to control pore
sizes and their distributions, we need to adjust
the concentrations of both NaCl and H3PO4.

It is worth noting that tensile strength is the most
important factor for evaluating the performance
of fibers for proper applications. Figure 4 shows

4 CONCLUSIONS

that different concentration of NaCl strongly

The pore size and distribution of ACF can be

influences on the tensile strength of ACF.

controlled through an appropriate ratio of NaCl

Without any NaCl, the tensile strength of A0 and

in the impregnating solution, and the adding

A1 (about 0.8GPa) is higher, but marcopores can

amount of NaCl has no obvious effect on the
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crystal structure of the ACF. A significant
development of this work is that the tensile
strength of the resulting ACF seems higher than
that of ACF from rayon precursor.
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cohesion , increment can spinning. Give oil, to wet
method is to flax the fiber spray one emulsify of
fixed amount liquid. Emulsify a liquid from
emulsify oil, washing powder and 60 ℃ water An
80 ℃water, 3 ∶s 5 ∶ 92 proportion mixture mix
blend become. The which emulsify a liquid
dosage in light of emulsify liquid ∶ flax=4 ∶'s
100 comparisons spray. The opening is loose
behind of the fiber want to spray even, make the
most of the fiber spray, and ability adequately seep
through a fiber inner part, attain soft smooth effect,
after give oil and give wet the flax need to deposit
a 24 h above square can usage

STATEMENT OF PURPOSE/OBJECTIVE
In order to obtain the lightweight and high quality
flax class knitted fabric, Spins the high-count flax
class knitting gauze are solves the question key .
This thesis from the Spinning and Selection of raw
materials, The teclmology of the high quality
blended knitting yarn of superfine flax / lyocell
fiber were manufactured by rotor spinning process,
is diseussedin ,and through the comparison of
different options for the optimization of process
parameters the Optimization of process parameters.
INTRODUCTION
Modified flax fiber valuables, fluffy, can satisfies
spin of high coune blended yarn the request .The
Lyocell fiber have good of physics machine
function, usage modified flax and lyocell, can
acquire the blend yarn of all new effect, makes the
knitted flax fabric thing tend in high quality and
lightweight, and raises its added value.
Furthermore ， the advantages of the rotor spun
yarn impart its knitted fabric superior quality．The
knitting yarns of blended of superfine flax / lyocell
fiber were manufactured by rotor spinning
process， and the preparatory spinning technology
was investigated ． The relationship be tween
process parameters of rotor spinning and yarn
quality is researched through comparing the results
of spinning trials．The present work has provided
a reference for reasonable selection of process
parameters and enhancing the quality of the rotor
spun yarn of superfine flax/ lyocell fiber .

1.2Lyocell:
Fiber number 1.3dtex, fiber length38mm, Strength
at
rupture4.2~4.4cN/tex,
elongation
at
break14%~16%,
wet
intensity3.7~4.1cN/tex,
elongation at break(Wet)15%~17%, moisture
regain 11.5%
2.SPINNING SYSTEM
Because flax fiber of length tidy degree more bad,
fiber rigidity big, the fiber is brittleness and
rigidity , easy breaking, cohesion relatively poor.
After many times experiment, flax becoming a lap
alone ,carding cotton sliver very difficulty, the
quality be hard assurance. Therefore, adoption the
flax and Lyocell weigh mixture, with exaltation
can spinning. Again because of flax and Lyocell
fiber color deviation very big, if mixture not and
evenly, certainly will result in yarn, cloth color bad
but influence product quality, so homogenize the
raw material influence that a species into the yarn
quality one of the key of good and bad. After
testing, the use of said first request by the ratio of
the weight of good raw material, 2 Units A002Dtype
bale plucker mixing, and then to the
condenser, and to carry out a pre-mixed, and
finally collected on the bale grabber-blender mixed
methods.
Hang blending →the A002D type bale digester
→the A035AS type hopper blending machine
→the FA106 typesaw opener →the A092A type

APPROACH
1. CHOICE RAW MATERIAL
1.1 Flax :
Flax Single fiber 1.25~5 dtex, average the fiber
length 17~25 mm, Modified flax fiber to have in
spinning property of exaltation. But for spinning
high-count yarn to speak, the fiber cohesion
relatively poor, the of fiber be easy slippery.
Therefore want before spinning to humidifying
and oil , make it soften and strengthen fiber of
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Card sliver of fiber in a more chaos, many hooks,
long fiber, uneven rate. In order to lower quality
unevenness, at the first drawing machine in the
back draft zone adoption of fiber orientation and
configuration of a higher draft multiple of the
back draft zone, configuration of a lower draft
multiple of the front draft zone. At the second and
third drawing machine in the back draft zone
configuration of a lower draft multiple of the back
draft zone, configuration of a higher draft multiple
of the front draft zone. Because of linen, Lyocell
fiber hygroscopicity strong, drawing a larger
process of drawing power, so the use of large
mutual distance. Leather roller anti-static to reduce
the entanglement fibers situation, improve the
quality of yarn. Appropriate to reduce the speed of
front roller to prevent fiber wrapped around rollers,
to reduce the yarn defects and dreakage .
Quantitative draw sliver light grasp, carding roller
rotor reduce the load, there is in favor of fiber
carding and transfer, improve yarn. At the same
time,draw sliver
in order to improve the
uniformity, Autoleveller devices used to control the
draw sliver of the long and short segment uneven.
For the production of high quality yarn with rotor
spinning to lay a solid foundation. Therefore,
quantitative use of light, therefore, slow the speed
of three combined, in reverse the drafting process
configuration. Configuration process is shown in
Table 1.

ten dem feeder→the A076C type single beater
scutcher→the A186D type carding →the FA322
type drawing frame→ the F1604 type rotor
spinning frame.
3.PREPARATORY SPINNIG TECHNOLOGY
3.1openging and picking
At procedures of picking and carding, impurity to
fall much more miscellaneous is flaxen. With
common flax fiber comparison, super and thin flax
of the quality had obvious exaltation, flaxen
impurity quantity
to have decrease, but at
procedures of picking ,flax fiber also not
excessively opening. Lyocell fibers regain high,
easily lead to difficult opening fiber, fiber easy to
tangle into a block. Lyocell fibers and smooth
surface, cohesion relatively poor,visco-volume
serious , lap of weight unevenness large. Opening
and Cleaning in the many processes used carding
and less beat, in order to comb pinch, less noil,
feeding the process quick route to reduce the
opening hours of the injury to the fibers to prevent
the formation of fiber kink Neps, the hatchet man
to master the speed should be small. FA106
porcupine bater rotation speed 540 r / min,
rotational speed for the three-arm combined beater
780 r / min, fan speed is 1200 r / min, rotational
speed for the lap roller 13r/min, quantitative lap
for the 383 g / m, a length of 33 lap m, the weight
of the uneven rate of 1.21 percent.
3.2 carding
For the linen fibers and Lyocell fibers of small
elongation at break, elasticity bad, injury-prone
characteristics of fibers, using "light quantitative,
low-speed, tight mutual distance" of the process. It
is necessary to ensure adequate fiber carding, but
also to prevent fiber damage and repeatedly twist
to the formation of neps. Reduce the likerin and
cylinder speed. Through tight mutual distance to
strengthen and improve the parallel fiber extension
and separation to reduce knead between fibers in
order to achieve the purpose of reducing neps.
Improve the cylinder, between the lickerin linear
velocity than , can reduce the lickerin flower roll
back and the emergence of neps. By adopting a low
flat speed , to reduce the flat strips. Therefore,
Carding process: Quantitative card sliver to 19.5 g /
5 m, the cylinder rotation speed 300 r / min,
lickferin rotation speed to 730 r / min, doffer speed
16.6 r / min, the cylinder- flat for a five-point
mutual distance 0.23 mm, 0.20 mm, 0.20 mm, 0.20
mm, 0.23 mm, the cylinder-doffer mutual distance
to 0.18 mm, cylinder ~ barbed roller gauge for 0.18
mm. Evenness of cotton sliver to 25%.
3.3drawing

TABLE I. drawing technics

Item

Fix
quanti
fy
/g·(5m
) -1

Comb
ined
numb
ers

Head

17.6

6

Draft
multipl
e
of
the
back
draft
zone
1.62

Artic
le 2
Artic
le 3

16.3

6

1.43

14.5

6

1.32

Rolle
r
gaug
e
/mm

Speed
of front
roller
/m·min1

14 ×
15
14 ×
15
14 ×
15

1300
1300
1300

4. TECHNOLOGY OF ROTOR SPINNIG
The use of 52mm diameter rotor, OK36-type
serrated roller carding, sliver for the quantitative
14.7g/5m, temperature 25 ℃ , relative humidity
75%, spinning knitting yarn 24 tex. Rotor spinning
technology are the main parameters of the carding
roller speed, rotor speed, the choice of twist factor.
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Ceramic head twist at lower hairiness, improve
uneven intensity of a single strong and obviously
better than the twist chrome. Ultra-fine linen /
Lyocell easily blended knitting yarn hairiness, yarn
speed is therefore not easy to be cited too high, the
use of low-tension spinning. Primers used in yarn
speed of 58.5m/min, drawing tension was 0.98

4.1 Carding roller speed
Rotor spinning roller carding processes to increase
speed, single-fiber ratio significantly increased, the
proportion of fiber bundle more and more low,
more and more strong role in carding, yarn strength
gradually improve, the uneven rate of decline. But
at the same time increasing speed increases the rate
of short fiber. Different carding speed of the
spinning roller spinning quality of tests, the results
shown in Table 2.

RESULTS AND DISCUSSION
1.Carding roller speed and Spinning performance
We can see from the table, with the increase in
speed roller carding, Yarn, details, rough section
Neps gradually improved, but the speed of the
carding roller improve, and deterioration. This is
because the improvement of speed carding roll, so
that the role of strengthening the carding, the
percentage of single fibers significantly enhance
the quality, improved Yarn, details, rough section,
also decreased neps. However, flax fibers and
lyocell fiber elongation at break of small, poor
elasticity, fiber vulnerable, carding roller so as to
continue to improve the speed, fiber injury
severity,evenness , and other performance
indicators do gradually deteriorate. By comparison,
when carding roller at a speed of 7300r/min better
the performance target.

TABLE 2. .Carding roller speed and Spinning performance

Combing
roller
speed/
r·min-1
6800
7300
8000

CV
/%

Details/
km-1

15.31
14.20
15.04

26
13
16

rough
section
/km-1

Neps/
km-1

116
72
102

80
53
80

4.2 Cup diameter and speed spinning
Cup spinning speed should be based on raw
materials, as dreakage and breed. The use of 52mm
spinning cup, carding roller to 7300r/min, twist
factor of 370 when the rotor at different speeds for
a spinning test, the results shown in Table 3.
TABLE3
speed
spinning
and
Spinning
performance
speed
spinnin
g cup /
r·min-1

Elonga
-tion at
break
%

4000

Strengt
h at
rupture
/cN.tex

CV
/%

Detai
ls
/
km-1

rough
sectio
n
/km-1

Nep
s/
km-1

5.91

14.02

14.1

13

76

68

4500

5.83

15.32

14.9

17

98

71

5000

5.74

14.53

15.2

20

113

81

-1

2.speed spinning and Spinning performance
Data from the table can be seen, with the spinning
cup improve speed, with the exception of breaking
strength, the other indicators of performance are
deteriorating.
This is because when the spinning cup speed of the
increase, twist in order to guarantee the same, the
output of yarn is necessary to improve the speed,
the speed of the sliver feeding increased. However,
the same speed carding roller, carding makes the
role of reduced rate single fiber. Transmission
pipeline at the same time cotton flow per unit time
increase in the fiber, the fiber orientation degree of
variation, decreased fiber straight, strong lower
yarn so rough section, the details of Neps
corresponding increase in the number. Through
comparative analysis, when the spinning cup speed
at 4500r/min , the better yarn quality.

4.3 Twist factor
Rotor yarn twist coefficient based performance on
raw materials, spinning and yarn linear density
uses. Since this product for knitting yarn, lyocell
fiber rigidity, and hold together bad, lyocell high
modulus fiber, yarn hairiness many, If the twist
coefficient selection is too small, the fabric in the
post-processing and easy to wear in the friction
from the ball. Twist should have so large, through
the production of practice, twist factor should be at
around 370.
4.4 Other selection process parameters

CONCLUSIONS
1.Spin and weave super and thin flax/when the
Lyocell fiber rotor spinning knit fabric yarn, since
want attention reasonable choice preparatory
spinning process and technology, again want to be
reasonable choice to turn the rotor spinning craft
parameter and spin cotton a component, then can
spinning the yarn of the quality
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2.Passed analysis to find out a reasonable project,
assurance cent combing roller speed and rotor
speed, twist factor
of excellent chemical
engineering skill parameter
3. use twisting ceramics plate , the control speed of
lead yarn of rotor, adoption the low tension spin
cotton etc. technique main theme
4.Spin and weave through an optimization craft of
super and thin flax/Lyocell knitting yarn has the
stem good, the yarn be clean, the yarn defect little
and abrasion and flexibility good, development of
knit fabric sporty elegance elegance flowing freely,
nature bright ze, have to goodly take function.
FUTURE WORK
1.To the research which strengthen an preparatory
spinning craft, the quality which make to feed of
rotor the sliver get further of exaltation.
2. To the super and thin flax which use to rotor
spinning to process various fineness flax/the
Lyocell fiber turn cup knit fabric yarn to find out to
correspond of excellent turn of craft parameter.
3.Development variety comparison of super and
thin flax/the Lyocell blend yarn with roto spinning
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APPROACH
The design of device for reducing hairiness
The device for reducing hairiness consists of a
vortex tube 1,a rubber 4 and a jacket 5. Figure.1
shows the structural elements of the device.

STATEMENT OF PURPOSE
Yarn hairiness are fibers protruding outside from
the yarn body. The number and the length as well
as the distribution of yarn hairiness not only have
close relationship with performance of a textile
such as aesthetic appear, comfort, durability and
usage, but also impact quality and productivity of
subsequent procedures directly. Consequently, with
developments in products and technologies,
concerns for yarn hairiness increase nowadays.
INTRODUCTION
Winding process, due to lots of contacts with
yarns and large abrasion as well as long balloon,
has great effects on yarn hairiness. Yarn
hairiness usually increased by 100% -500%,
according to a large number of experimental
results, depending on yarn varieties, hair length
setting and equipment characteristics, etc.
Especially those harmful hairiness up to 3mm
length are increased heavily. To this end, world's
famous auto winding production companies such
as Schlafhorst Germany, Shavio Italy, Muratec
Japan, etc have been working hard, from
winding
angle
and
paths,
winding
tension ,winding speed ,grooved drum materials,
drive methods, wax processes and so on ,to
inhibit the growth of hairiness. At the same time,
so many patented technologies [1~7] about the
control of yarn hairiness at home and abroad
have been released. Generally speaking, they can
be classified into two ways according to their
principles and methods. One is mechanical
method, putting false-twist device on the yarn
paths from bobbin to package, with false-twists
on the yarn to control yarn hairiness; Another
way to reducing the hairiness is wrapping wild
fibers on the yarn body when the yarn is
subjected into the fluid stream (air or steam) of
vortex.

FIGURE.1 Structural diagram of the device

In the vortex tube, there are one yarn passage 3
located in the tube axis and two air nozzles 2 and 2’
on the tube wall. On the jacket 5 there are two air
inlets 6 and 6’, which are the entrances of
compressed air. But here in the diagram, 6’ is
omitted.Through different air nozzles, compressed
air supplied to the yarn passage become into vortex
whirling in different direction. At yarn inlet 3 the
air vortex, swirling against the direction of yarn
twist, untwists the yarn. Hence, the yarn twist level
is reduced and the yarn structure is loosened. At
yarn outlet, however, the swirling direction of the
air vortex reversed and to be same with that of the
yarn twists. With the twisting, the yarn twist
returns to its original level and the yarn structure is
tightened. Due to such a loosening and tightening
up of yarn structure as the yarn traverses the tube,
some long fiber ends are wrapped firmly around
the yarn body or twisted into the yarn core while
other short hair-fibers leave from the yarn surface.
Thereby, yarn hairiness gets preliminary reduction .
Rubber 4 located on the exit of vortex tube 1 is
constituted by four metal bars crossing each other.
This attachment has weak restraints on the
movement of the yarn. When yarn rotating
upward through the rubber, it is under the
mechanical action caused by those metal bars’
smooth surface. Therefore, yarn hairiness
reduction can be enhanced further by wrapping
some wandering hairiness on the yarn body along
the twist direction.

Based on previous study experiences [8],an air
nozzle yarn hairiness reduction device with a
rubber are developed by combining mechanic
with air stream. It is approved that this device
has achieved good results in reducing hairiness.
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In order to get the best structural parameters of the
device for reducing hairiness, the optimized
contrastive tests are done on the diameter of yarn
passage, diameter and the number of air nozzles as
well as the angle of air nozzle etc. The
experimental results are as followed: the diameter
of yarn passage is 2mm, the diameter of air nozzles
is 0.3mm and the number is 2, the angle of air
nozzle is 50°.

Table Ⅱ. The test data on unwinding bottom cops

These two experiments indicate that with the
device for reducing hairiness, the number of yarn
hairiness is decreased obviously.
Similar experiments are also done on 16.2tex
cotton, z twist yarn. From the results shown by
Tab.3 it can be seen that the device for reducing
hairiness has good effect on pure cotton yarn too.

Equipments and materials
Bobbin winder: Auto-coner 238 of Schlafhorst
Germany
with
the
winding
speed
at
900m/min.Hairiness monitor: YG171 yarn
hairiness tester of Taicang textile instruments
factory. The tester measures yarn hairiness in terms
of the number of hairs exceeding a certain setting
length in length groups from 1mm to 8mm. Test
conditions: the testing length for yarn 10m, testing
speed 30m/min, testing number 10.

Table Ⅲ. The test data on pure cotton yarn

In order to have a detail look at the distribution
of reduced hairiness, the percentage of hairiness
reduction on each length groups in previous
tests is made into graphs as shown as Fig.3.Here
M=( hairiness number under normal windinghairiness number with reduction device)/
hairiness number under normal winding.

Yarn used: 28tex 65/35 polyester-cotton yarn
(65T/35C), z twist; 16.2tex cotton yarn ,z twist .
RESULTS AND DISCUSSION
In order to evaluate the efficiency of the device for
reducing hairiness and the effect of air pressure on
hairiness reduction, several experiments are
designed. It is accepted that the greater the
pressure in air chamber, the higher the rotational
speed of the vortex. But excessive speed of vortex
would not only reduce yarn evenness for more
untwists, but also increase naps on yarn for more
contacts of balloon and vortex tube. And according
to previous experimental results, the higher
pressure would cause vortex flow in different
direction, which often called "anti-spray". So two
chamber pressure are selected during the
experiments, technology 1 is 0.1764MPa,
technology 2 is 0.196MPa[8] 。 For accurate
comparison, yarns are unwound at the same
location of different cops in experiments. Tab.1
shows the results on unwinding top cop of 28tex
65T/35C, z twist yarn.
Table Ⅰ.The test data on unwinding top cops

FIGURE 2. The contrast of hairiness reduction effect

For bottom cops, due to the increasing distance
between cop top to the yarn guide and winding
tension as well as the length of frictional segment
of yarn, the hairiness is much more than that of top
cops. Tab.2 shows the specific data.

From Fig.3 we can see that:
Firstly, no matter pure cotton or polyester-cotton
blended yarn, yarn hairiness both has the highest
reduction at 5mm and the highest one can up to
70%; But there is the lowest reduction at 1-2mm
short hairiness. This result maybe caused by two
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in selected hairiness length groups is reduced by
over 50% .Especially those hair longer than
5mm ,the reduction is about 61.7%.This result is
same with that in laboratory, which confirms the
theory proposed earlier in this paper.

reasons. On the one hand, shorter hairiness has
larger rigid, the vortex is no sufficient enough to
whirl the short hairiness ; On the other hand, part
of long hairiness can’t be twisted inside the yarn
or bent over the yarn surface completely, and
become new short hairiness. So short hairiness has
a few reduction. Besides, long hairiness above 78mm on bottom cops of T/C yarn is not less but
more. It’s probably because this hairiness is so
long that the yarn passage is not broad enough for
them to whirl freely. So such long hairiness can’t
wrap on the yarn well.

CONCLUSIONS
(1)With the attachment of air nozzles on auto winder,
yarn hairiness can be reduced significantly on either
polyester-cotton yarn, pure cotton yarn or soybean
yarn.
(2)Owning to lower modulus, elastic recovery,
stiffness and resilience, soybean yarn has a higher
efficiency of hairiness reduction compared with other
two kinds of yarns.
(3)Yarn hairiness has the highest reduction at 5mm.
(4) Hairiness reduction do have some connection
with the air pressure in vortex, but greater the
pressure is, not always higher reduction in
hairiness is. So further in-depth study need to
optimize the pressure value.

Secondly, from Fig.2 (b) and (c) it is found that
technology 2 has higher efficiency than technology
1. It can be presumed that higher pressure is
propitious to reduce hairiness. But the same
conclusion can’t be drawn from Fig.3 (a). So it is
sure that greater the pressure is, not always higher
reduction in hairiness will be.

Practical Application
After having got good effect of pure cotton yarn
and T/C yarn on Germany Auto-coner 238 with the
device for reducing hairiness, a practical
application of 8.4tex soybean protein yarn on
grooved drum winder 1332 at Shandong Weifang
fourth cotton mill is continued. Since soybean
protein fiber having small friction factor and low
fiber crimp ratio as 1.65%[9],yarn cohesion is small
and the number of medium and long hairiness in
yarn is quite large. But with lower modulus which
is only 40% of cotton’s, and elastic recovery as
low as 55.4%[10] ,the device proves to have a higher
efficiency of hairiness reduction. In order to show
the effect directly, the data of 3-6mm hairiness is
selected to be column diagram as Fig.4 shown.
Here the chamber pressure of technology 1 is
0.196MPa, technology 2 is 0.245MPa[8]。
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FIGURE 3. The contrast of hairiness reduction effect on
soybean protein yarn

The column diagramms in Fig.3 imply that the
applications of the device for reducing hairiness
achieve ideal effect. By comparison, in the
condition of higher chamber pressure 0.245MPa,
hairiness reduces more. Each number of hairiness
- 296 -

Research on Flax, Ramie and Their Blended Yarns
Applied to Flat Knitting Machines
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ABSTRACT
This paper deals with the knittability of flax, ramie and their blended yarns used in the flat knitting machines. The
research has been carried out to test the mechanical properties of the flat knitting products produced by different
flax and ramie materials, sinking depth and various structures. Findings are that wetting, winding and waxing
treatment are effective methods to improve the knittability of the flax, ramie and their blended yarns. The main
factor that affects the mechanical properties of the products is the sinking depth.
Keywords: flax, ramie and their blended yarns, flat knitting technology, the mechanical properties of the products
Flax, ramie and their blended yarns has the properties
of high strength, high modulus and friendly
environment, so they are of high value in textile field
of modern industry. We find that, according to the
analysis of the documents from different countries,
applying flax, ramie and their blended yarns to the flat
knitting machines has certain potential. But their
obvious properties of high modulus and easy
bend-breaking, and the like, make it difficult in the
knitting process[1]. So we focus on the study of
improving the knittability to develop the flat knitting
industrial products of flax ramie and their blended
yarns with good mechanical properties by the research
on the flat knitting technology of these materials.
1. Design for the Flat Knitting Technology
The flat knitting samples are knitted, which contain
three different types of materials with pure flax yarns,
flax/cotton (15/85) blended yarns and ramie/cotton
(55/45) blended yarns. Considering the yarn's
properties of the high modulus and easy bend-breaking,
plain stitch and full gauge (1х1) rib stitch are chosen to
produce the tested flat knitted samples to do the
research on improving the effective methods of the
knittability and develop the flat knitting products with
good mechanical properties used in the technical
textiles.
STOOL (CMS320) computerized flat knitting machine
was used to do the test. In order to do the analysis of
the tensile test conveniently, the size of the flat knitted
samples was designed 15cm×18cm. So the knitting
needles was adopted 100; the knitting round was
adopted about 200 (according to varied sinking depths:

when the sinking depth was minimum, it was set 250
rounds, decreasing gradually per 20 rounds; when the
sinking depth was maximum, it was set 170 rounds).
For other parameter concerned, see Table Ⅰ, in which
NP Value refers to a symbol of quantity of STOOL
computerized flat knitting machine made in Germany
to indicate sinking depth when knitting. The less the
NP value, the less the sinking depth; the more the NP
value, the more the sinking depth.
2. Methods of Improving the Flat Knittability of the
Flax, Ramie and Their Blended Yarns
Flax, ramie and their blended yarns are high modulus
and stiff. Findings are that softening processing before
knitting is the effective method of improving its
knittability. In processing the materials, softness of the
yarns can be improved by scouring with sodium
hydroxide and treating with organosilicon. And at
same time, softness can be also improved by wetting
and other physical mechanical functions in the
processing of winding. Therefore, the method of
winding and wetting for many times was used in this
research to improve the soft properties of the materials
to make the knitting going smoothly, considering the
requirement of protecting environment from polluting.
If the sliver evenness of the flax and ramie yarns is not
so good and has too many seeds and thick spots, the
smoothness of the knitting process and the quality of
the products can be affected. Part of the yarns flaws
can be removed while winding without electronic yarn
flaw clearer. After knitting practically, we find that the
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TableⅠ Parameter of the Knitting Technology of Flat Knitted Samples

Plain Construction
Full Gauge (1х1) Rib

Sinking Depth
(NP)
10.5-13.5
8.5-11.5

Speeds of the Machines
(m/min)
0.55
0.45

Main Taking
Down(WM)
1.5
1.5

Yarn Supply
Type
Feed
Actively

Plain Construction
Full Gauge (1х1) Rib
Plain Construction
Full Gauge (1х1) Rib

10.5-13.5
8.5-11.5
10.5-13.5
8.5-11.5

1.20
1.20
1.20
1.20

2.8
2.8
2.8
2.8

Feed
Actively
Feed
Actively

Materials

Structures

Pure Flax
Flax/Cotton Blended
Yarn (15/85)
Ramie/Cotton Blended
Yarn(55/45)

packages are better after winding twice.

knitting products and the NP value of the sinking depth
have great effect on the mechanical properties of the

After softness treatment, the flax and ramie yarns will

flat knitting products using flax, ramie and their

have more fuzzy fiber. The quality of bundling can be

blended yarns.

improved by waxing, which will make knitting more
easily. Our tests have proved that treating with wax
twice is better than once for the knittability. The
materials treated with winding and waxing twice can
be knitted smoothly in the flat knitting machines.

Table Ⅲ Statistics of the Tensile Test on the Flat Knitting Products
of Full Gauge (1х1) Rib
Flax/Cotton
Ramie/Cotton
Materials
Pure Flax
Blended Yarn Blended Yarn
Count
32tex×2
21tex×2
22tex×2
Sinking
Tensile
Tensile
Tensile
Depth
Strength(N)
Strength(N)
Strength(N)
(NP)

3. Test and Analysis on the Mechanical Properties

8.5

of the Product Samples using Flax, Ramie and
Their Blended Yarns

9.0

3.1 Test on the Mechanical Properties
Instrument: HD026N Electric Fabric Tensometer with

9.5

Multi-function.
Result: Illustrated in Table Ⅱ and Table Ⅲ.

10.0

TableⅡ Statistics of the Tensile Test on the Flat Knitting Products of
Plain Construction
Flax/Cotton
Ramie/Cotton
Materials
Pure Flax
Blended
Blended Yarn
Yarn
Count
32tex×2
21tex×2
22tex×2
Sinking
Tensile
Tensile
Tensile
Depth (NP) Strength(N)
Strength(N)
Strength(N)

11.0
11.5
12.0
12.5
13.0
13.5

237.00
167.90
155.10
196.90
169.70
181.50
197.80
108.00
150.10
145.40
235.90
134.20
141.10
125.50
111.40
114.60
152.20
190.10
147.50
101.70
178.50

196.90
162.00
183.70
181.00
188.10
183.50
248.50
207.40
219.60
184.90
184.80
168.70
197.80
171.92
182.40
204.90
201.60
198.60
175.70
140.00
136.00

11.0
11.5

289.10
476.00
538.90
544.30
454.80
499.80
517.50
492.10
502.80

499.30
548.90
528.60
602.30
483.00
571.90
450.70
549.60
453.20

309.20
369.60
357.30

545.50
526.10
528.40

497.50
486.60
470.00

451.50
383.70
372.20
381.00
405.20
470.40
437.70
447.00
398.60

435.20
415.30
511.70
522.90
488.60
490.20
373.80
487.20
444.50

405.90
498.10
451.10
354.00
468.00
337.00
366.80
358.10
373.80

3.2.1 Tensile Effect from the materials on the
product
250
tensile strength(N)

10.5

104.80
135.20
145.70
133.56
150.20
104.80
122.80
132.90
172.40
142.70
172.40
122.80
190.80
214.60
170.60
190.80
214.60
170.60
192.00
214.60
170.60

10.5

380.10
299.40
367.90
406.00
383.70
373.10
371.60
379.20
368.43

200
pure flax
150
ramie/cotton
(55/45)
flax/cotton
(15/85)

100
50
0
10.5

11

11.5

12

12.5

13

13.5

sinking depth(NP)

Figure 1

Tensile Effect from the Materials on the Flat Knitting

Products of Plain Construction

3.2 Analysis of the Mechanical Properties
From Table Ⅱand Table Ⅲ, we can see that choosing
to the flax and ramie materials, structure of the flat

Figure1 shows the varied diagram of the products＇
tensile strength changing with different sinking depths
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(NP), in which the products are knitted with plain of

same knitting technology conditions, the tensile

different materials. From figure 1, as far as plain

strength of the flat knitting products from the

construction is concerned, the tensile strength of the

flax/cotton blended yarns is superior to that from pure

flat knitting products of ramie/cotton blended yarns

flax yarns, which shows that, when full gauge (1х1) rib

(55/45) is greater than that of flax/cotton blended yarns

structure is knitted, the curvature of the loop increases

(15/85) with the same knitting technology. And the

to a certain degree and causes more bend-breaking of

using yarn’s count is about the same, which is the

the flax in high modulus. So under the same NP value
conditions, the stretch ability of the products from the
flax/cotton blended yarns is superior to that of the pure
flax yarns.

count of flax/cotton blended yarns about 21tex×2 and
ramie/cotton about 22tex×2. So analyzing the cause,
we can know the fibril contents in the ramie/cotton
(55/45) blended yarns are far higher than that of the
flax/cotton (15/85) blended yarns. This shows that the
materials from the flax and ramie affect the tensile
properties of the products. As far as the flat knitting
products of pure flax and its blended yarns are
concerned, with the same knitting technology, the
tensile strength of the products of the pure flax
increases as the NP value increases, while the tensile
strength of the products of the flax blended with cotton
decreases; and when NP ＜12.5, the tensile strength of
the products from flax/cotton blended yarns is stronger
than that of pure flax; and when NP ≥12.5, the tensile

3.2.2 The Tensile Effect from the Structures on the
Product
In TableⅡand Table Ⅲ, comparing the structures of
plain construction and full gauge (1х1) rib from the
same type of materials when NP=10.5,11.0 and 11.5,
the tensile strength of the flat knitting products in the
full gauge (1х1)rib is stronger than that of plain
construction all the time, which proves that the bearing
capacity of the yarns in the per unit area of full gauge
(1х1)rib structure is superior to that of plain structure.

stronger than that of flax/cotton blended yarns. This

3.2.3 Setting the Best Technology Parameter of the
Sinking Depth (NP) in Knitting
In the knitting technology parameter affecting the

shows that under the plain construction conditions, the

tensile strength of the products, sinking depth (NP) is

length of the loop increases gradually as the NP value

the main factor. The sinking depth (NP) determines the

increases, and the bend-breaking of the flax in high

curvature

modulus decreases during the knitting; the proportion

bend-breaking of the high modulus yarns in the

of the bearing of tensile stress from flax in the fabric

knitting process, so it affects the mechanical properties

increases to make its high strength elaborate fully.

of the fabric.

strength of the products from pure flax yarns is

of

yarns

and

affects

directly

the

Figure 2 shows the diagram of the tensile strength of
the flat knitting products with varied sinking depth (NP)

3.2.3.1 Flat Knitting Products from Pure Flax

in full gauge (1х1) rib from different flax and ramie

Whether it is plain or full gauge (1х1) rib construction,

yarns. Here, as far as full gauge (1х1) rib is concerned,

the tensile strength of the flat knitting products from

under the same knitting technology conditions, the

pure flax increases with the increase of the NP value,

tensile strength of the products from ramie/cotton

which means bend-breaking is the main factor

(55/45) blended yarns, when NP≥9.5, is lower than

affecting the tensile strength of the products .With the

that of flax/cotton (15/85) blended yarns. And the

increasing of the NP value, the length of the loop

using yarn’s count is about the same, that is the count

increases, the bend-breaking decreases when flax yarns

of flax/cotton (15/85) blended yarns about 21tex×2 and

in high modulus are knitted and the corresponding

ramie/cotton (55/45) about 22tex×2. This means that

anti-tensile strength increases. But considering its

different blended materials and proportions are the

wearing property comprehensively, we can know, from

causes of varied tensile strength of the flat knitting

the statistical analysis tested in TableⅡ, when NP

products. As far as the flat knitting products from pure

≥12.5, the tensile strength of the fabric in plain

flax and its blended yarns are concerned, under the

construction is kept unchanged; so the best sinking
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depth (NP=12.5) can be chosen. From the statistical

knitting smoothly by wetting and through physical

analysis tested in TableⅢ, we can know , when NP

mechanical function in the process of winding. But

≥11.0, the decrease of tensile strength of the fabric in

wetting the yarns must be controlled properly. If the

full gauge (1х1)rib construction becomes slow, and the

wetting degree is over provided, the friction coefficient

change becomes less; so the best sinking depth

of the yarns and the needles will increase, and the

(NP=11.0) can be chosen.

needle will stick the cloth to cause the missing in the
process of knitting. If the wetting degree is not enough

3.2.3.2 Flat Knitting Products from Flax/cotton

provided, the strength of the yarns will be affected and

Plain Construction: With the increase of NP value, the

yarn breakage and cloth holes in the process of knitting

tensile strength decreases. This means, as far as the

will appear. Waxing treatment can improve efficiently

plain construction is concerned, the main factor

the bundling of the yarns and decrease the friction

affecting its tensile strength is the increase of the

coefficient of the yarns and needles to improve its

length of the loop and the decrease of the fabric

knittabilily. In the knitting process of flax, ramie and

density caused by the increase of NP value.

their blended yarns, regulating rationally the let-off

Considering its wearing property comprehensively, the

and the taking down tension, the position between the

best sinking depth that can be chosen is at NP=11.0.

needles and sinkers , and maintaining and cleaning the

The Full Gauge (1х1) Rib Construction: The peak

needles, sinkers and needle bed are the keys to ensure

value of the tensile strength appears at NP=10.0. As far

the knitting successfully.

as this construction is concerned which has a larger
bending of the loop, the bending of the flax yarns is the

(2) Sinking depth in the flat knitting technology is the

main factor affecting its tensile strength caused by the

key factor affecting the mechanical properties of flat

change of the NP value.

knitting products from flax, ramie and their blended
yarns. Products with various mechanical properties can

3.2.3.3 Flat Knitting Products from Ramie/cotton

be obtained when choosing different proportions of

Plain Construction: The peak value of the tensile

blended yarns, different sinking depth and structure

strength appears at NP=11.5. Full Gauge (1х1) Rib

according to different products. To the products for the

Construction: The peak value of the tensile strength

wearing field, the style, handle and comfort properties

appears at NP=9.0.

should be reflected. To the products used in industrial
field, the requirements of certain tensile strength

Theoretically, the tensile strength will decrease when

should be achieved according to different purposes[2].

the sinking depth of the products from ramie/cotton
blended yarns in various structures decreases to a
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4. CONCLUSION
(1)It has a great potential to study and prove the
application of the flax, ramie and their blended yarns
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treatment must be done. To improve the softness of the
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- 300 -

Study on Development and Properties of
Soybean Protein/Viscose Fiber
Xi Bojun[1] Guo Xiaojie[2]
(1.College of Textile Engineering and Dress Designing , Shaoxing
University ,shaoxing,312000,China ;
2. College of Material Science and Chemical Engineering , Tianjin Polytechnic
University , China)
Contact Author E-mail: xbj66@126.com
ABSTRACT
In this paper, we describe the spinning process of the soybean protein/viscose blend fiber .We test and
analyze the properties of the soybean protein/viscose blend fiber. Except strength, most properties of
soybean protein/viscose blend fiber are better than those of soybean protein/PVA blend fiber. So, soybean
protein/viscose blend fiber is worth to further studying and extending.
Keywords: Soybean protein/viscose blend fiber; Development; Properties
Nowadays, the common soybean protein fiber is

paper, on the basis of soybean protein fiber

strictly explained as the blend modification fiber

mentioned above, the bean cake is immersed

of PVA or PAN with low proportional soybean

into water and then separated and purified to get

protein, in which the soybean protein/PVA blend

protein. Its space structure is changed.

fiber is more than the soybean protein/PAN

soybean protein spinning solution is obtained

blend

time

after certain treatment. It is blended with viscose

fields

solution under proper condition. The new

broadening of the soybean protein/PVA blend

soybean protein fiber----soybean protein/viscose

fiber, more and more relevant problems appear.

blend fiber is manufactured with wet spinning.

fiber.

lengthening

With
and

the
the

application
application

The

For example, in the course of spinning, the fiber
is especially easy to adhere to machine parts

1 Development of the soybean protein/viscose

because the cohesion force is bad. The static

blend fiber

electrical problem is serious because of big

1.1Development of soybean protein/viscose
blend fiber
Soybean protein/viscose blend fiber consists
of 30% soybean protein fluid and 70% viscose
fluid after blended. The material is flown
soybean. The biological technology is used to
purified the globulin of soybean meal. The
function of auxiliary 、 enzyme is used to
change the special structure of the purified
globulin. The hydroxyl 、 amide and other
polymers is added to confect a soybean
protein spinning fluid of some concentration.
Under some conditions, we blend the soybean

specific resistance. The fabrics made of this fiber
have no tightness, and elasticity and frictional
resistance are bad and they are easily to pill.
Because

this

fiber does

not resist

high

temperature, the handle becomes stiff and luster
becomes bad after dying and finishing[1-2]. These
defects mentioned above are similar to those of
vinylon, in which the PVA component is high. In
order to improve the problems of the soybean
protein/PVA blend

fiber,

the

other

main

component with better properties should be
selected to blend with soybean protein. In this
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protein spinning fluid of invariable
concentration with viscose fluid according to
some proportion, then spin the blend, and
through postprocessing we acquire ideal
regenerated protein fiber. Protein content of
soybean protein fluid is approximately equal
to cellulose content of viscose fluid.
Processing:(soybean protein fluid 、 viscose
fluid
、
auxiliary)static
blend—filtration—defoaming—measured
spinning—plastic
drafting—cutting
off—desulphurization—bleaching—picking—
washing—oiling—dehydration—stoving.

blend fiber

1.2

2.1 The mechanics properties of the soybean

The

inner

structure

protein/viscose blend fiber

of

soybean

[4-6]

Soybean

protein/viscose

blend

fiber

has

bicomponent of viscose and soybean protein. So
this fiber possesses some excellent properties of
cellulose fiber and protein fiber. But there is also
some defects. The soybean protein/PVA blend
fiber has bicomponent of hydroxide ethylene
polymer and soybean protein, and possesses
some properties of protein fiber and synthetic
fiber.

The

property

protein/viscose

blend

compare
fiber

of

soybean

and

soybean

protein/PVA blend fiber, wool, viscose fiber,
vinylon can be shown in table 1.

protein/viscose blend fiber
The dry strength at rupture of soybean
protein/viscose blend fiber is lower. It is similar
to that of viscose fiber. The wet strength at
rupture is lower than dry strength at rupture. The
dry

elongation

at

break

of

soybean

protein/viscose blend fiber is similar to that of
Fig1.Infrared absorption spectra of

soybean protein/PVA blend fiber, viscose fiber,

Soybean protein/viscose blend fiber

vinylon. But wet elongation at break has biggish

The infrared absorption spectrum of soybean

variety. The mechanics properties and variety

protein/viscose blend fiber is shown in Fig.3. The

law of soybean protein/viscose blend fiber are

-1

-1

absorption peaks at 1654.9cm 、 1541.6cm 、
-1

-1

1233.6cm 、669.8cm

are all the characteristic

absorption peaks of amido bond in protein

similar to those of viscose fiber. But its structure
and tensile property are changed due to adding
soybean protein.

molecule, which shows that there is protein in the
fiber. The absorption peaks at 3448.4 cm-1、1375.6
-1

-1

-1

cm 、1161.2cm 、2892.3cm

are characteristic

2.2

The

volume

mass

of

soybean

protein/viscose blend fiber

spectrum band of cellulose. So the main

The volume mass of soybean protein/viscose

components of soybean protein/viscose blend fiber

blend fiber is similar to that of viscose fiber. But

are soybean protein and cellulose. Compare to the

it is higher than that of soybean protein/PVA

infrared absorption spectrum of viscose fiber and

blend fiber, wool, vinylon, which is because the

protein fiber, there is no obvious evidence of

main body of this fiber is viscose.

chemical

reaction

between

soybean

protein

molecule and cellulose molecule. The infrared

2.3 The absorption of moisture property of

absorption spectrum curve of this fiber is basically

soybean protein/viscose blend fiber

superposition of two spectrum curve of viscose

The moisture regain of the blend fiber is 14.2%.

fiber and protein.

It is just lower than that of wool, but higher than
viscose fiber and outclass that of soybean

2 The properties of soybean protein/viscose

protein/PVA blend fiber and vinylon. This result
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is because there are many hydrophilic groups,

practical manufacture.

such

2.5 The measurement of specific birefringence

as

hydroxide

group(-OH),

amino

group(-NH2), amido group(-CONH) and carboxy

of soybean protein/viscose blend fiber

group(-COOH), on the molecule chain of

From table 1, we can see that the specific

soybean protein/viscose blend fiber. From the

birefringence of soybean protein/viscose blend

cross section picture, we can see that there are

fiber is lower than that of viscose fiber and

some pores, and the fiber is very thin. So the

vinylon, and is similar to that of wool and higher

specific area of the fiber is big, and the

than that of soybean protein/PVA blend fiber.

absorbability to water is good. This also is the

This shows that the orientation and regular

important factor to the excellent absorption of

degree along the fiber axial of soybean

moisture of the blend fiber.

protein/viscose

blend

fiber

and

soybean

protein/PVA blend fiber are worse than those of
2.4 The electrical property of soybean

viscose fiber and vinylon.

protein/viscose blend fiber
The

logarithm

of

the

mass

specific

2.6

The

thermal

analysis

of

soybean

resistance(1gρm) of the blend fiber is 7.8. It is

protein/viscose blend fiber

similar to that of viscose fiber and less than that

The TG curve of soybean protein/viscose blend

of the soybean protein/PVA blend fiber, wool,

fiber is shown in Fig.4.The main temperature of

vinylon,

specific

loss of weight of the blend fiber is 306.551℃.

resistance is small, the spinnability of this fiber

etc.

Because

the

mass

The DSC curve of blend fiber is shown in Fig.5.

is good. But because specific resistance of

The glass-transition temperature of the blend

soybean protein/PVA blend fiber is big, we have

fiber is 95.218℃. It has no obvious softening

to add certain antistatic agent or increase the

temperature. This is because the protein and

moisture of plant to decrease the bad effects

cellulose have no softening temperature, and

resulted from static electricity in the course of

they are main components of the blend fiber.

Tab.1 Compare of structure and properties of some different fibers
Soybean

Soybean

protein/viscose

protein/PVA

blend fiber

blend fiber

Skin-core

Only-core

structure and

structure and

not circle

not circle

Grooves on

Grooves on

surface

surface

(dry)

2.0- 2.1

3.7- 4.7

(wet)

1.1-1.2

Item

cross section shape

Longitudinal shape
Breaking
strength
(cN/dtex)
Initial
modulus(cN/dtex)
Relative hook joint
strength(%)

Wool fiber

Viscose fiber

Vinylon fiber

Common stable

Common stable

Ortho-cortex

Skin-core

and eccentric

structure and

cortex and

anomaly fang

circle or ellipse

circle

Scales on

Skin-core
structure and
waist circle

Grooves on

Grooves on

surface

surface

0.9-1.5

2.2-2.7

4.0-5.7

3.0-4.35

0.67-1.43

1.2-1.8

2.8-4.6

28-41

28-41

8.5-22.0

26-62

22-62

40-50

70-80

80

25-40

40

surface and
natural curling

- 303 -

Relative knot
strength(%)
Breaking
elongation
rate(%)

(dry
)
(wet
)

Crease recovery(%)

45-56

80

85

35-50

65

15.5-16

16-18

25-35

16-22

12-26

20-25

18-20

25-50

21-29

12-26

50-60(3 %)

99 (2 %)

55-80(3 %)

70-85(3 %)

41-50(3 %)

Volume mass(g/cm3)

1.48-1.50

1.27-1.28

1.32

1.50-1.52

1.26-1.30

Moisture regain(%)

14.2

6.5

16

13

4.5-5.0

7.8

10.33

8.40

7. 0

9.00

0.009

0.002

0.009-0.012

0.018-0.036

0.025

Yellowing at

Yellowing at

No softening,

120℃,

100℃,

No softening,

Softening point:

no melt, and

decomposition

decomposition

no melt, color

200～230℃;no

decomposition

at 160℃, stiff

at 130℃,

change and

obvious melting

during

handle at110

carbonization at

decomposition

point; high

220-260 ℃

℃, use under

300℃, use

during 260-300

shrinkage in

100 ℃

under 85 ℃

℃

boiling water

Mass specific
resistance(1gρm)
Specific
berefringence(n//-n
⊥)

Heat resistance

Light stability

A little loss of

A little loss of

yellowing and

strength

strength

loss of strength

A little loss of

Loss of strength

strength

3 CONCLUSION

stick point temperature to this fiber. The

The Soybean protein/viscose blend fiber is made of

decomposition temperature is 306.551℃. The

soybean protein fluid and viscose fluid. It contains

sunlight resistance of this fiber is good. From

polycondensed macromolecules of more than ten

mentioned above, the appearance structure of

amino acids and cellulose main carrier. The strength

soybean protein/viscose blend fiber is similar to

and elongation of the fiber is less than that of the

that of soybean protein/PVA blend fiber. Except

viscose fiber. The mechanics properties are similar

strength,

to those of the viscose fiber. The volume mass of the

protein/viscose blend fiber are better than those

fiber is 1.48-1.50 g/cm3, which is similar to viscose

of soybean protein/PVA blend fiber. So, soybean

fiber. The moisture regain is 14.2%, which is just

protein/viscose blend fiber is worth to further

less than that of wool fiber and higher than that of

studying and extending.

most

properties

of

soybean

viscose fiber. The logarithm of the mass specific
resistance(1gρm) is 7.0, which is similar to that of
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ABSTRACT
A series of novel fluorinated benzoxazole polymers (6FPBO) with high thermal stability and low dielectric
constant were synthesized by copolymerization of 1,3-diamino-4, 6-dihydroxybenzene dihydrochloride (DAR),
purified terephthalic acid (PTA) and various amount of 4’4-(hexafluoroisopropylidene) bis(benzoic acid) ( BISB-AF) in the medium of polyphosphoric acid (PPA). 6FPBO fibers were then obtained via dry-jet wet-spinning
technique and characterized by Fourier transform infrared (FTIR) spectra, thermogravimetric analysis (TGA),
and broadband dielectric spectrometer. FTIR spectrum of 6FPBO fibers indicated that the fluorine groups were
incorporated into PBO molecular chains successfully. TGA curves revealed that 6FPBO fibers possessed high
thermal stability just as pure PBO fibers. Moreover, dielectric constant spectrum of 6FPBO exhibited that the
polymers had low dielectric constant, especially in the range of high-frequency.
Keywords: Fluoropolymers; 6FPBO fibers; Thermal stability; Dielectric properties
1. INTRODUCTION
In recent years, development of microelectronic
packaging has stimulated the needs for polymer
materials possessing high thermal stability (glasstransition temperature (Tg)>350 °C, degradation
temperature (Td)>400 °C), low water uptake (<1%),
constant (<2.5) and low thermal expansion
coefficient. [1-9]
Poly(p-phenylene benzoxazole) (PBO) is well known
as a material of high performance fibers. Besides
high modulus, high tensile strength and high thermal
stability, PBO fibers exhibit relatively low moisture
regain (0.6~2.0% under 65% relative humidity (RH)),
low thermal expansion (-6ppm) and low dielectric
constant (3.0 at 100 kHz). [10] In this work, a series of
fluorinated benzoxazole polymers (6FPBO) with
high thermal stability and low dielectric constant
were synthesized and characterized. It has been
expected that the incorporation of fluorine group
would further reduce the dielectric constant of PBO
and enable the resulted 6FPBO to be a potential
microelectronic packaging material.
2. EXPERIMENTAL
PBO was synthesized by polycondensation of 1,3diamino-4, 6-dihydroxybenzene dihydrochloride
(DAR. synthesized in our laboratory) with purified
terephthalic acid (PTA, Hyosung Company) in the
medium of polyphosphoric acid (PPA, Sinopharm
Chemical Reagent Co., Ltd), following Wolfe’s
method [11]. 6FPBO were prepared by same method
with
various
amount
of
4’4-

(hexafluoroisopropylidene)bis(benzoic acid) (BIS-BAF) in replace of PTA, as illustrated in Figure 1.
6FPBO polymers with BIS-B-AF mole content of
1%, 2%, 3%, 10% (6FPBO-1%, 6FPBO-2%,
6FPBO-3%, 6FPBO-10%) were prepared. To
achieve high molecular weight products, the
polymerization of 6FPBO was designed to be a twostep process. Firstly, 6FPBO oligomer was
synthesized at a temperature low than 120 °C, and
then it was transferred into a twin-screw extruder to
accomplish polycondensation. After that, the
polymerization solution was spun into fibers via dryjet wet-spinning technique or cast into film.

FIGURE 1. Preparation of 6FPBO from DAR, BIS-B-AF, PTA

Fourier transform infrared (FTIR) spectrum (Nicolet
20sx B) was used for characterization of the
chemical structure of 6FPBO fibers by KBr disk
method. The FTIR spectrum of PBO fibers was
collected by the same method for comparison.
Thermogravimetric analysis (TGA) of 6FPBO and
pure PBO were performed with a Netzsch STA449C
thermogravimetric analyzer. Samples were heated
from 40 °C to 800 °C at a rate of 10 °C /min in
nitrogen. The dielectric property was measured using
a broadband dielectric spectrometer (Concept 40,

- 306 -

Germany) in a frequency range of 10-1 to 10-8 Hz
with amplitude of 5 mv rms.
3. RESULTS AND DISCUSSION
The formation of 6FPBO was confirmed by FTIR
spectroscopy (Figure 2). Comparing the spectrum in
Figure 2 we can found that the FTIR spectrum of
6FPBO fibers not only showed all the specific
absorption peaks of PBO, but also showed an
additional peak located at 1174 cm−1. The peak at
1174 cm-1 corresponds to C–F bond absorption [12, 13],
and its appearance demonstrated the successfully
incorporation of fluorine groups into PBO molecular
chains in 6FPBO fibers.

fluorine groups was 3 mol%, the T5% and T10% of
6FPBO increased to 639.3 °C and 675.3 °C,
respectively. Whereas when the content of fluorine
groups was increasing to 10 mol%, the T5% and T10%
decreased to 537.9 °C and 627.9 °C, respectively,
which can be ascribed to the effect of fluorine groups
in decreasing polymerization degree. This results
indicate that while the content of fluorine groups is 3
mol%, the 6FPBO polymer has best thermal stability
among these samples. Above mentioned thermal
stability enables 6FPBO to be used in hightemperature processing of high-speed integrated
circuits.

FIGURE 2. FTIR spectrum of 6FPBO and PBO fibers
(The left is a zoom-in image of spectrum centered at 1174 cm-1).

FIGURE 3. TGA curves of PBO and 6FPBO fibers with various
BIS-B-AF contents.

TGA curves of 6FPBO and PBO fibers in nitrogen
were shown in Figure 3. The starting thermal
degradation temperature of all 6FPBO fibers were all
above 635 °C. When the BIS-B-AF content is 3% in
6FPBO fibers, the starting degradation temperature
was 664.8 °C and the residue at 800 °C was 67.0
wt%, which were close to those of PBO fibers (689.0
°C and 64.1 wt%, respectively). This indicates that
the introducing of BIS-B-AF into PBO has no
remarkable influence on the thermal stability of the
investigated polymer fibers and the prepared of
6FPBO fibers have fairly high thermal stability,
which met the requirements of used as electronic
packaging materials.

Figure 4 shows the dielectric constant spectrum of
the 6FPBO polymers. We can see that the dielectric
constant decreased monotonically with increased
frequency. In principle, polymers with higher
fluorine-content would have lower dielectric constant.
The obtained result was in good agreement with this
principle, i.e. the dielectric constant became smaller
with increasing fluorine content in fibers.

The temperatures at which the weight loss is 5 wt%
and 10 wt% (T5% and T10%) of those samples were
listed in Table I. It is interesting that, the T5% and
T10% of the 6FPBO samples first remarkably increase
then decrease with increasing of fluorine groups. For
example, the T5% and T10% of 6FPBO-1% are 483.1
°C and 595.6 °C, respectively. When the content of

Table Ι lists the dielectric constants for all of the
polymers at 0.1 kHz, 10 kHz, and 1000 kHz. It could
be found that the dielectric constant of all 6FPBO
was very low, especially in the range of highfrequency. Liu et al [14] synthesized a novel
fluorinated polyimide by a two-step procedure,
which the dielectric constant was in the range of
2.86-2.91 at 1000 kHz (that of 6FPBO is 1.21-2.19).
In contrast, the dielectric constant of 6FPBO was
distinctly less than that of fluorinated polyimide.
That suggested the potential application of 6FPBO in
the field of microelectronic packaging materials.
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Table I. Thermal properties and dielectric constant at specific frequency of 6FPBO polymers

Dielectric Constant

FCa

Tdb

T5%c

T10%c

Rwd

(mol %)

(°C)

(°C)

(°C)

(wt %)

0.1 kHz

10 kHz

1000
kHz

PBO

0

689.0

598.7

679.7

64.1

1.74

1.71

1.67

6FPBO-1%

1

656.7

483.1

595.6

57.2

2.54

2.32

2.19

6FPBO-2%

2

662.7

568.6

646.6

60.2

1.94

1.76

1.65

6FPBO-3%

3

664.8

639.3

675.3

67.0

1.28

1.24

1.21

6FPBO-10%

10

636.1

537.9

627.9

66.7

-

-

-

Samples

a) Mol containing of BIS-B-AF in 6FPBO polymers.
b) The onset thermal degradation temperature of 6FPBO fibers.
c) Temperature at which 5 wt% or 10 wt% weight loss was recorded by TGA at a heating rate of 10 °C /min in nitrogen.
d) Residual weight percentage at 800 °C.

FIGURE 4. Dielectric constant spectrum of 6FPBO polymers

4. CONCLUSION
In this work, a series of fluorinated benzoxazole
polymers (6FPBO) with high thermal stability and
low dielectric constant were synthesized by
copolymerization of DAR, PTA and various
amount of BIS-B-AF in the medium of PPA.
Characterization results showed that 6FPBO had
outstanding thermal stability, with their
degradation temperature all above 630 °C in
nitrogen. The dielectric constant of the 6FPBO was
decreased with increased content of fluorinecontaining groups in the polymer backbone. Those
properties, especially the low dielectric constant
(1.21-2.19) at high frequency (1000 kHz), promise
a potential application of 6FPBO in the field of
microelectronic packaging materials.
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ABSTRACT
In this study, nylon 6 films were treated using atmospheric pressure plasma and the effects on the morphology
and chemistry of the material were studied. The hydrophilicity of nylon 6 film surfaces were studied by contact
angle measurements. The chemical composition of nylon 6 films were analyzed by X-ray photoelectron
spectroscopy (XPS). Atomic force microscopy (AFM) was used to study the changes in the surface feature of
nylon 6 film due to plasma treatment. The hydrophilicity tests revealed that the improvement of the hydrophilic
character of the surface as the water contact angle measured after the plasma treatments significantly decreased.
XPS results showed a significant increase in oxygen content with the addition of carboxylic and hydroxylic
groups and a decrease in the carbon content of the surface. AFM showed that the surface roughness increased
after plasma treatment.
Keywords: nylon 6; surface; atmospheric pressure plasma; AFM; XPS
(APPJ) apparatus (Atomflo-R, Surfx Company,
USA) with He/O2. The APPJ employs a
capacitively coupled electrode design and produces
a stable discharge at atmospheric pressure with
13.56 MHz radio frequency power. More detailed
information about the plasma machine was given in
[16,17]. After plasma treatment, the samples were
immediately placed into clean plastic bags to
minimize potential contamination.

1 INTRODUCTION
Polyamides, also known as nylons, are the most
widely
used
semi-crystalline
engineering
thermo-plastics and also yield excellent fibres [1].
Nylons are characterized by their good thermal
stability, and mechanical properties [2]. Although
nylon 6 adsorbs more water than other frequently
used synthetic polymers, it is still classified as
hydrophobic in many applications. Traditional
methods of surface treatment are mostly wet
chemical processes, however, the ecological
requirements force the industry to search for
alternative environmentally friendly methods [3].
Plasma technology has been applied effectively in
modifying surface properties of polymers as an
environmentally favorable alternative [4-15].
Atmospheric pressure plasma devices have been
developed to overcome the drawbacks of low
pressure plasma treatment in which a vacuum
system is required [5]. In recent years, an
atmospheric pressure plasma jet (APPJ) is invented
to produce the homogeneous plasma at low
temperature. The purpose of this paper is to
investigate the effect of atmospheric pressure
plasma treatment on nylon 6 film.

2.2 Contact angle measurement
The contact angle was measured to determine the
wettability of nylon 6 film surface using sessile
drop method. A 2 µl drop of distilled water was put
on the surface with a microliter syringe and
observed through a microscope. The value of
contact angle was an average of at least five
readings at different places of the same sample
surface.
2.4 Atomic Force Microscopy (AFM)
The surface morphology of Nylon6 films were
scanned with an Atomic Force Microscopy.
Changes in surface roughness of the plasma treated
Nylon6 films were expressed as difference in the
root mean square (RMS).

2. EXPERIMENTAL
2.1 Plasma Treatment
The samples were soaked in acetone for 10 min
and then dried in a vacuum oven for 24 h at room
temperature to remove finishes. The samples were
carried out on an atmospheric pressure plasma jet

2.5 XPS analysis
The change in the chemical composition on Nylon6
film surfaces and chemical binding state were
examined using X-ray photoelectron spectroscopy
(XPS). The X-ray source was Mg Kα (1253.6 eV),
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TABLE II XPS elemental analysis of control and plasma
treated Nylon6 films
Chemical composition (%)
Atomic ratio (%)
Sample

operating at 300 W. The analysis was carried out
under ultra high vacuum conditions of 10-9 - 10-10
Torr.
3. RESULTS AND DISCUSSION
3.1 Contact angle measurement
TABLE I shows that the contact angles for He/O2
plasma treated films were lower than that for the
untreated nylon 6 film. This may be the results that
the surface was more roughness or introduce more
hydrophilic groups after plasma treatment.

Contact angle (°)
Mean

Standard deviation

Control

76

5

He/O2

37

2

N1s

O/C

N/C

14.53

8.08

18.78

10.44

He/O2

56.35

33.26

10.39

59.02

18.43

4 CONCLUSION
Relative area corresponding to different chemical bonds

3.3 Morphological study
FIGURE 1 shows the samples morphology before
and after plasma treatment. After plasma treatment,
the sample surface had the larger roughness, which
showed that plasma was more effective in etching
the surface of nylon 6 films.

(A)

O1s

77.39

Deconvolution analysis of C1s peaks showed an
increase of oxygen functional groups in surface
such as C-O bonds (286.5 eV) and carboxyl groups
(-COO-) (288.5 eV) after plasma treatment
(TABLE III). From the results shown in TABLE III,
for the treated samples, the amount of carbon
atoms bonded to oxygen (-COO-) in the films was
larger than that for the control group. This means
that probably more carboxyl groups are introduced
onto the sample surface after plasma treatment.

TABLE I Water contact angle of Nylon6 films
before and after plasma treatment
Sample

C1s
Control

(%)
sample

-C-C-

-C-N-

-C-O-

-CONH-

-COO-

(284.6e

(285.4e

(286.5e

(287.9eV

(288.5

V)

V)

V)

)

eV)

Control

46.56

40.27

-

13.17

-

He/O2

48.72

19.43

12.56

12.24

7.05

Atmospheric pressure plasma was used to etch the
surface of nylon 6 films. The hydrophilicity test
revealed that the improvement of the hydrophilic
character of the surface as the water contact angle
measured after the plasma treatments significantly
decreased. XPS results showed a significant
increase in oxygen content with the addition of
carboxylic and hydroxylic groups and a decrease in
the carbon content of the surface. AFM showed
that the surface roughness increased after plasma
treatment.

(B)

FIGURE 1 AFM images of nylon 6 films
(A-the control, B-He+1%O2)

3.4 XPS analysis
X-ray Photoelectron Spectroscopy (XPS) was
applied to analyze the surface chemical
composition of nylon 6 films before and after
plasma treatment. The photoelectron peaks at 532
eV, 400 eV and 285 eV correspond to the O1s, N1s
and C1s, respectively. Compared with the control,
the O1s intensities after plasma treatment were
raised at the expense of the C1s intensities. The
concentration of these elements is given in TABLE
II. For the plasma treated samples, the oxygen
content increased from 14.53% to 33.26%.

TABLE III Results of deconvolution analysis of C1s peaks of
Control and plasma treated nylon 6 films
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Abstract
Cotton fabrics were treated with perfluoroheptane (C7F16) glow discharge plasma. It was found that the
C7F16 plasma treatment improved the water contact angle of the cotton fabrics significantly. The chemical
composition of the cotton surfaces was analyzed by X-ray photoelectron spectroscopy (XPS). XPS
analysis revealed an extensive incorporation of fluorine-containing groups on the surface. The analysis of
the C1s spectrum by peak deconvolution showed the formation of –CF, -CF2 and –CF3 groups on the
surface. Part of the fluorine-containing groups was grafted on the cotton fabric and formed a stable
hydrophobicity surface. And the textile properties have no significant change after plasma treatment.
Introduction
The hydrophobicity property of polymer and f
ibrous materials plays an important role in va
rious applications. Hydrophobicity of polymers
and fabrics can be obtained in many differen
t ways among which the use of fluorocarbon
resins being a very common method. In recen
t years, there have been increased interests in
plasma technology for surface modification o
f polymers and fabrics[1-2]. Plasma treatment
is a dry processing method with small amount
s of the reactive gases used making it an env
ironmentally friendly process. CF4, CHF3, and
C2F6 were used in plasma modification of p
olymers and textiles and proved to be effectiv
e in imparting water repellency to fabrics ma
de by polyesters, cotton, nylon and acrylic[3-5]
The purpose of this paper is to modify the c
otton fabric to be water repellency. Miyakawa
reported that ink repellent film was obtained
by plasma polymerization when the perfluoro
carbon contains at least six carbon or more
[6]. C7F16 was used as working gas in this
paper. The surface properties were studied by
water contact
angle measurement and X-ray photoelectron sp
ectroscopy (XPS) analysis.
2. Experimental
2.1 Plasma Treatment
The GPT-3 glow discharge treating equipment

(made in China) was used in this study. Glo
w discharge was generated, operating at 13.56
MHz with continuously variable output power
from 0 to 300W. First, put the samples (5.0
0cm*10.00cm) into the plasma chamber, then
vacuum pump to 5 Pa. Plasma treatment cond
ition is 15Pa, 150W and 10min. After plasma
treatment has been finished, and the vacuum
chamber was vented, samples were then rem
oved and handled carefully in order to keep t
hem from surface contamination.
2.2 Contact angle
Static contact angle of the treated and untreat
ed fabrics were measured with distilled water
using a optic contact angle equipment provide
d by OCA 40, Dataphysics Instruments, Inc.
2.3 XPS analysis
Chemical composition of the fabrics’ surface
were analyzed with a VG ESCALAB MKII
XPS photospectrometer (MgKa), and the spect
rum was recorded on a system at 2200 W (1
1 kV *20 mA).
2.4 Washing
The treated fabric were first washed with wat
er containing 1g/l detergent in a washing mac
hine (Littleswan XQB40–810) at room temper
ature for about 40 min, and then dried at 80°
C.
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2.5 Acetone-extraction
The 2 g treated fabric samples were extracted
with acetone in a Soxhlet extraction apparatu
s for 6 h. After extraction, the fabric was dri
ed at 80°C.
2.6 Tensile strength
Tensile strength of the fabric was measured w
ith Material Test System HKS–5 according to
ISO 13934-1.
2.7 Wrinkle recovery angle

Wrinkle recovery angle was measured
according to AATCC 61-2003 with
Shirley Crease Recovery Tester.
2.8 White Index
Datacolor SF600 was used to determine the
whiteness of the cotton fabric.
3. Results and discussion
3.1 The hydrophobicity of the cotton treated by
C7F16 plasma
Wetting property of the cotton samples can be
evaluated by contact angle measurement. The
repellent properties of the cotton fabric are
visualized in the following picture (Fig.1). The
contact angle of the untreated cotton for water has
been taken as 0° since the fabric absorbs the
liquid immediately and completely. After
treatment, the droplet of water roll on the surface
with an apparent contact angle of 139°, which
confirmed the water repellent character of the
treated fabric.

Fig.1 The contact angles of cotton treated towards
water

segmentation,dimerization,
oligomerization,
crosslinking fo3.2 Surface chemical composition
of the plasma treated cotton fabric
Table 1 showed the chemical composition on
textile surfaces in the C7F16 plasma processing.
The XPS spectra revealed a substantial
incorporation of fluorine atoms in the surface
after the treatment. After treatment, the fluorine
content on the surface reached 58.04 % at the
expense of C, O and N contents.
It is proved that saturated fluorocarbon plasma

was used for surface treatment and unsaturated
fluorocarbon plasma is used for polymerization
[5]. The implantation formed chemical bonds
between the substrate and the hydrophobic
segments when a saturated fluorocarbon was used.
When the longer chains was used , much more by

water or extractable by solvent easily.
complicated reaction took place, such as many
different sizes of rmations, ablation, etc. The
groups grafted on the surface were durable, while
the non-polymerized monomer and some polymer
which adhered on the surface could be washed
The results showed in Table 2 that after 5 cycles
of washing and extraction the fluorine content on
the surface decreased from 58.1% to 14.96% and
41.66%, respectively, which illustrated that some
fluorine-containing groups were grafted on the
cotton surface. And a certain amount of fluorinecontaining polymers was produced during plasma
treatment. These polymers could not be extracted
by acetone.

Table 1 Relative chemical composition for cotton
fabric

control
plasma
treatment
after 5
washing
cycles
after
extraction

Chemical composition (at%)
C
O
N
F
71.74 28.26
0.00
0.00
35.23

1.69

5.05

58.04

54.53

28.63

1.90

14.96

40.86

9.10

5.45

44.59

Fig.2 illustrated the C1s spectrum for the cotton
treated with C7F16. The untreated cotton
contained three peaks at 284 eV, 286 eV and 288
eV, corresponding to –C–C–, –C–OH and –
COOH respectively. After treatments, several
fluorine-containing groups such as –CF (288.5–
290.0 eV), –CF2 (291–292 eV), –CF3 (293–294
eV) have been incorporated onto the surface
structure whereas the intensity of originally
existed groups –C–C–, –C–OH and –COOH
decreased. There were 30% of the –CF2 and 22%
of the –CF3 groups implanted on the surface after
the cotton was treated at 15Pa for 10min. It is
known the –CF2 and –CF3 groups are the nonpolar groups which contribute to the water
repellency [2]. C7F16 plasma treatment can bring
significantly improvement to water repellency of
cotton fabric. But washing and extraction would
remove some fluorine-containing groups from the
fibers’ surface, especially washing.
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Fig.2 Deconvolution of C1s spectra of cotton
fabrics treated with C7F16 plasma

-CF2

500

400

-CF3
C-OH
C-C

200

100

285

290

Treated cotton after extraction

Control

280

285

Binding Energy (eV)

Binding Energy（eV）

300

-CF2

300

290

295

300

Binding Energy (eV)

Cotton after plasma treatment

3.3 The textile properties
Table 2 provided the comparison of the textile
properties after plasma treatment. It can be seen
from the table that the wrinkle recovery angle
decreased after plasma treatment. While the
tensile strength increased slightly after plasma
treated. And the water vapor permeability was
close to that of control sample. After treatment the
White Index declined from 66.66 to 62.86.
Therefore, the color of the plasma treated fabric
did not change too much. Because plasma
treatment only affected a very thin layer of
surface (about 10nm) and the bulky of the fibers
kept intact, so the plasma treatment would not
change the properties of the cotton fabric.
Table 2 The textile properties of cotton fabric

900

C-OH

Control

800

Relative Intensity (cps)

700

C-C

600
500

-CF

400

-CF2

300

-CF3

Tensile strength
（ N ） Warp
/Weft
Wrinkle
recovery angle
(°)
White Index

200

Plasma treated

122.8/73.7

127.5/85.7

136.6

129.3

66.66

62.86

100
0
280

285

290

295

300

Binding Energy (eV)

Treated cotton after 5 washing cycles

4. Conclusions
The C7F16 glow discharge plasma treatment can
improve hydrophobicity property of cotton fabric.
After treatment, the water contact angle could
reach to 139°. XPS analysis revealed an extensive
incorporation of fluorine-containing groups on the
surface. Some fluorine-containing groups were
grafted on the cotton fabric and formed a stable
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water
repellency
surface.
The
surface
modification did not affect the other properties of
the cotton fabric.
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Influence of PPTA Fiber Compaction on Efficiency of
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1,2,3,4

Min Fei1*, Yiping Qiu2, Li Zhao3, Da Zhao4
College of Textiles, Donghua University, Shanghai,201620, China
*feifeimintoo@mail.dhu.edu.cn (Corresponding Author)

1 INTRODUCTION
Plasma treatment is a well-known environmental
friendly surface treatment method without
affecting the bulk properties [1-4]. Studies on
plasma treatment in composite materials are
mainly concentrated on fiber bundles with no
compaction. C.X.Wang [5] has done the research
about the APPJ plasma penetration on wool fabric.
It was found that the thickness of fabric greatly
affected the results of plasma treatment. So far,
little has been known about the relationship
between the compaction of the fiber bundle and
the plasma treatment effect. However, in
industrial plasma treatment, fibers are usually
treated with compaction to some extend, namely
in the form of yarns or fabrics. In this study, four
groups of aramid fiber bundles with different
twists namely 0, 10, 20, 30 per 10 centimeter
respecting different fiber compaction were treated
by APPJ to see the influence of the compaction on
the effect of plasma treatment.
2 EXPERIMENTAL
2.1 Plasma Treatment
Prior to plasma treatment, all Kevlar groups
(control, 0T, 10T, 20T, 30T) were cleaned with
acetone for 5 min. After dried in a vacuum oven
for 30 min at 80℃, they were put in the standard
textile testing condition (20℃ and 65% RH) for
more than 24 hours to get balanced.
The treatment was carried out at the speed of
2mm per second with 20°C of jet temperature and
the distance between the nozzle and the yarn was
2 mm. Immediate after treatment, three groups
(10T, 20T, 30T) were untwisted completely and
fixed on a frame for further testing.
2.2 XPS Analysis
The surface chemical composition changes of
Kevlar fibers were analyzed with Thermo
ESCALAB 250 x-ray photoelectron spectrometer.
The spectra were collected using a single Mg Kα
(1253.6 eV) X-ray source operated at 300W with
a voltage of 13-KV and a current of 20-mA, and
the take-off angle was 90º.

2.3 Micro-bond pulling out test
After the epoxy beads were put on the fibers, the
samples were cured for 2 h at 80°C. The
embedded lengths of the beads and the diameters
of fibers and beads were measured using an
Olympus CH-2 microscope equipped with a
Panasonic WVGP410/A digital photomicrography
system. The micro-bond pull-out test was carried
out using a fiber tensile testing machine (XQ-1,
Shanghai, Lipu Research Institute, China)) with a
lower clamp moving downward at a rate of
1mm/min and a load cell of 50-cN capacity.
3 RESULTS AND DISCUSSION
3.1 XPS analysis
The changes of surface chemical composition
after plasma treatment were given in table 1. The
concentration of atomic O and N both increased
and the O/C ratio increased from 17.64% for the
control group to 24.95% for the treated group.
Miguel A. Montes-Mora´ n [6] interpreted it as a
degradation of aromatic rings in the aramid fibers
brought about by the highly reactive species
present in the plasma environment.
Table 1 Relative chemical composition and
atomic ratios determined by XPS for Kevlar 129
fibers untreated and treated with APPJ
3.2 Micro-bond pulling out test
The interfacial shear strengths (IFSS) for all
Condition

Chemical

Atomic

composition (%)

ratio (%)

C1s

O1s

N1s

O/C

N/C

Untreated

81.29

14.34

4.37

17.64

5.38

Treated

77.12

19.24

3.64

24.95

4.72

sample groups are shown in the figure 1. The
IFSS was calculated using the equation derived
from the shear-lag model [7]:
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[4] Joung-Man Park, Journal of Colloid and
Interface Science 264 (2003).
[5] C.X. Wang, Y.P. Qiu, Surface & Coatings
Technology 201 (2007).
[6] Miguel A. Montes-Mora´ n, Juan I. Paredes,
Macromolecules 35 (2002).
[7] Hwang, Y. J., Y. Qiu，Journal of Adhesion
Science and Technology 17 (2003).

Figure 1 Interfacial shear strengths (IFSS) of atmospheric
pressure plasma treated and untreated Kevlar/epoxy interface
determined by the micro-bond pull out test

As is shown in figure 1, the IFSS of all treated
samples were significantly higher than that of the
control group which may due to a combined
effect of the etching performance of plasma and
the increase of polar groups on the fiber surface.
The results of XPS analysis goes well with this.
With the compaction of the yarn getting higher,
the mean value of IFSS is getting smaller. The
IFSS of 30T group dropped by 16.5% compared
with the 0T group. This proved that the IFSS of
Kevlar fiber after plasma treatment is affected by
the compaction of fiber bundle indeed.
4. CONCLUSION
The influence of fiber compaction on the
efficiency of APPJ plasma treatment was
investigated. It was found that IFSS of Kevlar
fibers were improved after plasma treatment in
the terms of XPS and micro-bond pull out test. As
the compaction increased the IFSS dropped down
and the IFSS of the 30T group with the highest
compaction was the lowest. Therefore, it is
concluded that APPJ plasma treatment had
significant effects on improving the adhesion
property of Kevlar fibers. Meanwhile, the effect
of plasma treatment on Kevlar fibers decreased as
the fiber compaction increased.
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ABSTRACT
Indoor air pollution caused by interior decoration materials (textiles, furniture, etc.) have aroused
widespread concern. Formaldehyde is a common indoor pollutant and harmful to health. Based on the
mechanism of reaction between plant poly-phenols and formaldehyde, we prepare a novel natural
formaldehyde removal, in order to decrease formaldehyde pollution. The cotton fabric treated with
formaldehyde cleaning agent can remarkably remove air formaldehyde. Experimental results showed
that the rate of formaldehyde degradation is up to 89.5 % in 24h, while untreated cotton fabric is only
10.7 % under the same condition. The wash-ability is improved with the after-treatment of metallic ion.
The rate of formaldehyde degradation reaches to 87% after 10 times washing, while the fabric
untreated with metallic ion is only 54.0 % under the same condition.
Key words: Polyphenol extraction; Natural formaldehyde removal; Cotton fabric; Wash-ability
INTRODUCTION

EXPERIMENT MATERIALS

Indoor formaldehyde air pollution and health

The main instruments and equipment

problems which caused by that had drawn

IR-12

widely

indoor

Electronic Balance, DF-101S Collector-type

formaldehyde air pollution is mainly caused by

thermostat heating magnetic stirrer, CARY 50

building materials, decorative items, and daily

UV / Vis Spectrophotometer Instrument, ZK-1

necessities and so on. However, there are only a

Formaldehyde Detector, Nicolet5700 Fourier

few types of Formaldehyde removals on the

transform

marketplace at present, and they are not only

Circulating water pump with many, TDL80-2B

inefficient on removing formaldehyde but also

Centrifuge.

public

attention.

The

Infrared

dyeing

infrared

machine,

MP502B

spectrometer,

SH2-3

are mainly Chemical reagents which can easily
cause secondary pollution.This paper bases on

Main reagents and drugs

Phenolic condensation principle, the active

Formaldehyde (37.0 % ~40.0 %), anhydrous

ingredients is extracted from Plant polyphenols

ethanol, sodium chloride, acetyl acetone, acetic

and the cotton fabric treated by it, then the

acid, ammonium acetate and all of that are

ability of the fabric to remove formaldehyde is

Analysis reagents.

studied on, at last a perfect result which provides

Plain weave cotton fabrics, Plant polyphenols

a new way to develop the green functional

(on market)

textiles gets out.
EXPERIMENT METHODS
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Extract the active ingredients of plant

The shell of the test device was made of 5mm

We extract the active ingredients of plant base on

thickness synthetic glass; the outside diameter of

the ethanol reflux method of Condensation. The

test device is 600mm×500mm×500mm. A

formulation of process: 10 Gram of plant, 60%

micro-electric fan was fixed in the middle of the

ethanol concentration, 70 ℃, pH 6~7, 60 min,

glass shell, which forms a simple air circulation

The proportion of Materials and liquid is 1:20,

system. A sampling exit and a detect door

Distilling and condensing to 100 mL.

outside of the cabin are designed for Sampling.

Preparation of finishing agent

First, inject certain quantity of formaldehyde

The finishing agent of formaldehyde removal is

into the cabin, then start the fan to speed up the

compounded by the active ingredient of Plant

volatilization of formaldehyde and make it

polyphenols and Surfactants and so on.

full-proliferation in glass cabin. When the
formaldehyde concentration in Experimental

Finishing process

cabin is uniform and stable (initial concentration

The cotton fabric is moderately treated as

is set to 15 ~ 18mg / L), we place the

following: 4 gram cotton fabric; 2%（o.w.f）

experimental sample into it and seal the Detect

finishing agent, pH 7~8, 70 ℃, 60 min, Liquor

door up immediately, then detect the initial

ratio 1:20.

concentration

of

formaldehyde

in

the

Experimental cabin from sample tube: set
Metallic ion treatment

Sampler Flow at 1.0 L/min, Detect for 2 min.

The cotton fabric treated by above method is

Sample should be detected every certain period

moderately treated as following: 5 %( o.w.f)

of time. After the experiment, get the sample out

Metallic ion, pH 7~8, Liquor ratio 1:20, 60 ℃,

and open the door to exhaust the rest gas.

and 30 min.
Finally, measure the formaldehyde concentration
Test device of Formaldehyde and efficiency of

of the collection fluid in accordance with

formaldehyde removal

GB/T15516 -1995(Air quality - Determination

The design of test device as figure1 and it is

of

formaldehyde

Acetyl-acetone

spectro

used to test the formaldehyde content of Indoor

photometer), and calculate the percentage of

air.

formaldehyde removal. Place the sample in the
sealed

container

and

measure

the

initial

concentration of formaldehyde (set it as C0).
After a certain period of time, measure the
concentration of formaldehyde at that moment
(set it as C1), then we can compute the
percentage

of

formaldehyde

removal

as

following formula:

Formaldehyde removal =( C0－C1)／C0 ×100%
1 Glass cabin 2 Micro-electric fan 3 Sample tube

4

Where: C0-initial formaldehyde concentration

Absorption tube 5 Air samplers 6 Timer 7 Flow-meter 8

C1-the immediate formaldehyde concentration

Sample 9 Detect door
Figure1 the formaldehyde test device

Infrared spectroscopy (IR) analysis
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and

peak on the benzene ring; and 1033cm-1

Nicolet5700-based Fourier transform infrared

attributes to characteristic absorption peaks of

spectrometer.

molecules pyran ring; else the 764cm-1 is the

Measured

by

KBr

pellet

method

C-H plane bending vibration of phencynonate. It
can be confirmed that the extracts are phenolic

Wash-ability test

compounds from the IR spectra.

Test the ability of formaldehyde removal of
fabric after 10 times washing which is according

Preparation of formaldehyde removing fabric

to the GB／T8629-2001 Washing standards.
The cotton fabric is moderately treated as
following process formulation: the concentration

RESULTS AND DISCUSSION

of finishing agent 2%（o.w.f）, pH 7～8, 70℃,

Preparation of finishing agent of

Liquor ratio1:20, 60 min, and then tests the

formaldehyde removal and Characterization

effect

analysis
choose

smashing

a

natural

and

plant

polyphenols,

extracting it in

a certain

the

optimum

process

removal,

the

100

concentration of ethanol solution, and then
measure

formaldehyde

experimental results as Figure 3.

The rate of formaldehyde degradation /%

We

of

parameters

through orthogonal experiment while ensuring
that the phenolic hydroxyl group was not
oxidized in the extraction process. The infrared
spectroscopy of extracts shows as Figure 2.

80

The cotton
treated finishing agent

60
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The blank sample
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0

0
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24

Time /h

100
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Figure 3 the rate of formaldehyde removing fabric

80

Transmittance/%

70

764

60

1095

1519

50

From Figure 3, we can get that formaldehyde

40
30
20

1454
1033
1338
1145
1238

1695

10
0
4000

3369

3500

concentration decrease rapidly, at the initial
stage, especially in the former 4h. which shows

1631

3000

2500

2000

1500

Wavenumber / cm

-1

1000

500

the speed of formaldehyde removal of cotton
fabric which treated by finishing agent is much

Figure 2 the infrared spectroscopy of extracts

rapid, then the speed slowdown, the reason
From Figure 2 we can see the extract has a wide

maybe is that formaldehyde is absorbed by the

and strong characteristic of the hydroxyl

fabric quickly, and react with the active

-1

stretching vibration peak at 3369 cm which can

ingredients that be treated on the cotton fabric.

illustrate that the structure is full of Phenolic

When the absorption of the cotton fabric trends

hydroxyl group with strong polarity.

to a certain extent, the speed of formaldehyde
removal slowdown.

The absorption peak of 1631 cm-1, 1519 cm-1,
-1

skeleton

of natural phenolic compounds which contains

vibration;1238cm ~ 1033 cm absorption peak

sufficient quantities of phenolic hydroxyl with

stand for the C-O stretching vibration and ether

strong reactivity. Because the extract has

C-O stretching vibration and the bond mutual

phloroglucinol-type structure as structure A, the

-1

inclusions between them; one of 1238cm

reaction among formaldehyde with the C-6 and

attribute to C-O stretching vibration absorption

C-8 of the compound is Nucleophilic reaction.

1454cm

are

the
-1

benzene

ring

Major components of finishing agent are kinds

-1
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The rate of formaldehyde degradation %

The reaction mechanism between Extract and
formaldehyde is as following: first, it is the
Protonation reaction between phenolic hydroxyl
ionization and carbonylation of formaldehyde
and release oxygen anion, then the oxygen
anions add to formaldehyde

[5, 6]

1-untreated cotton
2-cotton treated with finishing agent
3-cotton treated with finishing agent and metallic ion

100

, its reaction

equation is as following:

80

60

40

20

0

1

2

3

Figure 4 the rate of formaldehyde removal of cotton fabric
cotton treated with finishing agent
cotton treated with finishing agent and metallic ion
untreated cotton

The rate of formaldehyde degradation %

100

80

60

40

20

0

0

5

10

15

20

25

Time /h

Figure 5 effect of metallic ion on the rate of formaldehyde

The rate of formaldehyde removal of cotton

removal

fabric treated by finished agent can reach 89.5%

note：metallic ion 5%(o.w.f）
、pH 7～8、60℃、1︰20、30min。

in 24 hours, which proves that the fabric has
excellent performance to remove formaldehyde.

From Figures 4 and 5, we can see that the rate

While the efficiency of cotton fabric is only

(24h) of formaldehyde removal of cotton fabric

10.7% under the same condition, which proves

which treated by metallic ion and finishing agent

that cotton fabric has some physical adsorption

has no obviously changes; it just increased from

function.

89.5% to 91.8%. It’s because the metals of
metallic ion belong to transition metal, it

Metallic ion’ effect on formaldehyde removal

combines with the active ingredient compounds

and its wash-ability

of finishing agent and form into coordination

The further treatment of the above-mentioned

compounds, thus improving its reactivity with

cotton fabrics with metallic ion will improve the

formaldehyde.

effect

its

molecules trihydroxybenzene structure, two

wash-ability. The experiment results show as

adjacent hydroxyl and two-coordinate transition

Figure 4 and Figure 5.

metal ions, the third hydroxyl is in the Free State,

of

formaldehyde

removal

and

Finishing

agent

containing

and can promote the dissociation of two
o-phenolic hydroxyl group, thus making the
Coordination Compounds more stable, the
coordination compounds have different degrees
of substitution. A single ligand, two ligands and
three ligands [2,6] structure as show in Figure 6
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the wave number change from 1238 cm-1 move
to 1212 cm-1, o-phenolic hydroxyl group
vibrational frequencies move to low-wavelength,
it’s because the o-hydroxy oxygen and metal ion
form the coordination bond ,causing the carbon
Single ligand

bonding electron density greater deviation from

two ligands

the geometric center button towards to oxygen
atoms, so that the density of C-O bonding
electron cloud becomes lower, and the stretching
vibration absorption of hydroxyl displacement
move to the low-frequency bands, which shows
that the metallic ion molecules in o-phenolic
hydroxyl group of oxygen atoms has a finger in
the coordination reaction [5].
Three ligands

In according to the standards of washing

Figure 6 ligand structure

GB/T8629-2001, washing 10 times, testing the
With metal complex, the activity of phenolic

effect of changes in the fabric in addition to

hydroxyl enhances greatly, which is conducive

formaldehyde, the results show in Figure 8.

to the reaction with formaldehyde, however,

The rate of formaldehyde degradation %

100

because of reduction in the number of phenolic
hydroxyl group, there are no great improvements
in the level of the formaldehyde removal.
u n tr e a te d
100

tr e a te d

Transmittance/%

80

no washing

80

60

40

20

0

1

treated with
finishing agent

60

washing 10 times

2

treated with finishing
agent and metallic ion

40

20

Figure 8 performance of cotton fabric pre-and-post treated by

3394
3369

0
4000

3500

1238

3000

2500

2000

W avenum ber

/ cm

1500

metallic ion

1212

1000

5

-1

From Figure 8, we can see that the efficiency of

Figure 7 contrast of two different Infrared spectral

formaldehyde removal of the cotton fabrics
from Figure 7, we can see that pre-and-post

without the metallic ion treated has a great drop

treament of the metallic ion have a strong

after being washed 10 times. The rate dropped

association wide hydroxyl stretching vibration

from 89.5% to 54.0 %, The main reason is that

-1

-1

~ 3300cm ,

the combination between the active ingredient of

associating hydroxyl vibration peaks of infrared

finishing agent and cotton fabric is not steady;

spectra of complexes obviously happen red shift,

however the wash-ability of the cotton fabrics

which shows that hydrogen bond in polyphenol

treated by metallic ion and finishing agent is

molecule is damaged and hydroxy involve in

greatly improved, after being washed 10 times,

coordination reaction. When finishing agent

the rate of formaldehyde removal still keeps at

complex with the transition metal ions, the wave

87.2%, it’s mainly because the finishing agent

number of characteristic absorption peak of

and transition metal ions form a single ligand,

o-phenolic hydroxyl group has a greater change,

two ligands and three ligands coordination

absorption peaks at 3500cm
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compounds, the molecular weight is added, its

Tea, 2006, (1):20-21.

function with cotton fabric is also enhanced,

[4]Yunkui

maybe the finishing agent and transition metal

spectrometry and its application [M].Shanghai:

ions also form the formation that finishing agent

Shanghai

-transition

1993:60-70.

metal

ions-cotton

fabric

three

Chen.
Jiao

Infrared

tong

absorption

University

Press,

coordination compounds, increasing the efforts

[5]Preecha Kiaatgrajai, J.D.Wellons, Lawrence

between finishing agent and cotton fabrics, and

Gollob.

reducing water-soluble phenolic hydroxyl group

(+)-Catechin with Formaldehyde [J]. Org. Chem,

Kinetics

in the finishing agent, finally improving the

1982,47, 2913-2917.

wash-ability of cotton fabric.

[6]Qinzhu

Wang,

of

Polymerization

Zengjia

Yang.

of

Organic

Chemistry [M]. Beijing: Tsinghua University
Press, 1997.2

CONCLUSION
The paper studied on Phenolic compounds
which

extracted

from

natural

plant

and

characterized by IR. After being treated by the
extracts, the formaldehyde removal rate of
treated fabric reached 89.5%, while the blank
cotton fabric formaldehyde removal rate was
only 10.7%. This indicates that the treated fabric
has

a

better

performance

on

removing

formaldehyde.
The cotton fabric, which finished by phenolic
compounds extracted from natural plant, then
treated by metallic ion could improve the
wash-ability of the fabric of formaldehyde
removal effectively, After 10 times’ washing ，
the rate of formaldehyde removal of treated
fabric is 87.2%. The infraring analysis shows
that complexation effect happens between the
finishing agent and metallic ion which used to
extract the extractive.
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ABSTRACT
Sodium percarbonate has been widely used in industries. However, it has not found any reports about the
application of the sodium percarbonate in degumming of bast fiber. In this paper, the application of the sodium
percarbonate in ramie degumming process was investigated and discussed. The research showed that sodium
percarbonate can be effectively used in the degumming of ramie. An acid treatment with 2g/L H2SO4 solution at
a temperature of 50℃ for 1 hour was found to produce the degummed ramie fibers with the thinnest fineness
and the highest tenacity. The experimental results showed that with the sodium percarbonate, the fiber strands in
degummed ramie fibers decreased greatly, while tenacity and breaking elongation of the fiber decreased slightly.
Keywords: sodium percarbonate; degumming; ramie; tenacity; fineness; fiber strand; breaking elongation
agent (JFC) and the scouring agent are provided by
the Anhui Hualong Ramie Co., Ltd..

1 INTRODUCTION
Sodium percarbonate is also called sodium
carbonate peroxide, it is a strong oxidizer. Because
the sodium percarbonate has comparatively highly
active oxygen and can quickly dissolve in the water,
so it is widely used as the assistant in synthetic
detergent. In addition, it also serves as the
bleaching agent, the dyeing and finishing agent in
textile industry; the poaching agent in the industry
and the daily life; metal surface finishing agent and
so on[1-2]. In a word，it is a new type of multipurpose chemical products.

2.2 Procedures
The regular degumming of ramie was processed as
follows:
The raw ramie fiber →acid steeping →washing
→scouring →washing →scouring →scuthing and
washing →pickling →washing →dehydration
→refining →washing →oiling →dehydration
→drying
In this article, the degumming of ramie with
sodium percarbonate was processed as follows：
The raw ramie fiber →acid steeping →washing
→scouring →scuthing and washing →dehydration
→oiling →dehydration →drying

However, it has not found any reports about the
application of the sodium percarbonate in the ramie
degumming yet. In this paper, the possibility of the
sodium percarbonate application in ramie
degumming is discussed; in addition, experiments
of processing parameters have been designed and
the results were analyzed, from which, the
optimum of processing was obtained.

So the degumming processing with sodium
percarbonate is shorter than that of regular
chemical degumming. Meanwhile, the degumming
of ramie with sodium percarbonate is energy
saving, environmental friendly and high efficiency.

2 APPROACH
2.1 Materials
The ramie fiber is provided by the Anhui Hualong
Ramie Co., Ltd.; the sodium percarbonate is
provided by Shanghai Songhu chemical reagent
Co., Ltd.; the urea (A.P.) is produced by the
Sinopharm Chemical Reagent Shanghai Co., Ltd.;
the sodium sulfite (A.P.) and the sulfoacid (A.P.)
are produced by the Nanjing chemical reagent Co.,
Ltd.; the sodium silicate (A.P.), the penetrating

2.3 Testing
2.3.1 Material conditioning
All the tests were taken in a air conditioned room
at 65±5% RH and 20±3℃.
2.3.2 Fineness
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Testing of the fineness of ramie fiber refers to
GB5884—86(Chinese National Standard).

The reason is that overhigh temperature will cause
the cellulose hydrolysis greatly, results in the
obvious reduction in fiber tenacity. So the acid
treatment temperature is determined as 50℃ in the
experiment.

2.3.3 Tenacity
Testing of the tensile property of single ramie fiber
refers to GB5886—86(Chinese National Standard).

3.1.2 The effects of acid concentration on
degumming
The acid treatment concentration also has an effect
on the fiber property. The higher the acid treatment
concentration is, the better results of degumming
are. However, the overhigh acid concentration will
cause the cellulose hydrolysis greatly; therefore
three different sulfuric acid concentrations (1g/L,
2g/L, and 3g/L) are employed in the experiment.
The scouring of ramie was processed as follows:
the samples are treated with three different sulfuric
acid concentration solution at 50℃ for 1 hour,
respectively. Then, the same treatment of scouring
with 6% sodium percarbonate (the 4% urea, the 3%
sodium sulfite, the 2% sulfoacid, the 2% sodium
silicate, the 2% penetrating agent, and the 2%
scouring agent) for 2 hours was followed. The
results are shown in table Ⅱ.

2.3.4 Fiber strand
Fiber strand (because of the residual gum some
fibers still bound together, which is harmful for the
consequence processing of yarn forming) is tested
by counting the number of fiber strands in a certain
weight of fibers.
2.3.5 Fiber whiteness
The whiteness of degummed dry ramie is tested by
the WSB-II whiteness meter.
3 RESULTS AND DISCUSSION
3.1 The effects of acid treatment on degumming
The acid treatment process is performed at the bath
ratio of 1:10 for 1 hour.
3.1.1 The effects of acid treatment temperature
on degumming
Since the acid can make the cellulose hydrolysis at
the high temperature. Therefore the acid treatment
temperature can not be too high. Three different
temperatures (40℃, 50℃, and 60℃) are set in the
experiment. The scouring of ramie was processed
as follows: the acid treatment with 2g/L H2SO4
solution at three different temperatures for 1 hour,
respectively. Then, the same treatment of scouring
with 6% sodium percarbonate (the 4% urea, the 3%
sodium sulfite, the 2% sulfoacid, the 2% sodium
silicate, the 2% penetrating agent, and the 2%
scouring agent) for 2 hours was followed. The
degummed fibers were tested and the results are
shown in tableⅠ.

TABLE II. The effects of acid treatment concentration on
property of degummed fibers
Acid
concentration
(g/L)
1
2
3

Fineness(Nm)
1148
1214
1251

Tenacity
(cN/mg)
830
880
820

Tenacity
(cN/mg)

Whiteness

1095
1189
1237

827
869
809

2.7
3.0
3.1

It can be seen from table Ⅱ , when the acid
treatment concentration is 2g/L, the highest fiber
tenacity was obtained. The experimental results
showed that the fiber fineness improved with the
sulfuric acid concentration increased, but the fiber
tenacity has the drop tendency. It is because that
the cellulose hydrolysis becoming more obvious
with the acid concentration increasing at 50 ℃ ,
which caused the fiber tenacity decreased. It can be
determined the optimum acid treatment
concentration is 2g/L, because the best
comprehensive property of degummed fiber was
obtained.

TABLE I. The effects of acid treatment temperature on
property of degummed fibers
Temperature
(℃)
40
50
60

Fineness
(Nm)

Whiteness
2.8
3.2
3.3

From the results shown in table Ⅰ, it can be seen
that the temperature of acid treatment has an effect
on the fineness, tenacity, and whiteness of
degummed fibers. The highest tenacity fiber was
obtained at the acid treatment temperature of 50℃.
When the acid treatment temperature is 60℃, the
fiber fineness and the fiber whiteness are the best,
whereas the fiber tenacity decreased obviously.

3.2 The effects of sodium percarbonate
concentration on degumming
According to the results of previous research, the
scouring temperature was determined as 80℃ at
the bath ratio of 1:10 and 2 hours in the experiment.
On the basis of the above, the different sodium
percarbonate concentration was employed and the
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sample 2 was found to be better than sample 1 and
sample 3. However, compared with sample 4, the
tenacity, fineness and breaking elongation need to
be further improved.

amount of reagent used in the experimental
program was shown in table Ⅲ.
TABLE III. The amount of reagent used in the experiments
Sample

1

2

3

Sodium percarbonate

6

8

10

Urea

2

2

2

Sodium sulfite

2

2

2

Sulfoacid

2

2

2

Sodium silicate

3

3

3

Scouring agent

3

3

3

Penetrating agent

2

2

2

Regent (%)

4 CONCLUSIONS
4.1 The research showed that sodium percarbonate
can be effectively used in the degumming of ramie.
4.2 An acid treatment with 2g/L H2SO4 solution
(the bath ratio is 1:10) at a temperature of 50℃ for
1 hour was found to produce the degummed ramie
fibers with the thinnest fineness and the highest
tenacity.
4.3 When the fiber was treated with 8% sodium
percarbonate solution (the bath ratio is 1:10) at a
temperature of 80℃ for 2 hours, the best quality of
degummed fiber was obtained, and the quality was
close to that of the degummed fiber with the
regular chemical process.

The experimental results are shown in table Ⅳ. For
comparison, the sample 4 was got from Anhui
Hualong Ramie Co., Ltd., it was degummed by
regular chemical process.
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TABLE Ⅳ. The effects of concentration of sodium percarbonate
on degummed fibers
Sample
Program

1

2

3

4

Tenacity/(cN/mg)

970

1101

879

1215

Fineness/(Nm)

1245

1266

1266

1610

Breaking
elongation / (%)

2.21

2.74

2.55

3.75

Fiber strand
/(n/10g)

432

398

422

487
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From the results shown in table Ⅳ, it can be seen
that three samples (sample 1, sample 2 and sample
3) compared with the sample 4, fiber strand has
remarkable improvement. However, the tenacity,
fineness and breaking elongation of degummed
fibers have declined. The reason for this is that the
active oxygen of the sodium percarbonate reacts
vigorously with gum. This causes non-uniform
dispersion of the gum in the degummed ramie
fibers and leads to the weak points in the fiber. So
the fiber tenacity and the breaking elongation
reduced.
When the other degumming agents concentration
keep invariable, after treated with 8% sodium
percarbonate solution(the bath ratio is 1:10) at a
temperature of 80℃ for 2 hours, the quality of
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ABSTRACT
Microwave heating has been proved to be more rapid, uniform and efficient, and easily penetrate to
particle inside. To investigate the effect of microwave irradiation on the physical property, chemical
structure, surface morphological structure and fine structure of wool fabric in different humid state,
wool fabric was treated with microwave irradiation at different conditions. The physical properties of
the treated wool fabric were investigated. The structures of the untreated and treated wool were
investigated with Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and
scanning electron microscopy (SEM). Results show that the physical properties of the treated wool in
different humid state were changed; microwave irradiation can accelerate structure adjustment of wool
fibers.
1. INTRODUCTION

Murugan, R, Senthilkumar, & M,Ramachandran,

Wool is a natural protein fiber that has been

T.,2007). Microwave irradiation is one of
powerful techniques of non-contact heating,
because the dielectric substances with large
dielectric loss constant vigorously fever by
vibration and rotation of permanent dipoles in
microwave field. Microwave has been used for
reacting, heating and drying wool materials.
The microwave irradiation has been used in the
dyeing processing of wool fabric (M.J. Delan,
1972). In the conventional processing of fabric, a
large amount of energy is consumed. Some new
techniques and methods for saving energy were
investigated (Hanna H. L, Abdou L. A, &
El-Khatib E, 1985. M Lee M, Wakida T, &
Myung Sun Lee, 2001; Elke Bach, Ernst Cleve,
& Eckhard Schhollmeyer,2002; ). Microwave
heating is more efficient than conventional
heating methods and may provide a considerable
reduction in the energy consumed in wet
processing which currently accounts for 60% of
the energy required to produce a textile. The
other applications of microwave energy in the
textile industry apart from dye fixing are

widely used as a high-quality textile material.
For all the possible chemical modifications of
natural products, the reactions based on wool are
the most important. Much attention has been
paid on modification and utilization of wool, due
to its good biodegradability and biocompatibility.
The chemical modification of wool can be
regarded as a powerful tool to improve some
inferior textile performance of the fibers and to
impart new physico-chemical and functional
properties

suitable

for

technological

implementation, in order to meet market
requirements for better wear and maintenance
behavior of textile goods and for developing new
textile products. Modifications of wool with
graft copolymer or compounds expand the
applications as functional hybrid materials. In
recent years, modifications and dry of some
materials have been conducted under microwave
irradiation condition (H. Sun, L. Lin, &X. Jiang,
2005;

R.Purwar,M.Joshi,

2005;

Masuhiro

Tsukada, Shafiul Islam, &Takayuki Arai, 2005;
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heating/drying and curing of resin-finished

wool fabric were immersed in the water bath for

fabrics.

processing,

1h, and then were padded at room temperature,

preparation, dyeing, finishing and after washing

the liquor pickup can be 80% on weight of dry

methods require large quantities of auxiliary

fiber.)

Current

textile

wet

chemicals and thermal energy from different
sources. Using the thermal energy in the form of

2.3. Physical property measurements

microwave energy improves quality and lowers

The breaking strength and elongation of the

the cost by substantially reducing significant

fabric was determined by using a H10KS Tensile

quantity of dyes and chemicals in textile

Testing Machine (Hounsfield SDL Co.). The

effluents. However, the microwave irradiation

breaking strength and elongation properties of

could affect the chemical structure, fine structure

the fabric were measured according to ASTMD

and surface morphological structure of wool

5034. Whiteness was evaluated from the

fabric, including some physical properties. The

Datacolor SF600 color measuring and matching

report of the effect of microwave irradiation on

instrument.

the physical properties and structure of wool was
scarce.

2.4 FTIR

In this paper, wool fabric was treated with

The chemical structures of untreated and treated

microwave irradiation. The effect of microwave

wool fabric were measured with a Nicolet 510P

irradiation on the structure of wool was

infrared spectrum (FTIR).

investigated with FTIR, X-ray diffraction (XRD)
and scanning electron microscopy. The physical

2.5 XRD

property of the treated wool was also discussed.

Crystallinity of untreated and treated wool fabric

2. Experimental

were measured with a D/max-2550 PC X-ray

2.1 Materials

Diffractometer (Rigaku Corporation, Japan),

100% wool weave fabric was obtained from

which used Cu-K target at 40 kV, 300 mA and k

Qingfeng Textile Company (Beijing, China).

= 1.54056.

2.2 Microwave irradiation treatment of wool

2.6 SEM

fabric

Surface morphological structure of untreated and

A microwave oven, El00TF-2, used in this study

treated wool fabric were measured with a

had a total capacity of 700W. The microwave

SM-5600LV scanning electron microscopy (SEM)

frequency of 2450MHz was chosen because
o2450 MHz had been widely used as ISM band

3. Results and discussion

(industrial, scientific and medical use) that

3.1 Physical properties of the wool fabric in

know-how in microwave industry were available

different humid state treated with microwave

for manufacturing of the apparatus used in this

3.1.1 Breaking strength and elongation

study.

Breaking strength and elongation of the wool

Wool fabrics in different humid state were

fabric in different humid state treated with

treated with microwave irradiation at different

microwave irradiation may be changed. Treating

time, after irradiation, the fabrics were removed

time under microwave irradiation condition may

from microwave oven and slowly cooled under

also impact the breaking strength and elongation

vacuum for 24h.①Wool fabrics in dry state②

of wool fabric. The breaking strength and

wool fabric in nature humid state (25～30℃、

elongation of the wool fabric untreated and

60～70%R.H.)③wool fabric in wet state (The

treated in different humid state with microwave
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at different time (5min, 60min) are presented in
Table 1.Table 1 Breaking strength and elongation of the wool fabric in different humid state untreated and treated with
microwave irradiation

Time (min)
dry state
nature humid state
wet state

Breaking strength(N)

Elongation at break (mm)

5

1210.3

43.14

60

1234.7

53.51

5

1169.6

47.81

60

1183.5

52.12

5

1250.1

47.81

60

1160.3

52.12

1169.8

61.21

Untreated sample

Table 1 shows that compared with the untreated

Fig 1 shows that the whiteness of the treated

wool fabric, the breaking strength of the treated

wool fabric in different humid state was all

wool fabric in dry state and nature humid state

decreased with treating time. The whiteness of

was higher and increased with treating time.

the treated wool fabric in wet state was lower

The breaking strength of the treated wool fabric

than that of the treated wool fabric in dry state

in wet state with microwave irradiation 5min

and nature humid state, which is caused by more

was higher and increased, but decreased with

heat generated through more water molecules in

microwave irradiation 60min. The elongation at

wet state. Microwaves are high frequency radio

break of treated wool fabric in different humid

waves which are capable of penetrating water

state with microwave irradiation 5min and

molecules and causing heat to be generated in

60min were decreased. These changes of

the process. The electric field energy is

physical properties were mainly because the

converted into heat through the dielectric losses

crystalinity of the wool fabric treated with

of the water in wet state. In the presence of the

microwave might be increased or decreased.

high frequency electromagnetic field the water
molecules oscillate synchronously with it, and

3.1.2 Whiteness

this causes more heat to be generated through

Treating time under microwave irradiation

inter-molecular friction.

condition may also impact the whiteness of wool
fabric. The whiteness of the wool fabric treated

3.2 FTIR analysis

in different humid state with microwave at

In order to investigate the influence of the

different time (0-60min) is presented in Fig.1.

treatment with microwave on the wool fiber

dry state
nature humid state
wet state

10

Chemical structure, experiments with wool
fabric in different humid state under microwave

CIE whiteness

0

irradiation 60min were carried out. Fig.2 shows

-10

the FTIR curve of the untreated wool fabric.

-20

-30

Figs.3-5 show the FTIR curves of the wool

-40
0

10

20

30

40

50

60

Microwave irradiation time/min

Fig. 1 Whiteness of the wool fabric in different humid state

fabric in different humid state treated 60min
with microwave irradiation.

treated with microwave irradiation
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structure of wool fabric.
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3.3 XRD analysis
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In order to investigate the influence of the
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treatment with microwave on the wool fiber fine

1535
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structure, experiments with wool fabric in
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Wavenumbers/cm
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different humid state under microwave 5min and

Fig.2 FTIR spectra of the untreated wool

60min were carried out respectively. The X-ray
diffraction analysis of the crystallnity of the
wool samples in different humid state untreated

100

and treated 5 and 60min with microwave are

Reflectance/%

99

3068

98

2959

1391

showed in Fig 6-12 respectively.
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Fig.6 XRD plot of the untreated wool
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Fig.4 FTIR spectra of the wool in nature

Fig.7 XRD plot of the wool in dry state
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Fig.5 FTIR spectra of the wool in wet state treated 60 min
with microwave
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Fig.8 XRD plot of the wool in dry state treated

state treated 60 min with microwave

It can be seen from Fig.2-5 that compared with

5min

the untreated wool, the FTIR curve of the treated

microwave

wool in different humid state with microwave
almost unchanged. Microwave irradiation had
not significant influence on the chemical
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with microwave treated
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Fig.9 XRD plot of the wool in nature

nature humid state with microwave irradiation
60min is 42.65%.It can been seen that compared
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Fig.10 XRD plot of the wool in naturehumid

decreased. The change of the crystallnity of the

state treated 5min with microwave humid state

treated wool fabric made the physical property

treated 60min with microwave

increased or decreased.
3.4 Scanning electron microscopy analysis
In order to investigate the influence of the

d=4.0921
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treatment with microwave on the wool fiber

Intensity/a.u.
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surface morphological structure, experiments

4000

d=2.3505
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with wool fabric in different humid state under
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microwave 120min were carried out respectively.
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The scanning electron microscopy photographs
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of surface morphological structure of the wool
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Fig.11 XRD plot of the wool in wet state

samples in different humid state untreated and
treated 120min with microwave are showed in
Fig 13-16 respectively.
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Fig.13. SEM photographs of the wool
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Fig.12 XRD plot of the wool in wet state treated
5min with microwave treated 60min with
microwave
The crystallnity of untreated wool is 43.01%, the
crystallnity of treated wool in dry state with
microwave irradiation 5min is 45.51%, the

Fig.14 SEMphotographsof the wool in Untreated wool

crystallnity of treated wool in dry state with

dry state treated 120min with microwave

microwave irradiation 60min is 46.42%. Treated
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ABSTRACT
Recently laccase has become to be an attentive enzyme in paper industry and other industries. It
catalyse the oxidation of ortho-and para-diphenols,aminophenols, aryl diamines, polyphenols,
polyamines, lignin as well as some inorganic ions coupled to the reduction of molecular dioxygen to
water, which can be enhanced by addition of redox mediators. Laccase-mediator systems are employed
in different biotechnological processes. This work studies its application in kenaf degumming process.
The effects of laccase alone and combination with xylanse and ABTS are studied. The effects on the
properties of the degummed fiber such as fiber fineness, residual lignin content and tensile property are
tested and analyzed by the designed experiments. On base of that, the reasonable processing parameters
of laccase treatment are obtained. The results show that Laccase used in degumming of kenaf fiber is
feasible, and it can be more effective by extending action time, adding ABTS as mediator and
combination with xylanse.
Keywords: kenaf fiber; lignin; laccase; ABTS; degumming
INTRODUCTION

three-dimensional and organic polymer is the

Kenaf fiber is a naturally existing polymeric

most abundant biopolymer in nature next to

composite

pectin,

cellulose[4]. Lignin is degraded by fungi of

other

diverse axonomic groups, of which the white rot

composed

hemicellulose,

lignin,

of

cellulose,
and

some

extractives[1].

basidiomycetes are the most efficient in this

The lignin content of kenaf fiber is high up to

respect. These white rot fungi produce several

15% or more which resulted in the coarse and

types of redox enzymes, including laccase[5].

rigidity handle of the fiber, therefore, kenaf fiber

Laccases

(EC1.10.3.2)

is mainly used to make the low grade products

polyphenol

oxidases

such as package fabric and bag. At the same

phenols by hydrogen atom abstraction resulting

time, the existence of lignin in kenaf fiber has

in the formation of the corresponding phenoxyl

more disadvantages to the performances of fiber

radicals[6]. It catalyse the oxidation of ortho- and

obtained after fiber preparation and to the fiber

para-diphenols, aminophenols, aryl diamines,

[2]

are

capable

multicopper
of

oxidizing

post-processing . Actually, the predominant

polyphenols, polyamines, lignin as well as some

task aiming at getting finer and soft fiber in

inorganic ions coupled to the reduction of

degumming process of kenaf fiber is to remove

molecular dioxygen to water. The enzyme

lignin efficiently with as less as possible damage

exhibits a broad substrate specificity, which can

[3]

[5]

to the fiber cellulose .

be enhanced by addition of redox mediators

Lignin, a highly branched, irregular

A number of synthetic organic and inorganic
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.

mediators have been found, such as ABTS

TABLE I. Chemical Composition of Kenaf Fiber

[2,2'-Azinobis(3-ethylbenzothiazoline-6-sulfonic
Acid Ammonium Salt)], HBT and so on.

Percentage based

In recent years, laccase based treatment method

Composition

has received much attention in treatment of

Cellulose

60.8

degradation of model compounds of lignin[7].

Hemi-cellulose

12.65

Laccase-mediator systems are employed in

Lignin

17.82

different biotechnological processes, such as

Pectin

5.07

green biodegradation of xenobiotics including

Water Soluble Matter

3.08

pulp bleaching, biological decolourization of

Wax

0.58

on dry material (%)

dyes[8]. To our knowledge there has been no
study for the its application in kenaf degumming
process.
Many enzymatic treatments on kenaf fiber have
been studied, which are mainly focused on
removing the pectin and hemi-cellulose from the
fiber.

In

this

work,

the

laccase

and

laccase/ABTS system aiming at removing lignin,
as a concept of environmental friendly treatment
is applied in degumming process of kenaf fiber.
The effects of laccase alone and combination
with xylanse and ABTS are studied.

From the above table, the followings can be
seen:
I. The content of hemi-cellulose and lignin in the
kenaf fiber are high which have great influence
on the spinnability and dyeability of the kenaf
fiber. The hemi-cellulose and lignin are the main
parts which influenced the quality of fiber.
Therefore the technological formula in the
degumming process should be optimized, the
hemi-cellulose and lignin should be removed as
more as possible.
II. The content of pectin and water soluble

EXPERIMENTAL
1.

matter in the kenaf raw fiber are low which have

Experimental materials and equipments

The kenaf fibers used in this experiment were
taken from CZJXSI (China Zhejiang Xiaoshan
Institute of Cotton and Bast Fiber Crops).
Laccase and ABTS Enhancer used for the
treatment on kenaf fiber is supplied by Sigma
Company. Xylanse used for the treatment on
kenaf fiber is supplied by Genencor Company.
The equipments used in this experiment are
shown as follows:
Y801A Constant Temperature Oven; XQ-1 Fiber
Strength Tester; Y172 Chipper.
2.
2.1

degumming process.
III. Wax is good for improving the spinnability
of the kenaf fiber. In order to improve the
spinnability,

oiling

is

necessary

for

the

degummed kenaf fiber with low or no wax
content.
2.2

The influence of laccase treatment on
kenaf fiber

Laccase with different concentration is used to
treat on kenaf fiber alone. The treatment time is
2hrs, pH Value is 4.5; treat temperature is kept at

Experiment and results analysis
The test on chemical composition of
Kenaf fiber

The chemical composition of kenaf fiber was
tested according to the GB 5889-86 methods
(National standard constituent of bast fiber of
China), the result is shown in the TABLE I.

good degradation property to dissolve in the

25 ℃.
The results of treatment with laccase at different
concentration is showed in Figure 1. The effect
of laccase is not obviously, the reason maybe is
as follows:
I. Laccase is the enzyme specially for removing
lignin. And there are pectin and hemi-cellulose
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warping or surrounding the fiber, which, to some

The results are shown in Figure 2. The optimum

extent, affect the penetrability of laccase.

concentration of ABTS, 6%, is selected in the

II. Without mediator, the action of Laccase on

following experiments.

lignin is limited.
III. Time is not sufficient for the Laccase acting

2.4

The procedure of combination treatment
on kenaf fiber and experiment design

on lignin alone.
Ⅳ. It also can be seen that the removing ratio is
decreased slightly with the increment of Laccase

2.4.1 The procedure of enzyme combination

concentration.

treatment on kenaf fiber is shown as follows:
Raw kenaf material → Treatment with Oxalic
Acid and Ammonium Oxalate → Washing with
water

→

Degumming

with

Xylanse

→

Deactivation in hot water (about 80ºC,15min)
→ Washing with water → Degumming with
Laccase/ABTS → Deactivation in hot water
(about 80ºC,15min) → Washing with water →
Drying → Degummed kenaf fiber
FIGURE 1. Experiment results of treatment with laccase at

2.4.2

The

parameters

used

in

enzyme

combination treatment:

different concentration

Treatment with Oxalic Acid and Ammonium
In order to obtain better degumming result,

Oxalate:

Oxalic Acid and Ammonium Oxalate are

Concentration

employed for removing pectin, and xylanse is

Concentration of Ammonium Oxalate: 0.5 %;

employed for removing hemi-cellulose in the

treatment time: 2hrs; liquor ratior: 15:1.

following experiments.

Xylanse treatment:

of

Oxalic

Acid:

1%;

pH = 7.5; treatment time:3 hrs; liquor ratior:
2.3

The influence of Mediator

15:1; Enzyme Dosage: 10%.

Laccase with different ABTS concentration is

Laccase/ ABTS treatment:

used to treat on kenaf fiber. The treatment time is

pH = 4.5; weight ratio of the solution to kenaf

24 hrs, pH Value is 4.5; the treat temperature is

fiber: 15:1; Enzyme Dosage: 10%; ABTS

25 ℃; Laccase concentration is 10%.

Dosage: 6%.
2.4.3. Results and Discussion
Properties of fiber treated with different time of
enzyme combination are tested and shown in
TABLE II.

From the results shown in TABLE II, the properties
of kenaf fiber are improved with the increment
of treat time. The residual gum and lignin
content are decreased obviously with the
increase of treat time, which shows that time is
FIGURE 2. Experimental results of treatment with ABTS

the important parameter in degumming process.
Compared with the lignin content of raw kenaf
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TABLE II. Properties of fiber treated with different time of enzyme combination

Treat Time

Treat Time

Treat Time

2 hrs

4 hrs

6 hrs

Fineness（tex）

2.36

2.3

2.2

Tenacity

23.44

37.97

41.06

CV of Tenacity（%）

58.83

30.83

28.25

Elongation ( % )

2.24

3.52

6.47

Residual gum content (%)

9.1

8.2

8.1

Residual lignin Content (%)

8.71

8.06

7.63

(cN/tex)

fiber, the lignin content of treated fiber by

China Textile Press: Beijing, 1996

Laccase/ABTS system decreased sharply, which

[2] Shi J Q, Wang B L, Dyeing and

shows that the Laccase/ ABTS system is much

Bio-Chemical Technology of Flax, China Textile

effective in delignification of the kenaf fiber.

Press: Beijing, 2005
[3] Wang H M, Postle P, Kessler R W, Kessler

CONCLUSIONS

W, Removing

I. Laccase used in degumming of kenaf fiber is

Chemical Processing of Hemp for Textile

feasible, it is effective to remove the lignin from

Applications, Tex Res J, Vol 73, 2003, 664.

kenaf fiber.

[4] Adler E, Lignin Chemistry: Past, Present And

II. Pre-treatment of removing pectin and

Future, Wood Sci Techno, Vol 11, 1977, 169.

hemi-cellulose is more beneficial for laccase

[5] Shleev S, Per Persson P, Shumakovich G,

better effect in degumming of kenaf fiber. The

Interaction

combination of the Laccase/ABTS has good

Laccase-Mediator Systems with Lignin. Enzym

influence on delignification.

Micro Tech, Vol 39, 2006, 841.

III. Account for the balancing the economical

[6] Kim S, Moldes D, Artur Cavaco-Paulo A,

process and quality of treated fiber, the 10%

Laccases

Laccase and 6% ABTS dosage is the optimum

Unbleached Cotton, Enzym Micro Tech, Vol 40,

dosage found in this preliminary experiment.

2007, 1788.

of

for

Pectin and

Fungal

Enzymatic

Lignin During

Laccases

Colouration

And

Of

[7] Osman A.M, Wong K.K.Y, Fernyhough A.
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ABSTRACT
This essay investigates the hydrolysis technology of the regenerated silk protein and the effects of the
concentration of NaOH，temperature on the hydrolysis process of regenerated silk protein. The results show that
the higher the concentration of NaOH is the greater degree of hydrolysis of regenerated silk protein and the
higher the product yields. Hydrolysis is accelerated with higher temperature, but it has negative effects on the
color of the corresponding hydrolysis fluid.
KEY WORDS: regenerated silk protein; hydrolysis; the concentration of NaOH; temperature
These amino acids in the fiber have good affinity
Natural protein fiber textiles are popular in

with human skin; meantime, they could also

consumers, but the price is relatively higher and the

promote blood circulation, accelerate wound

quantity of natural protein fiber is only 4.5% of the

healing, and have an unique function in health and

total fibers. Recently, someone has studied the

skin care as well. Early in Ming Dynasty, Li Shi

soybean protein fiber, and made into massive

Zhen has documented these functions in his

production. However, with limited sources, the

medical masterpiece, "Compendium of Materia

fiber cost is about 9-12 million yuan /ton; it can’t

Medica". [2]. Natural silk not only can beautify the

fundamentally solve the contradiction between the

skin, eliminate the spots, but also can cure

higher price and less quantity [1]. With the

suppurative skin diseases; therefore it is more and

research on renewable fibers in domestic and

more popular. This essay mainly introduces the

international countries, especially for protein

hydrolysis process of the Regenerated Silk Fibroin.

fibers，people start to study the cocoon proteins,
1 THE HYDROLYSIS PRINCIPLE OF THE
REGENERATED SILK FIBRION
The discarded protein materials like waste silk,

milk proteins and spider silk proteins. The research
in these areas is with more depth and more
complexity; however with difficulty of carrying

waste of silk spinning, etc generate hydrogen bonds

massive production and higher production costs,

between the C = O and-NH-, and the R-matrix in

the actual applied value has not been developed.

the generated amino acid side chain is pointing to

Regenerated Silk Fibroin fiber is a new kind of

the outside of spiral. In alkaline environment, the

fiber. Using raw materials of discarded protein

amino acid of silk protein combines with alkali and

materials like waste silk, waste of silk spinning, etc,

forms anion, which is a kind of ampholyte [2]. PH

it is generated by wet spinning with biochemical

value change of the solution will enable amino

engineering technology. According to an analysis,

acids electricity neutral, that is, with equal positive

the fiber contains 18 kinds of silk protein amino

and negative charge numbers; the pH value of the

acid, among which 8 kinds are glycine, alanine,

solution reaches the isoelectric point of amino

proline, hydroxyproline prolyl acid, glutamic acid,

acids. At this time, water molecules can not only

arginine, aspartic acid, serine, etc. These 8 kinds

enter into the non-silk fibroin crystallization zone,

are essential amino acids for the human body.

but also into the crystallization zone, which
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weakens the van der Waals’ force between the

2.4.2

polypeptide chains. Solvation can also make the

Regenerated Silk Fibroin

silk fibroin macromolecules polypeptide chain

Waste silk, waste of silk spinning, used silk →

break off, its strong alkaline can make fibroin

washing → drying →oxidizing by peracetic acid

unlimited swell to form viscous solution, and

→ rewashing→ dehydrating → diluting by alkaline

meanwhile undermine the orderly close fibroin

hydrolysis → filtrating→ drying → hydrolyzing

aggregation structure into a loose disordered one.

protein liquid.

This is how the Regenerated Silk Fibroin is

2.4.3 Experimental data

hydrolyzed.

There are many factors impacting the hydrolysis of

The

diagram

of

the

Hydrolysis

of

the Regenerated Silk Fibroin Fiber, such as: the
2 EXPERIMENTS

hydrolysis time, alkali concentration, liquor ratio

2.1 Experiment Materials

and temperature. In this paper, we use the

Waste silk, waste of silk spinning, used silk.

orthogonal experimental method to analyze and
identify the optimum hydrolysis technology of the

2.2 Hydrolysis Process

Regenerated Silk Fibroin. Below table is the

In this paper, the hydrolysis process is as below:

experimental data of orthogonal test:

the first step is washing waste silk, waste of silk
spinning, used silk to remove the impurities; the

TABLE Ⅰ

second step is oxidizing waste silk, waste of silk

EXPERIMENTALFACTOR/LEVEL

(34)

L9

TABLE

FOR

ORTHOGONAL

spinning, used silk by peracetic acid, then wash,
dry and weigh them, in this essay, generally 1-2g

factor\level

1

2

3

for one experimental sample ; The third step is

A. time（h）

5

3

2

smashing the materials, the smaller pieces it

B.alkaliconcentration（%）

3

4

5

smashes, the easier it hydrolysis; the fourth step is

C. liquor ratio

1：50

1：100

1：200

D. temperature（℃）

50

60

70

hydrolysis in dilute alkaline, and finally made it
into hydrolyzed protein liquid.

TABLE Ⅱ

2.3 Experimental apparatus

L9 (34) TABLE FOR RESULT OF THE

ORTHOGONAL EXPERIMENT

1 HHS-4-type electrothemal thermostatic pot, 2
200ml beaker, 4 wide mouth beaker, 1 bottle of

Experimental

sodium hydroxide powder, 1 electronic balance, 1

A

B

C

D

Number/Item

thermometer Extension （ 0-100 ℃ ） , 1 conical

The degree of
hydrolysis
（%）

bottles (200 ml), 4 graduated cylinder (100 ml), 4

1

1

1

1

1

40

glass rods.

2

1

2

2

2

50

3

1

3

3

3

90

4

2

1

2

3

80

2.4.1 Hydrolysis of Regenerated Silk Fibroin

5

2

2

3

1

60

Weigh 4 samples of materials with each 1-2g, shear

6

2

3

1

2

85

7

3

1

3

2

75

8

3

2

1

3

80

9

3

3

2

1

75

2.4 Experimental Methods

and grind, put them in wide mouth beaker reactor,
then add appropriate concentrations of alkali
solution, the process is happened correspondingly.

M1j

180

195

205

175

Repeat the above process in different temperature

M2j

225

190

205

210

M3j

230

250

225

250

m1j

60

65

68.3

58.3

and alkali concentration condition, then cool it at
normal temperature, decolorize it, remove its

m2j

75

63.3

68.3

70

impurities, filtrate it and store it for later use.

m3j

76.6

83.3

75

83.3

Rj

16.6

20

6.2

25
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According

to

the

principle

of

orthogonal

higher the efficiency. Therefore, through the

experiment, the Rj value means the importance of

experiments and the above data, we can see that

the impact of the factors. From Tables 1 and 2, we

3-5% of the alkali concentration is appropriate in

can see that: the notable impacting factors of

the hydrolysis of Regenerated Silk Fibroin.

Regenerated Silk Fibroin are temperature and alkali
concentration, followed by is the hydrolysis time,

From the above analysis it can be concluded that:

finally the liquor ratio. From the orthogonal table,

in the hydrolysis process, concentration and

we can see that:

temperature are closely related to the reaction
speed. Under certain conditions, increasing the

(1) Impact of Hydrolysis temperature on the

alkali concentration and reaction temperature is

Hydrolysis of the Regenerated Silk Fibroin

helpful to accelerate the hydrolysis rate of

Hydrolysis

temperature

directly

affects

the

Regenerated Silk Fibroin.However, neither too

hydrolysis efficiency of the Regenerated Silk

high nor too low temperature is conducive to

Fibroin. Higher temperature can speed up the

production, alkali should also select the suitable

hydrolysis of silk, get a higher-degree and

concentration, not too high or too low. The

higher-efficient

causes

hydrolysis quality decides the performance of the

much water evaporation. The higher temperature is

fiber, while the hydrolysis quality is depends on the

not conducive to the industrialized production,

condition of the process and the raw materials. The

while the lower temperature, which leads to

condition of the process is the most important

incomplete or only a little hydrolysis, is not

factor, with reasonable processing condition, it will

conducive

by

yields excellent performance of the Regenerated

enterprises.Therefore, the control of appropriate

Silk Fibroin. Therefore, control the condition of the

hydrolysis temperature can get better Regenerated

hydrolysis process is essential.

hydrolysis,However,

to

mass

it

production

Silk Fibroin hydrolyzed protein liquid, which is
also

conducive

to

the

industrialization

of

3 CONCLUSIONS

production. According to the experiment, this

This paper explores the hydrolysis process of the

article points out that the appropriate hydrolysis

Regenerated Silk Fibroin. Through experiments

temperature of Regenerated Silk Fibroin is 60-70℃.

and results analysis, we can get the conclusions

Below 60℃, reaction time is too long which is not

as below:

conducive to the industrialization of production;

(1) The hydrolysis degree of the Regenerated Silk

above 70℃, there is a certain impact on the color

Fibroin has a direct impact on the quality of the

of the Regenerated Silk Fibroin.

Regenerated Silk Fibroin fiber, therefore, control
process conditions of the hydrolysis is critical.

(2) Impact of Alkali concentration on the

(2) Through repeated experiments, we found that

Hydrolysis of Regenerated Silk Fibroin

Regenerated Silk Fibroin hardly hydrolyzes in

Alkali concentration has a direct impact on the

acidic

efficiency of hydrolysis. The experiment shows, in

hydrolysis of Regenerated Silk Fibroin is generally

acidic or neutral condition, Regenerated Silk

in alkaline condition.

Fibroin merely hydrolyzes; while under alkaline

(3) In the hydrolysis process of the Regenerated

conditions, it can rapidly hydrolyze. Therefore, the

Silk

hydrolysis of the Regenerated Silk Fibroin is under

temperature is closely related to the reaction speed.

the alkaline condition. In normal circumstances, the

It is hard to control the alkali concentration and

higher the alkali concentration, the more conducive

reaction temperature, which requires continuous

for hydrolysis. The faster the hydrolysis speed, the

attempts and repeated experiments. Through this
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or

neutral

Fibroin,

condition;

concentration

therefore,

and

the

reaction

study,

the

suggested

temperature is 70 ℃

appropriate

reaction

, the appropriate alkali

concentration is 5%.
(4) The smashing degree of the materials also has a
certain impact on the hydrolysis process of the
Regenerated Silk Fibroin.
(5) Regenerated Silk Fibroin Fiber is a new type of
regenerated protein fiber. Its study is in the initial
stage in domestic; therefore, it is still in the
preliminary exploring stage. Further improvement
of the hydrolysis process is necessary. The better
control of the hydrolysis process condition, the
better hydrolyzed protein liquid we will get.
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ABSTRACT
The use of electrically conducting threads in protective clothing and industrial fabrics for antistatic
purposed, as an alternative to the use of chemical antistatic agents, is widespread. In protective clothing,
where the conductive fabric elements are not effectively grounded, corona discharge is the major
limiting mechanism for fabric charge dissipation. This paper describes a research to develop
mathematical model for predicting the corona discharge propensity (Sample potential &Corona current)
of clothing system worn by human subjects, especially at low humilities. Results correlate well with
data from tests based on the proposed method by Tapio. According to results, the residual level of
fabrics surface potential after corona discharge was the lowest in fabrics containing core conductive
fibers and the highest in fabrics containing stainless steel conductive fibers. Such predictions will also
be useful for manufacturers in designing multi-layer anti-static garments.

INTRODUCTION
Protective clothing is used to reduce the risk of
electrostatic discharge (ESD) in electronics
industry as well as in explosive atmosphere [1].
Therefore the antistatic methods used on
synthetic fibers/clothing have been studied to
avoid electrostatic risks in industry. Modern
fabrics for protective clothing are composites
where a grid or stripes of conductive fibers are
presented inside a matrix of highly resistive base
fabric.

This paper reports on computational modeling as
a tool to study the electrostatic properties of
textile materials containing conductive fibers.
Three fabrics conductive fibers with different
structures were prepared to perform comparisons
between the experimental and computational
data.
COMPUTATIONAL

MODEL

FOR

PROTECTIVE CLOTHING
In the development of our numerical simulation,
a two-layer fabric system is considered as

The electrically conductive fiber can produce a

physical model in the paper. The electrostatic

strong nonuniform electrostatic field when it is

process inherent to this method comprise three

located near charged materials, and raises faint

different phases:1) tribo-electrification of the

corona discharges around itself [2]. As a result,

outer-layer fabric by rubbing wheel, 2) induced

electrostatic charge on the cloth into which

charging by contact of inner-layer fabric by outer

electrical conductivity of are woven or negative

layer, and 3) measurement of discharge potential

ions from the corona discharge. Similarly, the

from the surface of fabric system. The system

electrostatic charge on the cloth into which

component of the peak potential equation for

electrically conductive fiber are woven partly in

modeling protective clothing system is based on

also neutralized by the corona discharge around

measurement from textile surface and implies

electrically conductive fiber [3].

insulator-insulator
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contact

only.

The

peak

potential

V p of two layer system can be

Where

determined from Gonzalez’s method [4]

C 2V
Vp =
4 KA 2 ε 02

(a

2

+ t2 −t

)( a

2

and

+ x2 − x

)

σ tex

μ ions

ε air

is the mobility of the ions,

ε tex

the permittivity of textile and air,

is the conductivity of the base fabric.

Equation (4) shows that the decay of the surface

(1)

charge depends on the space-charge density of

Where C is the total capacitance of the system,

air and the air ion mobility, in addition to the

V potential difference between rubbing wheel
and outer layer, K dielectric constant of inner
A rubbing area of specimen,
fabric,

dielectric properties of the media and the

ε 0 permittivity of free space, a specimen radius,

MEASUREMENT METHOD AND SETUP

t inner layer thickness and x is the gap
between specimen and probe.

conductivity of the insulating part of the fabric.

Schematic diagram of the measurement setup is
presented in Figure 1. Approximately

φ 20

cm

The charge density on the base fabric decreases

two-layer fabrics were fastened in an insulating

as a function of time both due to the charge

cylindrical frame and placed 2cm from the

dissipation

the

surface of a large ground cylinder. The 2cm

neutralizing air ions of the possible corona

distance simulates a typical distance from upper

discharge. Both of the phenomena should be

garment to human body. The testing features

considered. The current density normal to the

(Rotation speed, rotation direction, number of

surface of the fabric can be expressed as [5]

rotations per test, data acquisition starting time,

through

the

fabric

and

data sampling rate values and data acquisition
times) are controlled by using a National

dρ ⎛ μ
σ ⎞ρ
− s = ⎜ ions + tex ⎟ s
dt ⎝ εair εtex ⎠ 2
An

exponential

dependence

Instruments NI 6110 DAQ data acquisition
system with National Instruments Lab Windows
for

(2)

DACQ software.

the

We have included in this study outer layer

surface-charge density on time can be get

protective fabrics with three different kinds
conducting threads, namely: Core-conducting

ρs = ρ0 exp

σ ⎞
1⎛ μ ρ
− ⎜ inon air + tex ⎟
εtex ⎠
2 ⎝ εair

carbon fiber (CC), Surface-Conducting carbon
fiber (SC) and Stainless steel fiber (SS). The
(3)

conducting threads are woven into the main

Because charge has direct relation to voltage

fabric in a square of 10mm and 5mm dimension.

through

exponential

All the test fabrics were preconditioned to 23℃

relationship can also be derived between the

and 12 RH for at least 48 hours before the

effective surface potential and time, which can

measurements were made under the same

be written as

conditions. Tribocharging was achieved by

capacitance,

similar

rubbing with a 5cm diameter Teflon rubbing

Vs = V p exp

wheel.

σ ⎞
1⎛ μ ρ
− ⎜ inon air + tex ⎟
εtex ⎠
2 ⎝ εair

(4)

- 343 -

parameters in Equation (4), surface potential
values were calculated for three-layer systems
after 6 seconds decay. These calculated values
are compared to observed values from testing
results by the newly developed apparatus.
Surface potentials for outer layer fabric and the
two-layer clothing system predicted by the
model are close to those measured results from
Figure 1. A diagram of the test arrangent of the

testing probe after tribo-electrification. The

triboelectric charging and decay measurements.

actual difference of temperature between the two
methods is less than 3%, which is acceptable.

RESULTS AND DISCUSSION

Therefore, the models are able to predict the

Results of the peak potential from calculations

electrostatic

using theoretical model and experimental test are

accuracy.

propensity

with

satisfactory

shown in Table 1. Substituting the system
Table 1. Surface potential values for outer layer fabric and two-layer clothing system (kV)

Clothing system

Outer layer fabric

(outer-Inner)

Experimental

Two-layer system

Calculated

Experimental

Calculated

Metamax®/CC-100%Cotton

0.167

0.177

0.228

0.211

Metamax®/SC-100%Cotton

0.285

0.263

0.307

0.272

Metamax®/SS-100%Cotton

0.342

0.355

0.346

0.359

Most

previous

with

two-layer fabric systems. Peak potential and

electrostatic properties (peak potential and

charge decay have been calculated by the

charge decay) of single layer materials. In the

proposed model. A experimental method was

paper, more attention is focused on two-layer

also developed to validate the simulation results.

systems where there is a suppression effect of

Fabrics could be placed n the order of increasing

the charge on the outer layer caused by an

charge at a given surface voltage: carbon core

inductively charged inner layer. It should be

fiber, carbon surface conducting fiber and

noted that there is a change in peak potential and

stainless steel conductive fiber, corresponding

charge decay when two layers of fabrics are

decreasing surface resistances of these fabrics.

tested together from their electrostatic propensity

Use of the model, will allow one to determine in

values as single layer. According to results, the

advance how fabrics will behave when used

residual level of fabric surface potential after

together with other fabrics in a clothing system.

corona discharge was the lowest in fabrics

Such

containing core conductive fiber. The behavior is

manufacturers in designing two-layer garments,

because of the small dimensions and sharp edges

and for users in combining garments of different

of the core conductive fibers.

fabrics into clothing systems.

CONCLUSION
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ABSTRACT
How to improve autolevelling properly under high speed is a difficulty in developing a high speed drawing frame. By
analyzing the characteristics of the process of the drawing frame autoleveller, a new control system, the dual open-loop
control system, is put forward. It combines both generalized predictive control theory (GPC) and fuzzy control theory.
The first open-loop can be used to curb delays, strong random perturbations and time-varying of parameters with the
application of GPC. The second open-loop may eliminate dead area, and targeted autoleveller on real time. Based on
empirical date, it uses fuzzy control theory to autoleveller simply and quickly in the case of high speed. According to
control environment, dual open-loop system increases the auto-leveler results with the combination of the two control
mode.
1

V3 = V2 (1 +

CONTROL MECHANISM

ΔG2
),
G20

（2）

Dual open-loop control system, as shown in Figure 1, is
characterized by two detection and two targeted

（G + ΔG2）
(G10 + ΔG1）
- G10 - ΔG1 , （3）
Δ3 = 3
G200

autoleveller.

Feed-roller Mid-roller group
Detection point A

Δ

Δ2

1

Former-roller

where V1 is the speed of feed-roller; V2 is the speed of

Detection point B

mid-roller group which is a constant; V3 is the speed of
former-roller;

Δ 3 = Δ1 + Δ 2

is the perturbation of

G3

system; G10 is the input rated date for the first

Executing

Executing

autoleveller; G3 is the output target date, meanwhile

device one

device two

G3 = G20 = min G2 ; G200 is the target date for the first

G20

G10

ΔG2

G

2

autoleveller; G20 is the input rated date for the second

autoleveller; ΔG1 is the difference of the first input

ΔG1
Control

Control

actual date and the first rated date; ΔG2 is the

body one

body two

difference of the second input actual date and the second
rated date.
As show in Eqs. (1) and (2), dual open-loop control

FIGURE.1 Dual open-loop control system

According to the basic principle of autoleveller , there

system separately achieves autoleveller in accordance
with the dates ΔG1 and ΔG2 . The random perturbation

is mathematic model of dual open-loop system as

value Δ 3 can be taken on line by ΔG1 and ΔG2 ,

follows:

which shows whether the autoleveller process is in a
normal status. When Δ 3 exceeds the rated date, system

[1]

V1 = V2

G200
,
G10 + ΔG1

（1）

would start warning or shutdown for protection.
2

SYSTEM IMPLEMENTATION

The first open-loop is characterized with time delay,
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strong random perturbations and time-varying of

y (k + j ) = G j Δu (k + j − m − 1) +

parameters. Therefore, the first open-loop control uses
[2]

. The second

Sj

open-loop repairs the outcome of the first open-loop

C

generalized predictive control (GPC)

Ej
C

Δu (k − m − 1) +

y (k ) + R j ξ (k + j ) .

(8)

system. Both time delay and random perturbations could
be ignored here. Meanwhile, the former-roller’s speed is

Because of the pure time delay of control channel, the

faster, parameters change marginally, so it’s difficult to

right of Eq. (8) still contain past control date, need to be

control targeted on real-time

[2]

. Therefore, the second

open-loop uses fuzzy control which can respond rapid.

further decomposed:
Gj Δu(k + j − m −1) = g0Δu(k + j − m −1) + g1Δu(k + j − m − 2)

2.1 Generalized predictive control design

+ L + g j − m −1Δu (k ) + K j ( z −1 )Δu (k − 1) , (9)

2.1.1 Description of controlled object model
Consider a controlled auto-regression integrating moving
average (CARIMA) model to describe the first
autoleveller process [3] :

where K j ( z −1 ) = g j −m + g j −m+1 z −1 + c2 z −2 + L+ g j −1 z −m+1 .
Put Eq. (9) into Eq. (8), then

A( z −1 ) y(k ) = z−m B( z−1 )u(k −1) + C( z −1 )ξ (k ) / Δ ,

y(k + j) = g0Δu(k + j − m−1) + g1Δu(k + j − m− 2) +L

(4)

+ g j −m−1Δu(k) + Kj (z−1)Δu(k −1) +

where
A( z −1 ) = 1 + a1 z −1 + a2 z −2 + L + ana z − na , deg A( z −1 ) = na ,

+

Sj
C

Ej
C

Δu(k − m−1)

y (k ) + R jξ (k + i) .

(10)

By Eq. (9), the optimal predicted control model can be

B( z −1 ) = b0 + b1 z −1 + b2 z −2 + L + bnb z − nb , deg B( z −1 ) = nb ,

describe as
∧

C ( z −1 ) = 1 + c1 z −1 + c2 z −2 + L + cnc z − nc , deg C ( z −1 ) = nc ,

y(k + j | k) = g0Δu(k + j − m−1) + g1Δu(k + j − m− 2) +L

Δ = 1 − z −1 ;
z is first-order delay operator, m is pure time delays
of control channel, u (k ) is current velocity of

+ g j −m−1Δu(k) + Kj (z−1)Δu(k −1) +

−1

+

Ej
C

Δu(k − m−1)

Sj

variance σ 2 . All the coefficients, orders and delays can

y (k ) .
(11)
C
For ξ is zero mean white noise, so the mean of

be obtained by system identification.

predicted inaccuracy is zero, and the variance is

feed-roller, ξ (k )

is zero mean white noise with

σ 2 (r02 + r12 + L + rj2−1 ) , ri is the coefficient of R j .

2.1.2 Optimal predict control model

By multiplying Δ on both sides, Eq. (4) is transformed
na +1

∑az

to A ( z − 1 ) = A ( z − 1 ) Δ = 1 +

i

−i

,

(5)

i =1

where A ( z −1 ) = A ( z −1 ) Δ = 1 +

na + 1

∑az
i

−i

N 2 the maximum predicted step size. According to Eq.

.

(10), there is multi-step output predicted matrix when
j = N1 , N1 + 1,L , N 2 :

i =1

We introduce two Diophantine functions:
C ( z −1 ) = A( z −1 ) R j ( z −1 ) + z − j S j ( z −1 ) ,
BR j
C

= Gj +

z− j E j
C

2.1.3 Calculation of optimal control law
Make N1 = m + 1 to be the least predicted step size, and

,

By Eqs. (5) (6) and (7), we acquire equates follow:

(6)

Y (k + N1 ) = G ΔU (k ) + K Δu (k − 1) + F Δu (k − N1 )

(7)

+ S y (k ) + ξ (k + N1 ) ,

where,
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(12)

⎡ g0
⎢ g
1
⎢
⎢
G = ⎢
⎢ g N u −1
⎢
⎢
⎢⎣ g N 2 − m − 1

0

0

0

g0
M

0

0

g Nu − 2

L

g0

L

g N2 − m − Nu

M
g N2 −m−2

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦
( N 2 − N 1 + 1) × N u

FIGURE 2. The structure of fuzzy controller

Make E = k1 to be the drafting ratio of the second

,

open-loop

C

C

L

S N1 + Nu −1
C

L

S N2
C

(1) Determination of fuzzy language variable
Suppose the language variable of k1 is

the

E , its

corresponding fuzzy sets is Ai (i = 1, 2,L , 7) whose date
is {PB,PM,PS,ZE,NS,NM,NB}, respectively .
Make EC to be the language variable of k1 , and its
corresponding fuzzy sets is B j (i = 1, 2,L ,5) whose date

]T ,

is {PB, PS, ZE, NS, NB}, respectively. The language

ξ (k + N1 ) = [ RN ξ (k + N1 ) RN +1ξ (k + N1 + 1) L
1

be

2.2.2 Fuzzy rule and reasoning

EN EN +1 EN +N −1 EN
K =[KN1 KN1+1 LKN1+Nu −1 LKN2 ]T , F=[ 1 1 L 1 u L 2 ]T ,
C C
C
C
S N1 +1

to

controller to be a non-linear PD controller [4].

Y(k + N1) =[y(k + N1) y(k + N1 +1) Ly(k + N1 + Nu −1) Ly(k + N2)]T ,

S N1

U = ΔH

system,

compensation of feed-roller. Then, consider this fuzzy

ΔU (k ) = [Δu(k ) Δu(k + 1) L Δu(k + Nu −1)]T ,

S =[

control

1

variable of output control date ΔH is U , its
corresponding fuzzy sets is Ck (i = 1, 2,L , 7) whose

RN1 + Nu −1ξ (k + N1 + Nu − 1) L RN2 ξ (k + N2 )]T .

Use the quadratic of output deviation and control

date is {PB, PM, PS, ZE, NS, NM, NB}, respectively.

increments as performance index:
J = E [Y(k + N1) −Yr (k + N1)] Q[Y(k + N1) −Yr (k + N1)] +ΔUT (k)λΔU(k)

{

}

(2) Obtainment of the membership function of the

(13)

Given E ’s conclusion domain is X , and to be

T

language variables
X = {−3, −2, −1, 0,1, 2,3} ,

where Yr (k + N1 ) = [ yr (k + N1 ) yr (k + N1 +1) L yr (k + N2 )]T ,

quantified

yr (k + N1 ), L , yr (k + N 2 ) is the system desired output

membership function is obtained as show in Table I.

to

then

the

at k + N1 ,L , k + N 2 , respectively. Q is the weighted
matrix of output predicted deviation.

λ

matrix of control increments. Make

∂J
= 0 , and in
∂ΔU (k )

practical applications, yr (k) = 0,

is the weighted

Yr (k + N1) = 0 .

TABLE I. Membership function μ A ( x )

-3

-2

-1

0

1

2

3

When

PB

0

0

0

0.1

0.3

0.5

1.0

d T = [1 0 L 0] (GT QG + λ )−1 GT Q , the optimal control

PM

0

0

0

0.3

0.5

1.0

0.5

PS

0

0

0.2

0.5

1.0

0.5

0.3

ZE

0

0.2

0.5

1.0

0.5

0.2

0

NS

0.3

0.5

1.0

0.5

0.2

0

0

NM

0.5

1.0

0.5

0.3

0

0

0

NB

1.0

0.5

0.3

0.1

0

0

0

law of particular moment is described as:

Δu(k ) = −d T [K Δu(k −1) + FΔu(k − N1 ) + Sy(k )] . (15)

2.2 Design of fuzzy controller

Analogously, the membership functions μB ( y) and

2.2.1 Structure of fuzzy controller

μC ( z ) of EC and U can be obtained, respectively.

The fuzzy controller uses dual-input and single-output,
as showed in Figure 2.

(3) Setting up the rules of fuzzy control
Reasoning based on experience

E

E

Fuzzy

d/

EC

controller

U

[5]

, available form of

fuzzy rules is described as shown in table II.
TABLE II. The rule table of fuzzy control
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PB

PM

PB

PS
PM

PS
ZE

ZE
PS

NS
ZE

NM

TABLE III. The query table of fuzzy control

NB

NS
E
EC

PS
PB

PM

NB

ZE
NS

NS

NM

ZE

NB

PS

NS

NM

(4) Fuzzy reasoning
From the above (1) (2) (3), there are fuzzy relations as
follows:
5

4

J =1

J =1

-3

-2

-1

0

1

2

3

-3

3

1

2

1

0

-1

-3

-2

2

1

2

1

-1

-1

-3

-1

3

2

1

0

0

-2

-3

0

3

2

1

0

-1

-2

-3

1

3

2

1

0

-1

-2

-3

2

2

2

1

0

-1

-2

-3

3

3

2

0

-1

-1

-2

-3

U

R1 = A1 × C1 I ( U BJ × C1 ) ， R2 = A2 × C2 I ( U BJ × C2 ) ,

R3 = A2 × C3 I ( B5 × C3 ) ，

R4 = A3 × C2 I ( B1 × C2 ) ,

R5 = A3 × C3 I (B2 U B3 × C3 ) ，R6 = A3 × C4 I ( B4 U B5 ) × C4 ,
4

R7 = A4 × C3 I B1 × C3 ，

R8 = A4 × C4 I ( U BJ × C4 ) ,

R9 = A4 × C5 I B5 × C5 ，

R10 = A5 × C4 I ( B1 U B2 ) × C4 ,

J =2

R11 = A5 × C5 I ( B3 U B4 ) × C5 ， R12 = A5 × C6 I B5 × C6 ,
5

R13 = A6 × C6 I ( U BJ U C6 ) ，
J =2

R14 = A6 × C5 I B1 × C5 ,

By

analyzing

the

control

environment

and

the

requirements of autoleveller, dual open-loop system uses
two different control systems: generalized predictive
control system and fuzzy control system. Generalized
predictive controller can overcome the uncertainties in
the first open-loop system by multi-step prediction and
feedback amendment. Furthermore, dual open-loop
system can re-autoleveler the sliver through the

5

R15 = A7 × C7 I ( U BJ × C7 ) .

implementation of fuzzy controller for amendment and

J =1

The above-mentioned fuzzy relations can be written in
the general formula: Rl = RAl I RBl . Make the fuzzy
value of E and EC to be e' and ec ' , respectively.
In accordance with given fuzzy relationships, the
corresponding fuzzy value of U can be obtained as
follows:

3 CONCLUSIONS

U l = e' ⋅ RAl I ec ' ⋅ RBl , (l = 1, 2,L ,15)

Therefore, the overall U

.

(fuzzy values) of fuzzy

controller is:
15

U = U UJ .
J =1

(16)

compensation. In this paper, by theoretical analysis, dual
open-loop control can achieve a very good autoleveller
effect through the re-autoleveller and the combination of
generalized predictive control and fuzzy control.
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Abstract
For the four-bar beating-up mechanism of air-jet loom, the plain bearing of linkage is the bearing with dynamic
load. If the joint clearance is considered, the research on linkage movement could be very complicated. In this
paper, the kinematic characteristics of four-bar beating-up mechanism with joint clearance are studied by
analyzing the trace of journal center and the balance of radial, tangential forces and bearing load. The region of
principal vibration and its forming causes are discussed, and the results could interpret the measuring curves of
four-bar beating-up mechanism completely.
INTRODUCTION
For the four-bar beating-up mechanism, the clearance
is helpful to the relative motion of links by providing
the space of moving and lubricating, but it also leads
to the discontinuous motion of kinematic pair, which
is the main reason to affect the mechanism dynamic
characteristics[1,2,3].
For
the
mechanisms
transferring the force and moment applied in the
industry manufacturing, as the joint clearance
enlarging the dynamic characteristics will be
destructive under the condition of high speed and
high load.
The joint clearance of four-bar beating-up
mechanism is within the range of tolerance. If
running smoothly some clearance in the joint of
mechanism is always necessary. But the clearance is
often increased by wearing, then the impact forces
could cause the vibration, noise, bearing deterioration,
and the wear could also be increased. Therefore, the
vibrations become one basic study content about
mechanism kinetics. Sinatra studied the relation
between the dynamic balance and the vibration[4],
and Soong studied the dynamic characteristics of
crank-slider with joint clearance[5].
The dynamic alternating load is endured by the
journal bearing of four-bar beating-up mechanism.
The forces of links are transferred by the oil film, and
the pin center of couple journal moves on the trace.
When the eccentricity is little, the motion of rocker is
unstable, which should lead to the instantaneous
impact between the ring and the pin and more serious
wear, so the strong vibration will happen more
frequently.
FOUR-BAR
LINKAGE
CLEARANCE

WITH

JOINT

If the joint clearance of mechanism is zero, the
centers of bearing and journal are in the same
position. But if the clearance appearing, two centers
will be separated, which can result in the eccentricity,
and there is the extra degree of freedom for the
mechanism.

Fig.1 Four-bar linkage used for beating weft up into cloth

The beating-up mechanism with joint clearance is
shown in Fig.1, which is the crank-rocker inversion.
The bearing B is made up of crank and coupler, the
bearing C is made up of coupler and rocker, the
rocker shaft bearing D is made up of rocker and
ground link, and the crankshaft bearing A is made up
of ground link and crank. For the beating-up
mechanism, the connecting arm pin bearing C is
easiest to be worn, so it is assumed that there is only
the clearance between the coupler pin and ring, and
no clearance in other three bearings. In this paper, the
measuring loom is the ZA203 air-jet loom and its
speed is 450r/min. XY reference frame of mechanism
shown in Fig.1 is set according to the practical
working position. The origin is the bearing center of
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crankshaft A, and the coordinate of rocker shaft
bearing D center are xD＝8m and yD＝159.8mm.
The other parameters are shown in the following
table.
Table 1 Main parameters of four-bar mechanism
length mass
moment of
linkage
(mm) (kg) inertial (kg·cm2)
crank AB
35
35.80
155
coupler BC
75
2.27
114
rocker CD
145
10.42
528
Sley sword DE
64.95
3728
ground link AD 160
The sley and sley sword DE is the working link of
four-bar mechanism, which is integrated with the
rocker. When the sley reciprocates, the reed pushes
the weft into the fell of cloth for the inertia of sley
and sley sword driven by the rocker and elbow
position of mechanism. For the links of four-bar
beating-up mechanism, the mass of sley and sley
sword including the rocker is much heavier than
other links. The main body of rocking shaft is the
steel tube of large diameter. The motion of rocker is
stable and its property of anti-jamming is well, so the
sley sword is chosen as the measuring objective of
beating-up mechanism acceleration curve.

RELATIVE TRACE OF COUPLER PIN
CENTER WITH JOINT CLEARANCE AT
STATIC BALANCE POSITION
Fig.3 is the geometric dimension of journal for radial
load. F is the total load of journal bearing, Ubc is the
linear velocity of pin along the pin surface, and Ucd
is the linear velocity of journal along the ring surface.

196°

112°

88°

acceleration(rad/s2
800 )

135°

FOUR-BAR
BEATING-UP
MECHANISM
ACCELERATION CURVE
The measuring acceleration curve of sley sword is
shown in Fig.2, which accords with the theoretical
acceleration curve, and characterized in some way.

oscillations with different frequencies and amplitudes
(see Fig.2).
(2) The oscillations with different frequencies
express strict periodical, and the difference is only
the amplitudes.
For the four-bar beating-up mechanism with fixed
geometrical and kinematic parameters, in the first
two or three years the output acceleration signal of
mechanism will appear again correctly in the next
period, and the vibration pulse with fixed frequency
and amplitude will also appear again every period of
crank angle. So the output acceleration signal of fourbar beating-up mechanism with joint clearance is not
the random signal, but the main body of signal is the
signal with the strict periodicity. The output curve of
mechanism is mainly made up of signals with the
strict periodicity, and also includes some random
component.
(3) The random component of vibration will increase
as the working time of loom. That is to say as the
working time of mechanism the random component
of output curve will be more and more.

400
0

crank angle(°)
25

325

206

360

-400

45°

-800
Fig.3 Geometric dimension of journal for radial load

crank angle(°)
90

180

270

360

θ=88°

-800

θ=45°

0
-400

Fig.4 is the relative trace of journal center static
balance relative to hole.

θ=196°

400

θ=135°

θ=112°

acceleration(rad/s
800 )

2

Fig. 2 Contrast between measuring curve and theoretical curve

(1) The curve is not smooth, which means that the
theoretical smooth curve has been added by the

Fig.4 Relative trace of journal center static balance relative to hole
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Fig.5 Curves of couple pin bearing load and oil film reaction force

BALANCE BETWEEN OIL FILM FORCE AND
BEARING LOAD
Fn is the reaction force component in the direction of
link BC length, and Ft is the reaction force
component in the vertical direction of link BC.
Between 80° and 150°, Ft is close to zero, and at 92°
Fn is the least. The bearing reaction force is endured
mainly by the oil film thickness h, and if a vertical
load were placed on the journal, the oil would
squeeze and there is the sufficient pressure to support
the load. The pressure could be divided into the radial
force Fn0 in the direction of tie line and the tangential
force Ft0 in the vertical direction of tie line.
η (U bc + U cd ) L5
ε2
0
(∥C1C2)
×
Fn =
2
c
(1 − ε 2 ) 2
1 η (U bc + U cd ) L5
πε
0
(⊥C1C2) (3)
Ft = ×
×
2
4
c
(1 − ε 2 ) 5 / 2
where Ubc is the relative linear velocity of hole
surface, Ucd is the relative linear velocity of journal
surface. The reaction force of journal for the oil film
will change as the turning of crank. The bearing load
is the concentrated force, and the reaction force is the
distribution force. The function of radial force Fn0 is
to support the journal. In the direction of turning, the
journal center will move for the action of tangential
force Ft0, and the eccentricity will increase. The
tangential force will destroy the balance of journal.
When the main bearing load is in the direction of
coupler length, the component of force Ft in the
vertical direction is very little. The pressure curves of
Fn0 in the direction of couple and Ft0 in the vertical
direction are shown in Fig.5. Because the oil film
force Ft0 is not like the bearing force Ft which is
around zero, in this condition Ft0 is easy to destroy
the stability of journal motion.

The rigidity of oil film leads to the elastic force of oil
film, so the rigidity coefficient influences the
dynamic characteristics of bearing and the journal
center will move for the disturbance. The cross
rigidity coefficient of oil film is large, which
indicates that the coupling effect of oil film force in
the vertical direction of radial and tangential is also
large. The cross rigidity coefficient changes with the
eccentricity. The eccentricity is less, the absolute
value of cross rigidity coefficient is larger. There is a
vortex motion of center for the imbalance of oil film
force Ft0 and bearing load component Ft. So the cross
coupling rigidity of oil film will excite the vibration
of system.
The first hump in the acceleration curve of sley
between 88° and 156° shown in Fig. 4 is the strong
vibration region. There are two reasons. Firstly, when
the sley leaves the front dean center, the radial
reaction force Ft of couple pin journal is near zero.
Secondly, between 72° and 114° the journal center
crosses the inner circle, where the eccentricity is little,
but it is clear that according to the trace of journal
center the stability in this region is the worst when
the crank turning one rotation. In this region, there is
a breaking point of bearing force direction for the
couple pin journal. The smallest force is 20N at
92°， and there is a motion of two links with same
velocity but reverse direction in the couple pin
journal.
STABILITY JUDGMENT OF JOURNAL
MOTION IN BEARING WITH JOINT
CLEARANCE
The kinematic pair with a large clearance is easy to
lead to the vibration of mechanism. When the contact
between journal and bearing of revolving joints
losing, the impact will happen. The experiential
Equation 4 about whether the impact will happen
could be concluded according to the experiments[6,7].
When the ratio between the direction changing ratio
β´ of the nominal bearing force and the minimum
magnitude of bearing force Fmin calculated from a
zero-clearance analysis is less than the unity, the
contact between journal and bearing could be kept on.
β'
<1
Fmin

(4)
The impact between the journal and bearing will
happen when one of following two conditions
appears:
(1) There is the smallest bearing load, or even zero
bearing load.
(2) When the direction of bearing load changes too
quickly, the journal ring and the pin could not keep
the contact.
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CONCLUSION
(1) For the four-bar linkage with joint clearance, the
output time signal of rocker acceleration in the period
will appear again correctly in the next period, and the
vibration impulse with certain frequency and
amplitude also will appear at the fixed crank angle.
(2) The relative trace of journal center in the
connecting arm pin bearing is the basis of judging the
journal motion stability in the bearing with joint
clearance. The journal center is closer to the center of
bearing hole, the motion stability is worse. If the time
of journal center staying in the most inner circle is
long, the disturbance of journal will be excited and
develop to the impact of members.
(3) The oil film is enough to endure the bearing load,
especially endured by the radial component of the oil
film force. For the action of tangential force, if there
is no enough force to endure the input load in the
tangential direction, it is easy to lead to the
disturbance of journal center.
(4) The stability of journal motion in the couple pin
bearing with joint clearance is the most important
factor of mechanism vibration.
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1. Introduction
In order to meet the special need of industry and
military, lots of functional fibers came to the
world, such as Kevlar, a member of aramid
family, introduced by Du Pont Company, famous
for its high-modulus and high-tenacity [1]. Since
Kevlar is commonly used in composite, it is
concerned to enhance its adhesion to matrix in
order to widen its application. One of the hot
solutions is fiber surface modification. People
have paid much attention to this field including
chemical treatment, mechanical treatment, and
plasma treatment etc [2]. Atmospheric pressure
plasma is an interesting and outstanding
alternative because of its in-line process
capacities, relatively low cost for complicated
devices and friendly requirement on personal or
environmental safety. An atmospheric pressure
plasma jet plasma jet (APPJ) [3] employs a
capacitive coupled electrode design, produces a
stable and homogeneous discharge at
atmospheric pressure. The gas temperature is
typically between 50 and 300 °C. This research
was designed to study the effects of atmospheric
pressure helium plasma treatment on Kevlar 49
fibers.
2. Experimental
2.1 Plasma Treatment
Kevlar 49 fibers used with a filament diameter
of about 12μm were provided by Du Pont
Company. The density was 1140 denier, with
264 N breaking strength, 124 GPa tensile
modulus and 0.36 Passion Ratio. APPJ, with a
model Atomflo™-R, supplied by Surfx
Technologies USA, released a stable discharge
at 40 W and 13.56 MHz. Helium gas with a
purity of 99.99% was introduced into the nozzle
companying with a flow rate of 20 L/min. Given
for the treatment preparation, the fibers were

cleaned with acetone before plasma treatment
and then dried in a vacuum oven. Then, fibers
were divided into two groups and one balanced
in standard condition with 65% relative humidity,
the other in wet condition with 95% humidity for
24 hours.
Table 1 the samples of plasma treatment

Sample

Samples

Treatment Duration

Untreated

0s

Control

Standard

8s---short duration

Ss

Condition

72s--long duration

Sl

Wet

8s---short duration

Ws

Condition

72s--long duration

Wl

Code

2.2 Surface Morphology Analysis
To observe the surface morphology changes of
the untreated and the treated fibers, a
JSM-5600LV Scanning Electron Microscope
under 10,000 magnifications (10kV) was
employed. The fibers were gold coated in its
preparation.
2.3 Adhesion Property Measurement
The adhesion property of Kevlar 49 fibers were
measured by single fiber pull-out test. And the
microbond test was performed on a XQ-1 Fiber
Tensile Testing Machine with an attaching clamp
device of microbond pull-out. The matrix were
epoxy resin prepared with DER 331 and DER
732 at a ratio of 70:30, then mixed with hardener
DEH 26 at 12 parts per hundred parts of resin.
After resin beads preparation, all the samples
were cured at 80℃ for 2 hours and 100℃ for 1
hour to post-cure afterwards.
3. Results and Discussion
3.1 Surface Morphology (SEM) Analysis
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The SEM photos of control and treated fiber

reducing the effectiveness of plasma treatment

surfaces are shown in Figure 1. In standard
condition, there were a few micro pits on Ss
surface; more grooves were on Sl fiber and the
micro cracks dispersed all over the surface. So,
the longer duration, the more significant changes
on the fiber surface.

that in accordance with the phenomenon in SEM
images. So, the wet curve would have a
hysteresis relating to the standard. The enhanced
interaction may cause an increase in composition
of hydroxyl functional groups for wet fibers [5].
Table 2 Interfacial Shear Strengths (IFSS) of
Atmospheric Pressure Plasma Treated
Kevlar/Epoxy Interface Determined by the

In wet system, observable grooves could be seen

Microbond Pull-out Test

on all Wl fibers. While, the surface of the Ws
was almost as smooth and clean as the control,
but we cannot deny there was some change on
Treatment

that surface, maybe it is unobservable. Therefore,

Mean

STD

(MPa)

(MPa)

29

45.52

4.98

Specimens

water film covered on the fiber surfaces can act
as a barrier thus reducing the effectiveness of

Control

plasma treatment. With the longer exposure time,

Standard

Ss

36

55.93

16.40

Condition

Sl

38

53.87

16.97

Wet

Ws

42

46.64

12.81

Condition

Wl

31

49.34

8.89

the factor of surface water film decreased.

(a)

IFSS (MPa)

No. of

5. Conclusion
(b)
(c)
(d)
(e)
Figure 1 SEM micrographs:(a) untreated; (b) Ss;
(c) Sl; (d)Ws; (e) Wl.

The Interfacial Shear Strengths (IFSS) was
using

equations

interfacial bondability would improve with
longer treatment time; however, the relation
between duration and treatment effect is not a

3.2 Microbond Pull-out Test
calculated

The IFSS of difference duration shows that

derived

from

shear-lag mode [4] . In Table 2, all treated
sample IFSS increased. The improvement was a
composite result of the increase of oxygen
concentration and the changes of the topology by
the plasma etching effect. Plasma initiating
chemical modification can introduce unpaired
electrons and create new polar groups, leading to

direct proportion all the time. After plasma
treatment, the interfacial shear strengths of all
the

treated

groups

increased

substantially.

Meanwhile, it was concluded that in atmospheric
pressure plasma treatment, time effect and water
effect released us dissimilar contributions to the
adhesion property of fibers to epoxy.
Reference

etching and surface modification effects of the
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Abstract
The purpose of the present work is to investigate the effects of plasma treatment on the strain rate sensitivity of
the montmorillonite (MMT) particles/polypropylene (PP)/polylactic acid (PLA) nano-composite filaments
infused with plasma treated MMT. The APPJ plasma treatment parameters, such as treatment helium, treatment
oxygen, treatment time and output power, had very close relations with the tensile and thermal properties of the
MMT/PP/PLA nano-composite filaments based on the experimental results of tensile tests and DSC. The
changes in strain rate sensitivities influenced by output powers were consistent with the range analysis for the
key output power single factor. Moreover, the combination of 60w output power, 36' treatment time and 17
ml/min treatment helium single factors for the MMT/PP/PLA nano-composite filaments resulted in the highest
viscosity potentially on account of the uniform intercalated and exfoliated structures of the nano-composite
filaments. With the decreasing output powers, the glass transition temperature (Tg) of the nano-composite
filaments significantly increased.
treatment in nanotechnology as advanced future
technology has been reported in literature. Ferencz
S. Denes et al. reported that dense medium plasma
technology initiated and sustained by atmospheric
pressure nonequilibrium discharges has been used
for synthesis of organic nano-particle systems and
generation of silver nano-particles, respectively [5].
Then, Ji-Hyoen Im et al. reported that nano-sized
SnO2 powder could conveniently be synthesized
from tin (IV) chloride by using an argon plasma jet
at atmospheric pressure due to no need for any
other after-treatment [6]. Furthermore, O.
Smiljanic et al. produced single wall carbon
nanotubes (SWNT) based on the atomization of a
gaseous mixture in an atmospheric plasma jet and
showed that the diameter and structure of SWNT
were comparable to those produced by laser
ablation and arc discharge techniques [7]. Recently,
Szetsen Leea et al. successfully treated multiwalled
carbon nanotubes (MWCNTs) with an atmospheric
pressure plasma source using an argon/water
mixture for purifying MWCNTs [8], while Kyung
Hwan Lee et al. have successfully grown
MWCNTs on catalyst metal films at
atmospheric pressure using an atmospheric
pressure plasma jet (APPJ) system [9]. However,

Introduction
Plasma technology has been widely used in
laboratory experiments and industry applications,
as a nonaqueous and environmentally friendly
processing method, with functions of bulk material
treatments and surface modification such as
cleaning, etching, activation, functionalization, etc
[1]. The effects of plasma treatment in terms of
surface modification have been proved to improve
adhesion, wettability, dyeability by introducing
chemically active functional groups and
roughening the surface of the materials [2].
However, most of the plasma treatments have been
performed at very low pressure and in vacuum
system requiring expensive and complicated
vacuum equipment responsible for time-consuming
batch process as well as high-energy consumption
[3].
Atmospheric pressure plasma treatments
have been paid much attention recently due
to the possible advantages of eliminating a
vacuum
system,
continuous
process
capability at room temperature, high
efficiency and the scalability to larger area [4].
The application of atmospheric pressure plasma
- 357 -

up to now, there is no published report on the
modification of nano-particles to improve the
degree of nano-particle dispersion in the polymeric
matrix with atmospheric pressure plasma treatment.

190, 200,210,210,195,190,185 and 180 °C at the
feed, metering, melt-blending, die and spinneret
sections, respectively. The as-spun filaments were
collected at a take-up speed of 100 m/min.

The purpose of the present paper is to investigate
the effects of plasma treatment on the strain rate
sensitivity of the montmorillonite (MMT)
particles/polypropylene (PP)/polylactic acid (PLA)
nanocomposite filaments infused with APPJ treated
MMT. The properties of the nano-composite
filaments were characterized by DSC, tensile tests
and SEM.

Results and discussions
The experiment was designed by orthogonal test
and the data were analyzed with range analysis to
gain optimum plasma treatment conditions for
MMT processing of the nano-composite filaments
(Fig.1. and Table 1). It could be found that the
treatment oxygen single factor had the smallest
influence on the breaking tenacity of the nanocomposite filaments, and the close range values
between the 60w and 120w output power, 36' and
108' treatment time and 17ml/min and 18ml/min
treatment helium, respectively. Thus, samples 1, 7
and 9 with different output powers were chosen by
controlling the other plasma treatment parameters
within minimal deviation according to the range
analysis in terms of the output power single factor
viewed as a key factor. In the same case, samples 7,
12 and 17 with different treatment time were
chosen to discuss the treatment time single factor,
samples 1, 6 and 7 with different treatment helium
contents were chosen to study the treatment helium
single factor as well.

Experimental methods
The plasma treated MMT were carried out by using
an Atomflo 250 atmospheric pressure plasma jet
manufactured by the Surfx Technologies LLC
(California, USA). Blends of plasma treated
MMT/PP/PLA/MAH was prepared through a
Haake-RC90 twin screw with temperature 190 °C.
All the MMT/PP/PLA/MAH blends were
submitted to simulated melt-spinning on a
modified MFI instrument, in order to qualitatively
examine the spinnability and elasticity variation.
Based on spinnability test above, actual meltspinning experiments for MMT/PP/PLA/MAH
were carried out on a Twin Screw Compounding
System EUROLAB 16 (Thermo-Hakke) with ten
zones of temperature with a spinneret containing
3.5 mm-diameter orifices. The extruder was set
with ten different temperature zones of 165, 180,
Table1. The head of the orthogonal test design
PP/PLA %

MMT wt%

He2 ml/min

Time s

Power w

O2 ml/min

MAH g

80/20

0.3

17

36'

60

0

0.6

75/25

0.7

18

72'

80

0.1

1.2

70/30

1

20

108'

120

0.2

1.8

Table 2. Constitutive parameters of MMT/PP/PLA nano-composite filaments
Sample

He2 ml/min

Time s

Power w

O2 ml/min

λ2

v(nm)3

Tg ◦C

Tm ◦C

1

17

36'

60

0

-0.15132

31.4572

74

165

2

18

72'

80

0.1

0.05918

80.43427

75

164

6

20

36'

-0.03541

37.24648

70

165

18

36'

60
120

0.1

7

0.1

0.04134

151.21

62

164

9

17

108'

80

0

0.1278

115.1451

69

159

12

18

72'

60

0

0.05082

93.66588

60

161

17

17

108'

60

0.1

0.06149

77.41259

66

160
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Fig.1. The form of the range analysis.
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Fig.2. Relationship between (a) yield strength, (b) tensile strength and strain rate for samples 1, 7 and 9 with 60w, 120w and 80w output
power.
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Fig.3.Relationship between (a) yield strength, (b) tensile strength and strain rate for samples 7, 12 and 17 with 36', 72' and 108' treatment
time.

Tg, the Tm of the chosen samples remained almost
the same around 164 ◦C (Table 2). The changes in
Tg corresponding to each single factor indicated
that plasma treated MMT could effectively help
resisting the free crankshaft movement of the
macromolecular chain in the MMT/PP/PLA nanocomposite filaments.

DSC measurements showed that it resulted a
marked increase in glass transition temperature
(Tg) with the decreasing output powers, while
sample 9 with 80w output power presented the
lowest melting temperature (Tm) as 159 ◦C.
The sample 17 with 108' treatment time
performed the highest Tg, and the Tm of the
nano-composite filaments increased with the
decreasing treatment time. In terms of the
treatment helium single factor, sample 1 with
17 ml/min treatment helium had the highest

The values of strain rate strength coefficient were
calculated from the experimental results using the
- 359 -

where E1 and E2 are the modulus of the spring in
front and the spring in the Kelvin element. The
quantity η is the viscosity coefficient with the
dimension of stress×time. After that, the quantity η
can be simulated from experimental stress–strain
curves by using the least square method. Fig. 4
showed the relationship between η and the strain
rate, and the values of η decreased with the
increasing strain rates. Besides, sample 17 with
108' treatment time had the highest viscosity in
terms of treatment time single factor, the
combination of 60w output power, 36' treatment
time and 17 ml/min treatment helium single factors
for sample 1 resulted in the highest viscosity
potentially on account of the uniform intercalated
and exfoliated structures of the nano-composite
filaments.

least square method and are given in Table 2. The
80w output power of sample 9 increased yield
strength as well as tensile strength and significantly
increased the strain rate sensitivity, while 60w
output power of sample 1 decreased yield strength
as well as tensile strength but increased the strain
rate sensitivity at the same level, in comparison
with that of 120w output power of sample 7 (Figs.2.
(a)-(b)). The changes in strain rate sensitivities
influenced by output powers were consistent with
the range analysis for the output power single
factor. Then, it showed that samples 7, 12 and 17
with different treatment time performed the
relatively high strain rate sensitivities in addition to
increasing yield strength and tensile strength based
on the parallel simulated lines (Figs.3. (a)-(b)).
Besides, 20 ml/min treatment helium of sample 6
not only decreased yield strength and tensile
strength, but also reduced the strain rate sensitivity
(Figs.2. (a)-(b)).

30000

ite (MPa*sec.)

25000

The activation volumes of the nano-composite
filaments increased with the increasing output
power, the activation volume of sample 7 with
120w output power was 31.32% higher than that of
sample 9 with 80w output power, and 380.68%
higher than that of sample 1 with 60w output
power. Next, the activation volumes increased with
the decreasing treatment time, the activation
volume of sample 7 with 36' treatment time was
61.44% higher than that of sample 12 with 72'
treatment time, and 95.33% higher than that of
sample 17 with 108' treatment time. In addition, the
activation volume of sample 7 with 18 ml/min
treatment helium was the largest among all the
chosen samples, it was about 380.68% and
305.97% higher compared to sample 1 with 17
ml/min and sample 6 with 20 ml/min treatment
helium, respectively (Table 2). The higher yield
strength and higher activation volumes of nanocomposite filaments were attributed to plasma
treated MMT layers acting as obstacles to
dislocation motion during micro-structural plastic
deformation mechanisms.

⋅

⎛ E1 + E 2 ε
E1 E 2
E12 ε η ⎡
⎢1 − exp ⎜ −
ε+
2
⎜
E1 + E 2
( E1 + E 2 ) ⎢
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Fig.4.Effect of strain rate and plasma treatment parameters such
as treatment helium, treatment oxygen, treatment time and
output power on viscosity coefficient..

Conclusions
The APPJ plasma treatment parameters, such as
treatment helium, treatment oxygen, treatment time
and output power, had very close relations with the
tensile and thermal properties of the MMT/PP/PLA
nano-composite
filaments
based
on
the
experimental results of tensile tests and DSC. The
changes in strain rate sensitivities influenced by
output powers were consistent with the range
analysis for the key output power single factor.
Moreover, the combination of 60w output power,
36' treatment time and 17 ml/min treatment helium
single factors for the MMT/PP/PLA nanocomposite filaments resulted in the highest
viscosity potentially on account of the uniform
intercalated and exfoliated structures of the nanocomposite filaments. With the decreasing output
powers, the Tg of the nano-composite filaments
significantly increased.

In this paper, we used the “standard linear
solid” model to describe the strain rate sensitive
behavior of the MMT/PP/PLA nano-composite
filaments. The stress–strain relationship can be
express as following:
σ=

4
6
7
9
12
17
18

20000

(1)
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ABSTRACT
The barbs in the leading edge of felting crown needles are worn out far faster than the other barbs, which leads
to costly needle replacement. The needle wear results from not only the way of fiber-to-needle friction, but also
the number of fiber-to-needle contacts. Assuming that fibers grabbed by all edges are subject to approximately
the same mean tension force, thus the uneven wears in different edges are determined mainly by fiber-to-needle
contacts. The fiber capture for the barbs in individual edges was modeled according to geometrical probability.
Then methods for the reduction of uneven needle wear and increase of needle rotation life were proposed, in
terms of web-laid methods, needle mounting, needle manufacturing and loom design, to the manufacturing and
processing industries, based on computational simulations using a developed mathematical program.
KEYWORDS: Nonwowen; Felting; Crown Needle; Wear.
INTRODUCTION
Needle felted nonwoven has been widely applied in
textile industry due to its high efficiency and low
costs compared with woven fabric, since their
introduction in 1950s. In needle loom, numerous
barbed needles are aligned randomly or in a
herringbone pattern on a rectangular board [1]. The
blade of the crown needle generally has an
equilateral triangular cross section with barbs along
the edges (Figure1). One of the blade side
surfaces is mounted parallel to the machine
direction to minimize fiber damage [1,2]. In
processing, barbs carry fibers through layered
fibrous webs to generate fiber entanglement, from
which fabric derives its strength. The fiber carrying
capacity depends on the barb-depth (or throat
depth), kick-up and undercut angle (or barb angel)
(Figure 1). The barb-depth is the depth of the cut
below the edge of blade. The kick-up is the height
of the barb above the edge where it is formed.
The barb angle is the angle between undercut
surface and the lateral cross section.

FIGURE 1. Conventional double reduced needle (after
groz-beckert [3]).

It is know that the durability of needles is
determined by the fabric parameters, such as
needle penetration, fiber shape, denier size, scrim,
orientation and blend [3]. However, systematic
research about needle wear has not been found in
the literature, due to the confidentiality policy of
private research bodies, which has been discussed
with a number of specialists in communication. In
this study, we explore the effects of needle design
and fiber orientation on the relative wear rates of
barbs, along individual blade edges and in relation
to fiber transfer efficiency, which may give an
indication of fiber damage associated with needle
design; and optimal fibrous structures for better
fiber transfer efficiency and needle durability.

When fibers are carried through the web, fiber
tension is generated. The resultant fiber-to-metal
pressure leads to friction and needle wear. The
undercut surface and kick-up experience the most
severe erode, because fibers rub the undercut angle
in transport and slip over the top of the kick-up.
The barbs in the leading edge, especially the barb
close to the point, first lose their profiles.
Eventually, the fabric loses its identity due to the
needle wear, thus needle replacement is required to
maintain the fabric quality. The average life of
needles is about 45,000,000 punches. However, the
rotation time reduces significantly with the
introduction of higher speed machines and finer
denier fibers.

MODEL DEVELOPMENT
Previously, fiber path has been simplified to be
straight in the textile micromechanics [4,5,6]. In
this study, Hearle and Ozsanlay’s method [7] for
the measurement of fiber orientation in nonwoven
is interpreted mathematically to describe curved
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fiber paths. Suppose that there are J fibers in a
fabric and their central axes are represented by
vector functions Xj. Let 0 = sj,0 < sj,1 < …< sj,Kj+1 =
Lj be a partition of the jth fiber, then the end
segment has a length αj Δ,l and the length of the
other segments are Δl.
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Swapping the curved fiber path with the chords
Xj(sj,k+1) − Xj(sj,k), the jth fiber is thus approximated
by equal diameter straight segments. Hearle and
Ozsanlay [7] showed that the mean ratios of true
length over Δl (curl factor) were between 1.000
and 1.055 for adhesive-bonded nonwovens when
the step length was 0.4 mm. We may assign a mean
curl factor of 1 when the step length is less than 0.4
mm. We divide a fabric into equal size cells and
allow each cell to contain exactly one needle. A
unit cell, as a representative of these cells, covers
the fabric area wa × we, where wa and we are the
distances
between
needles
parallel
and
perpendicular
to
the
machine
direction,
respectively (Figure 2).

FIGURE 4
segment.
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FIGURE 3. Model of the blade cross-section (1 is the leading
edge).

Suppose that the fiber orientation distribution is
p(φ, θ) (0≤ φ ≤π, −π/2≤ θ ≤π/2),whereθ and φ are
the angles of a fiber segment to the machine
direction and to the direction perpendicular to the
fabric (spherical polar coordinate system). Sliding
half of the segment Δl{sinφcosθ, sinφsinθ, cosφ} of
the jth fiber over the blade surface may attach three
parallelogram-based prisms onto the blade (Figure
4). We define the capture space as the volume
covered by these prisms plus the transverse section
of the blade, assuming that any fiber segment,
failing into these prisms or on the way of the
needle blade (i.e. touching the blade or barbs), is
captured by a barb.

The cross-section of the blade of a crown needle is
modeled as equilateral triangle and one of the blade
surfaces is parallel to the machine direction (Figure
3). In the static model, the relative horizontal
displacement between needle and fabric is ignored
for the case that the needle speed is far faster than
the fabric movement. The capture space of a barb
is purely based on the needle geometry and fiber
arrangement. In the dynamic model, the relative
fabric and needle movement in machine direction
is taken into consideration. The comparison of the
static and dynamic models can give an estimation
about the effect of fabric movement.

The capture assumption may not be true if the
segment, touching the blade or barbs, is a fiber end
or the fibers grabbed by the capture barb have
reached the maximum capacity. Compared with
the total number of fiber segments, the two ends
are surely insignificant if the partition is
sufficiently large (i.e. Δl << fiber length). It does
not matter if a fiber segment is held tightly or not
by the barbs, since the fiber-to-barb contact always
produces a wear [8]. Therefore, these exceptions
will not affect the computation of needle wear,
though the fiber transfer efficiency in each edge
may be overestimated.

FIGURE 2. Dimensions of a unit cell marked on the back of a
needle board.

The sides of the barb cross-sections are parallel to
the three vectors in the coordinate system oxy
shown on Figure 4:
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12 = S{cos(π/3), sin(π/3)}

(1)

13 = S{1, 0}

(2)

23 = S{cos(π/3), − sin(π/3)}

(3)

lj NDn
NΔl V

(4)

B = ||Δl × 13|| = | 0.5SΔlsinφsinθ |

(5)

C = ||Δl × 23|| = | 0.5SΔlsinφ sin(π/3+θ) |

(6)

Suppose that the blade transverse-section area,
Δ123, is 3E. Then the vertical projections of
capture spaces associated with edges 1, 2 and 3
(Figure 4b) are:
C(φ, θ)1 = E + (A + B)/2
(7)
C(φ, θ)2 = E + (A + C)/2

(8)

C(φ, θ)3 = E + (B + C)/2

(9)

Two parallelograms are added to A, which gives
the capture area Ad in dynamic condition as (Figure
5):

Assume that there is no preference to locate the
centre of a fiber segment in a particular point
within a unit cell. Then, the probability of a fiber
segment is captured by the barbs in edges 1, 2 and
3 are [C(φ, θ)1× Dn]/V, [C(φ, θ)2× Dn]/V and [C(φ,
θ)3× Dn]/V, where Dn and V are the needling depth
and the volume of the unit cell, respectively.

∫∫

p (φ ,θ )C (φ ,θ )idθdφ

Ad = A + dH + | d0.5Δlsinφsinθ |
)
Similarly, the capture areas B and C become
Bd = B

(12

Cd = C − dH − | d0.5Δlsinφsinθ |

(14)

(13)

Hence, the dynamic capture areas of edges 1,2 and
3 have the forms:
Fabric moving direction
d

Among the N fiber segments with length Δl in a
unit cell, there are Np(φ,θ) fiber segments
orientated in the (φ, θ) direction. The grabbed
segments in the (φ, θ) direction by each edge are
Dn
(i =1, 2, 3).
expected to be Np(φ,θ)C(φ, θ)i×
V
The total fiber segments captured by each edge can
be summed from the following integral:
NDn
V

i

Fiber capture probability of moving fabric
the fabric travels a small distance d along the
machine direction in one cycle of needle punch.
Fibers move into the capture area of the leading
edge, then are stopped there before the needle
moves out of their way. Hence, the barbs in the
leading edge experience even severer wear due to
more fiber-to needle contacts in dynamic status.
The barbs in tailing edge reduce their capture
ability since fibers travels out its static capture
region. Fibers move in and out the other edge at the
same rate, so the capture area keeps the same as in
static fabric. The final and initial positions of the
capture areas in relation to fabric are outlined with
solid and dashed lines in Figure 5.

where S =H /sin(π/3) is the length of the blade
sides. Denoting the projection of a fiber segment
on oxy plane by vector Δl = Δlsinφ{cosθ, sinθ },
the areas of the three parallelograms A, B and C
shown in Figure 4a equal:
A = ||Δl × 12|| = | 0.5SΔl sinφ sin(π/3−θ) |

∫∫ p(φ ,θ )C (φ ,θ ) dθdφ (i =1, 2, 3) (11)
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FIGURE 5. Change of capture area due to fabric movement.

(i =1, 2, 3) (10)

Denote lj as the length of the jth fiber, which takes
a fraction lj / NΔl of total fiber length in the unit
cell. The probability of the jth fiber to be grabbed
by a barb in the ith edge of the needle would be

C(φ, θ)1d = C(φ, θ)1 + d (H + 0.5Δlsinφsinθ |)/2

(15)

C(φ, θ)2d = C(φ, θ)2

(16)

C(φ, θ)3d = C(φ, θ)3 − d (H + | 0.5Δlsinφsinθ |)/2

(17)

The change of capture areas in dynamic condition
is associated with the displacement of fabric during
one punch, the dimension of blade transverse
section, and the fiber orientation distribution. The
- 364 -

1. To equalize fiber orientation and reduce the
relative fabric displacement during needle
punching. The idealized situation is the relative
fabric displacement d = 0 and the orientation
distribution = 1/π. The air-laid and cross-laid
methods are recommended for high speed and
hyper-punching looms, because the fibers are
probably closest to a uniform distribution for
p(φ,θ). This leads to better fabric and needle wear
evenness from the beginning of the processing.

first two factors are controllable in processing. It is
clear that the relative horizontal displacement
between fabric and felting needles results in
severer uneven wear to the barbs in different
edges. Hyper-punching loom was thus invented to
reduce the unevenness from fabric movement by
introducing a kinematical needle beam, which
leads to the movement between needle and fabric is
relatively static. However, changing the vertical
needle movement from straight to elliptic path is
just part of the solution. The evenness may be
disturbed if one particular edge grabs far more
fibres during the processing.

2. To rotate the needle or fabric an angle if
preferred fiber orientation/orientations exist.
Hearle, J. W. S. and Ozsanlay [7] reported that
there were unique modes in these symmetric fiber
orientation distributions. For instance, most of fiber
segments are arranged close to the machine
direction in parallel-laid webs. According to
Figures 7 and 8, the extra fiber-to-needle contacts
in leading edge due to relative fabric displacement
can be offset if the mode is slightly shifted from 0o
to a small positive angle. This can be achieved by
rotating needle a negative angle in the needle board,
rather than always with one surface parallel to
machine direction.

SCENARIO SIMULATIONS
For moving fabrics, the capture area increases for
the barbs in the leading edge, decreases for the
barbs in tailing edges and keeps the same as in
static fabric for the barbs in the other edge as
shown in Equations 15-17. Suppose that f(θ)
represents the uniform fiber orientation density
distribution; f(θ) = 1/π > 0 when θ ∈[-π/2 , π/2],
otherwise f(θ) = 0. The difference of the expected
fiber captures between the barbs in edge 1 and 3 is
NDn 1 π / 2
[C (φ , θ )1d − C (φ , θ ) 2 d ]dθ
V π −π / 2
NDn
= 0.5
d(H + 0.04/π)
V

∫

3. To change the relative horizontal speed of the
hyper-punching needles. The elliptic needle locus
(Figure 6)and the needle velocity components of
hyper-punching loom can be expressed by the
following Equations:

(18)

The difference of the expected fiber captures
between the barbs on edge 1 and 3 is
NDn 1 π / 2
[C (φ , θ )1d − C (φ , θ )3d ]dθ
V π −π / 2
NDn
=
d(H + 0.04/π)
V

∫

(19)

Arranging the needle edges in the order of wear
severity, they are edge 1 (leading), 2 and 3 (tailing).
The difference of fiber-to-needle contacts (i.e.
cycles of needle wear) is determined by the number
N
of fibers per unit volume , the needling depth Dn,
V
the needle blade height H and most important the
horizontal fabric displacement in one cycle of
needle punch.

x = acos(α)

(20)

y = bsin(α)

(21)

dx
dα
= − asin(α)
= − asin(α)ω
dt
dt

(22)

dy
= bcos(α)ω
dt

(23)

where ω is the constant rotation speed.
The fabric moves through (−d/2, y1) to (d/2, y1) at
a constant speed, but the horizontal speed of the
needle varies all the time. In addition, the variable
d changes with the fabric thickness and needling
depth. Hence, either the fabric speed or the needle
velocity needs to be justified case by case for
ultimate fabric quality and needle wear life,
especially if preferred fiber orientations exist in the
finished fabrics.

RESULTS AND DISCUSSION
On the basis of the developed model, several
suggestions may be made to equalize the fiber
capture in all edges and extend the durability of
felting crown needle.
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FIGURE 7. Elliptic locus of need movement.
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the spirally winding fibre layer, reinforcing
filament with inward-outward spiral winding, and
axially spreaded reinforcing filament can be
bonded with mutually tangly fibres by nonwoven
process to acheive seamless tubular textiles without
length limit.

INTRODUCTION
The traditional repair and rehabilitation of the
city’s damaged underground pipelines is to
excavate and then rebury the new ones, which
exerts influences upon other function pipelines,
ground architectures and transportaion. As a
nonexcavatation repair technology, CIPP(Cured In
Place Pipe) inverting is such one that the lining
fiber tube is perfused and soaked with
thermosetting resin to develop a resin hose , and
then the hose is inverted by water pressure during
construction period to make it a lining of the old
steel pipe, and finally in order to make the lining
clinging to the old tube it is thermosetted with hot
water or other heat sources. The lining fiber tube
commonly consists of sewn sheet nonwoven fabric
so that it has a poor integrality with easily cracked
inerface in turnover procedure. In this research, it
is imagined to directly manufacture seamless lining
hose with auxiliary filament reinforcing in spiral
and 0 ° winding state using nonwoven method.
This technology is characterized by low cost, good
designability in material selection, strength,
thickness and diameter. In particular, its tensile
compression strength both in radial and axial
directions can be intensified by the spiral and 0°
winding of reinforcing filament. [1]
Design of mechanism
As shown in the figure1, two fibre layers with high
web uniformity after mixing are doubled and then
feeded to the forming package in the radial
direction. The friciton rollers at two sides of the
forming package make the fibre layer rotating on
the forming package. In the forming section the
fibres entangle one another to aquire strength while
in the thread section the fibre layer outputs axially
due to the thread guide, which means that the fibre
layer is connected in the form of spiral winding to
turn into tubular material. In order to intensify its
strength, three filament layers can be grippingly
spreaded between the upper, medium and lower
beds of the two fibre layers. The rotation speed of
the yarn storage disk at the end of the axis is the
same as that of the fibre layer so that the filament
on the yarn storage disk is axially unwinded and
laid between the inner layers of fiber tube. Thus,

Figure1 mechanism

The product’s sectional view is illustrated in the
figure 2. The innermost layer is the reinforcing
filament arranged axially, and then the inner,
medium, and outer layers of the spirally winding
filament sequentially, all of which are bonded with
two fibre layers having a certain thickness. The
spirally winding filaments of inner and outer layers
are all trapped into the fibre layers because of the
winding tensile force, the bulk of the fibre layers
and the mutual kinks between fibres.

Figure 2 The product’s sectional view

DISCUSSION
1. Design of spread :
Axial and winding filaments: it is to improve the
axial tensile characteristics, the radial tensile and
compression strength. The rigidity of axial filament
should not overlarge when used for inverting repair
material lest the elbow ( inverting end) is impacted.
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layers, and the strength, coarseness, and winding
density of reinforcing filament.

Fibre layer: the fibres in fibre layer mutually kink
in the thickness direction by needle or water
punching, which bonds the fibre layer and the
reinforcing filament with inward-outward spiral
winding to provide fixing and forming function.
Therefore, the rigidity of fiber should not overlarge,
otherwise it has bad effects upon fiber kinks.

5. Elesticity:
Compared with the elesticity of lining hose, that of
lining tube made of textile compound material
decreases considerably. However in practice, the
textile compound lining tube has turned into the
lining of tube in the form of pipe in pipe, when
inverting job is almost finished after setting of
resin. Thus there exists only streagth request for it,
and nearly no reqirement for its elasticity.

Since the inner layer of textile lining hose for
inverting backing material needs to be covered
with membrane while the outer one dipped with
resin, the inner layer turning into the outer one and
vice versa after inverting, the mixture of fibre layer
should ensures that the outer layer is easy for
covering membrane and the inner one for soaking
resin.

6. Winding tensile force:
Tensile force is the important processing paramerer
for winding. The termination product’s quality is
broadenly influenced by the radial winding tensile
force, tensile force uniformity of each bundle and
layer filaments. Yarn nipping device is used to
ensure no coil slippage and no relaxation during
unwinding procudure for filaments arranged axially.

2.Reinforcing method between layers
(1) Needle punching reinforcing: Pay attention to
the arrangement of needling needle which should
avoids puncturing or even breaking the reinforcing
filament making bad effects upon its strength. The
current problem is when reinforcing filaments has a
high packing density it is difficult for needle in
process to keep away from the filament.

CONCLUSIONS
Based on the design rules of tubular textile
compound material, i. e. formability, permeability,
property and cost, in this study, it is imagined to
directly manufacture seamless lining hose with
auxiliary filament reinforcing in spiral and 0 °
winding state using nonwoven method. This
technology has following advantages: low cost
because of the direct manufacture of seamless
lining tube; good handling property due to the
reinforced tensile compression strength both in
radial and axial directions which is founded on the
the spiral and 0°winding of reinforcing filament;
good permeability of soaking resin by the fine and
uniform void configuration of nonwoven fibre;
good designability in material selection, strength,
thickness and diameter.

(2) Water needling reinforcing: For this method,
the unique face straight needling needle and back
random reflection inclined needling needle make
much for fibre kinks in diverse directions and firm
bonds between fibre layers. To ensure resin
permeability in the subsequent handling, the
density for water needle should not overhigh lest it
works on trouble-free resin penetration when
forming.
3. Design of thickness:
After bonding of resin and textile lining hose by
weaving or kniting, the thickness is limited. If
5mm in engineering is required, it is feasible that
nonwoven fabric combines knitted or woven one to
meet the thickness request in engineering. The
product’s thickness has much to do with that of the
fibre layer, and also is dertermined by the
strengthening density between layers.

FUTURE WORK
Theoretically it should be further analyzed how the
packing density of radial reinforcing filament,
speed and angle of spiral winding affect the
product’s strength and thickness; what is the
optimum packing density of both radial and axial
reinforcing filament; how the density of water
needling needle affects the strength and
permeability.

Both the fibre layer thickness and the strengthening
density between layers have a direct influence upon
the usage capacity of soaking resin in succeeding
process.
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4. Design of strength:
The product’s strength is related to the mixture of
fibre layers, orientation of fibre, thickness of fibre
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Fabric sizing
The
cotton
fabric
(plain
cloth)
was
two-dipped-two-nipped in a sizing bath containing
4% PVA with a pickup of (110±5) %. The percent
sizing ratio of the sized fabric used throughout the
experiment was 4.5%.One group was stored in a
desiccator with 10%RH and the other group was in
a container with 98%RH respectively.

OBJECTIVE
Poly(vinyl alcohol) (PVA) sized cotton fabrics with
10%RH and 98%RH were exposed to dielectric
barrier discharge (DBD) to investigate the effect of
moisture on PVA desizing.
INTRODUCTION
Since PVA is unaffected by enzymes systems and
difficult to remove before further finishing
processes [1-3]. Plasma treatment was developed as
a novel technique [4-6]. Atmospheric pressure
plasma treatment does not require vacuum and its
effectiveness in the size removal has been
demonstrated.

Plasma treatment and washing
Two groups of sized fabrics were treated by a DBD
system manufactured by the Institute of Physics,
Chinese Academy of Sciences, China, and then
washed by hot water (60℃)and cold water(25℃).

This study is designed to investigate the desizing
effect of PVA sized fabrics by DBD [7]. Two
typical moisture content corresponding to the
relatively humidity (RH) of 10% and 98% were
selected. The desizing effect of PVA sized fabrics
was characterized by percent desizing rate (PDR).
Scanning electron microscope (SEM) was used to
study the changes of surface morphology of PVA
sized fabrics after plasma treatment and hot wash.
The capillary effect of treated fabrics was used to
determine wettability changes and tensile strength
to investigate the bulk properties.

H2O2 desizing and NaOH scouring
Two groups of sized fabrics were padded and
streamed at 95-98℃ for 5 minutes, then subjected
to a hot wash or a cold wash. Scouring was carried
out in boiling solution for 2 h, and then washed
thoroughly..
Wettability measurements
The capillary rise method was employed to evaluate
the wettability improvement for plasma treated
fabrics.
Tensile strength measurement
The fabrics were cut into 5×25 cm2 warp direction
strips, and three specimens were tested for each
treatment group.

APPROACH
Materials
Cotton plain woven fabric was used in this work.
The width of the fabrics was 50 cm width with
fabric counts of 54/26 (warp/weft)/cm. 98-99%
hydrolyzed PVA with a polymerization degree of
1700 was purchased from Jin Shan Petrochemical
Ltd. Company (Shanghai City, China). Hydrogen
peroxide was 30% solution, supplied by Jinlu
Chemical Ltd. Company. Sodium hydroxide was
supplied by Shanghai Union Chemical Ltd
Company.

Surface morphology analysis (SEM)
The cotton fabric surface morphology was
examined using a SEM (model JSM-5600LV).
RESULTS AND DISCUSSION
Influence of treatment on PVA desizing
The percent desizing ratio (PDR) result shows that
only 63% PVA size was removed from fabric with
10%RH by washing with hot water and 50% from
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particularly in cold water washing. Under plasma
bombardment and reactive etching, fibers surface
become rougher, resulting in improved wettability
without significant loss in tensile strength.

fabric with 98%RH. After 6 min He/O2 plasma
exposure following one hot wash, both PDR could
reach 98%, greater than that by the traditional H2O2.
In contrast, only 60% and 38% PDR were obtained
corresponding to fabrics with 10%RH and 98%RH
respectively after 6min plasma exposure plus one
cold wash. It seems that a higher moisture content
of cotton fabric led to a lower PDR, which was
significant in cold water wash. This might be
attributable to the recrystallization of PVA size
during swelling pretreatment..

FUTURE WORK
The influence of absorbed moisture on fabric
surface and mechanical properties during plasma
aided desizing process need to be further
investigated.

SEM analysis
For the unsized control fabric, the fiber surface was
very clean. The sized fabric surface was covered
with intact PVA coating. After 1min plasma
treatment, the size was broken into fragments.
Some size was apparently removed and even
micro-cracks appeared for 6min plasma exposure.
The fiber surfaces after 6min treated fabric became[1].
rougher but nearly as clean as the unsized fabric,
indicating that almost all PVA on cotton was
removed. This agrees with the PDR results. In
comparison, there was a substantial amount of PVA
remaining on the fiber surfaces with direct hot
water wash.
Wettability improvements
The capillary height of all treated fabric was
increased. The plasma treated fabric followed by
hot washing had the highest capillary rise height
over that of scoured fabric. It can be attributed to
the increased roughness of the fiber surfaces due to
plasma etching during plasma size removal process.
This is consistent with the results of SEM.
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Influence of treatment on yarn tensile strength
It could be seen that the tensile strength slightly
decreased after 6 min plasma treatment. This might
be due to intensive surface etching and the
formation of micro-cracks initiating fracture by a
stress-concentration effect [8]. Nevertheless, the
tensile strength was higher than that of conventional
finishing process. Based on these observations, we
conclude that atmospheric pressure plasma
treatments could effectively remove PVA size on
cotton fabrics without great damage in fiber bulk
properties.
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CONCLUSIONS
Atmospheric pressure plasma treatment could not
only directly remove some PVA size on cotton
fabrics, but also significantly facilitate PVA
removal by subsequent washing. In contrast to low
water content in sized fabric, the higher moisture
seems to be less effective on PVA size removal,
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ABSTRACT
The low production rate of electrospinning process may limit the industrial use of single needle system.
Multiple needles can be used to improve the throughput. But the jets bend outward because adjacent electric
fields interfere with one another. In this paper, the electric field was analyzed by electromagnetic analysis
software. The influence of needle distance on electric field interference and jets’ bending was investigated. The
results indicate that the incline of electric field direction near the needles is the major factor of jet’s incline.
KEY WORDS: Electrospinning; Nanofiber; Polymer; Electric field
Kim [7] invented a bottom-up multiple nozzles
electrospinning device. In the present work, the
influence of needle distance on electric field
interference and jet path was investigated.

INTRODUCTION
Electrospinning is a straightforward and cost
effective method for fabricating submicron fibers
[1]. To achieve high throughput, several researchers
investigated multiple nozzles electrospinning. Chu
[2, 3] guided the design of multi-jet electrode arrays
by a two-dimensional finite element analysis (FEA)
for electromagnetic. Yang [4] calculated and
analyzed electrical field distribution of a special
aligned multiple jets setup. Kim [5] fabricated
nanosize fibers using an extra-cylindrical electrode
connected with single and multiple nozzles of an
electrospinning process to stabilize the initial spun
jets. Tomaszewski [6] tested three types of multi-jet
electrospinning heads, series, elliptic and concentric.

APPROACH
Polyvinyl alcohol (PVA) powder (Mw=88 000 g
mol-1, 88% hydrolyzed) was used to prepare
spinning solution. The electrospinning apparatus is
schematically shown in Fig. 1. Electrospun voltage
was 15 kV. Tip-to-collector distance was 20 cm.
The illustration of angular separation θ is shown in
Fig.2. The direction of jet was the line from needle
tip to midpoint of fiber web spun by each needle.
FIGURE 2. The illustration of angular separation θ.

MODELING

FIGURE 1. Schematic diagram of electrospinning apparatus.

FIGURE 3. The electromagnetic analysis model of double needle
electrospinning.

The electric field of electrospinning was analyzed by
a three-dimensional finite element analysis (Ansoft
Maxwell) for electromagnetic. The model of double
needle electrospinning is shown Fig.3. The line from
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needle tip to collector in Fig.3 was used to calculate
the electric field strength.
RESULTS AND DISCUSSION

FIGURE 6. Electric intensity vector (distance between needles
10).

FIGURE 7. Electric intensity vector (distance between needles
40).
FIGURE 4. Influence of distance between needles on jets’ incline

It can be seen from Fig.4 that the incline of jet path
decreases along with the increase of distance
between needles.

FIGURE 8. Electric intensity vector (distance between needles
70).

FIGURE 5. Influence of distance between needles on electric field
strength.

It can be seen from Fig.5 that electric field strength
on tip of needle increases along with the increase of
distance between needles. When the distance is
further than 1.5 mm, the electric field strength of is
almost the same. It can be seen from Fig. 6-8 that
incline of electric intensity vector near the needle
decreases along with the increase of distance
between needles. The incline of electric intensity
vector further from the needles increases along with
the increase of distance between needles.

CONCLUSIONS
The influence of distance between needles on jet’s
incline was investigated. The results indicate that the
electric field strength has small change near the
needle when the distance between needles increases.
But incline of electric intensity vector near the
needles decreases along with the increase of distance
between needles. Though the incline of electric
intensity vector further from the needle increases
along with the increase of distance between needles,
the incline of jet decreases along with the increase of
distance between needles because electric field
strength is much smaller at that place.
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Abstract
Using dimethyl sulfoxide(DMSO) as solvent and wet-spinning method, the polyacrylonitrile/soy protein
isolate/polyurethane(PAN/SPI/PU) blend fiber can be prepared. The methods of Fourier transform
infrared(FTIR), enzymatic hydrolysis, scanning electron microscopy(SEM), differential scanning
calorimetry(DSC), thermal gravimetric analysis(TGA), mechanical property, dye adsorption, contact angle and
moisture regain measurements were employed to investigate the structure and properties of PAN/SPI or
PAN/SPI/PU blend fiber. The results show that the concentration of SPI in blend fibers determinately increases
with increasing of addition of SPI by using enzymatic hydrolysis though there is loss of SPI content compared
with addition of SPI weight. The biodegrability increases with increasing of weight percentage of SPI in the
blend fiber. The dye absorption for acidic dye, moisture regain and hydroscopic property of blend fibers
increased with increasing of SPI ratio as well as compared with a referenced PAN fiber prepared via the same
method.
by Shanghai Shenyuan Food Company. PU was
kindly supplied by Huafeng Company. DMSO and
Introduction
Urea were supplied by China Medicine (Group)
Since soy protein has lots of advantages, including
Shanghai Chemical Reagent Corporation. All
renewability, biodegradability, and relatively low
reagents and chemicals were of analytical grade.
cost compared from animal resource, they have
been broadly applied in the areas of plastic1,
Preparation of wet-spinning solution
adhesive2,film3,elastomer4,fiber5,6. The PAN fiber
SPI was added to DMSO/urea hybrid solvent, the
possesses many outstanding characteristics, but it
concentration which including 3M urea compared
suffers from some inferior performances, such as
with DMSO, at room temperature. The solutions
low moisture absorption and the collection of static
were heated to the 90°C with the rate of increasing
electricity. It is known that blending is an
temperature 1°C/min and hold at 90°C for 30
important method in polymer manufacture and has
minutes. Then lowered the temperature to 50°C
received increasing attention because of the strong
and the PAN and PU were added. The blend
economic incentives arising from the use of
solutions have a total polymer content of 23% by
polymer blends. The method of blending was
weight.
widely studied to modify PAN. There are many
report discussing about PAN was blended with
Spinning of PAN/SPI/PU blend fiber
nature or synthesis polymer, such as N-(2All solutions were filtered to remove insoluble
Hydroxy)propyl-3-trimethylammonium chitosan
solid materials. Before spinning, these solutions
chloride7, cellulose acetate8,9, persimmon leaves10,
were debubbled under vacuum until there did not
PVDF11, polyaniline12,13. Therefore, it is our
present debubble. Laboratory scale wet spinning
consideration to prepare PAN/SPI/PU fiber using
was employed. The process was similarly as
DMSO as solvent by wet-spinning in order to
reference14. Under a pressure of about 30 kPa and
obtain blend fiber with better properties and extend
SPI application in the fiber area. The
controlled by a metering pump, spinning solution
characterization of PAN/SPI/PU blend fiber is
was allowed to flow into a spinnerette to form a
investigated in this study.
PAN/SPI blend filament. Then, this filament was
passing and solidified by through two water baths.
The first was a coagulation bath with DMSO/H2O
Experimental
Materials
about 50/50wt% and temperature of about 30°C,
PAN with viscosity-average molecular weight of
take up rate, V1; was about 1m/min. The second
52,000 and a composition of 91.2% acrylonitrile
was a boiling water bath; take up rate, V2; about
(AN), 7.8% methylacrylate and 1.0% methylallyl
2m/min. Finally, the filament was collected on a
sulfonate was kindly supplied by Department of
winder at a rate of about 8-10m/min. After that, the
Polyacrylonitrile Fiber of SINOPEC Shanghai
filament was washed with distilled water, then
petrochemical company limited. SPI was supplied
dried in a vacuum oven at 100°C about 3hrs.
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Therefore, dye adsorption value per milligram can
be calculated according to this formula:
Dye adsorption (ug/mg fiber)= (C × 2) / 20 × 10 3
where C stand for acid red contentration in the
DMSO.

Analysis and characterization of PAN/SPI/PU fiber
FT-IR spectra were record on a NEXUS-670
spectrometer (Thermo Nicolet Corp.,USA) by the
method of transmission. The samples were
examined in KBr discs. All discs were carefully
dried under vacuum in a desiccator before use.

Contact angles were measured by OCA40 contact
angle system (Dataphysics Co., Germany), the
surface free-energy were calculated by the software
of this instrument.

The content of protein were measured by
enzymatic hydrolysis15. The 1 gram fiber was
added to 100ml deiomized water and the addition
weight of neutral proteinase was 1.6mg. Then it
was kept at 45°C about 3 hrs. Finally the fiber was
washed and dried until constant weight. Then the
protein content of 1 gram sample fiber and the rate
of experimental measured weight with theoretical
addition weight of protein in the blend filament
were calculated with equation,

w' = 1 − w0

φ=

The moisture regain ratio of fiber were calculated
with φ = (w1 − w2 ) w1 *100%
where w1 , w2 were the weight after fiber were
balanced at 20°C and 65% relative humidity about
48 h and the constant weight after fiber were dried
in a vacuum oven at 60°C,respectively.

w'
× 100%
w

Results and discussion
FTIR
Fig.1 and Fig.2 showed the FT-IR spectra of
PAN/SPI and PAN/SPI/PU blends fiber in range of
500-4000cm-1. It was found that PAN/SPI and
PAN/SPI/PU blend fiber shown absorption bands
at 2242, 1732, 1428 and 1261cm-1, which were
attributed to the CN, C=O, CH2 and CH resonances
of PAN molecular chain, and the absorption bands
at 1655, 1535, and 1240cm-1, which were attributed
to the vibration of amideⅠ, amideⅡ and amideⅢ
groups of SPI molecular chain, respectively. The
absorption bands of 1740 and 1540cm-1, which
were attributed to the vibration of -C=O and –NH
groups of PU molecular chain.

where w0 was the sample constant weight after
treatment with neutral proteinase, and w' , w were
the weight of experimental measured and
theoretical addition protein in blend filament.
Differential scanning calorimetry(DSC) analysis
was performed on a modulated DSC TA2910(USA)
at a heating rate of 10°C/min from 30 to 250°C.
The nitrogen gas flow rate was 40ml/min.
Thermal gravimetric analysis (TGA) was measured
at a 5°C/min from 30 to 500°C by using a
Shimadzu TGA-50 (USA). The air gas flow rate
was 30ml/min.
The mechanical properties of PAN/SPI/PU fiber
were measured with an XQ-1 tensile tester
(Donghua University, China). The sample length
was 20 mm, and the extension rate was set at 10
mm/min. The statistical results came from more
than 10 measurements for each specimen. All
measurements were performed at 20°C and 65%
relative humidity.
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Fig.1 FTIR spectra recorded for PAN/SPI filament
with PAN/SPI (A) 100/0 (B) 97/3 (C) 94/6

Light density of different content of acidic red dye
in the DMSO was measured by Hitachi U-2000
spectrophoto meter (Hitachi Instruments, Inc) and
calibration curves was given. 50 milligram blend
fiber was placed in acidic red dye bath made up of
100ml distilled water, 10 milligram acidic red and
several drops acetic acid at 95°C for 1 h. The fiber
was washed in 80°C soap water about 10 min and
dried until constant weight. Then 20 milligram
dried fiber was dissolved in 2ml DMSO and the
acidic red concentration of this solution can be got
according to its light density from calibration curve.
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Fig.2 FTIR spectra recorded for PAN/SPI/PU filament
with PAN/SPI/ PU (A)100/0/0, (B)92/6/2, (C)94/3/3
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Enzymatic hydrolysis
Table 1 showed the actually content of SPI in the
PAN/SPI and PAN/SPI/PU blend fiber by using
enzymatic hydrolysis. It was evidenced that the
actual content of SPI was lower than the academic
addition content in the 1 gram measured blend
fiber. However, the actual content percent of SPI
increased with increasing of content of SPI. It
implied that SPI was lost in the process of
PAN/SPI or PAN/SPI/PU blend fiber preparation.
Therefore, the measurement protein content of
PAN/SPI blend fibers was lower than actual
content hydrolysis of these.
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Fig.4 DSC curves for referenced and PAN/SPI/PU filament
with PAN/SPI/PU A (100/0/0) B (94/3/3) C (9426/2)

Biodegradation properties
The SEM images of referenced and blend fiber
after 5 months biodegraded in the soil were shown
in the Fig.5. It was observed that blend fiber
presented more groove than that of referenced PAN
fiber. Tensile strength of original and biodegraded
fiber was shown in the Table 3. It was found that
the blend fiber with low SPI proportion has
acceptable mechanical properties for further
applying to different cases. Moreover, the tensile
strength both of original and biodegraded PAN
fiber was same. However, tensile strength of
biodegraded PAN/SPI blend fiber was almost less
than that of original fiber. This indicated that the
addition of SPI was helpful biodegradation for
PAN/SPI blend fiber.
Table3 Tensile strength for original and biodegraded of
referenced and blend fiber with different SPI ratio

The DSC curves of referenced and blend fiber
were shown in the Fig.3 and Fig.4. It was observed
thermo properties of blend fiber were less
difference comparing to these of referenced PAN
fiber. However, the degradability temperature
decreased with increasing of SPI content from
Table 2 data.

Sample
（PAN/SPI/PU)
100/0/0
97/3/0
94/6/0
94/3/3
92/6/2

Table2 Degradability temperature of referenced and blend fiber
in air atmosphere

PAN/SPI ratio
(wt%)
100/0
97/3
94/6

100

T e m p e ra tu re ( C )

φ

w'

A

5

DSC and TGA

w

B

10

Table 1 Theoretical and experimental content of SPI in the
PAN/SPI/PU filament

Sample
（PAN/SPI/PU)

15

Temperature (OC)

Tensile
strength(before
degradability)
（cN/dtex）
3.3
1.6
1.4
1.7
1.6

Tensile
strength(after
degradability)
（cN/dtex）
3.3
1.4
1.1
1.4
1.2

319.6
316.1
312.2
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Fig.5 SEM images for biodegraded referenced and blend
fiber (a) PAN (b) PAN/SPI:95.5/4.5
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Dye adsorption
The dye adsorption of referenced and blend fiber
with different SPI ratio were shown in the Fig.6.It
was found that the dye adsorption increased with
increasing of SPI content. For example, the dye

400

T e m p e ra tu re ( ° C )

Fig.3 DSC curves for referenced and PAN/SP filament with
PAN/SPI A (100/0) B (97/3) C (94/6)
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adsorption of PAN/SPI (94/6) blend fiber was more
than 2 times compared with that of PAN/SPI
(98.5/1.5). Therefore, the fiber with more SPI
content have better acid dye uptake.

Using DMSO solvent and wet-spinning method,
the PAN/SPI/PU blend fiber can be prepared,
though there is loss of SPI content compared with
addition of SPI weight. According to structure
analysis and properties determination, as well as
compared with a referenced PAN fiber prepared
via the same method, it is found that the thermo
degraded temperature slightly decreases and the
biodegradability increases with increasing of SPI
ratio in the blend fiber. It is worth noting that the
dye adsorption for acidic dye, wetting and
hydroscopic property increase with increasing of
SPI ratio.

2 .5
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S P I c o n te n t (w t% )

Fig.6 Dye adsorption of referenced and blend fiber with
different SPI ratio
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Contact angle and surface free energy
As we known, the lower of the contact angle, the
better of wetting property. The contact angle and
surface free energy of referenced and PAN/SPI/PU
blend fiber were shown in the Fig.7. It was
observed that the contact angle decreased and the
surface free energy increased with increasing of
SPI proportion of blend fiber. It is known, there are
lot of hydroscopic groups in the SPI molecular
chain. Moreover, there are many grooves in the
surface of blend fiber. Therefore, all of these
induced PAN/SPI/PU blend fiber has better wetting
property than referenced fiber.
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Moisture regain
The moisture regain means the adsorption ability of
gas water, and it can partly characterize the
hydroscopic property of fiber or fabrics. The
moisture regain ratio of referenced and blend fiber
were shown in Fig.8. It was found that there were
obviously increase with increasing of SPI content.
1 .7

9 2 /6 /2

1 .6

Moisture regain ratio(%)

1 .5
1 .4
1 .3

9 4 /3 /3

1 .2
1 .1
1 .0
0 .9

1 0 0 /0 /0

0 .8
100

98

96

94

92

P A N c o n te n t( % )

Fig.8 Moisture regain ratio of PAN/SPI/PU filament

Conclusion
- 376 -

(PL)/polyacrylonitrile (PAN) blend biofiber.
Journal of Applied Polymer Science, 101, 5., 2006,
2810-2813.
[11].Yin, X. et al., Morphology and properties of
hollow-fiber membrane made by PAN mixing with
small amount of PVDF. Journal of Membrane
Science, 146, 2., 1998, 179-184.
[12].Al-Ahmed, A.; Mohammad, F.; Rahman, M. Z.
A., Preparation, characterization, thermooxidative
degradation,
and
stability
of
polyaniline/polyacrylonitrile composites in terms
of direct-current electrical conductivity retention.
Journal of Applied Polymer Science, 99, 2., 2006,
437-448.
[13].Jiang, J. et al., Electrically conductive PANIDBSA/Co-PAN composite fibers prepared by wet
spinning. Synthetic Metals, 149, 2-3., 2005, 181186.
[14].Focher, B. et al., Fibers from DMAc-LiCl
solutions of steam exploded wood. Journal of
Applied Polymer Science, 51, 4., 1994, 583-91.
[15].Han, Y.; Zhang, Y.; Xu, Z., Enzymic
hydrolysis characteristics of protein in denatured
soybean meal. Zhongguo Liangyou Xuebao, 14, 6.,
1999, 33-36.

- 377 -

Chemical Modification of Polyvinylidene Fluoride
(PVDF) Membrane and Applications on Milk
Purification
1

Jing Gao*1,2, Yu Jianyong1,3, Cong Li2
Key Laboratory of Textile Science & Technology, Ministry of Education, 201620,
China.2College of Textiles, Donghua University, Shanghai, 201620, P.R. China.
3
Modern Textile Institute, Donghua University, Shanghai, 200051, P.R. China
Gao2001jing@dhu.edu.cn, Congli@mail.dhu.edu.cn

ABSTRACT
Based on the chemical modification, the polyvinylidene fluoride (PVDF) membranes have been treated
in KOH/KMnO4 solution to introduce active groups such as –OH. Then glycerin solution has been
used to improve the chemical durability of the membrane surface. The parameters, involved reagents
concentration, temperature and reaction time etc, have been changed to define the optimal reaction
conditions. The result shows that the surface contact angles of modified membrane decreased
significantly, and the membrane hydrophilicity improved. The comparison of those PVDF membranes
before and after modification has been studied by separately applied them to practically casein
separation test. It has been found that the surface of membrane after modification showed better anti
protein adsorption capability by measuring the flux decline.
1. INTRODUCTION

some bigger hydrophilic groups or side chains to

PVDF, a material that is strongly hydrophobic,

form

has low surface energy which results in the low

hydrophilicity and structure characters of the

flux after made into membrane. The PVDF

PVDF membrane before and after modification

membrane is polluted seriously when it is used

are discussed in detail. At the same time, the

to separate the oil/water systems (especially the

application and antipollution of the membrane

liquor containing protein), and which make the

on the casein separation are investigated.

steady

hydrophilic

layer.

The

flux attenuate dramatically. The flux downtrend
decreases the useful life of the membrane, and

2．APPROACH

increases the cost of the operation. The

2.1. Chemical surface modification

application of PVDF therefore is limited in the

2.1.1 Alkali Treatment & Oxidation Reaction

membrane field.

Prepare

the

potassium

hydroxide

solution

containing potassium permanganate, in which
In this paper, the surface of PVDF membrane

the potassium hydroxide weight per cent

firstly is eliminated the bonds –H and –F in the

respectively are 10%, 20%, 30% , 40% and 50%,

KOH/KMnO4 system, and then is introduced

and the potassium permanganate weight per cent

bonds –OH in the H2SO4/NaHSO3 system

is 3%. Add tetrabutylammonlum bromide of

through nucleophilic reaction under the phase

500mg to the compounded liquor as phase

transfer catalyst effects. Then the membrane also

transfer catalyst. In which immerse the pretreated

is treated in the glycerin solution introducing
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membrane

reacting in constant temperature of

60℃ for 10min to 60min.

[10~11]

water flux ratio before and after filtration, and it
can

be

given

as:

F

=

1–J1/J0,

in which the J1 is the water flux after filtration

2.1.2 Nucleophilic Reduction Reaction
Prepare the sodium bisulfite solution containing
sulfuric acid, in which the sulfuric acid volume

which unit is L/m2·hr，J0 is the water flux before
filtration which unit is L/m2·hr too.

per cent is 2% ， and the sodium bisulfite
concentration is 2%。Immerse the membrane

3. RESULTS AND DISCUSSION

treated in 2.2.2 in the solution in order to remove

3.1 KOH/KMnO4 Treatment

the

potassium

The contact angle of untreated membrane is

permanganate from the membrane surface. Then

123.9°. With the KOH concentration, reaction

use the deionized water to wash the membrane

temperature and reaction time increases, the

repeatedly, and dry the membrane. Divide

contact angle decreased significantly, which

pretreated membranes into two groups.

dedicate that these three factors have positive

2.1.3

potassium

Stabilize

hydroxide

the

and

Membrane

of

Its

effect on the surface hydrophilicity. However,

Hydrophilicity

when the concentration of KOH, the reaction

Prepare the glycerin liquor with volume per cent

temperature and the time overstep some range,

respectively 5%, 10%, 15% and 20%, in which

the membrane surface will become yellow

immerse the pretreated membrane above into 4

gradually.

groups and react in the normal temperature (23

concentration reaches 50%, the reaction time

℃) for 5 min to 20 min. Wash the membranes

exceed 10min, the membrane surface become

with deionized water repeatedly and dry the

black and damaged, which means the strong

membrane.

concentration and long-time KOH treatment will

2.2 Effects Valuation of PVDF Membrane on the

decrease the membrane tenacity and flexibility

Casein Separation

greatly. When the reaction exceed 60min，the

Use centrifugation to remove fat from milk,

Especially

when

the

KOH

contact angle becomes stable.

and trim the treated and untreated membranes
into 65mm round samples. Test the samples on

Temperature:

the membrane evaluation device. First, preload
the samples for 40min under the pressure of
0.1MPa in the deionized water so as to achieve
stable flux, then measured the water flux J0 of
the unpolluted membranes. Second, use the
membrane to condense and filtrate the skimmed

Fig1. Contact angles of modified membrane under

milk for 30min, then clean the appliance and

different concentration of KOH

re-access the deniozed water to the polluted
membrane getting the water flux J1. Finally

Concentration of KOH:

calculate the membrane polluted rate F.
Membrane flux Jw considered as the Fluid
flow of unit time on unit area

[12]

can be given as:

Jw = V/SmT, in which the V is the total volume
of fluid which unit is L，Sm is the effective
membrane area which unit is m2, and t is the
filtrating time which unit is hr.

Fig2. Contact angles of modified membrane under

Membrane polluted rate F is defined as the

different reaction temperature
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glycerin
Concentration

of

volume

percent

increase

is

not

conducive to full contact between the liquor and

KOH:

the membrane surface. When the reaction time
exceeds 10min, the contact angle trend to be
constant, which means the glycerin treat the
membrane nearly full in 10min.
Therefore, the processing conditions are
optimized as: glycerin volume percent 10%, time

Fig3. Contact angles of modified membrane

10min. And under this processing the contact

under different reaction time

angle of the membrane reaches 42.1°
3.3 Effects of PVDF Membrane on the Casein

The processing conditions is selected as: KOH

Separation before and after Modification

concentration 30%, KMnO4 concentration 3%,

3.3.1 Analysis of Membrane Flux Attenuation

temperature 60℃, time 60 min. The contact

When

skimmed

milk

respectively

goes

angle decreases to 59.8°under the optimized

through the PVDF membrane of untreated,

alkali/ oxidizer system.

treated by alkali/ oxidizer system and further

3.2 Glycerin Treatment

treated by glycerin liquor, the changes of
membrane flux Jw are showed in the Fig 8.

(a) Untreated membrane

Fig.4 Contact angles of modified membrane
Fig 6. The changes of membrane flux with time

under different concentration of glycerol

(pressure: 0.1MPa)
As can be seen from the Fig 6, the initial fluxes of
Concentration of glycerol: 10

these

three

membranes

have

insignificant

（ ）%

difference because the chemical modifications do
not influence the membrane internal structures.
However, as the time longer, the untreated PVDF

Fig.5 Contact angles of modified membrane

membrane appears serious flux attenuation in less

under different reaction time

than 10 minutes, and reaches stable flux in 10
minutes. This is mainly because the comparative

3.3 Optimizing reshaping conditions

stronger hydrophobicity of the membrane absorb

The surface contact angles of PVDF membranes

hydrophobic gel layer, and with the increase of

the hydrophobicity protein more easily to form

do not regularly change as the glycerin volume
percent increase, but show fluctuations. It is
presumed that the increased liquor viscidity as

filtration time, gel layer thickness increase
blocking the micropores on the surface to reduce
the
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flux.

KOH/KMnO4

system

treatments

introduce the membrane –OH, thus improve the surface

stable, so the membrane flux attenuate most

hydrophilicity and increase the anti-protein adsorption

slowly, and the flux stability is relatively larger.

capacity. But because of the irregular movement of

3.3.2 Analysis of Anti-protein Pollution

the chain segment, with the time longer, these small

The polluted degree of PVDF membrane can

molecule hydrophilic groups may be not located on

be characterized by the polluted rate F. The

the surface membrane any longer, causing membrane

bigger the F is, the more serious the polluted of

instable hydrophilicity and making membrane

the membrane by the casein is. Fig1 has given

surface polluted by protein gradually. Glycerol

the Contrasted values of water flux for both

treatments not only improve PVDF membrane

treated and untreated membranes.

hydrophilicity, but make the hydrophilicity more
Tab. 1 Water flux and antipollution of PVDF membrane before and after modification
Contact angle/

J0/

J1 /

（°）

2

(L/m ·hr)

2

(L/m ·hr)

Untreated

123.9°

64.8

Treated by KOH/ KMnO4

59.8°

Treated by glycerin

42.1°

Membrane

F

Decreasing Rate of F /

(%)

(%)

34.7

0.474

—

244.0

141.5

0.420

11.4%

351.3

215.7

0.386

18.6%

adsorption of non-reversible hydrophobic
As the table shows, because of the adsorption

protein. It is particularly suitable to the

decreasing of the membrane to the hydrophobic

long-term, continuous and stable separating

protein, the polluted rate decreases. The

process.

alkali/oxidants system can reduce the membrane
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ABSTRACT
The electrospinning process uses electrical force to produce nanofibers.Because electrospinning jets have
high-speed and complex movement in high-voltage electrostatic field, and very small diameter, it is hard to
study electrospinning jet with experiments.Hence,numerical simulationwas used and aimed to understand jet
movement under different spinning conditions.Compared with other software used in computational fluid
dynamics(CFD),we choose POLYFLOW to simulate steady jet movement in 2D space,and use GAMBIT to
build geometric model and plot grid.The simulation results indicate that when solution volumetric flow rate was
kept constant,jet diameter became thin easily with increasing draw force.But when draw force was too
great,there were rough knot and suddenly thinning appeared along jet.When draw force reached a value, stable
jet disappeared during electrospinning.

Key word: Numerical Simulation ; POLYFLOW Steady Jet; electrospinning
1. STATEMENT OF PURPOSE

spinning conditions.

Nanofibers produced by electrospinning are of

2. INTRODUCTION

industrial and scientific interest due to their long

Computational fluid dynamics (CFD) uses powerful

lengths, small diameters, and high surface area per

computers and applied mathematics to model fluid

unit volume [1]. The process is complex with the

flow situations[3]. Since the late 1960s, CFD has

jets

movement

become an integral part of the engineering design

[2].So,in rencent years, numerical simulation was

and analysis environment of many companies.Since

used and aimed to understand jet movement under

1981, the POLYFLOW software package developed

different spinning conditions. With the latest

from FLUENT company,are specially designed to

developments of computer technology and the

simulate visco-elastic and polymer flow,so it is the

widespread

fluid

most comprehensive, most widely used CFD

dynamics(CFD) technology in recent years are the

software to simulate fluid flow. In this paper we use

most

simulation

GAMBIT as the Pre-processing software for the

techniques. Compared with other software used in

POLYFLOW,that is used to set-up phycial model

CFD, in this article,we use POLYFLOW to simulate

and divide grid.

high-speed

and

application,

commonly

used

complicated

computational
numerical

steady jet movement in 2D space,and use GAMBIT
to build geometric model and plot grid.

3. APPROACH

The objective of this work is to build the elongation

In this simulation process,we should utilize

model of the steady jet,and simulate the elongation

GAMBIT to set-up a 2D physical model. Then

morpha of the jet under different

use POLYFLOW to simulate steady jet movement
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discribe in fig. 2

under different tensile conditions,and analyze and
discuss the simulation result.
3.1 Set-up physical model
Before numerical simulation,we need set-up a
physical. The grid is geometric form of physical
model ,and is the vector of the simulation and
analysis. Therefore the the grid quality have a

FIGURE 2

The mesh diagram of the steady jets

significant impact on calculation accuracy and
computational efficiency. The main functions of

3.2 The numerical simulation of the steady jets

GAMBIT include three aspects: structural geometry

POLYFLOW is a CFD solver based on the finite

model, divided into grids and the designated

element method, especially for the material

boundaries. divided into the grid is one of its most

simulation of viscoelastic flow.Convert the created

important functions, which ultimately generate the

mesh in POLYFLOW software,define the solver

grid file that have border contains information.

model,define

the

material,define

boundary

conditions and redistrict the mesh. Define material
Open GAMBIT, make the solver is POLYFLOW.

and set boundary have a great impact on the results

Set-up the physical model incle:creat the grid

.

coordinates;creat wireframe from node;creat face

In the simulate process,we need to define the

from wireframe; determine the nodes distribution

viscolity. In this paper,our research subject is 10%

internal Boundary line and create a mesh,set

PVA solution. We obtain the dynamic viscosity is

boundary;save the mesh and exit.

47Pa.s

Fig. 1 shows the geometrical model of steady

There are 4 boundaries in the physical model(show

jets.The minumim of grid coordinate x is -50,the

in fig. 1), All the boundary type is set as follows:

maximum is 50.

The minumim of left grid

coordinate y is -10, the maximum is 10. The

Boundry 1:flow inlet. In electrospinning, To

minumim of right grid coordinate y is -4, the

maintain the solution flow through the nozzle

maximum is 4.The interval between two adjacent

remains unchanged, the average flow rate of the

grid line is 1,the default units are the international

solution is fixed at 3.5×10-3ml/s
.

units

Boundary 2 and boundary 4: freesurface,The
surface shape of electrospinning jet is unknown.so
the surface shape of boundary 2 and boundary 4 are
unknown, that are freesurface.
Boundary 3: flow exit. In this boundary, there is a
normal force(fn) exert to the jet, Because the steady
jet move along along a straight line instead of exist

FIGURE 1 The geometrical model of steady jets

radical movement,so the radical force(fs) in this
The physical model after divide into mesh

boundary is zero.
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the jets, the y-axis lengths of the same x coordinates
4.RESULTS AND DISCUSSION

graphics reduce,that is the diameters of jet reduce.In

In polyflow software, we use fn to indicate the draw

addition,fig. 3 shows with the draw force

force exert to the jet.Change the draw force through

incerse,the shear force that exert to jet surface and

changing fn. The simulation results indicate the jet

parallel to the jet surface increse, the jet

morphology change as the fn incresing.Fig. 3 shows

morphology changes more obvious,the shining

the changing of jet morphology under different

speed of jet incerse. As show in fig.a and

draw force.

fig.d.Experiment obtained the same rusult[4.5]

FIGURE 4 The Morphological changes of jet
when fn=1.8×10

6

Continues to increase the draw force based on the
Fig.3, when the stretching force reaches a certain
value, the jet tensile behavior will change, as shown
in Fig. 4. That is the jet not only tapering in the
movement process , At some point there will be
another first thicker then thinner phenomenon.The
reason of this phenomenon is as the increment of
draw force,there is much solution flow from the
nozzle, High-speed jet make certain parts solution
of the jet could not be stretching, the solution
happen "crowded" ,and the jet diameter is no longer
uniform thinning.
5. CONCLUSIONS
This paper introduce some concepts and theories
about CFD numerical simulation,set-up physical
model using GAMBIT,simulate the 2D movement
morphology of the steady jet using POLYFLOW
software.The conclusion as follows:
(1) In simulation process, the electrospinning
solution

FIGURE 3 The changing of jet morphology under

is

treated

as

incompressible

Newtonian fluid,the jets move in air belong to

different draw force

isothermal fluid, and the movement og stezdy
Fig. 3 shows as the increment of draw force exert to

jet is considered as steady motion.
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(2) For the steady jet, the draw force act on the jet

[2]Darrell H. Reneker, Alexander L. Yarin ，

is the resultant force of the external electric

Electrospinning jets and polymer nanoÞbers ，

field and viscous resistance force of solution.

Polymer;2008;2377-2416

By simulating the

[3]Bin

morphology of steady jet

Xia,

Da-Wen

Sun;

Applications

of

changes with the stretching force, reflecting the

computational fluid dynamics(CFD) in the food

influence of massfraction of solution 、 salt

industry: a review; Computers and Electronics in

concentration and applied voltage on the jet

Agriculture34 (2002) 5–24

morphology.

[4] J.M. Deitzel, J. Kleinmeyer, D. Harris, N.C.

(3) The simulation results indicate draw force
increment

will

lead

to

shear

Beck Tan; The effect of processing variables on the

force

morphology

of

electrospun

nanofibers

and

increase ,which have a parallel role on the jet

textiles;Polymer 42 (2001) 261–272

surface ,and the thinning speed of jet increse.

[5]Vince Beachley ， Xuejun Wen ， Effect of

Jet morphology changes apparently with the

electrospinning

stretching force ,and the diameter decrease as

diameter and length ， Materials Science and

the draw force increases. But the drow force

Engineering C（2008）1-6

could not increase unlimitedly, when the
stretching force reaches a certain value, the jet
diameter is no longer evenly change, while
there will be rough section or pumping out
phenomenon.
6. FUTURE WORK
On the basic of this article, by improving the grid
quality and improving the boundary conditions,
make

the

numerical

simulation

of

the

electrospinning jet more realistic, closer to real
experimental situation.In addition,the future work
will be more focused on the numerical simulation
of the instability jet.
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ABSTRACT
Hydroentangling manifold is one of the most important units in hydroentangling process; its geometry plays a
crucial role in the uniformity of waterjets over the entire width of hydroentangling jethead. A computational
fluid dynamics (CFD) model is developed to simulate the fluid flow patterns inside the drilled manifold of
hydroentanling process. The geometry of manifold is related to the flow characteristics, even results in defects
in the treated product. This work studies the effects of manifold geometry, particularly the discharging slot
dimension. The results of a three-dimensional simulation show that there exist turbulences in the equalizing
chamber, and these turbulences have varying degree of affects on outflow with the changing of discharging slot
dimension. Our simulation results reveal that the turbulences inside discharging slot have more significant
effects on the flow properties in the center line of outflow surface when it is less than 40mm height. This work
demonstrates that CFD can be used to optimize the geometry design of manifold with less cost.
NTRODUCTION
Hydroentangling is a mechanical bonding process
that exploits the energy transfer capabilities of
high-pressure water jets to entangle loose
assemblies of fibers carried and supported by a
moving screen [1]. Manifold is the unit for
supplying high pressure water in the entire width of
jethead which is pushed through nozzles in the
strip to produce a curtain of water jets.
The geometry of manifold plays a crucial role in
the uniformity of the water jets over the cross
direction of hydroentangling process. Despite the
research on nozzle geometry by B. Pourdyhimi [2,
3, and 4], E. Ghassemieh [5], and Caihua Wang [6],
there is hardly any data reported in the open
literature on the geometry of manifold. This is led
us to initiate a focused investigation on the fluid
flow in the manifold. Due to the closure of
manifold unit in hydroentangling process,
experimental observation of the fluid flow inside
the manifold is inconvenient if not impossible. On
the other hand, CFD simulation can be used to
investigate fluid flow characteristics. In this paper,
we provide a brief overview of the numerical
technique used to model fluid flow inside manifold.

(a) Profile

(b) Section
FIGURE 1. The structure of the drilled manifold model
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flow variable gives a measure of the error
magnitude in the solution in iteration. We consider
a simulation to be at the state of convergence when
residuals show a four-orders-of-magnitude
reduction along with no significant change in the
flow properties by considering additional iterations.

MODEL CONSTRUCTION
Figure 1 shows a model of the so-called drilled
manifold, which is one of the most typical
hydroentangling manifold structures. Such a
manifold is composed of an upper chamber, in
cylindrical shape, fed with pressurized water
through a pipe supplied via a high pressure pump.
The pressurized water is fed into the upper
chamber then flows through the cylindrical bores
where are separated with a regular pitch over the
entire width of the injector, which is in general
between 5 and 10 mm and the center-to-center
distance of two cylindrical bores is in general
between 20 to 50 mm,
For redistributing water correctly over the entire
length of the jet-head and reducing the affect of
turbulence caused by cylindrical slots, there is a
stainless steel bar in the center of the lower
chamber; however, it has been found that this
kind of structure can result in defects in the treated
product when the water pressure in the jet-head
exceeds 50 bar. We expect to study the effect of
slot height (L) on the discharging flow, and try to
find the proper dimension. Otherwise, if the
turbulence is transmitted to the water jets, it will
result in a substantial and rapid reduction in their
energy; moreover, water jets will become diffuse
and whitish beneath the areas of turbulence,
whereas under the holes the flow from the jets
remain unidirectional, stable and turbulence-free
[7].

We used a segregated solver and found the best
convergence with the PISO algorithm, when
considered for coupling the pressure and velocity
fields. We used a PRESTO scheme for
discretization of the pressure equation and secondorder upwind for the rest of the continuum
equations.
Since the pressure at the outlet is not fixed, we
have to use velocity inlet and outflow boundary
conditions as specified in figure 1. As for the near
wall treatment, we use the so-called standard wallfunctions method. In this method, the semiempirical formulas called “wall functions” are used
to bridge the viscosity-affected region between the
wall and the fully-turbulent region. The use of wall
functions obviates the need to modify the
turbulence models to account for the presence of
the wall [7].
The empirical formula between pressure and
volume flow rate is widely accepted in practice.
We therefore use this definition to compare the
outflow properties in different inlet velocity and
outflow dimension, which is the main purpose of
this study.

NUMERICAL SIMULATION
Our simulations were undertaken by using the
computational fluid dynamics (CFD) package code
from Fluent Inc. we solved steady-state Renoldsaveraged Navier-Stokes equations (RANS) for a
symmetric turbulent flow inside the manifold for
the pumped pressure from 30 to 300bar and
discharging slot height from 25 to 55mm.

⎛
⎞
Q
⎟
P [bar ] = ⎜
⎜ ( 0.66 × α × d Nozzle 2 ) ⎟
⎝
⎠

2

(1)

Where P= Output pressure of high pressure pump
(bar), Q= Capacity (l/min), dNozzle= Equivalent
diameter of the outflow nozzle (mm);α= Efficiency
of the nozzle (0.66-1) (assumed 0.92).
According to the above mentioned formula and
model parameters, the Table 1 presents the values
of the inlet pressure and flow rate respectively.

The simulation domain together with the boundary
conditions is shown in Figure 1. According to the
simulate condition, we have used velocity inlet and
outflow boundary conditions in a symmetric
geometry.

TABLE 1. Simulating parameters
Operating
Volume flow rate( X
pressure (bar)
10-3m3/s)

In this study, we used Realizable κ-ε model
implemented in Fluent 6, to incorporate the
turbulent features of the flow. We also tried
standard and re-normalization group (RNG) κ-ε
model. The convergence criteria for these
simulations are defined in terms of the “residuals”,
which provide a measure of the degree to which
each of the conservation equations is satisfied
throughout the flow field [8]. The residual for each

30
60
100
150
200
250
300
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6.42
9.08
11.72
14.36
16.58
18.54
20.31

Velocity inlet
(m/s)
1.28
1.81
2.34
2.78
3.32
3.71
4.06

are obvious turbulences in the underneath of
cylindrical bores. If these turbulences are
transmitted to the water jets, it will result in a
substantial and rapid reduction in their energy,
which means the incensement of power and water
consumption in hydrentanlging process; moreover,
water jets will become diffuse and whitish beneath
the areas of turbulenace, whereas under the holes
the flow from the jets remain unidirectional, stable
and turbulence-free, during the treatment of
nonwoven webs, such a disparity in flow will has
repercussions on the effectiveness of fiber bonding
and makes the entanglement of the fibers in the
product heterogeneous, particularly with a
variation in density [7].

During our simulation, we also study the effect of
discharging slot dimension by changing the value
of L from 25 to 55mm with the fixed inlet pressure
of 100bar.
RESULTES AND DISCUSSION
We have computed the internal flow of the drilled
manifold according to the model and solution
strategies described above. In the next section, we
study the flow patterns in the discharging slot.
Streamlines are used to visualize the flow of
particles in the simulation domain. In figure 2, the
particles are released from velocity inlet surface.
As indicated earlier, figure 2 shows that some lines
become diffuse and turbulent when come out of
the cylindrical slot; while, the lines which is out of
the center of cylindrical slot remain straight.

30bar
60bar
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200bar
250bar
300bar
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FIGURE 4. Pressure coefficient of the center line in outflow
surface, when L=37mm.
FIGURE 2. Streamlines showing the flow characteristic in
drilled hydroentangling manifold
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FIGURE 5. Velcity magnitude of the center line in outflow
surface, when L=37mm

X

9.57e-03

Figure 4 shows the pressure coefficient of the
center line in outflow surface, when water is
pressed into manifold with the pressure from 30 to
300bar. The pressure coefficient presented here as
the simulation result is the ratio of pressure inlet
and outlet obtained from turbulent flow numerical

FIGURE 3. Velocity vectors showing the turbulence in the
underneath of two cylindrical bores

As mentioned above, figure 3 illustrates the
velocity vectors in the equalizing chamber which is
colored by velocity magnitude and the arrows point
to the direction of velocity; we can find that there
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disparity between two curves is not obvious any
more.

simulation. It is worth of note that all of the
pressure coefficients are almost constant values
over the entire length of our simulation model, the
pressure coefficients have different variation trend,
only affected by velocity inlet. In contrast, the
velocity of the center line in outflow surface is
non-uniform (figure 5); whereas, in our simulation
range, all of the velocity curves have very similar
trends when the pressure changing from 30 to 300
bar.
L=25mm
L=30mm
L=35mm
L=40mm
L=45mm
L=50mm
L=55mm

14
12

Velocity magnitude m/s

Besides the wave of curves in figure 6 and figure 7,
we can also find that the velocity in entry side is
obviously higher than the end side, while the curve
of pressure coefficient is contrary to the situation
of velocity. This make us consider that, in real
production, this kind of geometry maybe give rise
to the different strength of product in the cross
direction.
In summary, it can be seen that 40mm is a proper
size for reducing the effect of turbulence on
outflow surface. Besides, the velocity in entry side
is obviously higher than the end side, while the
pressure coefficient is contrary to the situation of
velocity.

10
8
6

CONCLUSIONS
This study employs a three-dimensional numerical
simulation to study the flow dynamics inside
drilled hydroentanlging manifold, we have
undertaken a series of steady-state threedimensional turbulent flow simulations, we can
draw the following conclusions according to our
simulation results: First of all, the cylindrical bores
of the manifold, which is used for distribute flow,
give rise to turbulences in the lower chamber, even
though the redistribute of the flow equalizer, the
outflow is still not uniform and straight. Second of
all, by changing the size of slot, we find that when
the value of L is more than 40mm, the increase of
L have no more obvious effect on the flow velocity
and pressure coefficient. Therefore, we consider
that 40mm is a proper size for discharging slot.
Last, from entry side to end side of this kind
geometry, the pressure coefficient is descending
while velocity is ascending in the center of outflow
surface.
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Figure 6. Showing the velocity magnitude in the center line of
outflow surface, when L=25 to 55mm.
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ABSTRACT
Dictyoploca japonica (DJ) cocoon (DJC) is one kinds of tusur cocoon, which widely exist in nature. It
is reported that DJ fibroin (DJF) is expected to have potential applications as biomedical materials,
cosmetic additive, etc. However, there are few reports on DJC and DJF. In order to enhance the value
of DJF in use, nonbreaking, degumming and dissolving methods of DJC and DJ silk (DJS) were
reported in this paper, respectively. The structures and the properties of DJS were investigated by X-ray
diffraction (XRD). The results showed that the strengths of the single raw silk and cuitte silk of DJ
were much higher than that of tussah silk (TS), and DJF could be dissolved in both of HCl and NaOH
solution. In addition, with the increasing the concentration of HCl and NaOH solution, its dissolvability
was also increased. The dissolvability DJF was higher than that of tussah fibroin (TF), the degree of
crystallinity of the DJF was lower than that of TF.
Keywords: dictyoploca; japonica; cocoon; dictyoploca; japonica fibroin; nonbreaking; degumming
1. INTRODUCTION
DJ is one kind of tuturs. There are many kinds of
amino acid in DJF, such as lysine, threonine,
leucine, isoleucine, valine, phenylalanine,
tryptophom, methionine, which are necessary for
human body. Fibroin has widely been used
nowadays, for example, degrading fibroin into
silk peptide and amino acid of low molecule,
fibroin can be applied in many fields, such as
cosmetics, food, medicine and medical treatment.
The research shows that tyrosine in fibroin has
an effective result to cure alzheimer disease, and
aminoacetic acid and serine in fibroin has the
function to decrease cholesterol and fat in blood,
thus preventing high blood pressure. In DJF,
besides the above mentioned amino acids, the
content of the histidine is also very high and it is
the amino acid necessary to babies. Glutamice
acid has a high content in it, and it is the specific
drug to treat epilepsy and nerve disease.
Asparaginic acid is an auxiliary medicine to treat
angina pectoris and liver disease. In Japan, there

have been many processing factories producing
fibroin powder and fibroin food.
Although tussah and DJ are both of tutur, the
technics of nonbreaking and degumming of the
tussah have already been successful, but the
interrelated research about DJC has seldom been
reported. Fibroin is a kind of high molecular
weight protein, its utilization value is controlled
by the number of molecular weight, so the
dissolving method of the fibroin is especially
important, but the method of dissolution of DJF
has seldom been reported. So, this article not
only makes a close study about the nonbreaking,
the degumming and dissolution of the silk but
also gives a close report about it. We hope to
give some reference to those peopl who also do a
research in the field.

2. APPROACH
2.1 Materials and Instruments
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Materials: DJC, Na2CO3, NaOH, trinitrophenol,

dissolution, to filter it using filter paper, then

picrocarmine and hydrochloric acid.

baking the leavings in the oven for one hour at

Instruments: Single fibre tensile tester and XRD.

80oC and calculating the rate of solution of the
silk.

2.2 Methods
2.2.1 Nonbreaking of cocoon

2.2.5 XRD analysis

(1) Marinating for twenty two hours with 0.5%
Na2CO3 solution at 12oC; (2) Put the marinated
cocoon into the mixed solution of 0.05% NaOH
and 0.85% Na2CO3, keeping the solution
temperature 95oC for one hour; (3) Filaturing
with hands, and the silk is short.

Tube voltage is 4.0KV, tube electric current is
35mA, scanning speed is 2o/min. Ni filtering.
Scan from 2θ = 5o～45o.
3. RESULT AND DISCUSSION
3.1 The strength of the single silk before being
degummed and after being degummed
TABLE Ⅲ shown that the strength of the raw

2.2.2 The degumming of silk
o

(1) marinating with 40 C distilled water for 30

silk of DJ was much higher than that of raw silk

minutes; (2) Primary degumming: Technology

of tussah, and the strength of the cuitte silk of DJ

shown as TABLEⅠ; (3) water-washin with 30～

was also higher than that of cuitte silk of tussah .

o

40 C

distilled

water

twice;

(4)

second

Therefore, making use of its high strength, we

degumming: the technology was the same as

can laminate silk and other fibre. Through

primary degumming

bringing out its strengths to make up for its
weaknesses, we can produce some widely used
products to serve people better.

TABLEⅠPrimary degumming technology
Na2CO3

NaOH

temperature

Time

(％)

（％）

（oC）

（minute）

0.05

98

0.8

TABLEⅢ The strength of the single silk of DJS
breakin

30
Strengt
Sample

2.2.3 The test of the strength of single silk

h
(cN)

On the single fiber tensile tester, testing the

Time
(s)

breaking

elongation strength

(%)

Raw silk of

after its being degummed, then getting its

DJ

average value of fifty times.

Cuitte silk of
DJ

TABLEⅡThe technology of dissolving DJF

Raw silk of
solvents

(oC)

time

Bath

Concen.

tussah

(hour)

ratio

( wt ％)

Cuitte silk of

36,32,28,

tussah

HCl

98

2

1:50

NaOH

100

2

1:50

(cN/

dtex)

strength of silk before its being degummed and

Temp.

g

42.41 9.66

16.08

7.57

28.50 9.86

16.40

5.09

33.42 23.42

39.00

5.96

25.75 22.37

37.25

4.59

24,18
30,25,20,

During the process of the degumming of silk, the

15,10

colour of the solution will be brown, and the
colour of the cocoon will become pale to some

2.2.4 The dissolution of the silk

extent. When being filatured, sliver is easy to

Dissolving silk according to the corresponding

dissociate from cocoon. But if the sliver is short,

technology

it is easy to have broken ends, and there is high

shown

in

TABLE Ⅱ .

After
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end breakage rate and low yield. It is not suitable
10 0

for filature. It can only be used as the schappe

98
96

sprining material. This is the same view as many

94
92

other experts.

Solubility

90
88
86
84
82

3.2 To dissolve DJF with HC1 and NaoH

80
78

Under the condition of dissolving temperature

76
74

98oC, dissolving time being two hours, bath ratio

10

15

20

25

30

Concen tration

1:50, HC1 of different concentration can lead to
the dissolvability of the silk, as was shown in

Fig. 2 Dissolving curves of silk using NaOH with different

Fig. 1. Under the condition of dissolving

Concentration. ■: solubility of DJS; □: solubility of TS

o

temperature 100 C, dissolving time being two
hours and the bath ratio 1:50, NaoH of different

3.3 The crystal structure of silk

concentration could lead to the dissolvability of

Fig. 3 and Fig. 4 show the XRD curve of DJF

the silk, as was shown in Fig. 2. From Fig. 1, it

and TF, respectively. From these curves, it was

was shown that under the same condition, using

seen that the diffraction peak of the DJF was

HC1 of different concentration as solvent to

lower than that of TF. The lower the diffraction

dissolcve fibroin, the dissolvabilityDJF was

peak was, the smaller the crystallization was ,

higher than TF, and dissolvability would increase

which shown that the degree of crystallinity of

with increasing concentration of HCl. From Fig.

the DJF was lower than that of TF. DJF was

2, we could know, when the concentration of

easier to dissolve than that of TF. This result was

NaoH was under 23% , the dissolvabilityDJF

consistent with the conclusion to use solvent to

was higher than that of TF, when the

dissolve the silk, so the dissolvability of DJF

concentration of NaoH was over 23%,

was higher than that of TF.

the

dissolvability DJF was lower than that of TF. But
6000

with the increasing concentration of NaOH, the

20.4

5000

dissolvability of all kinds of fibroins wouldl all

17.2

4000

relatively increase, which shown that the

3000

concentration of solvent plaied an important role

2000

in the dissolution of fibroin.

1000
10

20

30

40

85

80

2θ

Solubility

75

Fig. 3 XRD curve of DJF

70

65

6000
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4000

20.5

17.1

50
16
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Fig. 1 Dissolving curves of silk using HCl with different

0
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concentration. ■: solubility of DJS; □: solubility of TS

2θ
Fig. 4 XRD curve of TF
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Aqueous Ionic Liquids
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pulp in aqueous [BMIM]Cl were observed by
polarized light microscope (PLM) with hot stage at
80, 90 and 100℃, respectivly.
Cellulose/[BMIM]Cl dopes were prepared from
slurry of cellulose in the aqueous ionic liquids by
removing the excessive water at elevated
temperature, vacuum and high shearing rates after
a certain swelling time.
The rheological measurements were made on
RS150L Rheometer (Haake,Germany) and a cone
plate (Ti, 35/1º) was used.

INTRODUCTION
Cellulose is the most abundant biorenewable
material in the world. Only around 200 million tons
of 40 billion tons renewed annually are used as raw
materials and productions such as fiber, paper,
membrane packaging and paints industries [1].
Cellulose consists of polydisperse linear glucose
polymer chains which form hydrogen-bondes
supramolecular structures[2]; cellulose is not soluble
in water or
most conventional organic
solvents ,Which means the main impediment to the
wide range use of cellulose was a lack of suitable
solvents for dissolution process. Traditional
cellulose
dissolution
process
such
as
cuprammonium and xanthate process are often
expensive
and
used
relatively
harsh
conditions[3-6].In addition these ways and processing
is nogreen and caused serious problems because the
solvent used cannot be recovered and reused[7] .
Ionic liquids are very effective solvents for a wide
variety of solutes. In recent years, the dissolution
of cellulose in ionic liquid, especially in 1-butyl-3methylimidazolium chloride ([BMIM]Cl) is
studied a lot by many people[8-9]. It is believed that
chloride ion of [BMIM]Cl is the main part to break
the extensive hydrogen-bonding network and bring
a much quicker dissolution[10]. To obtain a certain
concentration cellulose dope, quicker dissolution
will produce many gels and particles in the solution
and make their spinning performance bad. So to
make a more even dissolution and suitable for
spinning of cellulose solution, the swelling of
cellulose pulp fibers in [BMIM]Cl containing
different contents of water are studied respectively
in this paper. The swelling of cellulose in aqueous
[BMIM]Cl are investigated and compares with the
direct dissolution of cellulose in pure [BMIM]Cl.

RESULTS AND DISCUSSION
The swelling and dissolution processes of cellulose
pulp in [BMIM]Cl with different water contents
were investigated The results showed the initial
water contents in [BMIM]Cl have great influence
on the swelling and dissolution of cellulose. When
the water content in [BMIM]Cl was less than 1%,
the pulp dissolved quickly by disintegrating into
rod-like fragments (Figure 1). In aqueous
[BMIM]Cl with 2%-5% water, the cellulose pulp
exhibited a apparently and heterogeneous swelling,
whereas the pulp couldn’t be dissolved in this
kinds of ionic liquid (Figure 2). With more water
content in ionic liquids(6%-20%), no swelling and
dissolving phenomena were observed on the pulp
(Figure 3).

0min
1min
FIGURE 1. PLM images of cellulose pulp in [BMIM]Cl with
1% water at 80 ℃

APPROACH
Cotton pulp (DP=686, α-cellulose content 95%,
Baoding Chemical Fiber Co., China) was used in
this paper. [BMIM]Cl was purchased from
BASF(Germany). A quantity of distilled water was
added in [BMIM]Cl to obtain aqueous [BMIM]Cl
systems (0,1,2,3,4,5,6,7.8,9,10 and 20% per mass
of water).
The swelling and dissolution processes of cellulose

0min
16min
FIGURE 2. PLM images of cellulose pulp in [BMIM]Cl with
2% water at 80 ℃
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pure [BMIM]Cl.
.
0%
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FIGURE 3. PLM images of cellulose pulp in [BMIM]C with
6% water at 80 ℃
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FIGURE 4. The swelling ratio of cellulose pulp in [BMIM]Cl
with different water contents at 80℃
TABLE I. The maximum swelling ratio of cellulose pulp in
[BMIM]Cl with different water contents at different
temperatures
Initial water content
in [BMIM]Cl

80℃

90℃

100℃

2%
3%
4%

2.4
1.8
1.4

2.4
1.9
1.3

2.5
1.8
1.5

5%

1.3

1.4

1.4

0.6

0.8

1.0

The rheological behavior of cellulose dope from
aqueous [BMIM]Cl showed that the cellulose/
[BMIM]Cl solution obtained from ionic liquids
with different initial water contents belonged to the
typical shear thinning fluids. The apparent
viscosity
of
cellulose/[BMIM]Cl
solution
decreased with the increase of initial water content
in [BMIM]Cl at the same temperature (Figure 5).
Therefore, the concentration of cellulose could be
further increased in aqueous [BMIM]Cl, which is
helpful to increase the efficiency of manufacturing
the cellulose fibers.
In addition, the dynamic rheological properties of
cellulose dope from aqueous [BMIM]Cl were
determined at different frequencies, and the
molecular unevenness Uη was calculated according
to the reference [11]. The results showed that Uη of
cellulose dope from aqueous [BMIM]Cl was lower
than that from pure [BMIM]Cl, which means
cellulose fully dissolved in aqueous [BMIM]Cl by
the indirect dissolving process and the resultant
solution had better homogeneity (TABLE Ⅱ).

5%
4%
3%
2%

200

0.4

FIGURE 5. The flow curves of 11% cellulose/[BMIM]Cl
solutions made from [BMIM]Cl with different initial water
contents at 90℃

In the range of 2-5% water in aqueous [BMIM]Cl,
the swelling ratio of cellulose in [BMIM]Cl with
different water contents at different temperatures
were investigated, and the results were listed in
Figure 4 and Table I. It is found that the maximum
swelling ratio of the cellulose decreased with the
increase of water content from 2% to 5% in
aqueous [BMIM]Cl at the same temperature. In
addition, the maximum swelling ratio of the
cellulose improved when the temperature increased
from 80℃ to 100℃.

210

0.2

.

lgγ (1/s)

TABLE Ⅱ. The molecular unevenness Uη of cellulose dope
from pure [BMIM]Cl and aqueous [BMIM]Cl with 2% water
Initial water
[BMIM]Cl

Although the cellulose couldn’t be dissolved
directly in the aqueous [BMIM]Cl with 2-5% water,
whereas cellulose/[BMIM]Cl dopes with high
quality could be prepared by vacuum evaporation
to remove the water. Before dissolution the pulp
fibers were swelled to the most by different content
water of aqueous [BMIM]Cl and then the
dissolving capacity of the ionic liquids recovered
with out of water. It is found that there are fewer
particles and gels in the cellulose dope from the
aqueous [BMIM]Cl, compared with those from

content

in

Uη

0%

3.90

2%

2.92

CONCLUSIONS
The swelling and dissolution of cellulose pulp
change as a function of water content in aqueous
[BMIM]Cl and three ranges of water content have
been identified. The maximum swelling ratios of
cellulose is influenced by temperature and the
water content in [BMIM]Cl.
There are less particles and gels in cellulose dope
prepared from the aqueous [BMIM]Cl by vacuum
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liquids as reaction medium in cellulose
functionalization, Macromol. Biosci. 5 (2005),
520–525.

evaporation to remove the excessive water,
compared with that from pure [BMIM]Cl.
With increasing of initial water content in
[BMIM]Cl, the apparent viscosity and the
molecular unevenness Uη of cellulose dope from
aqueous [BMIM]Cl are lower than those from pure
[BMIM]Cl.
Therefore, the way of swelling first and then
dissolving cellulose is better than that of directly
dissolving in pure [BMIM]Cl.

[10] Kosan B, Michels Ch, Meister F. Dissolution
and forming of cellulose with ionic liquids.
Cellulose, 2008, 15: 59–66.
[11]
Michels
Ch,
Kosan
B.
Lyocell
process-material and technological restrictions.
Chemical Fibers International, 2000, 50: 556-561.
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ABSTRACT
The copolymer resin made from butyl methacylate(BMA), lauryl methacrylate(LMA) and hydroethyl
methacylate(HEMA) was synthesized by the method of suspension. Then the oil-absorbent polymethacrylate
fiber was prepared by technology of gelation-spinning using the copolymer as spinning resin. The effects of
content of LMA on the absorptive rate and the absorptive capability of fiber to chloroform, toluene and kerosene
were researched. DMA and TG were used to research thermal behavior and heat stability of the fiber. The results
showed that, when content of LMA was 5%, the fiber had higher oil absorbent rate, higher glass transition
temperature and good heat stability.
INTRODUCTION

EXPERIMENTAL

At present, oil-absorbent fiber has still been less

1 Materials

reported. There was oil-absorbent fiber based on the
modification of natural fiber, but the fiber had lower

N-butyl methacrylate (BMA), chemical pure,

oil retention and oil absorption rate. The studies on

Tianjin Fu Chen Chemical Reagent Factory; lauryl

high-performance oil-absorbing materials were

methacrylate(LMA),

focused on high oil-absorbent resin[1,2], but resin

Chemical

shape limited its use. Feng Yan [3-6]studied the post

methacylate(HEMA),

crosslinked

copolymethacrylate

Reagent

pure,

Company;
chemical

Tianjin

hydroethyl

pure,

Tianjin

with

Chemical Reagent Institute; polyvinyl alcohol

three-dimensional network structure. Liu Yanping

(PVA), chemical pure, Tianjin Chemical Reagent

[7] prepared a oil-absorptive ultra-fine nanofiber

Company; benzoyl peroxide (BPO), chemical pure,

with diameter of 200nm-5000nm on the basis of

China Pharmaceutical Group Shanghai Chemical

EPDM via electrostatic spinning, and then used

Reagent Company; Trichlorethylene , Analysis pure,

radio

Tianjin

wave

radiation

fibers

chemical

technology

to

get

Chemical

Reagent

Factory;

toluene,

three-dimensional network of oil-absorptive fiber

Analysis pure, Tianjin Chemical Reagent Co., Ltd..;

materials.

kerosene,

industrial,

laboratory

packaging;

N,N-dimethylacetamide (DMAc), Analysis pure,
As a new type of functional materials, absorptive
fiber

could

provide

broad

prospects

Tianjin Ke Rui Si Fine Chemical Co., Ltd..

for

development with the increasing demands to

2 Copolymerization

environment. In this paper, the copolymer made

Quantitative distilled water and dispersant PVA

from

were added to a 4 orifice flack. When PVA was

butyl

methacylate(BMA),lauryl

methacrylate(LMA)
methacylate(HEMA)

and
was

hydroethyl
the

BPO were added in accordance with the formula

method of suspension. Then the oil-absorbent

ratio. Under the protection of nitrogen, the solution

polymethacrylate

was stirred and raised to reactive temperature at

fiber

synthesized
was

by

completed dissolved, BMA, LMA, HEMA and

prepared

by

gelation-spinning using the copolymer as spinning

85℃.

resin.

temperature to 95℃ for 1h,and then the product
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After

5h,

continue

to

keep

reactive

was removed and washed. The dried granular resin

The heat-resistant properties of fiber samples were

was mixed with a certain volume of DMAc. In

analyzed by STA4O9PC heat analyzer from

order to be fully swelled, the resin was sealed at

Netzsch company (TG). The test temperature range

room

was 30 ℃ -700 ℃ and heating rate was 10 ℃ / min.

temperature

for

24h,

and

then

the

plunger-type spinning machine was used to prepare
fiber by gelation-spinning. The fibers were dried for

4.3 Cross-section and surface morphology

later use after extracting the excessive swelling

The cross section and surface morphology of fibers

agent.

were analyzed by KYKY2800 scanning electron
microscope from the Chinese Academy of Sciences
Center (SEM).

3 Fiber performances test
3.1 Absorption rate and saturated absorption of
fiber

RESULTS AND DISCUSSION

At first, in order to deduct the oil absorption of

1 The influence of LMA content on the

empty bags, the empty non-woven bags were

absorptive rate

immersed into the tested organic liquid (in this

In this study, two types of fiber with different LMA

experiment for the organic liquid trichlorethylene,

content of 0wt% and 5wt% were prepared by

toluene and kerosene) for 1h, and then they were

gelation-spinning technology, and their adsorptive

weighted. Fibers weighted at 1g separately to the

properties were discussed. The influence of LMA

non-woven bags were immersed in the tested

content on the absorptive rate of polymethacrylate

organic liquid for 8h at room temperature. In order

fiber was shown in Fig.1.

to remove the without absorbed organic liquid, the
non-woven bags were taken out to dripping for

LMA 5%

10min. Then they were weighted. The different time

9

of oil weight determined the adsorption rate. At last
the

non-woven

bags

were

immersed

6

LMA 0%

until
3

24h .Saturated absorption capacity was determined
by the following equation:

0

0

2

4

6

8

Absorbency Time/(h)

W1 − W
W0

0

(a) trichloroethylene
y (g g)

Q =

Where, W1- the fiber quality after absorbing oil (g)
W0- the fiber quality before absorbing oil (g).

4.5

LMA 5%

3.0

LMA 0%

1.5

4 Fiber structures test

0.0

4.1 Dynamic thermo-mechanical test
analyzed

by

DMA242C

2

4

6

Absorbency Time/(h)

The dynamic mechanical properties of the fibers
were

0

dynamic

(b) toluene

thermo-mechanical analyzer from German Netzsch
company. The test temperature range was -100 ℃
-400 ℃ ; heating rate was 10 ℃ / min and the
frequency was 10Hz .
4.2 Thermal test
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8

Oil Absorbency/(g/g)

1.6
LMA 5%

1.2
0.8
0.4

LMA 0%

0.0
0

2

4

6

8

Absorbency Time/(h)

(c)

(d)

(c) kerosene
Fig 2. SEM graphs of fiber with different LMA content
Fig 1. Relation between LMA content and absorbent rate of fiber

LMA content : (a),(b): 0wt%;(c),(d):5wt%

The figure showed that fiber with 5wt% LMA had

When content of LMA was 0wt%, it could be seen

higher absorptive rate to all tested oils. The affinity

from Fig.(a) and (b) that the

between ester group on the fiber side-chain and oil

surface were both relatively smooth; when content

molecule was the main driving force of absorbency.

of LMA was 5wt% shown as Fig.(c) and (d), it

The former research indicated that the longer the

could be observed that both cross-section and

side-chain,

oil-absorptive

surface contained more tiny voids. These tiny voids

properties[8]. The lauryl group of LMA molecule

were benefit for proliferating of oil molecule to the

had better affinity to oil molecule, so fiber had

internal network of fiber. So the polymethacrylate

faster absorptive rate. At the same time, compared

fiber of 5wt% LMA had better absorptive

with kerosene, the molecules of toluene and

performance.

the

better

the

cross-section and

trichlorethylene were small, which were easy to
diffuse in the fiber molecules. So the adsorption

2 Adsorptive ability of fibers to different oil

fiber rate of trichlorethylene and toluene was

Because polymethacrylate fiber had different

relatively fast.

salvation to different oil, so it also had different
absorptive ability to different oil. The saturated

The results observed by SEM of different fibers

absorption of prepared fibers were shown in Tab.1,

were shown in Fig.2.

Tab.Ⅰ The absorbent properties of fiber to different oil

LMA content

chloroform

Toluene

Kerosene

(g/g)

(g/g)

(g/g)

0wt%

0.1

1.0

0.3

5wt%

9.9

4.5

1.4

It could be seen from Tab.1 that polymethacrylate
(a)

fiber with 5wt% LMA had less absorptive ability to

(b)

kerosene, while it had better absorptive ability to
chloroform, and had higher saturated absorption.
This was because trichlorethylene was a strong
polar substance, while toluene and kerosene were
non-polar substances, and ester-based was polar
group. In accordance with the rules of similar
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polarity, polar solvents had very good solubility to

also difficult, that was, resistance which must be

the polar polymers, so absorption fibers had

overcome by the segment movement increased.

significantly

However, the necessary attention to the fact that the

higher

absorptive

ability

to

trichlorethylene than that of the two other oil.

role of side group didn’t always enhance Tg, Long
and flexible side-group would decrease the Tg, so

In addition, besides oil molecule polarity the degree

when LMA was added, it also reduced the Tg of

of oil absorptive ability also related to oil viscosity,

fibers. But because conent of LMA was low, an

the size of molecular mass and so on. At the same

increase in side-group was sufficient for covering

time fiber also had a high absorptive rate to the oil

the increase in flexible impact. So the Tg was

which had similar solubility with it. As shown in

increased.

Tab.1, polymethacrylate fiber with 0wt% LMA
had the best absorptive ability to toluene. This was

4

because

Polymethacrylate Fiber

solubility

parameter

of

poly

butyl

Thermal

performance

of

Oil-absorbent

methacrylate was 17.7-18.4, while toluene was

Thermal stability must be considered in the used

18.2[9]. So there was a higher absorptive ability to

process. TG curves and DTG curves of

toluene.

Polymethacrylate fiber were shown in Fig.4.

3

Dynamic

mechanical

properties

of

Oil-absorbent Polymethacrylate Fiber

100

Two types of polymethacrylate fibers were tested by

0
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Mass/(%)
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-4
40

57.0℃

0.5

0
0

tanδ

-8

301.7℃

150

300

0.4

450
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Temperature/(℃)

68.0℃

0.3

(a)LMA content was 0%

0.2
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0.1

0

80
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184.3℃
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Mass/(%)

Temperture/(℃)

-2

60
-4
40
-6
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Fig 3. DMA spectrum of fiber with 0% and 5% content of LMA

330.4℃

0

It could be seen, compared fiber with 0wt% LMA,

-8

382.4℃

0

150

300

450

DTG/(%/min)

40

-6

384.3℃

20

0.6

DTA/(%/min)

0.7

0.0

-2

216.4℃

DMA. As shown in Fig.3.

600

Temperature/(℃)

mechanical loss peak tg δ of fiber with 5wt%

(b)LMA content was 5%

LMA migrated to a high temperature side, and glass
transition temperature Tg increased. The results

Fig 4 .TG and DTG spectra of fibers with different LMA content

indicated that when LMA was added into the fiber,
volume of side-chain and steric hindrance increased.

From Fig.4, it could be seen that DTG curves of

The internal rotation of molecule chain became

polymethacrylate fibers with different LMA content

difficult, and molecular chains movements were

had three weightlessness regions: the first weight
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loss zone was between 150-250℃. An endothermic
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ABSTRACT
The thermoplastic panel reinforced by basalt fiber (BF) was manufactured in the process of opening, carding
and pressing. In order to achieve sufficient interfacial adhesion, the basalt fiber surface was treated with Silane
coupling agent KH-550. Effect of coupling modification on mechanical properties of thermoplastic panel was
studied. The interfacial adhesion was discussed, adding by scanning electron microscope (SEM) of basalt fibers
surface morphology and interface structure. Results have showed that: after KH-550 treatment, the surface
roughness of BF changed more, fiber bundles scattered, and the uniformity of breaking strength improved,
which is conducive to the fiber opening and carding; KH-550 improved the mechanical properties of
thermoplastic panel owing to a good interface between BF and PP matrix. The treated BF could distribute
uniformly in the matrix. The mechanical properties of thermoplastic panel could be influenced greatly by
KH-550 concentration. With the basalt fibers BF treated by 0.75 wt% of KH-550 as reinforcing material, the
mechanical properties of the thermoplastic panel can reach best.
KEYWORDS: Basalt fiber; Coupling modification; Silane coupling agent; Thermoplastic panel.
INTRODUCTION
Basalt fiber (BF) is strong, fire resistant,
anti-radiation, thermal insulation and environmental
friendly, and may be used for composite
enhancement [1]. However, basalt fiber as an
inorganic material may not be compatible with
organic polymers, especially with these fibers lack of
active molecular groups, such as polypropylene,
polyethylene, etc. Coupling agents have been used to
improve the interfacial interaction between organic
fiber (e.g. wood fiber) and inorganic enhancement
materials (c. carbon and glass fibers), though the
literature about improving interfacial adhesion
between basalt fiber and organic fiber is rather
limited [2-6]. The method for improving interfacial
interaction of basalt/ plant fiber composite was
adopted for basalt/PP thermoplastic panel, using
carefully selected coupling agent. The interface was
observed with SEM, before and after treatment.
Finally, the improvement of mechanical properties
was reported according the experimental results.
MATERIALS AND METHODS
Continuous basalt fiber with mean diameter 9 micron
was cut to the length of 60mm and composited with
poly-propylene (PP) short fiber with mean length 38
mm and linear density 1.5D (white, melting point
162℃). The coupling process of basalt fiber was as
follows: Firstly, a few drops of acetic acid was added
into ethanol solution (alcohol level of 95%),

adjusting its PH value to 4.5-5.5; secondly, a certain
amount of KH-550 was uniformly mixed with the
ethanol solution and took 5 minutes for hydrolysis;
Thirdly, 30 wt% of basalt fiber was immersed into
the mixed solution for 30 minutes surface treatment,
then air-dried at room temperature; Finally, basalt
fibers were oven-dried at 120 ℃ for one hour, which
allows basalt fibers completely react with silane
coupling agent at that high temperature.
The fiber packing density of thermoplastic panel was
designed as 1400g/m2 and the fibers were blended at
mass ratio of basalt to PP 3:8. The fiber mixture was
opened, blended and carded to make pre-formed
pieces on the opening and carding machines by
parallel web making technology. The web was fed
into a mould machine and formed at moulding
temperature 195℃ and 10MPa pressure after 20
minutes. The thickness of the thermoplastic panels
ranged from 1.2-1.6mm with density from
0.9-1.1g/cm3.
Basalt fiber tensile properties were tested following
standard GB / T 7690.3-2001 on an electron yarn
strength tester type HD-021. The mechanical
properties of thermoplastic panel were carried out on
a universal tester type INSTRON3369. The tensile
and bending specimens were prepared and tested in
accordance
with
standard
GB1447-2005,
GB1449-2005 respectively. The sample direction was
fiber carding output, namely, the vertical direction of
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thermoplastic panel. The tensile and three-point
bending mechanical tests were completed at room
temperature at 2 mm/min loading speed. The tensile
fracture surface sprayed with gold treatment was
observed under scanning electron microscope (SEM)
type FEI QUANTA200.
RESULTS AND DISCUSSIONS
As seen from Figure 1, the surface of untreated
basalt fiber (Figure 1a) was smooth, while the
surface of treated basalt fiber (Figure 1b) became
rough with wrinkles, which benefits interfacial
adhesion between basalt fibers and organic polymer.
This improvement results from the deposit of
KH-550 during coupling reaction, which forms a
membrane on the surfaces of basalt fibers. Rough
surface of individual fibers certainly lead to better
fiber to fiber friction and entanglement, thus higher
strength in composite.

agent, five consistencies of KH - 550 solution (0
wt%, 0.25 wt%, 0.75 wt%, 0.90 wt%, 1.25 wt%)
were tested in the commonly recommend range of
0.1 wt% -3.0 wt% of the reinforcing materials [7],
and the basalt fiber mass fraction contained in each
thermoplastic panel was given as 30 wt%.
Figure 2 shows the influence of KH-550
concentration on the mechanical properties of
thermoplastic panel. With the increase of KH-550
concentration, the curve of thermoplastic panel
tensile, bending strength and modulus went up at the
beginning then decreased with small fluctuations at
the end. The maximums were reached at the
concentration of 0.75%, where the tensile strength of
thermoplastic panel was 138.94 MPa, tensile
modulus was 3827.48MPa, bending strength was
186.76 MPa, and bending modulus was 7470.67
MPa. Compared with the concentration of 0 wt%
(namely, untreated basalt fibers), the improvements
of tensile strength, tensile modulus, bending strength
and bending modulus were 213%, 158%, 98.026%
and 70.910%, progressively.

Strength/MPa

200

(b)treated

（a）untreated

FIGURE 1. SEM images of basalt fiber surface.

TABLE I. The tensile fracture strength and elongation of basalt
filaments comprising 250 fibers.

Mean

120
80

Tensile
Flexural

40
0
0.00%

Table I gives the tensile fracture properties of basalt
fiber filaments (250 fibers in each filament) before
and after KH-550 treatment at 0.75 wt%. After
treatment, tensile strength of basalt fiber filaments
decreased about 23.35%, whereas the mean
elongation increased about 2-fold. This indicates that
after the coupling process, fibers within filaments
become looser, thus less mechanical damage during
later opening and carding.

Untreated
Load at
Elongation
break /N
/%
9.25
1.51

160

Treated
Load at
Elongation
break /N
/%
7.09
3.63

SD

1.40

0.17

1.00

1.62

CV

15.16

11.13

14.10

44.53

MAX

11.13

1.82

8.41

6.60

MIN

7.08

1.25

5.77

1.60

Range

4.05

0.57

2.64

5.00

NOTE: SD means Standard deviation. CVmeans CV Value (%).

In order to pursuing the optimal content of coupling

0.25%

0.75%

0.90%

1.25%

KH-550 consistency

Modulus/MPa

8000
6000
4000
2000

Tensile
Flexural

0
0.00%

0.25%
0.75%
0.90%
KH-550 consistency

1.25%

FIGURE 2. The influence of kh-550 concentration on the
mechanical properties of thermoplastic.

This suggests that KH-550 may significantly improve
the mechanical properties of thermoplastic panel,
especially the tensile strength. As indicated in
previous studies [8,9], the attempt for improving
interface reaction between basalt and PP fibers using
KH-550 was successful and the mechanism may be
explained as follows: after hydrolysis, silane coupling
agent generated trihydroxy silane and polymerized
into silicon alcohol. Then one -OH groups of silicon
alcohol molecules reacted with -OH groups of the
basalt fiber surface, forming a stable structure. The
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basalt fibers, and favorable for the basalt fibers to
distribute uniformly in the matrix. The uniform
distribution of reinforcing fibers in the matrix surely
gives less weak points and better mechanical
properties to thermoplastic panels.

organic functional group-NH2 of coupling agent,
with greater surface energy, could absorb
polypropylene molecular chain, and form a
crosslinked structure by winding around. Thus,
through the coupling agent molecules, two materials
with different types of chemical structure and widely
varying affinity were well connected at the interface.
It was observed that during tensile test, thermoplastic
panels elongated gradually, and the surface color
eventually changed from grey to pale with the
elongation progresses. A necking phenomenon
occurred in the middle of specimens, accompanied
with crashing noise. When the KH-550 concentration
increased, the above phenomenon became less
obvious. This may be because that with basalt fibers
treated by higher concentration of KH-550, the
tensile fracture of thermoplastic panel shows brittle
trait as with its reinforce materials.
Fiber packing patterns corresponding to each
KH-550 concentration may be seen from Figure 3. In
Figure 3 (a), the basalt fibers in the matrix appear an
uneven distribution, while the basalt fibers in matrix
were dispersed fairly uniform in Figure 3 (b), (c), (d),
(e). This distribution discrepancy is mainly attributed
to fiber coupling modification. After treatment, the
basalt fiber bundles became loose and fracture
elongation increased, which benefits to split the
basalt fibers bundles into smaller bundles in the
process of opening and carding. And all of these is
equivalent to increase the specific surface area of

（a）

(b)

Figure 4(a) and 4(b) are the tensile fracture images
of untreated basalt fibers. The basalt fibers’ surfaces
are very smooth and have not attached with PP
matrix at roots, where a little gaps can be seen clearly.
During fracture process, basalt fibers were partially
or completely pulled out polypropylene matrix along
the interface and leave gaps and holes in the matrix.
Figure 4 (c), (d) show tensile fracture surface with
treated basalt fibers, in which basalt fibers were
treated by 0.75wt% of KH-550 solution. The basalt
fiber surface becomes rough and stuck with
polypropylene matrix. The roots of basalt fibers and
the matrix connect tightly. The interface between
basalt fibers and matrix is no longer the weakest
defect of this composite panel. When load is applied
to the matrix, the force is quickly taken over by
reinforce fibers through interface reaction [10].
Because of the stress spread along the axes of
reinforce fibers, the crack development is thus
stopped. At the same time, the transmission role of
stress in such way disperses energy at a certain
extent, improving the ability of bearing external
force for the material.

(c)

(d)

(e)

FIGURE 3. Basalt fiber distribution in the thermoplastic panel.
Note: The specimens were cut by the number 10th clothing shear. Basalt fibers were treated by different concentration of KH-550, which
was 0 wt%、0.25 wt%、0.75 wt%、0.90 wt%、1.25 wt% respectively .

（a）
（b）
FIGURE 4. SEM images of cross section of the thermoplastic panel.
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（c）

（d）

Thermoplastic Panel Reinforced by Basalt Fiber and
Ramie Fiber Hybrid”. Shan Xi Textile, 2009.21 (1):
pp. 12-15.
[9] Nie, C.J., “The Application of Silane Coupling
Agent”. Thermoset Resin, 1992. 6 (4): pp. 43.
[10] Gao, Z.Q., Tao, W., Jin, W.L., “Study on the
Long Glass Fiber Reinforced Nylon6 Composite”,
Engineering Plastics Application. 2001. 29(7): PP.
2-5.

CONCLUSIONS
After KH-550 treatment, the surface of basalt fibers
turned to be rough with plenty of wrinkles, which
lead to better interfacial adhesion when composite
with PP fiber in thermoplastic panel. In addition, the
basalt filaments became looser, thus less damage
during opening and carding processes, which
promises basalt fibers to be better reinforce materials
than these damaged fibers during opening and
carding. Moreover, loose basalt filaments give a
satisfactory fiber scattering uniformity, thus these
reinforce fibers could evenly share external load
when the thermoplastic panel is in service.
The treated basalt fibers form effective interface with
PP matrix and dispersed evenly in the matrix. The
mechanical properties of thermoplastic panel may be
influenced significantly by KH-550 concentration.
The optimal concentration was 0.75 wt%. At this
concentration, the mechanical properties of
thermoplastic panel reached their maximum values,
which were tensile strength 138.94 MPa, tensile
modulus 3827.48 MPa, bending strength 186.76
MPa and bending modulus 7470.67 MPa. Compared
with untreated materials, improvement of tensile
strength, tensile modulus, bending strength and
bending modulus were 213%, 158%, 98.026% and
70.910%, progressively. This reveals that KH-550
treatment is powerful for the improvement of
thermoplastic panel quality.
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resolution of 4 cm-1.pe D/max-B, JEOL, Japan).
Measuring conditions were: voltage, 40KV; Start
angle, 5.0; Target, Cu (Ni filtered); electric current,
40mA; Stop angle, 60; Scanning speed, 8°/min.

STATEMENT OF OBJECTIVE
To investigate the influence of mercerization
treatment with different mass concentrations of
NaOH on structures and properties of 70/30
kapok/cotton blended yarns.

Physical properties
Tensile properties of blended yarns untreated and
treated were determined using a yarns strength
tester (YG061), the gauge length and crosshead
speeds were 500 mm and 250m/min respectively.

INTRODUCTION
As a kind of new cellulose fiber, most research
focused on kapok fiber spinning but little on the
kapok fiber finishing[1][2][3][4]. Due to difficult
separation in alkali condensation, it is hard to
detect alkali effect to kapok fiber[5][6]. In addition,
kapok fibers instead of spinning into pure kapok
yarns are usually blending with other fibers due to
shortcomings such as low strength, short length
and smooth surface[7][8]. This paper chose 70/30
kapok/cotton blended yarns with the maximum
spun blending ratio presently to investigate the
influence of alkali mercerization treatment on
structures and properties of kapok fiber.

Moisture sorption
Moisture sorption of blended yarns untreated and
treated was determined according to standards
(GB/T398-93). Blended yarns were exposed to
standard atmosphere: 20 ± 2 °C, 65 ± 2% relative
humidity, for 24 h (ASTM D 1776-74, 1974).
RESULTS AND DISCUSSION
Influence of mercerization process on surface
feature of 70/30 kapok/cotton blended yarns
Alkali-scouring blended yarns with 70% kapok
contents
were
performed
respectively
mercerization
under
NaOH
of
different
concentration viz.180g/L, 220g/L, 250g/Land
280g/L. The untreated and treated yarns surface
was observed partly from SEM as shown in
Figure1. Based on Figure1(a),the untreated cotton
fiber exhibited natural crimps, the dermatosome
structure of cellulose existed obviously in surface
feature of fiber with angle of orientation of 200C～
250C, while the untreated kapok fiber was flat,
straight and very smooth; With existence of the
high lignin and hemicellulose content of kapok
fiber, the dermatosome structure of cellulose did
not present in the surface of kapok fiber. When
treated by NaOH with mass concentration of
220g/L for 200s at room temperature as shown in
Figure 1（b）, both fibers still remained smooth but
swell effect occurred and fibers became round. For
cotton fiber, the twist reduced. However, when
NaOH concentration reached to 280g/L,compared
to cotton fiber, apparent spots and pits appeared in
kapok fiber surface as shown in Figure 1（c）, some
of which were even ruptured and particles and

APPROACH
Materials
The 28tex kapok/cotton blended yarns contained
70% kapok fiber，supplied by Shanghai.
Alkalization treatment
Blended yam was treated for 200s at 25℃ with
180, 220, 250and 280g/L NaOH aqueous solutions
with tension respectively. Aqueous acetic acid (1
wt%, 200 ml) was used to neutralize the remaining
Na salts in the samples. When the treatment period
was over, the various samples were wrung out,
rinsed and air-dried at 40℃.
Fiber appearance
The graph of the surface feature of blended yarns
untreated and treated by alkalization were taken
using a scanning elector microscopy Model
JSM-5600LV. Fourier transform infrared (FTIR)
spectroscopy measurements were carried out on a
NEXUS-670 instrument with an total transmission
Fourier transform, with a range of 4000～400cm-1.
Diffraction data were obtained using the computer
controlled X-ray diffractometer (operating at a
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alkali treatment had little influence on the chemical
composition of the cellulose, for treated blended
yarns(Graph. b), both characteristic peak intensity
of cellulose near 3417cm-1 corresponding to O-H
increased due to an increased number of free
hydroxyl groups located in C6H10O5 unit of
cellulose. While peaks at 1741cm-1 and 1245cm-1
disappeared because of acetyl hydrolysis[9].
Meanwhile, lignin characteristics of the backbone
benzene rings corresponding to main peaks at
1600cm-1 and 1500cm-1 significantly reduced and
almost disappeared in original positions, indicating
that alkali solution could dissolve lignin in kapok
fiber and generate alkali-lignin.

fragments were weakly deposited on as shown in
Figure 1 （ d ） . It was revealed that the alkali
resistance of kapok fiber was worse than cotton
fiber, mainly related to the loose structure with
lower degree of crystallinity. In case of higher
NaOH concentration treatment, OH- possessed
higher diffusion and hydrolysis catalysis ability,
which led to alkali hydrolysis and ablation of those
macromolecules in non-crystalline region or
crystalline defect region. Finally, spots and pits
were formed on surface and even caused surface
rupture. Therefore, moderate alkali treatment
conditions should be preferred in alkali
mercerization process.
cotton
cotton

kapok

kapok
（a） Prior to NaOH treatment （b）Treatment with NaOH
220g/L
cotton

kapok

kapok

（c）Treatment with NaOH 280g/L (d）kapok fiber in blended
yarn treatment with NaOH 280g/L

FIGURE 2. FTIR spectra of 70/30 kapok/cotton blended yarns
（a）Prior to NaOH treatment，（b）Treatment with NaOH
250g/L

FIGURE 1. SEM of surface feature of 70/30 kapok/cotton
blended yarns

X-ray diffractograms of blended yarns treated with
250g/L NaOH mass concentration are given by
Figure 3.

Influence of mercerization process on
microstructure of 70/30 kapok/cotton blended
yarns
In order to study microstructure changes of
alkali-mercerization blended yarns with NaOH
mass
concentration
of
250g/L,
infrared
spectroscopy were performed. The results are
shown in Figure 2. It could be found that the
untreated blended kapok yarns(Graph. a) had the
characteristics of the absorption spectrum band of
cellulose fiber, such as the unique absorption peak
of cellulose fiber near 3417cm-1 caused by O-H
stretch vibration, peak near 1060 cm-1 with
characteristics of cellulose cluster in the fingerprint
area, peak near 2917 cm -1 caused by C-H stretch
vibration，In addition, peaks at 1595 cm -1 and 1741
cm -1 caused by aromatic skeleton vibration and
non-conjugated C=O vibration within lignin
molecular structure respectively. It illuminated the
lignin existed in kapok fiber. Compared with
untreated blended yarns(Graph. a), without change
in characteristic peak positions was observed in
treated blended yarns(Graph. b), indicating that

FIGURE 3. Wide-angle X-ray diffraction traces of 70/30
kapok/cotton yarns blended. （a）Prior to NaOH treatment. （b）
Treatment with NaOH 250g/L

Figure 3 revealed that he peak positions 2θ of
untreated blended yarns were at around 22.76°,
15.02°and 16.34° respectively, corresponding to
crystal indices of
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(002), (101) and ( 101 ).the

impact it intensively, resulting in violent cellulose
degradation and consequently damaged fiber.
Yarn breaking strength
（cN/tex ）

same shape and size of unit cell and the same
crystal form of cellulose[10] . The changes of crystal
structure of blended yarns（Graph.b）after 250g/L
NaOH treatment., besides characteristic of
celluloseⅠ, another two new diffraction peaks 2θ
at 12.36° and 20.84° appeared characteristic of
cellulose Ⅱ, considering that parts of
celluloseⅠtransformed to celluloseⅡ after alkali
treatment. It was because mercerization played a
role in swelling cellulose and alkali-cellulose
(Na-CellⅠ) was obtained; in aqueous alkali
solutions, Na+ replaced ionized H+ from hydroxyl
groups and combined into stable compound; the
removal of reagent promoted the lattice of cellulose
Ⅰto change. So that mercerization induced
swelling of amorphous region and the destruction
of crystalline region[11], the peak shape, peak
intensity and diffraction angle altered to varying
degrees. The crystal structure of the yarns changed
considerably and degree of crystallinitiy calculated
by sub-peak calculation method as show in Table I.

12
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9.5
0

Untreat
Treated

43.5

250

280

8
6
4
2
0
0

180

220

250

280

NaOH aqueous solution
concentration （g/L）

FIGURE
Yarn

220

4. The effect of alkali on yarns breaking strength

Yarn breaking
elongation（%）

FIGURE

TABLE I The crystallinity degree and crystalline structure of
70/30 kapok/cotton blended yarns
Degree of crystallinitiy
(%)
51.94

180

NaOH aqueous solution
concentration （g/L）

Crystalline structure

5. The effect of alkali on yarn breaking elongation

Kapok fiber had a high lumen, higher internal void
ratio and loosening structure, water molecules
could enter the amorphous region and void space
or be adsorbed onto fiber surface, leading to higher
absorption regain of untreated kapok blended yarns.
Figure 6 shows moisture regain changes of kapok
blended yarns after alkali mercerization process.
We can see all alkali treatment yarns exhibited
increased moisture regain and better moisture
absorption property. Once the alkali concentration
reached to a certain value, fiber swelled and
crystalline form transformed from cellulose Ⅰto
cellulose Ⅱ. A greater number of free hydroxyl
groups in water were able to participate in reaction
attributable to the decreasing degree of crystallinity
and loosening structure, resulting in enhanced fiber
hygroscopicity ability.

CelluloseⅠ
CelluloseⅠ+ Cellulose
Ⅱ

Moisture absorption
（%）

Influence of mercerization process on
Mechanical properties of 70/30 kapok/cotton
blended yarns
Figure 4, 5 depicts the changes of breaking
strength and elongation of blended yarns treated by
different mass concentrations of NaOH at room
temperature for 200s under conditions of tension.
As the length of kapok fiber is relatively short and
the strength is low, breaking strength of untreated
kapok blended yarns is less and breaking
elongation is low due to uneven yarns. When the
concentration of NaOH concentration was 180g/L,
220 g/L and 250 g/L, all alkali treatment yarns
exhibited higher fracture strength and lower
elongation than untreated yarns, that is to say alkali
treatment with suitable concentration could
improve yarns strength and decrease elongation.
This is because alkali treatment altered oriented
arrangement and helical angle of fiber, hardened
weakness along the length of fiber, removed the
cellulose with lower degree of polymerization[12],
but strength decreased and elongation at break
increased when alkali concentration up to 280 g/L
due to intense reaction. With loose structure of
kapok fiber, high concentration of alkali could

FIGURE

15
10
5
0
0

180

250

280

6. The effect of alkali on yarn moisture

CONCLUSIONS
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220

NaOH aqueous solution
concentration （g/L）

Fibres for the Textiles and Allied Industries.
Manmade Textiles in India, 46(7) .2003,245-247.

High concentration of NaOH result in a grooved
serrated surface for kapok，Kapok fiber had rather
poor alkali resistance than cotton fiber, Therefore,
relatively mild alkali treatment conditions for
kapok fiber must be necessary in finishing
processes.

[8] Murdocco S. Kapok Fiber. Industrial Textile,
1312, 1999, 23-26.
[9] Alka Goel,Dyeing Cellulosic Fibers. The Indian
Textile Journal, October, 1998, 54.

After alkali mercerization process for 70/30
kapok/cotton blended yarns with 250g/L NaOH
concentration, without any apparent change of
cellulosic chemical compositions, but treatment
led to lower degree of crystallinity for blended
yarns by destroying crystalline structure and finally
parts of celluloseⅠ were transformed into
celluloseⅡ.

[10] Leonard Y. Mwaikambo, Martin P. Ansell.
Chemical Modification of Hemp, Sisal, Jute, and
Kapok Fibers by Alkalization.Journal of Applied
Polymer Science,vol.84., 2002,2222-2234.
[11] Sunmonu O.K．Abdullahi D.Characterization
of Fibres from the Plant Ceiba Pentandra. J Text
Inst. 2,1981,273-274.

As NaOH mass concentrations increased, the
hygroscopicity of 70/30 kapok/cotton blended
yarns significantly improved. Treatment with
suitable NaOH concentration (<250g/L) could
improve blended yarns strength and decrease
elongation, but high concentration of alkali
(280g/L) could result in violent cellulose
degradation and damaged fiber.

[12] S P M ishra, G Elangovan. Chemical
Processing
of
kapok
fiber.
Colourage,
41(9),1994,31-34.

FUTURE WORK
Chose blended yarns with different kapok/cotton
blending ratio treated by different mass
concentrations of NaOH to investigate the
influence of alkali treatment on structures and
properties of blended yarns with various kapok
fiber content.
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ABSTRACT
Electrospinning is a simple and powerful approach to producing nanofibers, but the low yield of fibers has been
the major shortcoming that limits their applications. Herein, we attempt to address this problem using bubble
electrospinning, which employs polymer bubble on the free liquid surface to produce multiple jets in DC
electric field. The principle, multiple jets of bubble electrospinning and morphology of electrospun mat were
investigated, and the difference between the new electrospinning and traditional process were discussed in
detail.
KEYWORDS
Bubble electrospinning, multiple jets, polymer bubble, morphology
aluminum Plate). A metal electrode connected with
the DC high voltage generator is fixed in the center
of the glass gas tube which is connected with the
gas pump. The distance between the polymer
solution surface and the grounded collector could
be adjusted. The schematic drawing of the
experimental setup is illustrated in Figure 1.

INTRODUCTION
The electrospinning process has hitherto mainly
been designed as fabrication of spinning polymers
into nano- and micro-scale fibers for a range of
applications such as healthcare, biotechnology,
textiles, environmental engineering, defense and
security, energy storage and chemical applications
[1-4]. A typical configuration of electrospinning
setup is up-to-down, which was described by many
researchers [5-9]. The main drawback for current
electrospinning process is the relatively low
production rate of nano and ultrafine fibers.

Collector

jets
bubble

In the open literatures, there are a great variety of
new methods of electrospinning, such as needleless
electrospinning [10], electrospinning with a porous
hollow tube [11], vibration electrospinning [12],
magneto-electrospinning [13], sprang up all over
the world. However, the problem has not been
completely solved yet. There is a need to look for
some new methods for produce mass production of
nanofibers. In this presentation, we attempt to solve
this problem using bubble electrospinning, which
was recently suggested by our group [14-16]. The
principle of this new electrospinning was
introduced and the difference between the new
electrospinning and traditional process are
discussed.

Solution reservoir

DC high voltage generator

Gas tube

Gas pump

FIGURE 1. The schematic drawing of the experimental setup.

Materials
Polyvinylpyrrolidone (PVP-k30) with a molecular
weight of 30,000-40,000g/mol was supplied by
Sinopec Shanghai Petrochemical Company Ltd.,
and pure alcohol was purchased from Shanghai
Chemical Co. All the chemicals were used as
received without further purification. The polymer,
PVP, was dissolved into a mixture solvent, pure
alcohol/distilled water with the weight ratio of 9:1.
The solution concentration was adjusted to 36wt%.

APPROACH
Setup
The experimental setup consists of a solution
reservoir (a glass cup), a gas pump, a DC high
voltage generator and a grounded collector (an
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trajectory of the jet in bubble electrospinning
seems to be just a near straight line not an instable
helical motion (see Figure 2).

Characterization
An OLYMPUS digital compact camera (FE-160,
Japan) and a high speed motion camera, Redlake’s
MotionXtra system (HGLE, Redlake, USA), were
employed to capture the shape and appearance of
bubble, jets and mat, respectively, in the
experiments. The morphology and diameter of the
PVP nanofibers obtained by bubble electrospinning
were determined by a scanning electron
microscope (SEM, DXS-10A, Shanghai Electron
Optical Technology Institute, China).
RESULTS AND DISCUSSION
Generally, there is just one single jet ejected from
the Taylor cone in traditional electrospinning
process. Unlike that of traditional dry spinning or
wet spinning, the jet in electrospinning process is
just depended on the electric force. In order to
increase the yield of electrospun nanofibers, the
number of jets must be increased. In bubble
electrospinning, multiple jets can be easily
obtained because of the bursting of the polymer
bubble. When the electric force equals to the
surface tension of polymer solution, the polymer
bubble is stretched to form a Taylor cone, and
multiple jets will be formed, which was
subsequently stretched by electrostatic force to
form ultrafine jets. The evaporation of the solvent
from the ultrafine jets occurred during the spinning
process, and eventually resulted in needed
nanofibers collected on the collector. The image of
multiple jets in bubble electrospinning is shown in
Figure 2. The process was imaged at 60 frames per
second.

FIGURE 3. Photo of nanofiber mat produced by a traditional
electrospinning process

FIGURE 4. Photo of nanofiber mat produced via bubble
electrospinning

After the single jet solidifies and deposits on the
collector in traditional electrospinning, the shape of
nanofiber mat is an annular region, as shown in
Figure 3. The reason for this is that the instable
helical motion of the charged jet in electric field. In
bubble electrospinning process, multiple jets fly
upward with repelling each other and the whole
flying region is an inverted cone. As a result, the
final nanofiber mat is round in shape (see Figure 4).

Multiple jets

bubble

Figure 5 shows the SEM image of nanofibers
produced by bubble electrospinning. The
morphology of nanofibers in this electrospinning is
similar to that in traditional electrospinning by
SEM observation. The average diameter of
nanofibers is about 500nm, which is within the
range of traditional electrospun nanofibers.

FIGURE 2. Image of multiple jets in bubble electrospinning.

The jet flies on a near straight-line trajectory at the
early stage and then bends into a complex path in
traditional electrospinning. However, the flying
- 412 -
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CONCLUSIONS
Multiple jets are obtained from a polymer bubble
in bubble electrospinning. The number of jets, the
flying trajectory of the jet and the shape of
nanofiber mat in the new electrospinning process
are different from those in traditional process. For
example, the number of jets in bubble
electrospinning is more than that in traditional
electrospinning, the flying trajectory of the jet is a
straight line, and the structure of nanofiber mat is
FUTURE WORK
In the future work, a mathematical model will be
developed to explain the mechanism of multiple
jets from the polymer bubble in this new process.
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ABSTRACT
This paper study the morphology structure and tensile properties of bi-shrinkage yarns (BSY), which is
preorientted yarn (POY)/fully drawn yarn (FDY) composite yarn produced by one-step spinning
processing. The lengthways morphology of BSY before and after boiling water treatment are analyzed
by optical microscope. The results show that high-shrinkage yarn POY construct the skeleton of BSY,
and low-shrinkage FDY form filament loops on the surface of BSY. Tensile curves of BSY have two
peaks, which means that the two components do not break at the same time, FDY were broken first,
and then POY were broken. BSY breaking process are different before and after treated in boiling
water. The breaking tenacity of BSY is mainly decided by FDY, and the initial modulus of BSY is
mainly decided by POY.
KEY WORDS:BSY; Boiling water shrinkage; Morphology; Tensile property; One-step spinning
process
1. INTRODUCTION
BSY(bi-shrinkage yarns) is a intermingled
filament yarn with potential shrinkage which is
composed of high-shrinkage filaments (such as
POY) and low shrinkage filaments (such as
FDY). And the two components are compounded,
networked, texturing processed in the spinning
process. One-step and two-step process are the
two kinds of common processes. Two-step
process belongs to the traditional process, which
spins the different boiling water shrinkage
filament components respectively, and then get
BSY through compounding and texturing
processing on draw-texturing machine. Base on
the designed boiling water shrinkage, the filament
yarns with different structure or properties such as
linear density, cross section shape, dyeing properties,
function style, could be compound to develop new
yarn. One-step process is developed in recent years.

The tows are separated into two parts in certain
proportion, and the two parts go different
spinning lines. So they obtain the different
thermal history and drafting process lead to the
difference of their shrinkage. And two parts are
compounded, oiled, winded next step. After
forming, compounding and winding are finished
in one step, we obtain intermingled filament
yarns whose components have different potential
shrinkage.
2 EXPERIMENT
2.1 EXPERIMENTAL MATERIALS AND
INSTRUMENT
Materials: 150dtex/108f PET BSY spun by the

revamped hot rollers spinning equipment of onestep FDY process, its high shrinkage component
is 93d/72f POY, and low shrinkage component is
57d/36f FDY.
Instruments: optical microscope, constant
temperature water bath pot, vented oven with
temperature control device, model YG061 series
electronic single yarn strength tester.
2.2 BOILING WATER SHRINKAGE TEST
Boiling water shrinkages of the three kinds of
yarns is tested according to GB/T6505-2001
synthetic filament heat shrinkage test methods[1].
Boiling water shrinkage S (%) can be calculated
from the following equation:

S = [( L0 − L1 ) / L0 ] × 100%

(1)

Where L0 and L1 are the length before and after
boiling water treatment, respectively.
2.3 BSY MORPHOLOGY OBSERVATION
The samples of the 150d/108f PET BSY before
and after boiling water treatment were observed
and analyzed under optical microscope.
2.4 TENSILE PROPERTIES TESTING
Tensile properties of the three kinds of yarns are
tested by model YG061 series electronic single
yarn strength tester according to GB/T3916.
3 RESULTS AND DISCUSSION
3.1 Boiling water shrinkage
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Boiling water shrinkage is one of the key quality
index for BSY. Boiling water shrinkage test
results are shown in TABLE І . It shows that the
boiling water shrinkage for BSY is 37.8%,
higher than that for FDY, and lower than that for
POY.
TABLE Ⅰ. Boiling water shrinkage test
Samples
Boiling water shrinkage/%

BSY
37.8

FDY POY
13.17 41.13

3.2 BSY MORPHOLOGY
BSY lengthways morphology before and after
treated in boiling water are shown in FIGURE
1a and b.
.

BSY tensile curve has two peaks, and the height
of the first peak is higher than the second. It
means that the tensile fracture process of BSY
can be divided into two stages: the first stage,
both FDY and POY bear the tensile stress, and
the stress increases as the strain increases, then
FDY are broken because of its lower broken
elongation and the curve arrives the first
maximum peak, where the tensile stress for BSY
is maximum value; the second stage, POY bore
alone the tensile stress because of its higher
broken elongation after FDY broken until POY
are broken, where the curve arrives the second
maximum peak. Because the height of the first
peak is higher than the second, BSY breaking
tenacity is mainly decide by FDY.

a
FIGURE 2. Tensile curves of BSY, FDY and POY before the
treatment in boiling water

b
FIGURE 1. BSY Lengthways morphology (a) before and (b)
after treated in boiling water.

Appearance of BSY is smooth and even before
treated in boiling water. However, a great many
of filament loops are on the surface of BSY after
treated in boiling water. It can be attributed to
the sharp shrinkage of POY and lower shrinkage
of FDY treated in boiling water. The lengths of
POY treated in boiling water were sharply
shorted because of high boiling water shrinkage
and POY concentrated in the BSY, constructing
the skeleton. The low-shrinkage component
FDY formed the loops around the BSY. So FDY
entangled in each other and obtained fluffy
appearance and complicated structure [2-3]。
2.3 BSY TENSILE PROPERTIES
Tensile properties include the initial modulus,
yield strength, breaking tenacity, breaking
elongation and so on[4-5]. The tensile test curves
for BSY, FDY and POY before treated in boiling
water are shown in FIGURE 2. The tensile stress
for FDY is greater than BSY and POY and the
strain for FDY is less than BSY and POY. The

FIGURE 3 shows that the tensile curves of BSY,
FDY and POY after treated in boiling water are
similar to the curves of them untreated. BSY
curve can also be divided into two stages. At the
beginning of the first stage, FDY is bend and
POY is straight, so POY which initial modulus is
smaller bear the tensile stess first. Therefore,
BSY initial modulus is the smallest. With the
continuation of the drawing process, FDY loops
are gradually straightened until the FDY is
broken. So the first stages of BSY tensile curves
before and after the treatment in boiling water
are different. The second stages of BSY tensile
curves before and after the treatment in boiling
water are similar. This is because of the breaking
elongation difference of POY single filament.
Similarly, BSY breaking tenacity is decided by
FDY.

FIGURE 3. Tensile curves of BSY, FDY and POY after the
treatment in boiling water.
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TABLE П shows the tensile test data for BSY,
FDY and POY before and after the treatment in
boiling water. Breaking tenacities of FDY and
POY decrease slightly, but the breaking tenacity
of BSY does not change obviously. The breaking
elongations of FDY, POY and BSY increase
sharply after treated in boiling water, and
Breaking elongation of BSY increase by 128.5%;
Initial modulus of FDY, POY and BSY
decrease sharply, and BSY initial modulus
decrease by 80.3%.

speed processing concept for manufacturing
bi-shrinkage. Africa and middle east textiles, 4#,
2006, 17-19.
[4] Ren X.H., Cui Y.H., Wang X.H. Tensile
strength and elongation of the rotor spun composite
yarn. Journal of Textile Research, 27, 8#, 2006,
95-97.
[5] Yu C.W., Chang Y.J., Shen P.H. Theoretic
Elongation Expression for Blended Yarn
Composed of Dual Component Fibers and Its
Experimental Testing. Journal of DongHua
University , 28, 1#,2002, 18-20.

TABLE ⅡTensile test results for samples before and after
treated in boiling water

Classification
BSY
FDY
POY

Untreated
Treated
Untreated
Treated
Untreated
Treated

Initial
modulus
(cN/dtex)
0.46
0.09
9.08
0.35
0.23
0.13

Yield
strength
(cN)
312.15
318.70
241.70
221.00
234.75
209.00

Breaking
Tenacity
(cN/tex)
2.08
2.13
4.8.3
3.95
2.23
2.09

Breaking
Elongation
(%)
34.32
78.41
33.36
43.03
105.49
212.67

4 CONCLUTION
(1) The high-shrinkage component POY
construct the skeleton of BSY, and the low
shrinkage component FDY form a great many of
filament loops on the surface of BSY body, so
BSY obtains fluffy appearance and soft handle.
(2) BSY tensile curve has two peaks. The two
components do not break at the same time, FDY
break first, and then POY break. The tensile process
changed after the treatment in boiling water.
(3) The transforms of BSY before and after the
treatment in boiling water: The change of BSY
breaking tenacity is not obvious; BSY breaking
tenacity is decided by FDY; BSY breaking
elongation increase sharply; BSY initial modulus
decrease sharply, and is decided by POY.
(4) BSY are a high-shrinkage intermingled
filament yarns.
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indicated that whether an air-jet nozzle was fixed
on the spinning or winding frame, it would be an
effective way to reducing yarn hairiness, and some
structural and processed parameters were the main
factors influencing hairiness.

STATEMENT OF PURPOSE/OBJECTIVE
Winding process is an essential one in spinning and
weaving process. Modernized winding machine not
only transfer bobbins from spinning machine into
wound package in larger capacity, but also improve
the yarn quality with the help of on-line quality
controller such as electronic clearner, air splicer
and so on. However, in the winding process, yarns
rub with balloon breaker, tension disk and
electronic clearner heavily when going through
them, and with grooved drum when winding on it.
Those frictions make winding process become the
most serious hairiness-increasing process. Some
studies indicate that the hairiness of winding yarn
increased by 50-250%, some even up to 450% than
spun yarn after winding[1].

In this research, a special hairiness-reducing nozzle
was designed and attached on a winding machine.
The effect of hairiness reduction with the nozzle
has been proved[6] and is concerned with the
structural parameters of the nozzle and
technological factors on winding. Thus, it is
necessary to optimize the structural parameters of
the nozzle.
APPROACH
1. Experimental
1.1 The structural parameters of hairinessreducing nozzle
A hairiness-reducing nozzle was shown in FIGURE1,
a slot was designed specially to satisfy the
requirements of splicer. The function was to
achieve continuous winding. When the yarn broke,
air splicer twine the yarn with up and down suction
nozzle, and then the yarn enters into hairinessreducing nozzle successfully through the narrow
slot. The width of the slot was based on the liner
density of spun yarn and it should not be too wide,
otherwise the air flow might spout out and fail to
form rotated flows in the nozzle. Three jet orifices
were designed in the nozzle as shown in FIGURE 2.
Two of them are in the left of the nozzle while one
in the right. The rotated flows in the left orifices
have the same direction with the yarn twist, while
the right one has anopposite direction. The air flow
in the nozzle is the main factor to impact the effect
of hairiness reduction. Furthermore, the main
element to affect air flows in nozzle is nozzle
structural parameters, such as the diameter of yarn
channel, the diameter of jet orifices and jet pressure.

The enormous hairiness lowers weaving efficiency
and influences processes afterward such as sizing,
weaving and singeing, and worsens the quality of
products as well. This problem has been troubling
most manufacturers for a long time. Consequently,
how to reduce and control hairiness of winding
yarn becomes one of the most important studies on
winding technology and process.
In actual winding process, many measures can be
taken for controlling hairiness, such as selecting
proper winding tension and attaching a balloon
controller. However, an effective method for
reducing winding yarn hairiness has not been
found[2].
INTRODUCTION
An air-jet nozzle attached on spinning or winding
frame could be useful for reducing yarn hairiness.
Wang[3][4] installed a jet nozzle on a spinning and
winding machine respectively and his studies
showed that the yarn hairiness would be reduced at
the same direction between yarn twist and air flow
with the proper air pressure. Moreover, some
others did the same work[5] and the results
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Since wrapping the end fibers onto or twisting
them into the main yarn does not need high
pressure, the jet pressures are defined as 0.5, 1 and
1.5 bar in this experiment.
1. 2 Optimizing design on the structural
parameters
1.2.1 Optimizing Method
The orthogonal regression was utilized as the
optimized method in this experiment. The method
had some advantages, such as (1) no need to
consider the interaction of orthogonal experiment;
(2) the experiments was much fewer than total
divisor experiment but with adequate free degree;
(3) it could be also easily figured out the regression
equation, divisors, and significance to optimize the
parameters.

FIGURE1 Hairiness reducing nozzle

1.2.2 The Code Table on Design of Orthogonal
Regression
The structural parameters of nozzle mainly
included the diameter of yarn channel and the
diameter of jet orifices, the air pressure and the
angle of orifices. For the difficulty and the
accuracy of making the nozzle, this experiment
won’t consider jet angle temporally. The diameter
of the yarn channel, the diameter of jet orifices and
jet pressure were chosen as three variable divisors.
The variable levels of each divisor were defined as:

FIGURE.2 Cross-section in orifice of hairiness-reducing nozzle

1.1.1 Diameter of Yarn Channel
Yarn channel was the main passage through which
yarn was winded, and in which yarn forms rotating
balloon with the air flows. Yarn channel diameter
was relative to the linear density of yarns,
especially influences the air consumption. To get
steady balloon and better effect of hairiness
reduction, 2mm, 3mm and 4 mm of yarn channel
diameters were chosen for this experiment. The air
flows from orifices would interpret each other and
the yarn balloon might knock the inner wall of the
nozzle if the diameter of yarn channel were too
small, moreover which would impact the hairiness
reduction.

(1) three levels of the diameter of the orifices: 0.4,
0.5, 0.6(mm)
(2) three levels of the diameter of the yarn
channel: 2.0, 3.0, 4.0(mm)
(3) three levels of jet pressure: 0.5, 1.0, 1.5(mm)
Through orthogonal regression design experiment,
the code form of variable designing level is
obtained in TABLE I.

1.1.2 The Diameter of jet orifices
The orifices were connected into the yarn channel
along tangential direction. The diameter of the
orifices has a great effect to the air flow. Too small
jet diameter will impede the flow of air and reduce
the stability of airflow and yarn balloon, and also
the work-accuracy of orifices will be too difficult
to reach. In a certain range, with the decreasing of
the diameter, the air pressure should be increased,
and with the increasing of the diameter, the speed
of yarn balloon increased, which is good for the
nozzle false-twisting, detwisting actions to reduce
hairiness. Synthesis the two aspects, 0.4mm, 0.5
mm and 0.6mm of jet diameter were chosen for
this experiment.

The value of γ depends on the number of divisors
and the experimental numbers of zero level. In this
experiment, the number of divisors is 3 and the
experimental numbers of zero level is 1, so variable
design level γ was 1.215.
1.2.3 Regression Calculation and Equation
Fifteen experiments with different divisors and
levels were done in terms of the selected
experimental design of the orthogonal regression,
three-divisor and two-level design. The hairiness
and strength of the winding yarn were tested for
each experiment, the results show as TABLEⅡ.

1.1.3 Jet Pressure
The selection of jet pressure should synthesize
hairiness reducing effect and air consumption.
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TABLE I. Code table for the three-factor orthogonal regression design

Zero level
variety

（Ｘ0j）

Ｘ1（mm）

0.5

Ｘ2（mm）
Ｘ3（bar）

Variety
coverage

Δj

Variety design level（ γ =1.215）

-1.215

-1

0

1

1.215

0.1

0.38

0.4

0.5

0.6

0.62

3

1

1.8

2.0

3.0

4.0

4.2

1.0

0.5

0.3925

0.5

1.0

1.5

1.6075

（

）

Here: X1—jet orifice diameter; X2—yarn channel diameter; X3—jet pressure;
X0j—zero level of each divisor
j—variable coverage of each divisor; γ—design level of variables
TABLEⅡ.Experimental result

times

1

2

3

4

5

6

7

8

hairiness（numbers/m）

9.45

9.00

7.78

9.16

7.22

7.25

10.25

10.00

strength（CN）

308.8

284.6

281.4

290.4

287.9

298.2

316.0

324.3

times

9

10

11

12

13

14

15

hairiness（numbers/m）

8.83

9.76

7.03

10.29

9.90

12.13

10.52

strength（CN）

317.9

299.4

308.6

310.1

296.8

288.4

315.0

S0—total dispersion square sum

Regression calculation results can be listed and
equation on hairiness index can be got according to
three-divisor and two-level structure matrix of
orthogonal regression design, TABLEIII shows the
regression calculation results.

S1—remainder square sum

S0 = ∑ yα2 −
α
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1 15
(∑ yα ) 2
15 α =1

(1)

Sr＝Q1＋Q2 + Q3 + Q12 + Q13 + Q23 + Q11 + Q22 + Q33

f 2＝N − C P2 + 2 , N = 15, P = 3, f 2＝5 ，

(2)

f r =9

TABLE Ⅲ Regression calculating result

indexes of yarn hairiness( ≥ 3mm)
Regression
coefficient

factor

Regression

Qi
F=

coefficient

b0
b1
b2
b3
b1b2
b1b3
b2 b3

X1
X2
X3
X1X 2
X1X 3
X2X3
X 12
X 22
X 32
S0
S1
V1

b12
b22
b32

1

V1

Yarn strength(cN/dtex)

Fα (1,5)
Significance

10.51

Regressi
on
paramet
er

Qi
F=

1

V1

Fα (1,5)
Significa
nce

308.76

-0.04

0.02

-3.58

0.93

-0.75

7.77

-4.26

1.32

-0.31

1.34

0.62

0.03

0.91

8.35

9.48

4.76

-0.14

0.21

4.23

0.95

0.19

0.38

3.9

0.81

-0.83

3.75

α=0.25

1.04

0.03

-1.26

8.66

α=0.05

-1.77

0.09

0.34

0.62

-9.69

2.71

α=0.05
α=0.05

28.73

2509.58

3.98

755.00

0.796

151.00

3.45

1.29

3.32 α=0.10

insignificance

α=0.10

α=0.25

S回
F=

9
V1

Fα (9,5)
Significance

S1 = S 0 − S r

The quadratic orthogonal regression equation is:

（3）

p

p

yˆ = b0 + ∑ b j x j + ∑ bij xi x j + ∑ b jj x 2j

S1
V1 ＝ f 2

j =1

i< j

j =1

(5)
(4)

f2—remainder free degree
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corresponding
hairiness parameter

In this formula: (1) b0, bj, bij and bjj are regression
coefficient;
(2) xj is the value of each divisor after coding;
(3) p is the number of divisors
Put the value above into (5) to get the regression

12
10
8
6
4
2
0
-4

-2

0

2

4

yarn channel code

equation on hairiness index :
FIGURE3. Effect of yarn channel diameter on hairiness index
corresponding hairiness paramet

yˆ = 10.51 − 0.04 x1 − 0.75 x 2 − 0.31x 3 + 0.91x1 x 2 −
0.14 x1 x 3 + 0.19 x 2 x 3 − 0.81x12 − 1.26 x 22 + 0.34 x 32
RESULTS AND DISCUSSION
The regression equation above shows the
comprehensive influence regulation of the diameter
of yarn channel, jet diameter and jet pressure on
yarn hairiness index. In order to understand the
effect of each divisor on hairiness reducing，
furthermore, the effect regulation of each divisor
on hairiness index independently can be analyzed.

12
10
8
6
4
2
0
-4

-2

0

2

4

jet diameter code

2.1 Influence of Yarn Channel Diameter on
Hairiness index
The influence regulation of yarn channel diameter
on hairiness index (x1=0, x3=0) was shown in
Figure 3.

FIGURE 4. Effect of orifice diameter on hairiness index

Figure 4 shown that the influence regulation of jet
diameter was similar as that of yarn channel.
Hairiness index reaches the maximum when the jet
diameter code was 0, on the contrary, hairiness
index was the minimum when the code was the
maximum or minimum. It could be understood that
the speed of balloon in yarn channel improved with
jet diameter increasing in a certain range which
does well to hairiness wrapping.

It can be seen in FIGURE 3 that yarn hairiness index
increases with the increase of the yarn channel
diameter until it gets to the maximum, then
decrease with increase of it. The hairiness index
reaches the minimum when the code of yarn
channel diameter is 1.215, namely the value of
yarn diameter is 4.2mm which fits to the testing
result. It can be comprehended that, with yarn
diameter increasing, the yarn gets enough room to
revolve in the channel, avoiding friction with the
inner channel, which leads to increase of hairiness.

2. 3 Influence of Jet Pressure on Hairiness index
As shown in FIGURE 5, the yarn index was
minimum when jet pressure code was level zero
(1.0bar) which fit to analysis on jet pressure
selection. When the pressure was higher than a
certain value, the yarn in the nozzle was likely
blown and dispersed, which would lead to increase
hairiness greatly with pressure increasing. When
the pressure was lower than the certain value, with
pressure increasing, the pressure at jet utter was
lower than atmospheric pressure and reversal
suction occurs to prevent speed at jet utter from
reaching critical speed. The decrease of tangential
speed leads to the decrease of yarn revolving
speed. Thus, yarn hairiness couldn’t be reduced
efficiently.

2.2 Influence of Jet Diameter on Hairiness index
The influence regulation of jet diameter on
hairiness index is shown in FIGURE 4.
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In addition, it was founded that none of 22
optimized combinations in TABLEIV are found in
the 15 experimental combinations in Table 2. And
the hairiness index optimized value 5.359 was
smaller than the minimum 7.03 in Table 2. That
was the superiority of orthogonal regression
combination design, using less experimental
combinations
to
find
more
optimizing
combinations.

FIGURE.5 Effect of nozzle pressure on hairiness index

In order to demonstrate the hairiness-reducing
effect optimized, considering to the convenience of
mechanical work meanwhile, jet orifice
diameter0.4mm, yarn channel diameter 4.2mm and
jet pressure 1 bar were defined to manufacture an
optimized nozzle. Do experiments after attaching it
onto the winding machine. The hairiness index was
6.2, approaching to optimized value extremely.
That proves best hairiness-reducing effect can be
got by utilizing optimizing design.

2.4 Optimization for the Structural Parameters
of Hairiness-reducing Nozzle
The influence regulations of each structural
parameter divisor on hairiness index have been
analyzed above. Since we need the optimum
combination of each structural parameter when
design the hairiness-reducing nozzle, it is necessary
to optimize the structural parameters.
According to the optimization theory[7], take yarn
hairiness index as objective function, draw up
optimized programs by using inequality bound
condition and do optimizing calculation on
regression equation of hairiness index. And then
the optimized structural parameters of the nozzle
can be obtained with which the yarn hairiness
index would be the lowest. The calculated results
were listed in TABLEIV

CONCLUSIONS
(1) Attaching a special hairiness-reducing nozzle to
winding machine can control or reduce the
enormous increased winding yarn hairiness which
caused by friction.

(2) The hairiness-reducing effect of the nozzle
depends on its structural parameters, mainly

including the diameter of orifices, the

In the Table, the superior bonding conditions are as
follows: 1.87< ŷ <5.67, ŷ －hairiness index;

diameter of the yarn channel, and jet pressure, etc.

-1.215<Xi<1.215, Xi: structural parameter code of
jet nozzle, i=1, 2, 3 where i is number of variety,
namely jet orifice diameter, yarn channel diameter
and jet pressure;

(3) Utilizing orthogonal regression combination
design, regression equation of yarn hairiness index
with main structural parameters as its variables can
be written out; and then encode on computer to
optimize the equation. Consequently, the optimized

It would be seen from TABLEIV that the structural
parameter combination with minimum hairiness
index is No.10, namely jet orifice diameter X1
=0.38mm, yarn channel diameter X2 =4.185mm,
jet pressure X3 =0.9425 bar. With the optimized
structural parameters mentioned above, the
optimized regression value of hairiness index
Yˆ =5.3597.

structural parameters of hairiness-reducing nozzle
can be got. The effect was verified to be
remarkable.
(4) The superiority of orthogonal regression
combination design was doing less experiments to
get more optimized values as well as that the
optimized value can be figured out by the
experimental design. Thus, utilizing this optimizing
method can reduce the expenses of experimental
nozzles and experimental amounts, get optimized
structural parameters of hairiness-reducing nozzle
and reach a best hairiness-reducing effect finally.

In the orthogonal regression designing, structural
matrix of three divisors when yarn hairiness index
ŷ =7.013 was the minimum, jet orifice diameter
was 0.5mm (code X1≠0), yarn channel diameter
was 4.2mm (code X2 =1.215) and jet pressure was
1 bar (X3 =0). Comparing the two above, there was
only a litter difference between them on jet orifice
diameter while on other two parameters they are
very close to each other.
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using FLOTRAN Computational Fluid Dynamic
(FLOTRAN CFD) to solve the problem of airflow
in the rotor spinning and air-jet spinning. Kong and
Plantfoot[6] used the commercial hydrodynamic
software FIDAP (Fluid Dynamics Analysis
Package) to simulate the airflow in carding tube of
rotor spinning and get the actual state of airflow
field. A.Patnaik, R.S.Rengasamy, V.K.Kothari and
H.Punekar[7][8] also had done some researches
about the subject. They had analyzed the effect of
air direction, nozzle position, air pressure and
nozzle structural parameters on hairiness-reducing,
and used CFD software to analysis the speed of
airflow in the 3D nozzle. Zeng Yongchun[9]
adopted CFD software to simulate the airflow of
the nozzle in air-jet spinning. Some factors which
could affect the airflow status and yarn properties,
including export speed of airflow, the position and
direction of orifices had been analyzed. The results
were coincided with W.Oxenham and A.Basu`s
former experiments[10].

STATEMENT OF PURPOSE/OBJECTIVE
It was a useful method to reduce yarn hairiness by
installing a special air-jet nozzle on spinning or
winding machine and the effect of hairinessreducing had already been verified through a great
deal of experiments. Wang[1][2] installed a airnozzle under the twisting triangular area of a
triditional spinning machine and on a winding
machine respectively. The results showed that
weather the yarn hairiness increased or not was
related to the direction of airflow. When the
direction of airflow rotation and the yarn twist was
the same, it was helpful to reduce yarn hairiness. A
similar research on spinning machine was studied
by Kalyanaraman[3], the results showed that the
effect of yarn hairness-reducing was affected by air
pressure obviously, when it was too high or too
low, the quantity of yarn hairiness would be
increased. So the air pressure should be chosen
reasonablly. When the pressure was 0.5Mpa, the
effect of hairiness-reducing was the best in his
research. An air-suction nozzle was used to study
this problem by Jeon[4], and in his research, many
parameters of primary and assistant nozzle was
discussed, such as the diameter and length of the
yarn chamber, the air pressure and the position of
primary and assistant nozzle. The results showed
that the diameter of primary and assistant nozzle
had a obviously effect on hairiness-reducting ，
followed by the position of the assistant and air
pressure in it while the others had no obvious effect.
On the basis of above researches, a vortex tube
with dissymmetry structure and friction device was
designed by LangJun[5]. It was named an improved
yarn hairiness-reducing device and installed on a
winding machine. In his opinion, the dissymmetry
structure and friction device was easier for
hairiness to be wrapped into the main body of yarn.
So the effect of hairiness-reducting could be better.

APPROACH
In this paper, FLOTRAN CFD[11] was used to
simulate the 3D model of airflow in the hairinessreducing nozzle installed on winding. Through this
research, the airflow status and the velocity
distribution of airflow in the hairiness-reducing
nozzle would be pointed out.
1 The structure of the nozzle
Figure 1 (a) shows the structure of hairinessreducing nozzle, there are three jet orifices, two in
the left, and one in the right (as illustrated in Figure
1(c)). The rotational direction of swirl in the two
left jet orifices is uniform with the yarn twist, and
the right one is in an opposite direction (as
illustrated in Figure1 (b)). This is mainly to let the
hairiness wrap into the main body of yarn well. In
the process of wrapping, the yarn should untwist
firstly, and then the hairiness was wrapped into the
main body of the yarn. At the same time, we could
keep the yarn twists unvariable.

INTRODUCTION
With the extensive application of finite element
analysis method, there were some reports about
- 424 -

airflow which belonged to the problem of liquidsolid coupling. Comparing to the action of airflow
to yarns, the action of yarns to airflow was too
small. So when analyzing the airflow in hairinessreducing nozzle, the action of airflow to yarns only
to be considered[7, 8]. The status of airflow in the
nozzle can be discriminated according to Reynolds
Number, and the airflow would transfer from
laminar flow to turbulent flow when it reached
2000~3000[9]. The Reynolds Number is 125200, so
the airflow in the nozzle belongs to turbulent
obviously. The airflow would be diffused when the
airflow entered into the nozzle along with the
tangential direction of the yarn channel. With the
semidiameter of diffusion increasing, the speed of
the airflow declined, and when it closed to the
semidiameter of the yarn chamber, the speed of
airflow would be 0. In addition, the yarn would be
nearly to the inner wall of yarn chamber because of
the action of centrifugal force in airflow field. The
motion of yarn was mainly based on the push of
the airflow which was near to the inner wall. So the
3D cylinder model could be simplified furthermore,
as illustrated in Figure 2(b).

The former studies showed that the nozzle in
winding had good effects on reducing hairiness[12],
its main structural parameters are length L=15mm;
twisting chamber diameter D=4mm; jet orifice
diameter d=0.4mm after optimization. The
parameters of orifice (the distance between nozzle
export and orifices) are l1=7mm, l2=10mm,
l3=3mm, jet orifice angle θ =15°[13].

(a)Hairiness-reducing nozzle

(b) The cross section of the
hairiness-reducing nozzle

(c) The longitudinal section of the hairiness-reducing nozzle
Figure1 The Structure of the hairiness-reducing nozzle

2 Setting up the 3D model of the airflow of the
hairiness-reducing nozzle in ANSYS.
2.1 3D model
There were three kinds of methods to set up models
in ANSYS. They are setting up entity model,
forming the model directly and importing the
model by CAD. There were no strict format
restrictions for importing a model by CAD, so it
would be most convenient and in this research, this
method was adopted.

(a) The 3D cylinder model

(b) The 3D simplified
Model

Figure 2. The 3D model of airflow field in the nozzle

3 The FLOTRAN CFD analysis of airflow status
in the hairiness-reducing nozzle
3.1 Determining analyzing area
The analyzing area should be determined before
the FLOTRAN CFD analysis was used. The
analytical and calculating area was the yarn
chamber between the entrance and the export of
orifice (including the orifice). The parameters of
the 3D simplified cylinder model were L = 15mm,
D = 4mm, as illustrated in Figure 2(b).

The high speed airflow in the hairiness-reducing
nozzle mainly formed in the yarn chamber which
was a cylinder composed of air. So in the yarn
chamber, the actual function area of airflow was a
cylinder area. The parameters of the model in
ANSYS are Length (L) = 15mm, Diameter (D) =
4mm. Therefore, the 3D model of airflow field in
the hairiness-reducing nozzle was set up by
importing the model of IGES format from CAD
software, as illustrated in figure 2(a).

3.2 Defining the element type
There were two element types in FLOTRAN CFD
analysis which were 2D FLOTARN 141 and 3D
FLOTARN 142. The former was for 2D airflow
analysis and the latter for 3D. So the latter types
were chosen in this research.

2.2 3D simplified model
In the hairiness-reducing nozzle, the actual
situation was the interaction between yarns and

3.3 Forming the finite element mesh
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The mesh size in ANSYS was 1~10, and minimum
was 1, maximum was 10, 6 is the default values of
the system. Through repeated experiments, the 6
would be the best mesh size. After the determined
the size of meshing, a free dividing method was
adopted to divide the mesh for the 3D model was
too complex, and this kind of dividing method has
no strict limit and special request for the entity
model. It was suitable mesh the complex model. As
illustrated in Figure 3.

= 81 m / s . For the nozzle entrance, the
axial speed was determined by subsidiary air
supply in the winding process.
v

3.4.2 The export boundary
The airflow speed decreased gradually from
orifices to the export of the nozzle, and almost
became zero comparing to the speed of orifices.
Therefore, the speed of airflow at the export could
be supposed zero, and the pressure there would be
equal to external atmospheric pressure.

The result shown that, the area near the three
orifices had the great meshing density, and other
area’s density was relatively uniform. This messing
division basically matched the actual situation for
the density of airflow near orifice was greater than
other places. The more the density of meshing was,
the more the 3D model could matches actual
situation.

3.4.3 Solid wall
As the airflow in the nozzle was turbulent flow, the
airflow movement on the solid wall was restrained
by the wall and the speed there near to zero.
Therefore, it could be supposed that the airflow
near the solid wall would follow the non-slip
boundary condition, namely that the airflow speed
was zero at each direction. After loading the
boundary condition, the result was shown in Figure
5.
3.5 Setting the analysis parameters of
FLOTRAN CFD and solving
The setting of FLOTRAN CFD analysis
parameters included fluid feature, airflow status
and the appointed iterations etc. Usually, the fluid
quality was liquid or gas, and it was gas in this
research. According to Reynolds Number, the
airflow status could be defined turbulent flow.
When calculated, the more it iterated, the more the
simulation results accurate. It would be more close
to actual situation. However, considering the
calculation ability of the computer we used, it was
better to choose 60 as the iteration based on
repeatedly experiments.

Figure 3. The result of mesh division Figure 4. The result of
loading

RESULTS AND DISCUSSION
3.4 Loading the boundary condition
3.4.1 The entrance boundary
There were four entrance boundary conditions
which included the exports of three orifices and the
entrance of the nozzle. The exports speed of the
three orifices could be calculated from the pressure
decided in the experiments, the radial velocity of
the nozzle entrance

z

v x =0, and the axial velocity

vy

After the analyzing parameters determined, the
problems could be solved and the simulated results
could be obtained through FLOTRAN CFD
analysis software.

of the nozzle entrance was determined by
subsidiary air supply.
The orifice was a round and short length channel
with the same circular section. So it would cost the
high-speed airflow very short time to pass the
orifice, and there was no time for it to exchange the
heat with outside. Also, the high-speed airflow had
no viscous and little friction, the airflow in the
nozzle which could be thought the isentropic
flow[14]. Based on the engineering calculation
requirement, the motion along with orifices was
similar to the monobasic isentropic motion. So the
export speed of three orifices could be calculated:
the radial velocity v x = 302.5m / s , the axial

3.5.1 Manifesting the velocity distribution by the
vector mode.
From Figure 5(a), there were 3 vortex fields in the
nozzle because of the nozzle with three orifices and
each one sprayed jet stream toward the yarn
channel. So the airflow near the orifice was vortex.
Some short fibres extruding out the main body of
yarn would be twist or wrap onto the main yarn for
the effect of the vortex when it through the nozzle.
So the hairiness could be reduced. The line from
left to right, the velocity of the vortex increased as
the color changing.

velocity, v y = 81 m / s , the tangential velocity
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Moreover, the model was divided into more than
15000 nods totally. The speed of each nod could be
calculated by FLOTRAN CFD when analyzing the
motion status in the nozzle. Also, it could be
manifested with table format. For the amount was
too large, they could not be listed in the paper. The
speed at many nods existed zero, accounting for
1/3 of total.
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[2] X.Wang, Reducing, Yarn Hairiness with an
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(a) Manifesting the velocity
distribution by vector mode

(b) Manifesting the velocity
distribution by graph

[5] LANG Jun, Research on yarn hairiness in
winding processes[D], Doctoral Dissertation,
Donghua University，2004

Figure5: The finite element simulation result of airflow status in
the nozzle

[6] L. X. Kong, R .A. Platfoot ， Two －
Dimensional Simulation of Air Flow in the
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Spinning Machines，Textile Res J., 1996, 66
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3.5.2 Manifesting the velocity distribution by the
graph.
In Figure 5(b), Y-axis means vortex speed and Xaxis means vortex radius. The distribution of
vortex speed had its rules in Figure 5. Namely, the
interratic speed of vortex is the fastest and the
speed lower gradually with the radius increasing.
The speed gradually became to zero near the inner
wall of the nozzle. According to the vortex theory,
the velocity was decomposed with three separated
velocities at three directions, and the calculated
formula of three separated velocities was related to
the radius of vortex. The speed declined with the
radius enlarging. The simulation result was
explained in Figure 5(b).
CONCLUSION
(1) On the premise that the effect of yarn on
airflow was not taken account, the airflow status in
the hairiness-reducting nozzle was simulated by
using FLOTARN CFD model in ANSYS. The
result expressed that when the hairiness-reducting
nozzle was designed with three orifices, there were
three vortexes with different speed which was the
fastest near the export of orifices. The airflow in
the nozzle was moving at vortex shape.
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Supervising and controlling system of Spinning
machines based on industrial Ethernet
WANG Jin, MA Chongqi
Tianjin Polytechnic University, Tianjin, 300160
E-mail：wangjin020707@163.com ，tjmcq@tjpu.edu.cn
ABSTRACT
Because of the limits of the traditional fieldbus control system ,the feasibility of applying the industrial
Ethernet network to the field of supervision and controlling of spinning machines were
studied.Especially the architecture of this network including its hardware components and software
components was researched. The network was realized using the CS1CJ1-ETN21 Ethernet modules
and the software including the Spinning control process software was developed. The results show that
the spinning machines network based on the industrial Ethernet network has the advantages of building
network simply ,developing and maintaining easily and ,expanding strongly and so on ,and will provide
some better realistic instructions on realizing the communication standardization of textile industry ,
the automatization and the informatization of the textile industry.
KEY WORDS:industrial Ethernet;TCP/IP; spinning process; monitoring
INTRODUCTION

use microcontroller as the core control, but the

With a globalized market economy and fierce

system did not provide networking functionality,

competition, in order to meet the trend of textile

so it is difficult to exchange information

products to the multi-variety and small batch

automatically between the upper layer and the

processthe, enterprises must improve their

field devices .

production technology and management level.
Meanwhile, they should set up the management

The micro-controller, as the core of the control

of

system, provide the basic hardware for the

enterprise-wide

networks

and

networks, so enterprises have the

control
ability of

flexibility (FS), Rapid Response (QR) and Agile
Manufacturing (AM)

[1-2]

.

spinning

of

the

network

equipments

management. To improve the level of automatic
control

system

and

textile

production

management level, we must take advantage of
As the domestic textile market becoming

the

increasingly competitive, the textile enterprises

technology for the equipment transformation. At

give more attention to the use of modern science

present, the Ethernet technology has the

and technology to transform and upgrade

following advantages

traditional textile equipments. So that they can

application,

improve product quality and reduce production

software is rich in resources, strong sharing

costs. As we know, the spinning is a long-flow

ability and high rate communication speed, with

process, including raw selection, opening,

great potential for sustainable development. In

carding, combing, drawing, twisting, winding,

this paper, a spinning monitoring network

such as many steps, involving hundreds of

system based on industrial Ethernet technology

process parameters

[3]

. At present, China's

control systems of spinning equipments

always

is

advanced

designed,

automation

using

[4]

information

: a wide range of

low-cost

which

and

uses

hardware,

the

the

OMRON

CS1CJ1-ETN21 network module. The paper
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also analysised and presentated the system’s

zone, nomal travel range,initial travel range,

composition of hardware and software systems.

numbers of shaping and the start spinning
height.

1THE NETWORK MONITORING SYSTEM
Based on C / S model, the spinning monitoring

1.3 THE PRESERVATION OF

system is divided into two sub-systems: terminal

HISTORICAL DATA

server system and terminal client system. The

Historical data is very important for the

client

required

maintenance of production equipment and the

information from the server, then it analysis and

adjustment of process parameters. Monitoring

procee the data, and also have the production

system use SQL Server 2000 as a database

management functions. Division of its functional

development platform . The system will from

modules as shown in Figure 1.

time

computer

can

obtain

the

to

information

time,
of

automatically

collect

technology,

the

production

schedule.etc, then save those data into the
database, so users can easily query and print the
historical record in the database.
1.4 QUALITY ASSESSMENT
Quality control person can carry out spinning
yarn out of sample testing, enter the test data

Fig.1 Modules of the spinning process system

into database and identify the current quality of
yarn, obtain results according to national

1.1 DATA ACQUISITION AND DISPLY
Industrial computer communicates with the
spinning equipments through the Ethernet
fieldbus,
information

it

inquire

and

collect

,which are uploading from the

control layer ,about the process of spinning
equipment information at predetermined time ,
then form the database. The client can view the
entire operation of spinning equipment related to
status through the server, including the wealth of
information such as: carding, drawing, combing,
roving and spinning equipments, technology, the
technology progress and production efficiency.
1.

2ON-LINE ADJUSTMENT OF
PROCESS PARAMETERS
In accordance with the needs of production,
you can on-line modify some parameters of
each spinning equipment on the client.Take
spinning machine as an example ,we can
on-line amend the front roller’s speed,
spinning number, roving number, twist,
twist direction, the drafting ratio at back

standards for assessment.
1.5 REMOTE MONITORING
The spinning network monitoring system enable
customers to manage and maintain production
equipment more convenient, the system can be
installed at any one Ethernet client machine,
remote monitoring and control via Ethernet
implementation.
2 SYSTEM'S HARDWARE COMPONENTS
2.1NETWORK TOPOLOGY MAP
Industrial Ethernet-based control system for
production lines, making full use of the client /
server (C / S), the advantages of remote
monitoring and control platform built. Spinning
equipment, including carding frame and drawing
machine, combing machine, roving frame,
spinning frame, the piece of equipment control
system through the Ethernet access network
module, as an industrial Ethernet nodes,
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distribution an independent IP address. The

traditional DCS system, the system have a high

entire network monitoring system is divided into

communication rate, saving the number of

3 layers: the management layer, control layer

hardware and investment, saving installation

and the execution layer, as shown in Figure 2.

costs and saving maintenance expenses, users
have a high degree of system integration
initiative and improve the system's accuracy and
reliability Etc.
2.2MANAGEMENT OF THE HARDWARE
COMPONENTS
Management layer are composed of the Internet
and Ethernet networks, the main task is to
monitor the production process and control the
control layer’s production process

[6]

. The

computers on the Internet are remote clients, the

Fig .2 Network structure of the spinning process

client can remote monitor the next-bit machines

system

be any one of the network location; the computer
on the Ethernet is the enterprise control server,

In the management layer, use of a popular C / S

the main task is processing and storing a large

system model, that is, the more complex

amount of information of spinning process, its

computing and network management tasks to the

operating system is Windows XP operating

server; and some frequent dealings with the

system, database management systems use SQL

users of the mission to the client, through the

server 2000.

implementation of such structures on a network
we can share and manage the information

2.3 THE HARDWARE CONTROL LAYER

resources .

The hardware of the control layer are composed
of PLC, Ethernet module, Ethernet switches and

The spinning equipments use programmable
logic controller (PLC) as the core, access
network through the Ethernet module and

industrial control components, etc.

[5]

. PLC and

Ethernet module are installed in the electric
control box forming a control system. They
collect the required data then control the

connect through the Ethernet switch. The
industrial computer-site plays the role of

parameters such as twist，the front roller’s speed

transiting data by TCP / IP protocol through

and the draft ratio, according to the PC settings

Ethernet

and process parameters, thus it can satisfy the

to

the

network

database.

The

monitoring network and the regional office
network and the others connect together to form

quality of the spinning yarn. The spinning
equipments controllers are connected by the
Ethernet switch, and selection Ethernet switch

a full exchange of the network hierarchy through

based on the number of spinning equipment. In

the Ethernet switch.

principle, there is no specific limit to the number
of connected devices. Thesis select the OMRON

The system use Industrial Ethernet as the main
communication platform and compared to the

CP1H

series

CS1CJ1-ETN21

PLC,

Ethernet

network

module

module,

is

Ethernet

switch is TP-Link's TL-SF1024 Fast Ethernet
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response code and a few body parts, etc., as

switch.

shown in Figure 3.
In the control layer, the on-site industrial
computer’s main function is to achieve lower
network on the Internet, because of the lower on
the same network type, protocol does not require
conversion software.
2.4IMPLEMENTATION OF THE
HARDWARE LAYER
Execution layer are primarily composed of the

Fig.3 Frame format of the command/response

servo controller, servo motor, inverter and

Industrial computer

inverter-fed motor. Servo controller and inverter

communications between the flow chart shown

respectively connected programmable controller

in Figure 4, industrial computer launched

through the RS485 bus. Through the means of
communication

of

RS485

bus,

the

and PLC-site set up

connection request as a client, PLC as a
server-side

listening

client

information.

server-side

client-side

and inverter’s parameter, status information, at

create a nested
interface

create a nested
interface

the same time control of inverter operation,

bind socket

programmable controller set the servo controller

inverter control drive inverter-fed motor to
transmiss

intercept

the spindle, the spindle with encoder

wait for client
connection requests

feedback the speed of the spindle to the
programmable controller. The high-speed pulse
output of programmable controller connect servo

read and write
operation

controller, servo controller respectively drive

turn off socket

connecting request
established
connection

read and write
operation
turn off socket

servo motor, servo motor respectively drive the
executing agencies.

Fig.4 Flow chart of the communication

3 MONITORING AND CONTROL SYSTEM

3.2 INFORMATION AND

DESIGN CONTROL SOFTWARE

COMMUNICATION BETWEEN THE
CLIENT AND SERVER

3.1INFORMATION

AND

COMMUNIACATIONS

BETWEEN

THE

Remote

client

is

controlling

the

INDUSTRIAL COMPUTER AND PLC

server-to-business operation in the database,

The

Figure 5 flow chart for the remote client.

communication

information

between

industrial computer and PLC is the command /
response manner, when the command is issued

4 CONCLUSION

by the industrial computer then lower computer

Using TCP / IP protocol for Industrial Ethernet is

response the results .FINS communications

a gradual replacement of the variety standard of

protocol is used, the command grid frame are

field bus, becoming the new standard of

composed of FINS header, command code,

networking equipment to the textile industry,
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from the current trend, the field of Ethernet into
the industrial control is inevitable. The network

[4]M.Freeman.Achieving

real-time Ethernet

Manufacturing Engineer[J] 2004,83(3):14-15
[5]Zhu Xinjie,Chen Zongnong,Zhan jianchao,
etc. Distributed monitoring and control system
of looms based on PLC Journal of textile
research [J]2001,22(6):35-36
[6] Zhuge zhengrong Bo Jianxin Liu Weicheng
Intranent in the application of production and
monitoring in electronic jacquard machine [J]
Journal of textile research 2002,23(3):216-217

Fig.5 Flow chart of the remote client
control system has been successfully applied in
the

sample

digital

spinning

equipments,

achieved of (including the sample of different
types

of

spinning

equipment)

automatic

collecting production data, data inputting online,
remote monitoring, so help us saving manpower,
improving efficiency and reducing costs. The
system has guiding significance for the textile
industry to implementate spinning equipment
network monitoring
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Research on Law of Fiber Shedding from
Cotton Knitting Yarns
Fu Weijuan*,Zhang Yi
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ABSTRACT
This article simulates the really running process of yarn during weaving by adopting CTT (constant tension
transport) system to measure fiber shedding of yarn, because the fiber shedding doesn’t make the weaving carry
out and caused product quality problems during the knitting process. We can obtained the relationship between
fiber shedding and yarn count and spinning system using quantitative analysis method, also gained regression
equation between fiber shedding and yarn count by mathematical method. This conclusion has certain
significance as guidance for weaving, especially for knitting.
Keyword: fiber shedding; combed cotton; carded cotton; spinning system
INTRODUCTION
With the domestic and international market to
improve the quality requirements of the textiles,
especially cotton knitted T-shirt and high-grade
knitting underwear and sportswear performance
requirements. However in knitting production, the
high-speed friction of yarn with knitting elements in
the process of knitting circle can make the poor
quality of fabric as the loose fiber and Surface lint.
For example, adhere to the needle on the downy
make the fabric covering floricome or leaking sewing
because adhere to the needle on the downy affect the
tongue needle motion; Fly waste which entered into
the slot block knitting the up and down movement
and result in defect, on the other hand, defect is from
the unbalance tension which occurred when the yarn
was hold by yarn blocked in the yarn guide eyelet
nap[1].Therefore, the amount of knitting yarn lint
should be paid more attention in the process of
knitting, This article aims at quantitative research of
the amount of fiber shedding of yarn, in order to
provide the theory basis for decreasing yarn when
formulating relevant measures in production.

fiber, we measured the amount of lint shedding
adopted CTT in several domestic manufacturers
differ from linear density and spinning system under
100m/min, the lint testing principle showed in
Figure 1.

EXRERIMENTAL
In order to confirm the linear density and spinning
system how to affect the amount of the shedding
The effect of linear density on fiber shedding
The effect of combed cotton’s linear density on
fiber shedding
We select representative twenty-five samples of
yarns, which is from a number of domestic
manufacturers, the linear densities separately are
18.2tex, 14.6tex, 11.7tex, 9.7tex and 7.3tex. They
were selected from five manufacturers, each type
select five yarn bobbin, and finally get the average of
twenty-five test data from the same type, the test
results showed in Table I.

RESULTS AND ANALYSIS

FIGURE 1 The friction of yarn and yarn

Figure 1 illustrate that yarn was operated under the
original tension and constant speed when it goes
through three yarn snarling at each other, using the
attachment CTT lint boxes collect lint due to friction
on the yarn from off all the fibers and weight, we can
get the precise weight of shedding lint from 1000
meters long yarn.

18.2
14.6
11.7
9.7
7.3

From the Table I, with the increase of the yarn count,
the average shedding amount is trend to increase
gradually. Making scatter diagram with shedding
fiber amount as vertical coordinate and the type as
abscissa, and add the trend line to scatter diagram,
we can get Figure 2.

TABLE I The average shedding amount of relevant combed cotton
Yarn count of combed cotton
(tex)

0.0082
0.0072
0.0042
0.0032
0.0028

Average shedding
amount(g/km)
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[2]:

0.007
0.006
0.005

Y = 0.020 − 0.08

(2)

X

0.016

0.004
0.003
0.002
0.001
0
0

5
10
15
Yarn count of combed cotton(tex)

20

FIGURE 2 The fiber shedding of different yarn cotton

From the scatterplot chart, we can see more clear of
the number of fibers trend. Set Y for fiber shedding
amount and type of yarn as X, according to the type
of yarn that the experiment data in Table I to
establish the mathematical relationship between
shedding fiber yarn amount and type of yarn, the
regression equation is [2]:

Y = 0.001e0.110 x

(1)

Can be seen from the Figure 2, the thicker of the
yarn, the amount of fiber shedding is larger. The
results are as follows: ① With the increase of the
yarn count, the frictional resistance also increases
which are from yarn and yarn and parts of the contact
area, therefore, the shedding fiber amount trend to
increase, too. ②The higher yarn count is, the more
weight is, the centrifugal force turned to increase and
the friction between yarn circle and separator
increase too, So, it can produce more lint [3-4];
③Yarn count increases, the fiber number in unit
length yarn cross section increase, the chance of
showing the end of fiber enlarged, So it result in
more amount of shedding fiber lint. In figure 2, the
trend line of 11.7tex apparent divided 7.3tex and
18.2tex into two parts , in these two parts fiber
shedding has a clear change, from raw material,
because in fineness fiber production it have strict
request of fiber’s thinness, length, maturity and
uniformity etc, thus reducing the hairiness, thereby
reduce the shedding amount. Therefore, when the
yarn count is higher, it must improve the hairiness
from raw material, process, equipment and the
management level to improve the quality of our
products to satisfy the requirement of people.
The effect of carded cotton to fiber shedding
The testing method of carded cotton similar to that of
the combed cotton, the testing results showed in
Table II.
TABLE II The average of fiber shedding with carded cotton

We can make scatter diagram using fiber shedding as
vertical coordinate and yarn count as abscissa, and
add the trend line to scatter diagram, the results
showed in Figure 3. Setting Y for fiber shedding
amount and type of yarn as X, we can build
regression equation through mathematical method

Average shedding amount

Average shedding amout(g/km)

0.009
0.008

0.014
0.012
0.01
0.008
0.006
0.004
0.002
0
0

5
10
15
Yarn count of carded cotton(tex)

20

FIGURE.3 The fiber shedding of different carded cotton yarn
count

It can be seen from the Figure 3, the fiber shedding
increase as the increasing of yarn count, but carded
cotton no obvious regional segmentation. Comparing
Table I with Table II, we can see that the fiber
shedding are obvious different, that is, the amount of
carded cotton is more than that of combed cotton.
With the decrease of yarn count, the difference is
larger between carded cotton and combed cotton.
When to reach 9.7tex, the fiber shedding of carded
cotton even reached four times that of combed cotton.
The reasons is that combed cotton removal out the
short fiber which don't conform to requirements in
the processes of combing fiber to improve parallel
straightness between fiber and fiber and thus
reducing hairiness. The fiber shedding of carded
cotton increase because it doesn’t removal out the
short fiber [5].
The effect of spinning system to fiber shedding
This article selected three spinning systems, that is,
vortex spinning, rotor spinning and ring spinning,
also select a representative sample of twenty-five,
they were chosen from five manufacturers, each type
select five yarn bobbin ,and get the average of
measured results showed in Table III.
TABLE III the average of different spinning systems
spinning system
ring spinning
rotor spinning
vortex spinning

Fiber shedding(g/km)
0.0088
0.0078
0.0007

We can make scatter diagram between fiber shedding
and spinning systems, which can be seen Figure 4.
Form the Figure 4, we can see that the sequence of
fiber shedding is: ring spinning > rotor spinning
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Yarn count of carded cotton
(tex)
18.2
14.6
11.7
9.7
7.3

Average shedding
amount(g/km)
0.0152
0.0143
0.0132
0.0114
0.0090

52-54.
[4] Zhang Y., Liu C.B., “Research on abrasion
property of yarns”. Journal of Textile Research.
NO.8, 2007, pp. 42-45.
[5] Wang S.Y., Yu X.Y., New textile yarn. Shanghai:
Donghua University Press, 2007.
[6] Yang S.T., Spinning science. Beijing: China
Textile Press, 2004.

Average shedding system(g/km)

>vortex spinning.
0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0

ring
spinning

rotor
spinning

vortex
spinning
0

0.5

1
1.5
2
2.5
Different spinning system

3

3.5

FIGURE.4 The fiber shedding of different spinning system

There exist obvious differences about yarn structure
because of different spinning mechanism, the main
reason which effect the fiber shedding is the fiber
peripheral from fiber subject. Ring spinning, rotor
spinning and vortex spinning exist greatly different
in the degree of orientation due to various fiber
migrations. In ring spinning system, free end fibers
increase the fiber shedding due to twist triangle
which makes the edge fiber do not involved in the
yarn. In rotor spinning system, it produced binding
force to fiber and formed different degree wrapping
fibers owe to bypass fibers, so little fibers prominent
outside. In vortex spinning system [6], because fiber
present closed ring hairiness, outer fiber don’t all
fiber yarn surface to be hurt contacting with other
objects. So the sequence of fiber shedding is: ring
spinning > rotor spinning >vortex spinning.

CONCLUSIONS
With the increase of the yarn count, the fiber
shedding tended to increase under the constant speed
of yarn.
The fiber shedding of combed cotton obvious less
than that of carded cotton and the gap between them
is decrease. When to reach 9.7tex, the fiber shedding
of carded cotton even reached 4 times that of combed
cotton.
There exist obvious differences about fiber shedding
because different spinning system lead to different
yarn structure, so the sequence of fiber shedding is:
ring spinning > rotor spinning >vortex spinning.
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Abstract
In this paper, chitin deacetylase producing condition by Aspergillus nidulans was studied. The factors
like the concentration of carbon and nitrogen sources, the addition of metal ions and the inoculation
quantity of Aspergillus nidulans, production were selected as effecting of deacetylase activity. Result
was obtained by orthogonal experiment design on the basis of single factor. The optimal condition for
Chitin deacetylase production were as follow: initial pH 6.5, carbon source 2%, nitrogen source 2%,
the addition of metal ions 0.01mol/L,inoculun 6%，incubated at 31℃ for 96 hours.
Keywords: chitin deacetylase(CDA); Aspergillus nidulans; producing conditions
1. INTRODUCTION

confirmed for soluble chitosan、yeast、Co2+[3].

Chitin is the second biological material that is

soluble chitosan 15g，yeast 5.0g，K2HPO4 1.0g，

only inferior to cellulosein in nature, chitosan is

KH2PO4 1.0g，MgSO4 0.5 g，water 1000mL,

its deacetylation product and is the most

appropriate amount CoCl2。

[1]

important ramification . itin deacetzlase is a

3. APPROACH\

kind of enzyme that catalyse acetamido-of chitin.

3.1 The training method of producing enzyme

At present, the

liquid

chitosan is prepared by

chemical methods with high concentration

100mL liquid culture medium is put in 250mL

sodium hydroxide concentration that pollutes

conical flask, and is placed on germfree

[2]

environment seriously .At the same time, the

workbench after destroying bacterium with

hydrolyzing methods with enzyme don’t make

condition of 1210C（0.1MPa）and 20 minutes.

any accessory reactions, the reaction conditions

Then conical flask that is full of liquid culture

are gentle, and it’s easy to control technics. So it

medium is illuminated for 20 minutes with

is a perfect hydrolyzing method. Therefore, it is

ultraviolet radiation. In succession, appropriate

very meaningful to study how to use enzyme to

amount Aspergillus nidulans is inoculated, the

improve the water solubility of the size. In this

conical flask is layed in waving machine to train

paper, Aspergillus nidulans that can produces

with condition of rotate speed 150r/min,the most

chitin deacetylase(CDA) is trained, and its

right temperature ,pH and training time.

producing conditions is discussed.

3.2 orthogonal experiment

2. MATERIAL

In order to improve the activity of chitin

2.1 germ

deacetylase(CDA),the training conditions such

Aspergillus nidulans

as the concentration of carbon（soluble chitosan）

2.2 culture medium

and nitrogen sources（yeast）,the addition of

Liquid culture medium that can produces

metal ions（Co2+） and the inoculation quantity

chitin deacetylase(CDA):

are researched. The orthogonal experiment with

Based on others research, the best carbon

four factor and three level is designed. The table

source、nitrogen source、metal ions are is

1 is the factor level of experiment of optimizing
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the chitin deacetylase’s activity.
Table 1 The factor level of experiment of optimizing the chitin deacetylase’s activity

factor

concentration

concentration

of

of

carbon

concentration of

inoculation

metal ions

quantity

nitrogen

source

source
level

A

B

C

D

1

1%

2%

0.0025mol/L

4%

2

1.5%

5%

0.005mol/L

6%

3

2%

8%

0.01mol/L

8%

4. RESULTS AND DISCUSSION
Experiment design scheme and result is as following table 2.
Table 2 Direct-viewing analysis of orthogonal experiment of optimizing the chitin deacetylase’s activity
factor

1

2

3

4

A

B

C

D

1

1

1

1

1

（U/ L）
2.26

2

1

2

2

2

2.96

3

1

3

3

3

4.10

4

2

1

2

3

2.17

5

2

2

3

1

2.47

6

2

3

1

2

2.72

7

3

1

3

2

13.68

8

3

2

1

3

3.02

9

3

3

2

1

2.56

K1

9.32

18.11

8.00

7.29

K2

7.36

8.45

7.69

19.36

K3

19.26

9.38

20.25

9.29

K1

3.11

6.04

2.67

2.43

K2

2.45

2.82

2.56

6.45

K3

6.42

3.13

6.75

3.10

R

3.97

3.22

4.19

4.02

experiment number

activity of

CDA

The Experment results is intuitionistically

deacetylase(CDA), due to K3A>K1A>K2A,the

analyzed as follows:

best value of A in experimentation bound is

(1)The R value reflects that each factor effect on

2%,homoplastically,

due

to

index, due to RC>RD>RA>RB ,the compositor

K1B>K3B>K2B,K3C>K1C>K2C

of

K2D>K3D>K1D,the best optimized scheme is

effect

on

the

activity

of

chitin

A3B1C3D2.

deacetylase(CDA) is C>D>A>B.
(2)The average value Kij reflect that this factor j
level i effect on the activity of chitin
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and

5. CONCLUSION

By means of orthogonal design experiment for
the training of the liquid fermentation. the best
liquid fermentation training conditions are
educed: When the training time of 96 hours, the
initial

pH

value

of

6.5,the

fermentation

temperature of 31℃,the concentration of carbon
and nitrogen sources are2% and 2%,the addition
of metal ions and the inoculation quantity are
0.01mol/L, and the inoculation quantity is 6%,
the activity of enzyme that Aspergillus nidulans
prodeces could reach 13.68U/mL。
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Microprofile Extrusion with a Conformal Fluidic Layer and
a Wall Slip Condition
Wei Zhang , Donggang Yao*
School of Polymer, Textile, and Fiber Eng., Georgia Institute of Technology,
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Email: yao@gatech.edu
extruding polymer, thus producing a near-zero
interfacial tension and effectively suppressing the
surface tension effect.

Highly noncircular fibers with a precision
microprofile are highly demanded in the emerging
biochemical, biomedical, and telecommunication
technology. As compared to a circular filament, a
microprofile possesses second-order effects caused
by its highly noncircular cross-section. The crosssectional shape influences significantly the
mechanical, physical, chemical, and biological
functions of the fiber. However, highly noncircular
shapes are difficult to produce using the current
melt spinning technology. Figure 1 shows some
examples of the typical shape change from the
spinneret orifice to the fiber. Die swell and surface
tension are considered to be the main causes for
shape change. There are two types of driving forces
for die swell; one is velocity redistribution and the
other is viscoelstic recovery. For a Newtonian
liquid, die swell is caused by velocity redistribution
(thus also called Newtonian die swell), while for a
viscoelastic liquid, both mechanisms for die swell
coexist. In the literature, the die swell effect,
particularly the Newtonian die swell, is used
widely for shape correction in profile extrusion
with relatively a large cross-section, e.g. a window
trim. For fibers/filaments with a much smaller
cross-section, the surface tension effect becomes
important.

In the feasibility study, PP was blended with a
small amount (~ 2wt%) of low-molecular-weight
linear PDMS. It was found that the minor addition
of PDMS drastically changed the rheological
properties of PP; the viscosity of the blend was one
order of magnitude lower than that of the virgin PP
(Figure 2). The viscosity obtained in both capillary
and rotational rheometry was size dependent,
indicating the presence of an oil layer at the
polymer surface and the resulting external
lubricating effect. Despite the enhanced flow
properties, the blend did not show compromised
thermal and mechanical properties. The addition of
PDMS did not cause a weak polymer; instead, the
blend helped suppress the unwanted yielding point.
The somewhat narrower crystallization peak for the
blend suggested a potential increase in chain
mobility with the addition of the PDMS.
Microprofile extrusion experiments of the blend
using a trilobal die geometry with an L/D ratio of 3
were conducted on the capillary rheometer.
Despite the deficiencies of the die used, the results
demonstrated a drastic reduction of the shape
distortion in the blend (Figure 3). Both the PP
blend and the virgin PP were extruded at a
temperature of 200°C and an apparent shear rate of
100 1/s. Without PDMS as an additive, the
extrudate shape was severely distorted.
By
contrast, the blend extrudate duplicated well the
original orifice shape, and even the sharp internal
corners were well reproduced. For circular
extrudate, the die swell in the virgin PP was found
to be in the range from 1.1 to 2 when extrusion was
conducted at an apparent shear rate up to 500 1/s.
However, no significant die swell was found in the
blend in the same apparent shear rate range. These
experimental results demonstrated the effectiveness
of using a thin, conformal oil layer for reducing the
shape distortion in microprofile extrusion.

A novel precision microprofile extrusion process,
in which a thin and uniform fluidic layer is created
on the microextrudate for minimizing die swell and
suppressing the surface tension effect, was
prototyped. To create a conformal fluidic layer on
the extrudate, the extruding polymer is initially
blended with a small amount of low-molecularweight or oligomeric additive, and then extruded
through a long die channel. Due to shear-induced
phase migration, the low-molecular-weight fluid
migrates to the die surface, thus forming a
conformal fluidic layer and creating a slip wall for
the high-molecular-weight polymer extrudate. Due
to wall slip, the flow stresses and accordingly the
amount of die swell are minimized. Furthermore,
the material chosen for the fluidic layer is
chemically and physical compatible with the
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Figure 1: Shape change from die orifices (yellow) to extruded filaments (blue).

Viscosity (Pa-s)
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0.5 mm, blend

1 mm, blend
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Shear rate (1/s)
Figure 2: Capillary rheometry of the virgin PP and the PP/PDMS blend at 200°C. Three different capillaries with diameters of 0.3, 0.5 and
1 mm and L/D ratios of 30, 40, and 40, respectively, were used.

(a)

(b)

Figure 3: Profile extrusion of virgin PP and PP blend: (a) orifice, (b) clean die with virgin PP, and (c) PP blend.
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UV-Induced Graft Polymerization of Acrylamide on Cellulose
by Using Immobilized Benzophenone As A Photo-initiator
Kyung Hwa Hong, Ning Liu, Gang Sun*
Division of Textiles and Clothing, University of California, Davis, California 95616, USA
ABSTRACT
Photo-active moiety, benzophenone, was incorporated onto cotton fabrics by using butyl tetra carboxylic acids
(BTCA). Then, grafting of polyacrlylamide on the cotton fabrics was performed by exposing the fabrics to longer
UV wavelength irradiation. The chemical structure and thermal properties of the polyacrylamide grafted cotton
fabrics were investigated by SEM, FTIR, XRD and TGA, and the results verified the successful grafting of
polyacrylamide on cotton fabrics. Also, it was observed that active chlorine contents were created on the
polyacrylamide grafted cotton fabrics through simple chlorination process, and the chlorine treated cotton fabrics
showed excellent antibacterial abilities like the powerful cyclic amide halamines.
Key words: Graft polymerization, photo-induced, benzophenone, cotton, chlorination, antibacterial effect.
1. Introduction

grafted chains and fiber surfaces.[2,3] In particular, the

In the textile industry, there has been an ongoing thrust

most popular grafting reactions on polymeric fibers

to achieve improved fabric functional performance and

were the graft polymerization,[5,6] initiated with the

properties.[1] Many textile properties can be altered by

use of ozone,[7,8] γ rays,[9,10] electron beams,[11]

modifying surfaces of fibers, including surface

plasma,[12] corona discharge,[13] and Ultraviolet (UV)

hydrophilicity (or hydrophobicity), biocompatibility,

irradiation.[2,14-17] Among them, UV irradiation is

electrical

anti-fouling,

considered as the safest way since it has the least

antibacterial and antistatic properties.[2,3] Thus,

possibility to change bulk properties due to the lower

surface modification and fictionalization of textile

radiation

materials have become a very important technique in

polymerization by using Norrish type II photo-initiators

textile industry.

has been widely used for the surface modification of

Available surface modification technologies for textiles

polymers.[19] Such a graft process is based on a

include physical, chemical, mechanical and biological

mechanism that the UV-induced radicals can abstract

methods.[2-4] Surface grafting process is a rather

hydrogen from polymers and the polymeric radical can

useful technology and has various advantages, because

lead to graft polymerization.[20-22] However, while

it is easy and controllable to graft polymer chains onto

photo-initiators can abstract hydrogen from polymer

textile surface without changing bulk properties, and

surface, they can also initiate the homo-polymerization

the products possess long-term durability due to strong

of monomers, which greatly decreases the grafting

covalent bonds between the

efficiency. Therefore, in order to maximize graft

conductivity,

anti-fogging,
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energy.[18]

The

photo-induced

graft

polymerization,

immobilizing

photo-initiators

has

hydroxybenzophenone is shown in Scheme 1.

become an option of among many other approaches,

2.2.2. Photo-initiated grafting polymerization: The

including both physical and chemical processes [23-27].

above treated fabrics were each immersed into a 10 mL,

In this study, we introduce a novel process of

acrylamide (monomer) aqueous solution, and photo-

chemically incorporating a photo-initiator onto cotton

irradiated at 365 nm for a designated time. Then the

fabrics, and then photo-initiating graft polymerization

fabrics were immersed in water at room temperature

from the immobilized photo-initiator, which resulted in

for ca. 24 h and vigorously rinsed to remove unreacted

achievement

monomers, residual initiators, and homo-polymers

of

high

efficient

photo-grafting

polymerization on the surface of cotton fabrics.

from the fabrics. After then, the fabrics were dried in a

2. Experimental

conditioning room (21°C, 65% RH) for more than 72
hours. A UV illumination system (CL-1000 UV Cross-

2.1. Materials

linker, UPV Inc., Upland, CA) equipped with 5 lamps

Bleached and desized cotton fabrics (no. 400) were

(wavelength: 365 nm; intensity: 1850mμW/cm2) was

purchased from Testfabrics, Inc. (West Pittston, PA). 4-

used for the photo-irradiation. In particular, the

hydroxybenzophenone (99+%), acrylamide, BTCA,

benzophenone groups in the photo-initiator treated

and sodium hypophosphite hydrate were purchased

cotton fabric would attract hydrogen atoms from the

from Aldrich Co. (MO, USA), and used as received.

cellulose under UV irradiation. And, the most possible

All other reagents were purchased from Fisher Science

position to lose hydrogen in the cotton cellulose would

(Pittsburgh, PA) or Acros Co. (NJ, USA).

be the hydrogen bonded to the 1-position carbon of the
cellulose structure [28]. And the formed radical on
cellulose could also initiate the polymerization of

2.2. Preparation

acrylamide during the polymerization process. The
2.2.1. Immobilization of Photo-initiator: One gram of

proposed

cotton fabrics was each dipped in a finishing solution

acrylamide is shown in Scheme 2.

containing

4-

2.2.3. Chlorination process: To convert the amide

hydroxybenzophenone, 0.1M of BTCA, and 0.1M of

grafted on the surface of cotton fabrics to halamine

sodium hypophosphite hydrate for 30 min. And the

structure, we immersed the polyacrylamide grafted

fabrics were padded through a laboratory padder to

cotton fabrics in a diluted chlorine bleach solution (300

have a wet pick-up rate around 100% and this dip-nip

ppm available chlorine) at room temperature for 30 min.

process was repeated twice, respectively. The padded

The liquid to fabric ratio was 50:1 (w/w), and the

fabrics were wet-fixed by putting them in each plastic

fabrics were then rinsed in distilled water and air-dried

zipper bags and storing them in a convection oven for

[6].

30 min at 85 °C. After then the fabrics were cured in an

2.3. Characterization

oven at 160 °C for a certain period of time, washed,

Chromophores incorporated on the cotton fibers were

and air dried in a conditioning room (21°C, 65% RH)

observed by fluorescent microscope Leica DM 2500

for 24 h. The supposed cross-linking mechanism of 4-

(Leica Microsystems, Germany). Cross-linking and

designated

concentrations

of
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photo-induced

grafting

mechanism

of

grafting rates of the treated cotton fabrics were

Chromophoric reactions on the surfaces of the

measured by a weighing method on the basis of the

benzophenone

weigh changes of the fabrics before and after treatment.

polyacrylamide grafted cotton fibers were observed by

Fourier transform infrared (FTIR) spectroscopy was

fluorescent microscopic observation, as shown in

performed with a Nicolet 6700 FTIR spectrometer

Figure 1, confirming that benzophenone chromophoric

-1

group

cross-linked

cotton,

and

(Thermo electron co., USA) with a resolution of 4 cm .

groups were successfully incorporated on the surface of

X-ray

cotton fibers by the 4-hydroxybenzophenone/BTCA

diffraction

(XRD)

measurements

were

performed at room temperature with Cu Kα X-rays (α=

cross-linking method.

1.5418Å) with a D8 Advance (Bruker, Germany).

Effects of the photo-initiator concentration and the

Theta-theta wide angle goniometer was used, and the

photo-irradiated grafting time on the acrylamide

ultimate

0.025°.

grafting rate were investigated, as shown in Figure 2. It

Thermogravimetric analysis (TGA) was carried out

was observed that the grafting rate gradually increased

with a Shimadzu TGA-50 apparatus (Shimadzu science

as 4-hydroxybenzophenone concentration increased;

instruments, Inc., USA) at a heating rate of 10°C/min

meanwhile the grafting rates dramatically increased in

from 30°C to 550°C under a nitrogen atmosphere. A

the early stage (up until ~25 min), and then leveled off

field emission scanning electron microscope (FE-SEM)

with increasing the grafting time. Therefore, we

(Philips XL30, USA) was used for high-magnification

deduced

observation. The antimicrobial activities of the fabrics

concentration and 25 min of grafting time as the

were tested against Staphylococcus aureus (S. aureus)

optimum condition for the acrylamide grafting in this

(12600, a gram-positive bacterium) and Escherichia

system.

coli (E. coli) (K-12, a gram-negative bacterium)

The

according to modified testing method for antibacterial

benzophenone

activity of textiles (AATCC 100). The reduction of

polyacrylamide grafted cotton fabrics were observed by

bacteria was calculated according to the following

SEM, as shown in Figure 3. There was no significant

equation (1).

change on the surface morphology of the cotton fabric

peak

resolution

was

Reduction of bacteria (%) =

2θ

=

( B − A)
×100
B

0.1

surface

mol

of

morphologies
group

4-hydroxybenzphenone

of

pristine

cross-linked

cotton,

cotton,

and

incorporated with 4-hydroxybenzophenone by using
BTCA as a cross-linker (see Figure 3(b)). However,
after grafting polyacrylamide to the benzophenone

(1)
Where, A and B are the surviving cells (colony
-1

group cross-linked cotton fabrics, an obvious coating

forming unit mL ) on the agar plates corresponding to

layer was observed, as shown in Figure 3 (c) and (d).

the treated cotton fabrics and the pristine cotton fabrics,

Thus, the results indicated that the benzophenone group

respectively.

cross-linked cotton fabrics successfully initiated the
polymerization of acrylamide under UVA light, and so

3. Results and discussion

achieved the immobilization of the polyacrylamide on
the surface of cotton fabrics.

3.1. Preparation of PAM grafted cotton fabrics

3.2. Properties of polyacrylamide grafted cotton
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fabrics

(101), 2θ = 16.3° (101), and 2θ = 22.5° (002),

Figure 4 shows FTIR spectra of pristine cotton,

respectively.[31]

benzophenone

and

polyacrylamide grafted cotton fabric (Figure 5(d))

polyacrylamide grafted cotton fabrics, respectively. All

almost lost the pattern of the original cotton Cellulose I,

spectra of the cotton fabrics are characterized by an

indicating that high concentration of polyacrylamide

group

cross-linked

cotton,

-1

However,

the

curve

of

8%

intense and broad band in the 3600-3100 cm range,

significantly covered the cotton structure exposed to

associated with inter- and intra- chain -OH…O groups

surface.

of the hydrogen bonding interacting chains, and a peak

Figure 6 shows that thermal degradation residue (%) of

at ~1600 cm-1 is also indicative of the presence of

the cotton fabrics increases with increasing acrylamide

interstitial or adsorbed water in cotton fabrics.[29] A

concentration in the grafting process. As grafting rate

peak at 1317 cm-1 is associated with the bending

increased, onset temperature as well as % residue of the

vibration mode of hydrocarbon structure, and the peaks

cotton

at 1370 and 1430 cm-1 is associated with symmetric

improvement of the thermal stability of the grafted

stretching of carboxylate groups, which originated

cotton fabrics was predominant compared to the result

from cellulose molecules. Meanwhile, the spectrum of

of the cross-linked cotton fabrics (Figure 6(inserted

the

cotton

graph)), showing decrease in thermal stability due to

fabrics (Figure 4(b)) only shows a peak at 818 cm-1

the decomposition of cellulosic substrate by low acidity

attributed to out of plane C-H vibration of para-

of BTCA and high temperature. This increase in the

substituted benzene ring, and a peak at 1725 cm-1

thermal stability of the grafted cotton fabrics may be

assigned to the ester groups between cotton cellulose

attributed to the following two factors; the abstraction

and BTCA.[30] However, ketone C=O stretching of

of hydrogen from a carbon atom, followed by the

benzophenone overlaps with the peak of the water

grafting of polyacrylamide chain at the site generated

molecules in cotton fabrics, and as a result, aromatic

and

C=C stretching was hardly detected in the spectrum

polyacrylamide moieties, which takes place during the

due to the inherently low intensity of the stretching. On

course of heating. The latter could form six-member

the other hand, after grafting of polyacrylamide on the

cyclo-imide rings with increased thermal stability. The

benzophenone

schematic representation of cyclization is shown in

4-hydroxybenzophenone/BTCA treated

group

cross-linked

cotton

fabrics

(Figure 4(c)), carbonyl C=O stretching peak at 1665

fabrics

the

increased.

cyclization

In

reaction

particular,

involving

this

the

Scheme 3.[32]

cm-1 became more dominant, revealing amide groups
of the polyacrylamide grafted on the cellulose fabrics.

3.3. Antibacterial ability of polyacrylamide grafted

Figure 5 shows XRD patterns of pristine, cross-linked

cotton fabrics after chlorination

and grafted cotton fabrics. The diffraction curves of the

To endow the polyacrylamide grafted cotton fabrics

pristine cotton fabric, benzophenone group cross-linked

with antibacterial ability, chlorination process was

cotton fabric, and 2% polyacrylamide grafted cotton

applied to the grafted cotton fabrics. Through the

fabric are typical of the cotton Cellulose I patterns

process, we expected to convert the amide grafted on

which exhibit three characteristic peaks at 2θ = 14.7°

the surface of cotton fabrics to halamine structure, as
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shown in Scheme 4. The cyclo-imide structure could

http://www.huntsman.com/textile_effects/Media/Living

also be converted to imide halamine. Table 1 shows the

Tech_Domesticindustrial.pdf

antibacterial abilities of pristine cotton fabric, cross-

[2] Yoshikimi Uyama1, Koichi Kato2, and Yoshito

linked cotton fabric, and grafted cotton fabrics (before

Ikada Advances in Polymer Science,Vol. 137, (1998)

and after chlorination). It was observed that only the

[3] Koichi Kato, Emiko Uchida, En-Tang Kang,

chlorinated

Yoshikimi Uyama, Yoshito Ikada Prog. Polym. Sci. 28

grafted

cotton

fabric

revealed

the

significant antibacterial abilities against S. aureus (>

(2003) 209–259

99.999%) and E. coli: (> 99.999%). Therefore, we

[4] Hoffman AS, Macromol Symp 101, (1996) 443–

knew that active chlorine contents were created on the
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chlorinated grafted cotton fabric, and they showed the

[5] Bergbreiter DE, Srinivas B, Xu G-F, Gray HN,

similar power of cyclic amide halamines.[6,33]
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4. Conclusions
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Polyacrylamide grafted cotton fabrics were prepared by
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photo-initiating

with

Surface modification of crosslinked poly(styrene-

benzophenone structures. To achieve the grafting,

divinyl benzene) micrometer-sized particles of narrow

photo-active

chromophoric

size distribution by ozonolysis, Journal of Colloid and

groups were firstly linked to the cotton fibers by BTCA
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polymerized

benzophenone
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successfully achieved, and the grafting rate increased
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with increasing benzophenone concentration and
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Scheme 1. Reaction of 4-hydroxybenzophenone cross-linking on cotton fabrics.

Scheme 2. Reaction of polyacrylamide grafting on benzophenone group cross-linked cotton fabrics.

Scheme 3. Thermal cyclization of grafted polyacrylamide on cotton fabric.
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Scheme 4. Chlorination of polyacrylamide grafted cotton fabric.

Figure 1. Fluorescent images of pristine cotton fabric (a), 4-hydroxybenzophenone cross-linked cotton fabric (b), and polyacrylamide grafted
cotton fabric (monomer concentration 6%) (c).

Figure 2. Effects of photo-initiator concentration (a) and grafting time (b) on polyacrylamide grafting rate on cotton fabrics; conditions for (a): 4
wt% acrylamide, 0.1 mol BTCA, 25 min grafting time; conditions for (b): 2 wt% acrylamide, 0.1 mol 4-hydroxybenzophenone, 0.1 mol BTCA
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Figure 3. Surface morphologies of pristine cotton fabric ((a):
magnification × 1,400), 4-hydroxybenzophenone cross-linked cotton fabric ((b): magnification × 1,400), and polyacrylamide grafted cotton fabric
(monomer concentration 8%) ((c): magnification × 1,000; (d): magnification × 5,000).

Figure 4. FTIR spectra of pristine cotton fabric (a), 4-

Figure 5. XRD patterns of cotton fabrics; (a) pristine cotton fabric,

hydroxybenzophenone

and

(b) benzophenoe group cross-linked, (c): polyacrylamide grafted

polyacrylamide grafted cotton fabric (monomer concentration 8%)

(monomer concentration 2%), and (d) polyacrylamide grafted

(c).

(monomer concentration 8%).

cross-linked

cotton

fabric

(b),

Figure 6. TGA curves of cotton fabrics; (a) pristine, (b) polyacrylamide grafted (monomer concentration 2%), (c) polyacrylamide grafted
(monomer concentration 6%), and (d) polyacrylamide grafted (monomer concentration 8%). <For inserted figure, (a) pristine, (e) 0.05M 4hydroxybenzophenone treated, (f) 0.1M 4-hydroxybenzophenone treated, and (d) 0.2M 4-hydroxybenzophenone treated.
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Table 1. Antimicrobial abilities of 4-hydroxybenzophenone cross-linked cotton fabric and polyacrylamide grafted cotton fabric.

Dilution ratio of S.

Dilution ratio of E.
coli solution after

Reduction

aureus solution after

contact time

% of E.

contact time

Cotton fabric samples
10

10

2

10

3

10

Pristine cotton fabrics

∞

64

15

0

Cross-linked cotton fabrics

∞

86

11

Grafted cotton fabrics

∞

178

0

0

4

coli

2

3

Reduction %
of S. aureus

4

10

10

-

∞

∞

∞

59

-

0

36.36

∞

∞

175

43

27.12

14

3

~0

∞

∞

∞

69

~0

0

0

> 99.999

0

0

0

0

> 99.999

10

10

Grafted and Chlorination
cotton fabrics
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New Rope Technologies
Rafael Chou, PhD
Samson Rope Technologies
Ferndale, WA 98248 USA
Abstract
Synthetic ropes manufactured from high-modulus synthetic fibers have been successfully replacing wire
cables in various marine applications, such as mooring, tug, salvage, and fishing for more than 25 years.
The substantial benefits afforded by lightweight, flexible alternatives to wire rope are becoming globally
recognized by important advisory boards such as OCIMF (Oil Company International Marine Forum) and
others.
As high-performance synthetic lines expand to specialty applications, new technical challenges start to
demand the rope manufacturers to advance their rope technologies to the next level. In this paper, we will
discuss several new technologies developed recently to overcome high-level technical difficulties and
challenges, including the following areas:
!
!
!
!
!

Requirements for a rope with low tendency to recoil when break
Requirements for a rope to perform in high temperature/fire environment
Requirements for a rope to perform under severe abrasion attack
Requirements for a rope to perform in high bending cycles
Overcoming the low coefficient of friction nature of rope made with high modulus polyethylene
(HMPE) fibers.
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Evaporation Rates in Electrospinning
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the electrospinning process: the mass, momentum,
and energy transport equations. In addition, two
more equations are used to describe the axial
electrical field.
The mass and momentum
equations were from the dry spinning model [1].
The momentum equation, however, was modified
to include the electrostatically-derived stress terms
from the momentum equation in Feng’s model [2].
The inclusion of these terms allows the model to
account for the electrostatic tractions that are the
result of the electrical charges residing on the
filament surface and of the electrical field.

OBJECTIVE
A mathematical model is being developed for
nanofiber processing incorporating dry spinning
and electrospinning principles. The development
of the model is directed at the identification of
parameters which influence fiber characteristics,
e.g. solvent concentration, temperature, viscosity,
and electrical field.
INTRODUCTION
Electrospinning is a method of spinning nanoscale
fibers that uses an electric field to propel a stream
of polymer solution to create the fiber. Although
much research has been done on the process itself,
its wide-scale adoption has been inhibited by a lack
of predictive control on the fiber properties. By
developing an accurate computational model,
enhanced process control and the production of
fibers with desired properties can be attained. A
mathematical model was developed that
incorporates dry spinning and electrospinning
principles. Its development was directed at the
prediction of parameters which influence fiber
characteristics,
e.g.
solvent
concentration,
temperature, viscosity, and electrical field.

As an initial test of the model, a fluid composed of
50% by mass of cellulose acetate polymer to
acetone was evaluated as a Newtonian fluid. The
differential equations where solved using the 4th
order Runge-Kutta numerical method in
FORTRAN.
RESULTS AND DISCUSSION
Profiles of the fiber diameter, velocity, solvent
volume fraction, temperature, and surface charge
density have been computed with respect to the
spinline position, taking the spinneret as the origin.
The influence of electrostatics on the diameter
reduction can be clearly seen. See Figures 1 and 2.

APPROACH
The model was based on the premise that solution
electrospinning process is, in many respects, a
variation of dry spinning. It was constructed by
adapting a published 1-dimensional dry spinning
model [1] for its treatment of the mass and energy
transport balance equations. Dry spinning is a fiber
spinning process where a polymer solution is
extruded through a spinneret into a body of
circulating air.
The air forces the solvent
component to vaporize, forming a solid polymer
fiber. The electrostatic component was taken from
another published model [2] whose equations were
derived from the conservation of charge in the
polymer solution. This electrospinning model
marks the first attempt to combine an established
dry spinning model with electrostatic effects.
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FIGURE 1. The effect of electrostatic forces on radius reduction.
Spinline radius profile as a function of position as computed by
the electrospinning model (blue) and the dry spinning model
(red).

MODEL DESCRIPTION
The presented model is a 1-dimensional solution
electrospinning model. There are three governing
balance equations for the model used to describe
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-6

1.2

The distance of the model run was up to 7 cm,
beyond which numerical instabilities developed.
Experimentally, physical instabilities of the fiber
have been observed [3]. The current model may
not be capable of simulating this unstable behavior.
However, it is possible that this instability may
correspond to the onset of the physical instability.

Surface Charge Density Profile
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Charge Density(C/cm**2)
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0.6

FUTURE WORK
Several technical issues have been described and
are being currently addressed. Work is being done
to reduce the complexity of the electrospinning
model by non-dimensionalizing the equations and
evaluating the dimensionless groups. This will
allow for a clearer understanding and subsequent
identification of the relevant parameters in the
model.
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FIGURE 2. Surface charge density profile as a function of
position.

CONCLUSIONS
A unique electrospinning model has been created
based on the premise that the electrospinning
process may be viewed as a variation of the dry
spinning process. The integration of the dry
spinning and electrospinning models has resulted
in the computation of the profiles necessary for
predicting fiber diameter, morphology, and
uniformity. The affect of surface charge density on
the diameter reduction has been shown by the
model and may highlight the role electrostatic
forces play as a mechanism for additional diameter
reduction. These results demonstrate the validity
of the presented modeling approach. However,
certain numerical instability issues have been
identified and may be a result of the current
viscosity formulation being used to describe the
complex behavior of a high evaporation rate
polymer solution. Revisions and modifications to
the model are currently being done to address these
issues.

Conventional dry spinning models have shown a
monotonic decrease in the fiber radius that occurs
as a result of solvent loss [1]. However, Figure 1
shows a rapid increase in radial contraction starting
at the 5 cm mark for the case with electrostatics (in
blue). This behavior can be explained by the rapid
increase in surface charge density at the same
position shown in Figure 2. The density increases
as the diameter contracts, bringing the charges
residing on the surface closer together.
This
particular behavior is consistent with the notion of
the presence of electrostatic forces as an additional
driving force for diameter reduction in
electrospinning.
For comparison purposes, Figure 1 also includes a
curve of the radius profile for a dry spinning model,
which does not contain an electrostatic component.
Note the more gradual decrease in its radius. The
effect of introducing the charge component can be
readily seen.
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Abstract
Polyacrylonitrile(PAN)/silica composite nanofibers
were electrospun from the blended solutions of PAN
and silane alkoxide. The silane alkoxide used was
3-aminopropylethoxysilane (APES) containing amino
groups. The presence of silica phase, i.e. amino group,
on the nanofiber surface was confirmed by EDX and
TEM observations. Tensile tests with single
composite nanofibers were conducted. Adsorption
properties of the composite nanofibers were also
characterized.
1. Introduction
Nanometer scale fillers filled composite nanofibers
prepared by electrospinning have been reported,
which includes carbon nanotube (CNT), calcium
carbonate (CaCO3), titanium oxide (TiO2) based
composite nanofibers. Morphology development of
composite nanofibers via electrospinning, and the
correlation to the mechanical properties and the
functionalities have been reported.
In this study, PAN/silica composite nanofibers were
fabricated to demonstrate reinforcing polymer
nanofibers and introducing functionalities onto
polymer nanofibers. Tensile tests with single
composite nanofibers were performed and
morphology - tensile properties relationships of the
composite nanofibers were investigated. In addition,
adsorption properties of the composite nanofibers
were characterized in relation to the fiber
morphologies.
2. Experimental

into PAN solutions for electrospinning. The
concentrations of polymers in the solutions were
7wt% for PAN. The content of APES was varied
from 2wt% to 30wt%.
Scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) were used
to observe the nanofibers morphology. Tensile tests
with single nanofibers were performed using a nano
tensile tester (Nano Bionix, MTS).
3. Results and Discussion
Fig. 1 shows the SEM and EDX micrographs of
PAN/silica composite nanofibers. The average fiber
diameters were in the range from 300nm to 500nm.
The presence of silica phase on the nanofiber surface
was observed in the case of APES content of 20wt%
and 30wt%. Fig. 2 shows TEM micrograph of the
composite nanofibers. The sheath-core structure was
observed. It was found that the PAN/silica
sheath-core composite nanofibers were electrospun
from mixed solutions of PAN and silane alkoxide.
Fig. 3 shows tensile stress – strain curves of single
PAN-based nanofibers. Strain at break of composite
nanofibers was lower than that of pure PAN
nanofibers. Relation between tensile strength and
APES content is shown in Fig. 4. The composite
nanofibers showed higher tensile strength than pure
PAN nanofibers,

PAN (Aldrich: Mw15k) was used for composite
nanofiber fabrication. 3-aminopropyl-ethoxysilane
(APES, Shinetsu Kagaku: KBM-903) was blended
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Fig. 1 SEM image with accompanying EDX images of PAN/APES composite nanofibers with
different APES contents.APES with (a) 30 wt%, (b) 20wt% and (c) 10wt%.
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Fig. 3 Tensile stress – strain curves of single PAN-based
nanofibers.
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Fig. 2 TEM images of PAN/APES composite nanofibers with
different APES contents.
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and the highest tensile strength was obtained at APES
content of 10wt%. The results of adsorption tests
showed that the composite nanofibers captured the
molecules with hydroxyl group whereas the
molecules was not captured by pure PAN nanofibers.
It might be due to the presence of amino-group on

the composite nanofiber surface.
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Fig. 4 Relationship between of tensile strength and APES
content.

This study demonstrated that the electrospinning
from mixed solultions of PAN and silane alkoxide
with amino-group could produce composite
nanofibers with improved mechanical properties and
surface functionalities.
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(Sigma Aldrich, USA), were used as received.
Toluene, acetone, methanol and xylene used in the
purifications were reagent grade.

ABSTRACT
Chemical modifications of polyolefins with several
cyclic and acyclic halamine precursors were
conducted in extruders by a radical polymerization.
The modified polymers were extruded into fibers, the
fibers were converted to biocidal halamine products
after rinsing in a diluted chlorine bleach solution. The
halamine products exhibited powerful antimicrobial
properties against both Escherichia coli and
Staphylococcus aureus, and the functions are durable
and refreshable. In addition, the possible hydrolysis
mechanism of acyclic N-halamine polymers during
several recharging cycles were proposed based on
experimental data. The fibers are suitable for biocidal
filters and respirators for biological protection.

2.2. Sample preparation
Modification of PP was carried out in a 3-PC mixer
on a Brabender Plasti-Corder ATR (C.W. Brabender,
USA) at 185°C and 50rpm for 5min. Nitrogen gas
was purged above the mixing chamber to reduce
oxidation during reaction. The initial concentration of
monomers was 300mpm (mole per million part of
PP), while the peroxide was 4mpm. All 40g reactants
(PP, monomer and peroxide) were dry mixed
together for 5min before their fast (< 0.5 min)
introduction into the preheated chamber. The
formulations are listed in Table 1.

1. Introduction
2.3.Preparation of micro-size fibers
Some cyclic and acyclic halamine precursors could
be grafted onto polyelefin backbones, and the
products provided desired antimicrobial properties
after chlorination [1-3]. This presentation describes
how to graft acrylamide and methacrylamide
monomers as acyclic N-halamine precursors onto PP
by using a radical copolymerization process during
melt extrusion and examines the relationship between
structures and reactivity of these monomers toward
grafting onto PP and biocidal action of the grafted
products. Since, regenerability is the key issue for Nhalamine products, the stability of primary and
secondary acyclic amides were also studied in detail
and proposed mechanism was presented. Besides,
addition of a co-monomer such as styrene (St) to
improve grafting reaction efficiency and yield was
studied, which could further enhance the
understanding of graft polymerization reaction on PP.

The modified PP was further processed into microsize fibers through immiscible blending extrusion
based on previously reported method [9, 10]. Then,
the micro-size grafted PP fibers were produced in
continuous yarn form, and the fibers were in an
average diameter of 6μm with a diameter distribution
ranging from 4.5 to 8.5μm.
2.4.Chlorination
Subsequently, the fibers were immersed in diluted
chlorine bleach (approx. 1500ppm available chlorine)
containing 0.05wt% of a nonionic wetting agent,
Triton TX-100 (Fisher Scientific, PA) for 90min at
room temperature. Then the fibers were washed
thoroughly with excess amount of distilled water. An
iodometric titration method was used to quantify the
available active chlorine content of the grafted
samples based on a previously reported method [1-3].

2. Experimental
2.1Materials

The rechargeability of the chlorinated fibers was also
tested after quench/recharge cycles. In this
experiment, the chlorinated fibers were first treated
with a 0.3% sodium thiosulfate solution at room
temperature for 90min to quench the active chlorine
and then rechlorinated under the same conditions of
the original samples. At the end, the chlorine contents
of the grafted fibers were re-evaluated.

Isotactic polypropylene powder was supplied by
ExxonMobile Corporation (ExxonMobile, USA).
Acrylamide (AAM), N-tert-butylacrylamide
(NTAAM), methacrylamide (MAM), N-tertbutylmethacrylamide (NTMAM) (Frinton, US),
styrene (St) and dicumyl peroxide (DCP) were
obtained from TCI (TCI America) and Aldrich
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3.1.Influence of monomer structure on grafting
content and polymer degradation

2.5.Antibacterial assessment

Table 1 illustrates the effect of monomer structures
on the grafting content and polymer chain scission.
Based on Scheme 1, the grafting reaction occurs
when the macroradical reacts with vinyl

Antibacterial properties of the grafted samples were
examined according to a modified American
Association of Textile Chemist and Colorists
(AATCC) test method 100 against a Gram-negative
bacterium Escherichia coli K-12 and a Gram-positive
bacterium Staphylococcus aureus (E. coli, and S.
aureus, respectively). Viable bacterial colonies on the
agar plates were counted after incubation at 37oC for
24h. Bacterial reduction is reported according to the
equation (2):
Percentage reduction of bacteria (%) =

Table 1. Composition of grafted samples
Sample code
PP

A− B
× 100
A
(2)
where A and B are the number of bacteria counted
from control and activated fibers, respectively.
3.

Results and discussions:

kabs

M

H

CH 3

CH3

CH3

kcs

+

kgr
M

M

[M]g
(mpm
)

Conversion
(%)

End-Torque
(N.m)

0

0

0

-

-

1.59

AAM

300

0

4

210

70

0.85

MAM

300

0

4

166

55.3

1.07

NTAAM

300

0

4

119.4

39.8

0.86

NTMAM

300

0

4

31.2

10.4

0.85

AAM-co-St

300

300

4

196.2

65.4

1.7

MAM-co-St

300

300

4

191.8

63.9

1.60

NTAAM-co-St

300

300

4

53.4

17.8

1.65

NTMAM-co-St

300

300

4

14.9

4.97

1.53

±

R-O

2R-O

[DCP]
(mpm
)

monomers during the extrusion process. The extent
of the grafting depends mostly on reactivity of the
monomer toward macroradicals. In general, the order
of inherent reactivity of the radicals is approximately
the inverse of the order of reactivity of the monomers,
the most reactive monomers yielding the least
reactive radicals and vice versa. Polar effects, steric
effects, stabilizing (resonance) effects and
thermodynamic effects are the factors that control
monomer reactivity [4]. Thus, a substitute which
decreases the reactivity of a radical by some
stabilizing influence would increase the reactivity of
its double bond precursor. For instance, 1, 1disubstitued vinyl monomers, such as MAM, do not
readily homopolymerize due to this steric hindrance
[5]. The low grafting content with methacrylamide in
compare to acrylamide my be explained in terms of
the polymerization rate constants, kp (L/mole-sec), of
6000 1000 and 79.6 for AAM and MAM at 25oC,
respectively
[6].
The
methyl
group
in
methacrylamide may reduce the mobility of the
monomer, thus restraining grafting reactions. In
addition, stability of the tertiary MAM radical may
result in lower grafting content of the monomer in
comparison with secondary AAM radical:

kadd

R-O-O-R

[St]i
(mp
m)

[M]i: monomer concentration, [St]i: styrene concentration, [DCP]:
dicumyl peroxide concentration, [M]g: grafted monomer on PP;
mpm: concentration expressed in mole per million part of PP

The
possible
pathway
for
radical
graft
copolymerization of PP is shown in Scheme 1. The
free radical formed through initiator decomposition
may follow two different reaction pathways, i.e. (1)
leading to undesired homo-polymerization (kadd) and
(2) abstracting hydrogen from polymer backbone (kabs)
which formed PP-macroradical. This macroradical is
facing two different possible paths: (3) the formed
PP-macroradicals react with monomers to form
expected graft products (kgr) or (4) undergo β-scission
of the macroradicals to form lower molecular weight
products (kcs). The grafted monomer may continue to
react with monomer molecules forming longer grafts
(klgr). The three ratios of kabs/kadd, kgr/kadd and kabs/klgr
represent the tendencies of free radicals abstracting
hydrogen from PP versus reacting with monomer
homo-polymerization and macroradicals reacting
with monomers versus free radicals reacting with
monomer homopolymerization, as well as the number
of grafting sites and graft chain length, respectively.
M

[M]i
(mpm
)

klgr
M
M

CH3
H2C C
R

n

Scheme 1 Overall radical-graft copolymerization onto PP

MAM radical
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H2C CH
R
AAM radical

Molecular weight changes of polymers during
reactive extrusion process can be monitored by
torque values of the mixer during mixing since
molecular weight loss will lead to lower melt
viscosities and consequently lower torque values. The
initiator is proven quite effective in producing
polymer radicals but the polymer radicals also causes
significant β–scission reactions in the presence of low
reactive monomers. Based on the final torque values
of the grafted samples in Table 1, the decrease of the
final torque which is corresponding to decrease of
molecular weight during grafting process illustrates
the degradation of PP chains differently. The lower
final torque for AAM grafted sample may due to its
electron deficiency (e=1). Since, the tert-alkyl radical
formed from hydrogen abstraction (step 2 in Scheme
1) is a nucleophilic radical; it prefers to attack
electron rich sites. These results also provided clues
to find appropriate reactive monomers that can be
grafted promptly onto PP and then copolymerized
with vinyl amide monomers.

More steric hindered atoms in a resonance-stabilized
intermediate adjacent to substituted nitrogen could
further decrease the reactivity significantly. NTAAM
and NTMAM both demonstrated considerably lower
reactivity toward the graft polymerization than that of
both AAM and MAM. Among all these monomers,
NTMAM showed the least grafting content which
may be due to existence of both aforementioned
limits. Since the reactivity of a monomer towards a
radical depends on the reactivities and structures of
both the monomer and the radical, the bulky
macroradical could obstruct accessibility of bulky
monomers. Thus, larger substituents like NTMAM
exhibited lowest grafting content.
Measurement of monomer reactivity in melt-grafting
process is rare, but there are several reports on photoradiation grafting [7]. The only proposed way to
estimate monomer reactivity in the grafting process is
getting help of the copolymerization system
information [8]. The reactivity of a monomer can be
seen by considering the inverse of the monomer
reactivity ratio (1/r =k12/k11). This methodology is the
best for selecting co-monomers in order to promote
the grafting of unreactive monomers onto polymers
which will be discussed later. We decided to use
another way to estimate monomer reactivity based on
the Q-e scheme of Alfrey and Price [4]. It is based on
the assumption that a given radical ~A. has an
intrinsic reactivity PA, a monomer has an intrinsic
reactivity QA, and polar effects eA for transition state.
So [4]:
After assigning St as a reference monomer, with
standard Q=1.00 and e= -0.8 [6], the Q and e values
for other monomers can be obtained by measuring
the monomer reactivity ratios which are shown in
Table 2. Since there were no reactivity ratio
parameters for both NTAAM and NTMAM, the
reactivity ratios of these two monomers were
estimated based on reactivity ratios of N-tertoctylacrylamide (NTOAAM) [9]. Higher Q and e
values show higher reactivity and electron deficiency
of the monomers, respectively.

3.2 Activation
The reaction between vinyl amide monomers and PP
in the reactive extrusion was further confirmed by
chlorination reaction of amide N-H to N-Cl, acyclic
halamine. Since only surface active halamine
structures could demonstrate desired biocidal
functions, the grafted polymers were processed into
micro-size fibers. After soaking in diluted chlorine
bleach solutions, all fiber samples were thoroughly
washed with distilled water to remove any
unbounded chlorine. Virgin PP fibers did not show
any evidence of active chlorine in the
Active Chlorine Content (ppm)

1600
1st Acid recharge

2nd acid recharge

3rd acid recharge

basic bleached

1200

800

400

0
PP-g-AAM

PP-g-NTAAM

PP-g-MAM

PP-g-NTMAM

Figure 1. Active Chlorine Content of grafted samples

Table 2. The Q-e data of monomers
Monomer

Q

e

Styrene [17]

1

-0.8

Acrylamide [19]

0.6

1

Methacrylamide[17]

0.4

-0.5

N-tert-octylacrylamide [19]

0.2

-0.1

titration experiments, but grafted fibers exhibited
sufficient active chlorine contents (Figure 1). As we
expected primary amide monomers such as AAM and
MAM show higher chlorine content than that of
secondary amides. A comparison of the grafting
content and chlorine content of the resultant fibers
indicates that only 30 percents of the amide groups in
the primary amide grafted side chains were
transformed into N-halamines during chlorination (NH2 → -NHCl) while for secondary amide grafted
monomers less than 15 percents of amide groups in

Q and e represent activity and polarity of corresponding monomers,
respectively

As discussed earlier, polymer chain scission is the
most common side reaction during grafting process.
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the secondary amide groups was transformed to Nhalamines. The reason for such results may be due to
(a) having two amide-hydrogen atoms in primary
amides compared to one amide-hydrogen in
secondary amides, (b) less accessibility of the
secondary amide-hydrogen atoms due to steric
hindrance of bulky pendant groups, and (c) the
hydrophobic nature of the PP backbone which
restricts the accessibility of chlorinating agents to all
amide groups. Again, only the amide groups on the
surface of the fibers are mostly accessible to chlorine
and can be converted to halamine structures. A
similar trend has also been reported for the
chlorination of N-diallylmelamine grafted PP fibers
[9].
In addition, pH of chlorination reaction affects the
active chlorine content of the samples. Generally
speaking, lower pH facilitates chlorination of amide
or amine structures [2, 10]. As shown in Figure 1 the
active chlorine content was the lowest under alkaline
bleaching condition. Under very mild acidic
condition (pH>5.5), in presence of acetic acid/
sodium acetate buffer, HOCl is becoming the active
specie. In fact, in the presence of acetic/ acetate
buffer, CH3COOCl could be formed between acetic
acid and chlorine, which is a more powerful
chlorinating agent [11-13].

3.4 Stability of acyclic halamines
Rechargability is one of the important concerns for
acyclic halamine polymers, which indicates survival
rate of most of the grafted moieties through repeated
bleaching, washing and rebleaching. To evaluate this
feature, all samples were treated under several
bleaching-quenching-bleaching cycles with chlorine
bleach solution containing 1500ppm of active
chlorine and with 0.03% sodium thiosulfate solution
for quenching at room temperature. As shown in
Figure 1, after each cycle of the quenching-bleaching
treatments, the chlorine contents of the fibers grafted
with secondary amide monomers were essentially
unchanged. The active chlorine contents on the
samples grafted with primary amide monomers
decreased dramatically, which could be due to
hydrolysis of primary amides during chlorine
bleaching treatments. The possible hydrolyses during
chlorination include (a) conversion of amide groups
into carboxylic acids, (b) conversion of adjacent
amide groups into imide groups or (c) Hoffmann-type
degradation of amide groups to primary amine groups.

Nitrogen Content(%)

0.3

3.3Biocidal Activity
Biocidal properties of the chlorinated grafted fibers
were examined against S. aureus and E. coli
following a modified AATCC test method 100-1999,
and the results are shown in Table 3. The active
chlorine contents of the grafted polymers have a
significant influence on the antimicrobial activity. All
grafted fibers with sufficient active chlorine content
provided powerful antibacterial properties against
both bacteria at short contact time. As expected,
concentration of bacteria suspension affects
antimicrobial activities.

E. coli
5

1.5 x 10 CFU/mL
Contact time

0.5 h

AAM

99.999

MAM

99.999

NTAAM

88.0

NTMAM

64.0

AAM-co-St

99.999

MAM-co-St

99.999

NTAAM-co-St

47.0

1h
99.999

0.5 h
99.99999

99.999

99.99999

99.999

53.0

75.0

35.0

99.999

99.9999

99.999

99.9999

68.0

25.0

5

1h

0.5h

1h

97.3

99.99

99.9999

96.7

99.9

60.0

35.0

50.0

38.0

25.0

30.0

99.9999

99.99

99.99

99.9999

99.9

99.99

30.0

5.0

15.0

PP-g-MAM

PP-g-NTM AM

Negative results of ninhydrin tests [10] exclude the
Hoffman-type degradation, for both acidic and
alkaline bleached grafted samples due to very mild
acidic or basic condition of chlorination treatments.
To verify the other possible hydrolysis mechanism,
nitrogen content of the grafted samples were
quantified (Figure 2). As shown in Figure 2, there
were decreases in nitrogen contents in the primary
amide samples (PP-g-AAM) and (PP-g-MAM) after

2.0 x 10 CFU/mL

99.99999

PP-g-NTAAM

Figure 2. Nitrogen Content of the fresh samples and recharged
samples

S. aureus

7

2.2 x 10 CFU/mL

0.15

PP-g-AAM

Bacteria
E. coli

1st acid-recharge
3rd acid-recharge

0

Table 3. Bacterial reduction percentage of the activated grafted
samples
Concentration

Fresh Sample
2nd acid-recharge
Basic bleached
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repeated chlorination, while the nitrogen contents on

Some potential differently hydrolyses that could
occur for acyclic amide grafted samples are shown in
Scheme 2. Primary amide grafted samples are having
propensity to hydrolyze in compare to secondary
amide grafted samples during acid-chlorination
treatments. Nitrogen substitution in secondary amides
causes inductive effect which is related to an
increased resonance stabilization of the substituted
derivatives. This assumption is confirmed by
comparing the activation energies of acid hydrolysis
of vinyl-amide polymers. It is interesting to
emphasize the role of extra methyl groups in
methacrylamide grafted samples comparing to
acrylamide grafted samples which stiffen the grafted
chain and prevent free rotation around C-C bonds and
induce less likely hydrolysis. In addition cessation of
hydrolysis is attributed to the effect of hydrogen
bonding of the amide groups by the formed carboxyl
groups which hinder further hydrolysis. It means
after fast hydrolysis of primary amides to carboxylic
acids in the first charging cycle, the existence of
hydrogen bonding may contribute to the stability
toward further acid hydrolysis.

Methylene Blue Absorption(mmol/Kg)

20

Fresh Sample
2nd acid-recharge
Basic bleached

1st acid-recharge
3rd acid-recharge

15

10

5

0
PP-g-AAM

PP-g-NTAAM

PP-g-MAM

PP-g-NTMAM

Figure 3. Methylene Blue absorption of the fresh and recharged
samples

the secondary amide samples (PP-g-NTAAM) and
(PP-g-NTMAM) were almost unchanged. It means
primary amide pendant groups are prone to
hydrolysis during chlorination process. To confirm
formation of carboxylic acid out of amide hydrolysis,
the standard methylene blue test was adopted.
Increased absorption of methylene blue cationic dye
represents presence of more carboxylic acid groups in
the polymers. The cationic dye absorption data in
Figure 3 show formation of carboxylic acid groups in
the case of AAM and MAM grafted samples in
different levels. The NTAAM and NTMAM grafted
samples exhibited relatively low level of adsorption
of the dye, less carboxylic groups.

R1
H2
C

R1

C

H2
C

C

O

NH2

R1

C

H2
C

C

O

NH2

R1

R1

C

H2
C

C

CH2

C

C

O

C

O

C

NH2

4. Conclusion
Several acyclic N-halamine precursors were
successfully incorporated onto PP backbone by using
a radical graft polymerization reaction during
reactive extrusion. The grafted PP was characterized
by nitrogen analysis and FTIR instrumental analysis.
Monomer structure shows significant influence on
grafting content and polymer chain scission. 1, 1disubstituted vinyl monomers show less reactivity
toward grafting in compare to corresponded
monosubstituted vinyl monomers. Also, bulky
pendant group adversely affect grafting content.
Addition of styrene (St) as a co-monomer
significantly prevents polymer chain scission, though,
could increase or decrease grafting content of vinyl
amide monomers. Addition of St adversely affected
grafting content in the case of N-tert-butylacrylamide
(NTAAM), while enhanced the grafting content in
the case of methacrylamide (MAM). Upon chlorine
bleaching some of amide groups of the grafted side
chains were transformed into N-halamines. Due to
propensity of primary amides to hydrolysis,
rechargeability of the corresponded grafted samples
was limited. This hydrolysis could be reduced by
using secondary amide groups. The activated samples
provide powerful antimicrobial properties against
both Gram-negative and Gram-positive bacterium
based on active chlorine content.

NH2

O

NH2

NaOCl
(CH3COOH/CH3COONa)
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O

NHCl
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OH
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R1

C
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C

C
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C

C

O

C

O

C

OH

NHCl

O
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Scheme 2. Possible hydrolysis reactions during acid recharging
cycles
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Carbon Nanotube Reinforced Bamboo Cellulose Fibres
Yuqin Wan and Frank K. Ko*
Advanced Fibrous Materials Laboratory, University of British Columbia
yuqin@interchange.ubc.ca, frank.ko@ubc.ca
APPROACH
Solution preparation 0.7wt% MWNTs, 0.05wt%
PVP and 0.01% Propyl Gallate were mixed with
85wt% NMMO solution while heated to 80℃. The
mixture was then sonicated until MWNTs were
well dispersed. 3wt% bamboo cellulose fibre and
0.01% Propyl Gallate were dissolved in 85wt%

ABSTRACT
Multiwalled carbon nanotubes (MWNTs) were
introduced into the bamboo cellulose matrix to
form composite nanofibres by the liquid crystal
electrospinning process. Aligned MWNTs in the
fibres were observed through AFM and SEM. TGA
testing showed 23wt% of MWNTs were present in
the composite nanofibres. The average strength and
breaking elongation 300 MPa and 35%
respectively.

NMMO solution at 80℃. The two solutions at 1:1
weight ratio were mixed, heated and sonicated.
Electrospinning process The schematic of
electrospinning setup is shown in Fig.1.
The
solution temperature was maintained at 90℃. The
voltage was 10kV and the spinning distance
between the tip of needle and the surface of
aqueous coagulant was 7 cm.
Characterization The morphology of the collected
fibre was observed using optical microscope,
scanning electron microscope (SEM) and atomic
force microscope (AFM). The thermo-degradation
property was characterized by thermo-gravimetric

Bamboo Liquid
Key words: Carbon nanotube
crystal Cellulosic fibre
Nanocomposite fiber
OBJECTIVE
To demonstrate the feasibility of continuous
electrospinning of MWNTs reinforced ultra-fine
bamboo based celllosic fibres.
To characterize the physical, thermal and
mechanical
properties
of
the
cellulosic
nanocomposite fibre assemblies.

analysis (TGA). Mechanical properties of the
bamboo/MWNT fiber assemblies were tested using
KES-G1 tensile tester with a gauge length of 1cm;
the results were compared with the data of
commercial regenerated bamboo fibers that was
measured in our lab.

INTRODUCTION
In search of non-petroleum based multifunctional
materials, we explored the feasibility of
regenerating cellulosic nanofibres as a carrier for
functional nanoparticles by electrospinning. With
its abundant availability, fast maturity cycle, and
rich content of cellulose bamboo is one of the most
favorite source of cellulose [1]. One of the most
interest functional materials in the nanoscale is
carbon nanotube having superior thermal, electrical
and mechanical properties. It has been shown by
Ko et al. [2,3] that carbon nanotube reinforced
nanofibrous yarns, can be produced by the
electrospinning
proccess.
Accordingly
we
hypothesize that the combination of carbon
nanotube and bamboo based cellulosic into
composite nanofibres will open up new
opportunities for the tailoring of new functions for
engineering
materials.
We
specifically
coelectrospin high concentration of Multiwalled
carbon nanotubes (MWNTs)
with bamboo
cellulose matrix to form composite nanofibres by
the liquid crystal electrospinning process. The
structure, physical, thermal
and mechanical
properties of these cellulosic nanocomposite fibre
assemblies were characterized.

FIGURE 1. Schematic diagram of the electrospinning setup

RESULTS AND DISCUSSION
Aligned MWNT bundles were observed through
optical microscope and AFM as shown in Fig.2.
The MWNT bundles on the surface of bamboo
fibre were also examined by SEM shown in Fig.3
(A). Fusing of the nanofibres appeared in the
assembly as shown in Fig.3 (B). Cross sectional
pictures of the MWNTs are shown in Fig.3(C).
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doubles that of commercial regenerated bamboo
fibres(1.18GPa).

FIGURE 2. Aligned MWNTs filled bamboo fibres. (A)Optical
microscope; (B) AFM.

FIGURE 3. SEM pictures of MWNTs reinforced bamboo
cellulose fibres. (A) MWNT bundles on the surface of collected
bamboo fibres bundles; (B) Fusing phenomena of bamboo
fibres; (C) aligned MWNTs in fibre; (D) bamboo fibres bundle.

FIGURE 5. Mechanical properties of MWNTs reinforced
bamboo fibre bundles.

CONCLUSIONS AND FUTURE WORK
MWNTs were successfully introduced into
regenerated bamboo cellulosic fibres with a high
weight ratio by the liquid crystal electrospinning
process. MWNTs were well aligned both in the
fibres and on the surface of fibres. The thermal
stability and modulus of the bamboo fibres were
significantly improved through the introduction of
MWNTs.
With further improvement of the interface between
MWNTs and bamboo fibres and further
improvement of the uniformity of the performance
of the electropun yarns are expected to be further
improved thus serving as a nonpetroleum source of
renewable advanced multifunctional materials.

TGA curves in Fig. 4 show that pure bamboo fibres
and the MWNT filled bamboo fibres have similar
onset thermo decomposition temperature at 324℃.
As the temperature increases the MWNT filled
bamboo fibre show significantly higher thermal
stability. At 50% weight loss the degradation
temperature is 450oC showing 125 oC higher
degradation temperature comparing to that of the
unreinforced bamboo fibres.
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ABSTRACT
The ‘X’ directional wrap yarn follows a theory
behind Chinese puzzle principle, in which a
braided finger size tube becomes tighter when a
pulling force is being applied along with the
longitudinal axis in an attempt to pull the tube off
the finger. Compression force is being generated
along with the wall of the Chinese puzzle when the
puzzle is pulled. This Chinese puzzle phenomenon
is analogous to the ‘X’ directional wrap yarn when
used a dynamic processing.
Novel wrapping apparatus has been used to
produce wrap yarns for some specific applications
[6-8]. The wrapping apparatus was developed by
using two hollow spindle driven wrapping package
holders’. These two wrapping package holders
carry wrapper yarn and rotate opposite to each

other to insert X directional twist to the
component.

core

‘XX’ wrap yarns shows improvement in
evenness and reduction in imperfection level
over ‘X’ directional wrap yarns. Compactness
of the wrap yarns improved due to wrapper
filament and or yarn. Contra direction wrap
yarns show improved tensile properties.
Cotton yarn wrap multi filaments offer
maximum elongation when it is fed as wrapper
again. ‘XX’ wrapped cotton rove shows good
contribution of staple fibres and elongation at
break reduced considerably. Upper and lower
wrap yarn holders influence on the tensile
properties. HDPE multi-filaments wrapped
with cotton yarns shows notable improvement
in
the
tensile
properties.

Key words: ‘X’ directional wrap yarns; ‘XX’ directional wrap yarns; Fancy yarns; High performance
yarns
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ABSTRACT
Poly(L-lactide)

(PLLA)

PLLA/

Poly(L-lactide) (PLLA) with molecular weight

Poly(D-lactide) (PDLA) blend were electrospun

(Mw) of 100,000, 300,000 and 700,000g mol-1

into nanofibers. Effects of take-up velocity and

and Poly(D-lactide) (PDLA) with Mw of 110,000

PLLA/PDLA blend ratio on structure and

g mol-1 were used in the present study. The

mechanical properties of the nanofibers were

electrospinning solutions were prepared by

investigated.

the

dissolving PLLA and PLLA/PDLA (50/50 wt%)

nanofibers were determined by differential

blend in a mixture of 60% dichloromethane

scanning

x-ray

(DCM) and 40% pyridine at a concentration of

diffraction (XRD). Single nanofibers were

4wt%. A rotating disc collector was used to

collected by an electrospinning process for the

collect aligned nanofibers and a single nanofiber

tensile tests to investigate the structure-property

at different take-up velocities. Blend ratios of

relationship.

PLLA (300K) and PDLA (110K) were changed

Crystalline

calorimetry

and

structures
(DSC)

of

and

at 100/0, 80/20, 50/50, 20/80 and 0/100.
INTRODUCTION

The tensile test were performed using a nano

PLLA nanofibers, in recent years, can be used in

tensile testing system (Nano Bionix, MTS).

bioengineering area, such as drug carriers, tissue
scaffold, suture and so on. In our previous work,

RESULTS AND DISCUSSION

we evaluated the relationship between structure

PLLA/PDLA polymers were blended at the ratio

and

of 100/0, 80/20, 50/50, 20/80, 0/100 and

enzymatic

degradation

behavior

of

electrospun PLLA and PLLA/Poly(D-lactide)

electrospun

(PDLA) blend nanofiber aimed to evaluate the

diameter were obtained by changing polymer

degradation behavior of nanofibers. However, it

concentrations, and no apparent difference in

is also important to understand mechanical

fiber appearance for the five of the ratios.

properties of biodegradable nanofibers in order

As shown in FIGURE 1, all three blend

to meet more demands of applications.

nanofibers with different blend ratio have

In the present study,

the effects of take-up

exhibited both cold crystallization peaks and

velocities and PLLA/PDLA blend ratios on

melting peaks, while no cold crystallization

molecular structure in electrospun PLLA and

peaks exhibited in as-received PLLA and PDLA

PLLA/PDLA blend

polymers. In as-reiceived PLLA and PDLA

nanofibers

have

been

investigated by XRD and DSC measurments.
Structure-mechanical property relationships of
fibers have been further studied on the basis of

into

nanofibers.

Similar

polymers, Tm was at around 188

fiber

o

C which

indicates there are homo-crystalline structures in
the polymers. In blend nanofibers, higher Tm at

the tensile test with single nanofibers.

around 231 oC can be observed in all three ratios

EXPERIMENTAL

of blend nanofibers, which indicates the presence
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of stereocomplex crystals formed during the

nanofibers with different blend ratios were

electrospinning process. However, homo-crystals

carried out to investigate sturcture-property

still can be observed at the ratio of 20/80 and

relationships of the nanofibers (FIGURE 3).

80/20wt%.

PLLA/PDLA nanofibers blend at a ratio of 50/50
possess highest tensile strength compared to
fibers with other ratios, which is due to the
As-received PLLA

complete stereocomplex crystalline structure in
the fibers with ratio of 50/50. Futhermore, lower

As-received PDLA

strains at break were observed with increasing
Endo

PDLA content in the fibers.
PLLA/PDLA 20/80
400

Stress (MPa)

PLLA/PDLA 80/20

40

140

90

PLLA/PDLA
=50/50

350

PLLA/PDLA 50/50

190

240

Temperature (℃)

300
250
200

PDLA

150

PLLA/PDLA
=20/80

100

FIGURE 1. DSC thermograms of PLLA/PDLA blend
nanofibers with different blend ratios.

PLLA

PLLA/PDLA
=80/20

50
0
0.0
0

0.5
0.5

The molecular structure of PLLA and blend

1.0
1

1.5
1.5

2.0
2

Strain (mm/mm)

fibers electrospun at take-up velocity of 630
m/min were further studied with WAXD. As

FIGURE 3. Tensile stress-strain curves of PLLA/PDLA blend

shown

nanofibers with different blend ratios electrospun at take-up

in

WAXD

patterns

(FIGURE

2),

velocity of 630 m min-1.

crystalline orientation can be seen in fiber
direction in both PLLA and
50/50wt%

blend

nanofibers.

PLLA/PDLA
However,

no

cryatalline orientation were observed in fibers
collected at take-up velocity of 0 m/min. The
diffraction pattern obtained from the electrospun
nanofibers is due to the existence of α-phase
crystal as reported by Hoogsten et al1.

a

CONCLUSIONS
PLLA and PLLA/PDLA blend polymers were
electrospun into nanofibers. Take-up velocity
effect and blend ratio effect on the molecular
structure of PLLA and blend fibers were
investigated, and tenslie test with the single
nanofibers were demonstrated. Take-up velocity

b

was found to be an important parameter to
induce an ordered molecular structure. And
electrospun PLA nanofibers with highest tensile
strength were produced by blend ratio of 50/50.
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Electrospun Nanofibre Yarns
Yaqiong Zhou, Tong Lin, Xungai Wang
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Electrospinning is a very useful technique to
produce continuous fibres with diameters on
nanometre scales. This technique involves
stretching a polymer fluid under a strong
electric field into fine filaments, which are
deposited randomly on the electrode
collector forming a nonwoven nanofibre mat
in most cases. Despite considerable efforts
in exploring the applications of electrospun
nanofibres [1], very limited work has been
conducted on using this material to process
mechanically robust nanofibre yarns and
their tensile properties [2, 3].

This method is feasible to produce a wide
range of polymeric nanofibre yarns, which
can be knitted to fabricate a new class of
fibre-based materials. In addition, novel
continuous composite fibrils can be
fabricated by twisting different polymeric
nanofibres.

Here we report on fabrication of nanofibre
yarns using electrospun nanofibre mats, and
the influences of processing parameters and
fibre morphology on yarn tensile properties.
Poly(vinylidene
fluoride-cohexafluoropropylene) (PVdF-HFP) was
used as a model polymer to produce
nanofibre mats. The nanofibre mats were
then cut into ribbon form and underwent a
twisting and stretching process to form
uniform yarns.

Fig. 1: SEM images of (a) PVdF-HFP nanofibre nonwoven, and
(b) a twisted nanofibre yarn

- 468 -

-1.0

Endo down, Heat flow (W/g)

It was found that twisting is a crucial
parameter affecting the yarn strength. A
five-fold increase in tensile strength was
observed in the twisted yarns. The nanofibre
in the twisted yarns also showed a slight
decrease in fibre diameter and improved
fibre alignment (Fig. 1). Differential
scanning calorimetry (DSC), dynamic
mechanical thermal analysis (DMTA), and
wide angle X-ray diffraction (WAXD) were
used to analyse how the process influences
the polymer morphology and mechanical
properties. The results showed that
nanofibre yarn had an improved thermal
mechanical properties compared to the untwisted electrospun nonwoven fabric (Fig.
2). The orientation of nanofibre in the
electrospun mat also had a considerable
influence on the yarn mechanical properties.

(a) Nanofibre nonwoven
(b) Nanofibre yarn
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Fig. 2 (left) DSC, and (right) Tan delta curves of PVdF-HFP
nanofibre nonwoven and PVdF-HFP nanofibre yarn
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supercritical fluid, (7) X-ray parallel-plate shear
apparatus (without stress detection), and (8) X-ray
dynamic rheometer (oscillatory deformation), have
been developed for the X27C beamline. Selected
experimental sample chambers are briefly
described as below.

STATEMENT OF PURPOSE
The lecture focuses on the current status and future
trends of the advanced scattering/diffraction
techniques to characterize polymer fibers during
processing in real time. In particular, the recent
simultaneous scattering and diffraction techniques
developed at the Advanced Polymers (X27C)
Beamline (http://www.bnl.gov/nsls/x27c/), National
Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (BNL) will be described. This
facility is dedicated to simultaneous small-angle Xray scattering (SAXS) and wide-angle X-ray
diffraction (WAXD) experiments [1] over a finite
range in reciprocal space. By nature, SAXS probes
relatively large-scale structures, in contrast to
WAXD that deals mainly with the atomic structure
of crystals. SAXS includes not only the diffraction
of large lattice spacing, of the order of tens,
hundreds or even thousands of inter-atomic
distances, but also the scattering by perturbed or
non-periodic structures of amorphous and semicrystalline materials.
The state-of-the-art
visualization technique for extraction of the
superstructure information in reciprocal spacing
from simple polymers to supramolecular systems
will be described. Several in-situ X-ray studies
during fiber processing such as shearing of
polymer melts, fiber spinning from gel and molten
state as well as uniaxial fiber deformation will be
described.

TENSILE STRETCHING APPARATUS
The tensile stretching apparatus is a modified
version of a model 4410 tabletop unit from Instron
Inc., which is portable and has a load capacity of
500 Newtons. The maximal distance between the
two grips is about 460 mm. Sample can be heated
to a temperature up to 300 oC with a customdesigned sample chamber. The stretching speed
can be adjusted from 0.2 mm/min up to 1000
mm/min. The modified stretching unit, as shown in
Figure 1, offers the mode of symmetric stretching,
which guarantees that the focused X-ray could
illuminate the same position on the fiber (or film)
during fiber (or film) deformation. This apparatus
has been used in several in-situ X-ray studies
involving the uniaxial stretching of different
polymer fibers and films (iPP, Kevlar and
poly(ethylene terephthalate) (PET), thermoplastic
elastomer, polyurethane and rubber).
CONTINUOUS FIBER DRAW APPARATUS

INTRODUCTION
The primary focus of the X27C beamline is to
investigate frontier polymer science and
engineering problems with emphasis on real-time
studies of structures, morphologies and dynamics
from atomic, nanoscopic and microscopic to
mesoscopic scales using simultaneous small-angle
X-ray scattering (SAXS) and wide-angle X-ray
diffraction (WAXD) techniques [1].
A very unique set of different sample chambers
including (1) single-cell heating stages (maximum
400 °C), (2) dual-cell temperature jump apparatus
(maximum 400 °C), (3) tensile stretching apparatus
(maximum 350 °C), (4) continuous fiber draw
apparatus (maximum 250 °C), (5) fiber gel/melt
spinning apparatus, (6) high pressure cell with

Figure 1. Tensile stretching apparatus
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top platform of this apparatus, which stores
polymer gels or melts with a temperature capability
of 300 oC. A motor driven plunger is used to
extrude the polymer solution. Several spinneret
dies are available for making monofilament, multifilament and film at high temperatures (to 250 oC).
The top platform can be moved vertically over a
distance of about 10 cm with a 0.2 mm precision.
The apparatus is mounted on a pair of precision
optical rails perpendicular to the X-ray beam,
which permits the alignment of the extruded
filament or film for X-ray detection. A special
corrosion-resistant barrel has been constructed to
extend the solvent application range (such as
sulfuric acid for PPD-T spinning). A take-up
wheel with an adjustable speed is used to change
the draw ratio.

An industrial prototype drawing machine has been
designed, constructed and tested at X27C, which is
suitable for studies of on-line SAXS/WAXD
determinations of different kinds of single-filament
fibers. A brief description of this draw unit is as
follows. Two high-torque servomotors that meet
the requirement of drawing high performance
fibers are used to control the two feeding and
collecting Godet rolls for the yarn (or filaments).
The speed of the two motors can be separately
adjusted to a precision of 0.25 meters/min, with a
maximum speed of 750 meters/min. The drawing
speed could be continuously adjusted to achieve
the desired draw ratio at different fixed feeding
speeds. There are two temperature-controlled heat
pins along the fiber drawing path. The X-ray
spectator point is at some distance downstream
from the heat pins. The distance between the heatpins and the incident beam position is adjustable
over a range of 3 mm and 150 mm. This
adjustment permits the observation of the
crystallization process at a predetermined time
period and temperature after the initial heating by
the heat-pins at a fixed draw ratio and feeding
speed. The draw unit weighs about 200 lbs. It can
be moved horizontally (mutually perpendicular to
the incident X-ray beam and the fiber draw
direction) with a precision of 2.5 μm by a motorcontrolled translational stage.

Plunger
Heating barrel
Spinneret
Helium pass
Water bath
Take-up wheel
Mar CCD

Fig. 3. Fiber melt/gel spinning apparatus

X-RAY MODIFIED PARALLEL-PLATE
SHEAR APPARATUS
The Linkam Cambridge Shearing System (CSS)
450 is a high temperature parallel-plate shearing
stage, often used to examine viscous liquid
materials in in-situ optical microscopy. The sample
is placed in a gap between two parallel quartz disks.
Shearing takes place by rotating one of the disks
using a precision stepping motor, as the other disk
remains fixed. The gap between the windows is
adjustable, ranging from 10 to 2500 microns, using
a second stepper motor. Each of the two quartz
windows is in close thermal contact with a silver
block heater that controls the sample temperature.
The sample temperature can range from ambient
conditions to 300 °C. This apparatus has been
modified for X-ray experiments (Figure 4). The
modification, which included the use of diamond
and Kapton windows, is as follows. The top plate
has a narrow aperture hole (diameter = 3 mm),

Fig. 2. Continuous fiber draw apparatus

FIBER MELT/GEL SPINNING APPARATUS
A photograph of this apparatus is shown in Figure
3, which has recently been used in an in-situ gel
spinning study of PBO at the X27C beamline. The
experimental design of this apparatus is as follows.
A capillary rheometer-like barrel is located on the
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which allows the X-ray beam (diameter = 0.9 mm)
to enter the sample. The bottom plate has three
open slots (wider than the hole in the top window)
that allow the scattered X-ray beam to pass directly
through the sheared sample. The windows fit
together in such a way that the sample is sealed.
When polymer melts are used, as they are fairly
viscous, no leakage is detected even when the
Linkam stage is mounted in the vertical position
(necessary since the X-ray beam travels
horizontally). The mechanical design and
electronics of the Linkam stage provide a precise
control of various parameters of the shear
experiment, which usually includes temperature,
heating/cooling rates, sample thickness, shear rate,
shear strain (shear duration), as well as shear mode
- step, steady, and oscillatory.
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ABSTRACT
Electrospinning is a very useful technique to produce
polymeric nanofibers for diverse applications. The
conventional needle-based electrospinning system
has very limited fiber productivity and a key
challenge has been to develop electrospinning
systems that can produce uniform nanofibers on a
large scale1~3.
In this study, we have demonstrated that a rotating
metal wire coil can be used as a nozzle to electrospin
nanofibers on a large-scale. Without using any
needles, the rotating wire coil, partially immersed in
a polymer solution reservoir, can pick up a thin layer
of charged polymer solution and generate a large
number of nanofibers from the wire surface
simultaneously. This arrangement significantly
increases the nanofiber productivity.
The fiber productivity was found to be determined by
the coil dimensions, such as wire diameter, coil
radius and distance, and coil length. The effects of
applied voltage, the distance between the coil nozzle
and collector, and polymer concentration on the fiber
morphology were examined. The dependency of
fiber diameter on the polymer concentration showed
a similar trend to that for a conventional
electrospinning system using a syringe needle nozzle,
but the diameter distribution was narrower for the
coil electrospun fibers.
The profiles of electric field strength in coil
electrospinning was calculated and showed
concentrated electrical field intensity on the top wire
surface. This novel concept of using wire coil as the
electrospinning nozzle will contribute to the further
development of new large-scale needleless
electrospinning systems for nanofiber production.

Fig. 1 Needleless electrospinning setup, electrospinning process
and resultant nanofibers
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INTRODUCTION
Researchers have shown that the viscosity affects the
diameter of the electrospun fibers. Baumgarten [1]
pointed out that when the viscosity increases, the
spinning drop geometry changes from approximately
a hemispherical geometry to a conical one. The direct
consequence is the increase of the length of the jet.
The fiber diameter also increases with the solution
viscosity and it is also approximately proportional to
the inverse of the jet length equal to the distance
existing between the needle tip and the collector plate.
Colman & al. [2] have worked on asymmetric
instability seen in electrospinning and comparison to
a theoretical stability analysis. They have found good
correlation between simulation prediction and fluid
viscosity and viscoelasticity. Applied researches have
been focused on elongational rheology [3], [4] to
better define the electrospun jets and the formation of
beads on filaments. It can be concluded that,
viscosity of polymer solution and viscoelastic
properties are major parameters and they have to be
controlled.
RESULTS AND DISCUSSION
Rheological study
To study the rheological behaviors of PAN/DMF and
PA-6/Formic acid solution, the solution behavior

during the flow state for different concentrations
have been investigated using cone-plate rheometer
and coaxial cylinders. Newtonian state has been
observed for all polymer solution samples. The fig.1
shows viscosity of polymer solution versus weight
concentration for polyacrilonitrile and polyamide.
10

PAN

PA-6

1
a = 4,3898
R2 = 0,999

η (Pa.s)

ABSTRACT
The electrospinning process is a way to produce
nanofibers that can be used with a wide variety of
polymer. It consists in introducing a polymer solution
into a high voltage field via a metallic needle. This
solution is submitted to a high stretch effect which
transforms droplet into nanofibers. To obtain
nanofibers, it is important to control the process
conditions. In the process parameters, the solution
properties; in terms of viscosity is crucial to the
spinnability.
To
precisely
define
the
electrospinnability of the polymer, our researches
have been focused on evaluation of the solution
behavior through rheological characterization. In our
studies,
two
solutions
Polyacrylonitrile/
Dimethylformamide and Polyamide/Formic acid
have been rheologicaly tested, during the flow state
for different concentrations. Thanks to these results,
the electrospinability of each solution could be
known as well as the physical and mechanical
behavior of the resultant nanofibers.

a = 3,8046
R2 = 0,999

0,1
a = 2,6601
R2 = 0,998

a = 2,7269
R2 = 0,991

0,01
a = 1,2337
R2 = 0,978

0,001
1

10
Concentration polymer (% weight/weight)

100

FIGURE 1. Viscosity of two types polymer versus concentration
in ambient condition

As expected, the two types of polymer solutions
present the characteristics of diluted and semi diluted
properties. The two curves are separated in different
parts, with a different coefficient of direction. That
difference in coefficient of direction is linked to the
macromolecular conformation of the polymer chains.
For PA-6 the first part with a coefficient equal to
1.23 concerns the concentration domain where the
polymer chains are globally independent from each
others. The second one with an increasing of the
coefficient, approximately equal to 2.5 for the two
polymer solutions, highlights a change in the
molecular conformation. The two different solutions
could be considered as being in a semi diluted state
so it could be considered that the polymer chains are
linked from each others by entanglements. The last
part of the two curves, with the upper coefficient is
another diluted domain with a stronger
macromolecular arrangement.
Electrospinning of PA-6
Different solution concentrations (5, 10, 15, 20, 25
wt%) have been prepared by dissolving PA-6 chips
in Formic Acid (90%) for electrospinning step. The
morphological properties of electrospun nanowebs
have been investigated by Scanning Electron
Microscopy (SEM). Fig.2 and Fig.3 illustrate the
SEM photos of the PA-6 nanofibers which have been
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electrospun in the same processing conditions with
two different concentrations.
At a low polymer solution concentration (5 wt%), it
has been impossible to spin and just small polymer
droplets have been generated, but for higher
concentrations (10 and 15 wt%) electrospun
nanofibers have been obtained. Due to the increase of
the concentration, decrease of branched fibers
amount could be observed. Moreover, concerning
nanofibers diameters, the increasing of the

homogeneity could be explained by a better stability
of the Taylor cone during the spinning process. This
stability could be due to a better cohesion between
the polymer chains in the solution or to a stronger
macromolecular arrangement. For a solution without
entanglement between the polymer chains (inferior to
5%), it is impossible to obtain nanofibers. It will be
interesting to focus on the viscoelastic properties
thanks to elongational rheometry to highlight the
importance of polymer solution domains. In order to
confirm these first results, the same study will be
carried out with PAN/DMF solutions and rheological
properties will be linked to the nanoweb parameters
obtained.
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FIGURE 2. SEM photo of Nylon nanofibers 15 wt%

FIGURE 3. SEM photo of Nylon nanofibers 25 wt%

concentration induces decreasing in nanofibers
diameter. The differences of the observations in
nanofibers structure and diameter between the two
concentrations may be linked to the differences in the
polymer solution rheological states.
Conclusions
Electrospinning severally depend on the polymer
concentration and more precisely on the
macromolecules arrangements into the solution. In a
dilute state there is any entanglement between chains
so it is impossible to obtain nanoweb. Depending on
the dilution regime, it is possible to obtain different
nanoweb morphology. Two different concentrations
of polymer solutions of PA-6 has been chosen for
electrospinning. The differences between two
nanowebs in terms of diameter regularity and
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fiber spinning process, allowing both troubleshooting
for existing systems and improved process design. A
review of available models can be found in [6].

OBJECTIVE
The goal of this effort is accurate simulation of
multifilament fiber melt spinning, applicable for a
wide range of industry-relevant material and process
conditions. Our multifilament simulation is based on
the flow-enhanced crystallization (FEC) approach of
Shrikhande et al. [1] combined with a variant on the
multifilament quench models of Dutta [2] and Zhang,
et al. [3]. We apply the model using material and
process parameters based on the industrial-scale
process described in [4], and demonstrate that the
calculated quench air profile is similar to
experimentally-measured results.

APPROACH
We encapsulate the FEC equations in [1] for a single
fiber within a simple algorithm based on references
[2] and [3] which accounts for convective heat
transfer between the quench air and the fibers. The
1D FEC model assumes that all dependent variables
(axial velocity, temperature, conformation tensor
components, semicrystalline orientation tensor
component, and relative degree of crystallization),
depend only on the axial distance.

INTRODUCTION
A typical fiber melt spinning process is illustrated in
Figure 1. Extreme changes in process conditions (e.g.
temperature and axial velocity) often occur during the
quench stage, resulting in large changes in fiber
properties at the macro level (diameter, temperature)
and molecular or structure level (polymer orientation,
degree of crystallinity for semi-crystalline polymers).
Quench conditions strongly influence the structure,
which is directly linked to final properties.
Experimental data confirm that variations in quench
properties across a multifilament bundle create
nonuniformities in fiber properties [5].

In the quench air model, we assume that all fibers in
a row transverse to the quench air cross-flow
experience the same air velocity and temperature, and
that the fibers are arranged in a rectangular array.
The overall algorithm is summarized in Figure 2.

FIGURE 2. Overview of simulation algorithm

RESULTS
Melt-spinning of PET was simulated using process
parameters taken from [4].
Values of these

FIGURE 1. Schematic of fiber melt spinning process

Predictive models provide valuable insight for the
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parameters are listed in Table I.
TABLE I. Process parameters used for simulation.

Name [units]
spinneret temperature [°C]
mass flow rate [g/min/hole]
capillary diameter [mm]
take-up speed [m/min]
spinline length [m]
upwind air temperature [°C]
upwind air cross velocity [m/sec]
quench zone start [m]
quench zone end [m]
number of rows
distance between rows [mm]
distance between holes [mm]

Values
295
0.57
0.229
3,000
1.5
32
2
0.041
1.5
9
1.815
1.89

FIGURE 4. Predicted fiber temperatures

CONCLUSIONS AND FUTURE WORK
We have developed a multifilament fiber melt
spinning simulation which can be applied to industryscale processes, yet runs on a standard laptop or
desktop computer, using the MATLAB software
package [7].
Continuing work includes more
complex geometries (e.g. staggered arrays of fibers)
and further experimental validation, especially with
respect to molecular-level properties.

The 2250-hole spinneret consists of 9 rows of fibers
with an average spacing of 0.075 inches (1.9 mm).
The quench air velocity was not given. We
approximate the geometry of this circular spinneret as
a rectangular array of fibers.
Simulation results for the quench air temperatures at
three positions across the fiber bundle are displayed
in Figure 3. Rows 1, 5 and 9 are the upwind, middle,
and final rows, respectively. Temperatures are
plotted against the distance from the spinneret. It is
reported in [4] that under similar conditions, a
variation in air temperature from 32°C to 120°C was
observed near the spinneret. The simulation shows a
peak near 150°C (higher than the experimental
measurement). This is a favorable comparison when
accounting for possible experimental errors and lack
of complete match between parameters (especially
the unspecified quench air face velocity).
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FIGURE 3. Predicted quench air temperatures

The calculated fiber temperatures are displayed in
Figure 4. There is a significant variation in fiber
temperature around 0.3 meters from the spinneret.

- 477 -

Assessment of Spinnability of Cotton Fibres by Compression
Method
Mehmet Emin Yuksekkaya
Textile Engineering Department, College of Engineering, Usak University, Usak-Turkey
mehmetemin.yuksekkaya@usak.edu.tr
and the spinnabilty of cotton fibres. The surface
characteristics of cotton fibres were modified
during the dying applications by adapting a
different processing time. The Quickspin® system
was employed to provide a rapid assessment of the
likely processing problems associated with
different fibres. In the experimental part of this
work, large samples of cotton fibres were tested to
determine whether the instrument was capable of
providing useful information about the spinnability
of cotton fibres. The cotton samples were used to
produce 30 tex single ply yarn with twist multiplier,
3790 (t/m)*sqrt(tex). After spinning, the tenacity of
the corresponding yarn was also measured. Table 1
shows the physical properties of cotton fibres.

INTRODUCTION
Traditionally, most of the mechanical problems in
elementary physics and mechanics courses were
solved by ignoring the effect of friction because the
inclusion of frictional forces made the analysis too
complicated. Friction also has an important role in
textile applications. During the spinning process,
for example, it is the only force holding the fibres
together if no twist is present [1, 2].
MATERIAL AND METHOD
In this study, various colours of dyed cotton fibres
were chosen for spinning test in order to determine
the relationship between the frictional properties

TABLE I. Physical properties of fibers, yarns, and Quickspin® test results for the colored cotton samples.

Bark

2

No

2

141.00

1.95

Initial
Fibre
Length
(mm)
27.2

Black

1

Yes

2

138.50

1.87

27.6

25.7

26.14

3.85

9.82

4.02

Brick
Red
Dark
Navy
Evergree
n
Grape

2

Yes

4

135.00

1.88

28.4

26.2

25.78

3.92

9.88

4.10

1

Yes

4

183.50

1.86

26.1

25.3

26.93

3.84

10.02

4.05

1

No

3

175.50

1.91

27.3

26.2

25.80

3.90

9.73

4.12

2

Yes

3

167.00

1.82

28.5

26.8

26.17

3.91

9.96

4.15

Golden
Wheat
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Green
Orange

3

Yes

2

64.50

1.72

30.4

29.4

28.72

3.84

10.25

4.03

2

Yes

1

57.50

1.63

30.8

28.9

29.15

3.81

11.24

43.98

3

No

0

62.00

1.74

29.7

28.1

28.90

3.92

10.97

4.17

Rose

2

No

0

54.50

1.79

27.6

25.9

29.84

3.85

10.38

4.11

Sage

2

No

1

56.00

1.68

28.1

25.7

30.05

3.82

11.37

4.19

Yellow

3

Yes

2

63.00

1.76

27.9

26.5

29.62

3.92

10.30

4.16

Control(Raw
Cotton)

1

Yes

5

203.00

1.58

31.27

28.7

31.85

3.71

11.53

4.04

Light

Dark

Color

Fibre
Spinnabilit Start-up Number Average Fineness
y
Breaks of Breaks Load (cN)
(dtex)

Fibre
Length in
Sliver
(mm)
25.1

Fibre
Tenacity
(cN/tex)
26.85

3.91

7.58

4.06

CV% of
Yarn
Stdev of
Fibre Tenacity Yarn
Tenacity (cN/tex) Tenacity

curves. Additionally, it was seen from the analysis
of the data that the fibres having a higher
compression force reducing the spinnablity of
fibres. The techniques that are currently available
for quantifying the fibre friction are either based on
single fibre tests or rely on the preparation of a
suitable sample by partly processing the fibres, in
which “identically” treated fibres are used in the

RESULT AND DISCUSSION
It was found that a higher load was necessary in
order to compress the dark coloured cotton samples
due to the changes occurred on the surface
properties of fibres. It was seen that the stick-slip of
the compression curve was related to change in the
fibre surface. It was observed that it was easier to
spin the cotton fibres having the linear compression
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test. Single fibre tests do not reveal the true
characteristics due to the fact that fibres tend to
behave as a bundle rather than individually.
Therefore, it would be more meaningful to have a
technique to assess a mass of fibres rather than for
an individual fibre. Yuksekkaya and Oxenham [18]
have developed an instrument in order to assess the
frictional properties of fibres based on a
compression test. The new instrument takes a
“bundle” of fibres and gives the overall frictional
characteristic of the fibre tested. The testing system
is analogous to squeezing a bundle of fibres. The
constant speed of the cross head was set up 1.325
cm/min during the compression and 2.650 cm/min
during the decompression. This was giving a
constant volume decrease and increase during the
test since there is no change on the cylinder
diameter. The measured resistance and the
compression curve were related to the frictional
properties of the fibre surface.
CONCLUSION
As a conclusion, it is possible to predict the
spinability of cotton fibres by using the friction
testing instrument. The instrument also seems
promising in behaviour prediction of the fibres
during spinning because the behaviour of fibres in
the drafting zone is strongly related with the
surface characteristics of fibres. However, it is
necessary to perform a large number of tests to
construct a suitable algorithm for spinnability of a
particular fibre type.
FUTURE WORK
There are numerous factors affecting the
spinnability of fibres, some of which are directly
related to the physical properties of fibres, such as,
fineness and length. Therefore, it would be
necessary to prepare some charts and tables to give
a score for the overall expected spinnability of
fibres. These charts and tables should combine
currently measurable properties of fibres (by using
HVI and/or AFIS) with the data from the friction
tester.
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spun filament were analyzed with results shown in
Figures 1-5 and Table 1.

STATEMENT OF PURPOSE
The objective of this experiment is to compare the
mechanical properties of fibres obtained from
electrospinning process and conventinal melt
spinning process.

RESULTS AND DISCUSSION
1. Comparison of ibre morphology

INTRODUCTION
The electrospinning process uses electrostatic
forces to draw fibres from a polymer solution. It is
a very simple process that requires only a few
easily accessible pieces of equipment [1]. A great
deal of research have been done using
electrospinning process to obtain nanofibre from
different polymeric material[2][3]. The mechanical
property of these nanofibres has been a subject of
interest especially on the role of post treatment on
the improvement of mechanical properties. [4][5][6][7].
A systematic comparison of the mechanical
property between electrospun nanofibre melt-spun
filaments produced by conventional melt spinning
process was carried out in order to gain a better
understanding of development of nanofibre
property.

200um

FIGURE 1. Random deposited
PVDF nanofibre nonwoven

FIGURE 2.Alligned PVDF
nanofibre yarn

500u

500um

FIGURE 3 Twisted aligned
PVDF nanofibre yarn

FIGURE 4 PVDF melt spinning
filament

2. Comparison of tensile strength

APPROACH

TABLE I. Tensile strength of PVDF nanofibre and filament

Kynar 740 PVDF brought from Atofina Chemicals
was used in this experiment for both melt spinning
and electrospinning process. The morphology and
tensile strength of random nanofibre nonwoven mat,
align nanofibre yarn and melt spun filament were
charaterized.
Scanning electronic microscopy (SEM) was used to
observe the fibre morphology of the electrospun
nanofibre and melt spun filaments.
The KES-G1 Micro tensile tester was used to
measure the tensile strength of the random
nanofibre nonwoven mat, align nanofibre yarn and
melt spun mono-filament.
Twisting and annealing were applied to the
nanofibre yarns and melt spun filament
respectively to improve their mechanical property.
The morphology and mechanical properties of the
nanofibre nonwoven mat, aligned yarn and melt
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Fibre form

Diameter
(um)

Tensile strength
(MPa)

Electrospun Random fibre

0.30

20.99

Electrospun Aligned fibre

0.27

32.11

Electrospin aligned fibre
(Twisted)

0.27

48.66

Melt spun filament

250

74.83

Melt spun filament
(Annealed)

220

80.29

which results in the low mechanical property. In
future, the crystallinity of PVDF nanofibre from
electrospinning process will be measured and
compared with melt spinning filament.

Tensile strength
90

Tensile strength (MPa)

80
70
60

Experiments will be carried out to try to increase
the crystallinity of nanofibre thus to improve its
mechanical property.
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FI
GURE 5 Tensile strength of PVDF nanofibre and melt spun
filament

The tensile strength is about 60% higher for
aligned nanofibre in comparison with randomly
deposited nanofibre nonwoven. This result
confirms the relationship of mechanical property
between nonwoven fabric and align yarn made by
regular textile fibres.
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Twisting help improve the cohesion between fibres
thus increase tensile strength. The tensile strength
of nanofibre yarn increased by 51.5% after twist
insertion in the aligned nanofibre.
Annealing could help molecular chain in fibre to
adjust its orientation thus improve tensile strength.
In this experiment, melt spun filament was
annealed in 150o C for 30 minutes resulting in the
improvement of the tensile strength by 8.5%.
Compared with meltspun filaments the tensile
strength of nanofibre yarn is about 57% lower.
CONCLUSIONS
In order to improve the mechanical properties of
nanofibres produced by electrospinning the effect
of various thermal-mechanical post processes were
examined.
Compared with randomly deposited nanofibres,
alignment and twisting significantly improved the
strength of the nanofibre yarn. Although the tensile
strength of the electrospun fibres are considerably
lower than that of the melt-spun filaments the
nanofibre yarn has a much higher surface area due
to its smaller diameter.
An improvement of mechanical property has been
observed in nanofibre by applying post treatment
such as twisting and annealing.
FUTURE WORK
The low crystallinity of nanofibre which has been
found by other researchers[8] is the possible reason
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1. INTRODUCTION
In recent years knitted apparel have made impressive
improvement in quality, volume growth, and this
potential is leading China textile industry to the
forefront of international textile trade. Knit fabrics
provide outstanding qualities and have long been
preferred as fabrics in many kinds of clothing. Weft
knitted structures especially those used for sports
wear and underwear have unique properties of form
fitting based on the ability of knitted loops to change
of shape when subjected to tension.
The bursting strength of knitted fabric is extremely
important in many ways. The fabric should have
sufficient strength against forces acting upon it
during use.
The bursting strength of knitted fabric has already
been one of most important features for quality
evaluation since the procedure was applied
extensively in the trade for acceptance testing. So it
was very meaningful to choose proper method to
measure precisely.
A new national technical standard-GB/T 19976-2005
was established specifically, which meant that
inspection of knitted fabrics physical properties was
integrated and perfected gradually in China
international trade. The new standard was endowed
with four new features as follows: the frame was
specific for bursting strength testing system, CRE
(Constant Rate Elongation, same as below) testing
machine was stipulated, which was propitious to
rationality of experiment, testing parameters were
modified, and all of procedures were applicable for
testing fabrics either wet or conditioned.
Zhang zhuo [1, 2] has studied research progress on
bursting strength of knitted-fabric, introduced
mechanical analysis of yarns surrounding curved
surface, and deducted several physical equations
thoroughly. The uncertainty of bursting strength was
proposed, and five key points in processing were
presented. The studies all dealt with conditioned
fabric samples in the standard atmosphere for testing
as prescribed in GB/T 6529-2008.

Uncertainty analysis in the field of textile inspection
has not been general yet, and specific example is
scanty and limited [3, 4]; but, it was the key ability
for standard laboratory to understand uncertainty and
evaluate inspection result rationally and correctly. So,
Zhang zhuo’s experiment and conclusion in paper
were practical for textile inspection in entry-exit
commerce.
Zou xiaomei [5] introduced a type of testing
equipment, by which bursting strength experiment
was carried out, but several experimental parameters
including steel-ball diameter, clamp gauge, and
speed of motion beam were different with the
national standard used in this study. It was inferred
that Zou’s experiment was not standard, and lacked
comparability with our research.
2. APPROACH
This experiment mainly consisted of a few
procedures such as sampling, setting clamp gauge,
sample clamping and tensile test, and so on. Figure 1
illustrated the experiment process:
sampling

pre-process

debug
clamp

calculation

FIGURE 1.

record

test

Experiment procedure flow chart.

2.1. Sampling and preprocessing
The tested material was a pure cotton plain weftknitted fabric, yarn count was 26S, and mass of
square meter was 225g/m2. Took two rolls of fabrics
from three rolls of lot samples, from each roll of
fabric, cut at least three laboratory samples the full
width of the fabric and at least 1m along the selvage;
totally took 40 specimens. Each specimen was
125mm in diameter; no two specimens contained the
same wale or course yarns, and no specimens nearer
the selvage than one tenth the fabric width.
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Immersed sample into water with the temperature of
(20±2)℃, made sure the sample be completely
soaked (in order to be perfectly wet, add neutral
nonionic wetting agent no more than 0.05% in water).
Then it was necessary to remove redundant liquid in
the sample by means of absorbent paper after being
taken from water, and carried out next step of
procedure immediately.
2.2. Apparatus
The investigated testing machine was Steel-Ball
Bursting Strength Testing Machine, developed and
rebuilt by Textile Testing Laboratory of Guangdong
Entry-Exit Inspection and Quarantine Bureau
Technology Center. This testing system was
including polished steel-ball with diameter size of
(38±0.02)mm, fixed frame clamp base, circular
sample clamp, and so on [5]. Stress sensor gauge was
0~5KN. Set the testing machine for a speeding rate
of (300±10)mm/min, the distance between steel ball
apical arc and plane center of fabric (between the
clamps, that was gage length) at (75±1)mm, and
other experiment parameters were set according to
GB/T 19976-2005. Reliability and validity were
guaranteed by INSTRON 4465 Universal Material
Strength Testing Machine (CRE type equipment).
The bursting process was simulated by means of
computer as Figure 2 [6].

randomness, difference among operations, accuracy
of testing machine, indication error of automatic
display terminal led by stress-tracing sensitivity of
testing machine and accuracy of modulus
transformation including rounding off numerical
values.
3.1. Analysis on factors of uncertainties
3.1.1 Random effects
3.1.1.1 Sample representative
Difference of bursting strength among samples was
aroused by dispersion of following factors: fineness,
evenness, twists of yarns; density, composition,
components, structures of fabrics.
3.1.1.2 Uncertainty led by deviation from experimental method requirement
Clamping state: clamping state was not complied
with the requirement of GB/T19976-2005. The steelball center should be right above the center of
circular fabric clamp apparatus, which was one of
regulations of the national standard.
Deviation of conditioning: some kinds of fabrics
such as linen or viscose fabric, strength was closely
relative to humidity. Soaking time or water
temperature volatility resulted in strength fluctuation.
Homogeneity of speed of motion beam: modulus
transformation
distortion
was
caused
by
heterogeneous motion speed.
This experiment was operated by the same person in
laboratory with constant temperature and humidity,
so the uncertainty caused by these two minimal
factors can be neglected.

FIGURE 2. Computer aided graphics of simulating steel-ball
bursts into knitted-fabric plane process.

2.3. Mathematics model
Analytical model of the experiment was established
according to its mathematical and physical features
as follows:
Y = X + ΔX

(1)

where:
Y - Modified measured value of bursting strength;
X - Arithmetic mean of repeated measured bursting
strength value;
Δ X - Correction value.
3. RESULTS AND DISCUSSION
The uncertainty based on characterizations of
sampling object, testing method and real operation
condition, was mainly resulted from sampling

The uncertainty led by effective clamping area can
be also ignored because the area was kept nearly
unchanged when sample was gripped in the fixture
metal jig.
3.1.2. Indicating value accuracy of testing machine
This part of uncertainty was mainly aroused from
indication error of automatic display terminal, which
originated from stress-tracing sensitivity of testing
machine and accuracy of modulus transformation
including rounding off numerical values.
3.2 Uncertainty evaluation
3.2.1. u A ( X ) -Uncertainty evaluation of class A
Sampling randomness led to this type of uncertainty,
difference among test operations was evaluated
according method class A.
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All samples were divided into four groups with 10
samples tested separately in each group, and
experimental standard deviation was assessed and
calculated based on these data (Table I).
TABLE I Data of Bursting Testing for Knitted-Fabric
Group
No.
1
2
3
4

1
352.3
358.2
387.4
369.8

2
377.2
345.5
353.6
359.7

3
354.1
356.2
388.5
362.2

unit: N

Bursting Strength in Every Test
4
5
6
7
355.3
360.4
385.5
353.4
366.9
377.1
322.5
367.7
364.8
392.7
387.6
405.6
348.6
344.3
399.1
360.6
General Arithmetic Mean

General arithmetic mean was calculated by formula
as follows:
m

n

i=1

j =1

∑∑
x =

x

ij

(2)

m × n

where:
m was samples groups, n was times of tests for each
group; and m=4, n=10;
So, combined sample standard deviation was:
m

n

∑∑( x
sp =

ij

i =1 j =1

mn

- xi ) 2
= 19.55( N )

(3)

Standard uncertainty of measurement results of m
with n was:

( )

u xi =

sp
n

=

19.55
= 6.18( N )
3.162

(4)

3.2.2 u B ( X ) - Uncertainty evaluation of class B
This kind of uncertainty was composed of several
factors; including data recondition error, indicating
value relative error, indicating value repeatability
relative error, load forward-return travel relative
error, uncertainty caused by speed change of beam,
etc [7].
3.2.2.1. Error of rounding off of experiment data
The uncertainties resulted from rounding off of digit
and indication value quantization all belong to
uniform distribution [7]. Rounding off of rounding
off of numerical value of GB/T19976-2005 was
according to as follows: strength mean was rounded
off to integer digit, which was 1N. So the uncertainty
of rounding off of mean was:
u( round ) =

δx
2 3

= 0.29δ x = 0.29( N )

(5)

3.2.2.2. Relative error of indication value
Indication error of automatic display terminal was
led by stress-tracing sensitivity of testing machine

3

8
398.7
359.6
354.8
351.8

9
345.4
336.7
411.2
349.7

10
348.3
378.9
429.9
407.5

Arithmetic Mean
363.06
356.93
387.61
365.33
368.23

and accuracy of modulus transformation (including
rounding off numerical values). Relative error of
indication value was 0.5%, and k=
[3, 7], which
based on technical information of testing machine.
Followed uniform distribution regulation, the
calibration uncertainty of indication value resulted
from maximal indication error of strength testing
machine was:
u ( indication ) =

0.005
× 368 = 1.06( N )
3

(6)

3.2.2.3. Relative error of indication repeatability
Based on strength calibration certificate, the relative
error of indication repeatability was 1%, confidence
probability was 95%, and the uncertainty of
indication repeatability according to uniform
distribution was:
1%
u ( repeat ) =
× 368 = 1.88( N )
(7)
1.96
3.2.2.4. Relative error of load forward-return trip
Relative error of load forward-return trip was 1.5%
according to calibration certificate of machine;
confidence probability was 95%, which based on
uniform distribution [7]. Its standard uncertainty was:
u ( forward ) =

1 .5 %
× 368 = 2.82( N )
1.96

(8)

3.2.2.5. The uncertainty originated from speed
change of motion beam
Relative error of speed of motion beam load was 1%,
the calibration uncertainty of motion beam speed,
which was led by maximal error of motion beam
speed, can be obtained from uniform distribution:
u ( speed ) =

1%
× 300 ≈ 1.73(mm / min)
3

(9)

The average arithmetic bursting strength was
368.23N, average power of testing machine was:
P = FV = 368.23 ×
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0. 3
= 1.84(W )
60

(10)

where:
F- bursting strength; V-speed of motion beam;
P-real power
so, we can get the equation deduced from above:
F=

P
V

(11)

therefore,
2

2

⎡ 1 ⎤⎡ − P ⎤
⎡P⎤
⎡1⎤
uc2 ( F ) = ⎢ ⎥ u 2 ( P ) + ⎢ 2 ⎥ u 2 (V ) + 2 ⎢ ⎥ ⎢ 2 ⎥ u ( P )u (V ) r ( P, V )
⎣V ⎦ ⎣ V ⎦
⎣V ⎦
⎣V ⎦
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P
u ( speed ) = 2.12( N )
V2

(13)

3.3. The composite uncertainty of input value
This uncertainty was calculated by means of taking
the input values into formula as follows:
u c2 (Y ) = u 2 ( X i ) + u 2 ( Δ X i )

(14)

where:
i- components of uncertainty class A and B.
Because of the irrelativeness between component
inputs, composite uncertainty can be obtained by
uc (Y ) = u 2 ( xi ) + u(2round ) + u(2indication ) + u(2repeat ) + u(2forward ) + uc ( F )
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so,
uc (Y ) = 7.44( N )

(16)

3.4. Expended uncertainty
Coverage factor K=2 [3], expended uncertainty of
average bursting strength was:
U y = ku c (Y ) = 2 × 7.44 ≈14.88( N )

(17)

3.5. Report on uncertainty
Based on this experiment, average bursting strength
of soaked knitted-fabric was Y=368.23N, expended
uncertainty was Uy=14.88N, k=2.
4. CONCLUSIONS
As a type of testing method, analysis on the bursting
strength measuring system of soaked knitted-fabric
was of important research value and practical
significance, the experimental evaluation range was
also expended in textile inspection. Uncertainty of
this experiment was mainly resulted from sampling
randomness, indication value accuracy of testing
machine, and so on. Therefore, traceability of value
and period checking were suggested to be carried out.
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ABSTRACT
In order to overcome the difficulties and low precision for automatic recognition of woven fabric patterns such
as tight structures, skew, or nonuniform structures，in this paper, we present a new approach and develop a
novel instrument for this purpose. First, the smaple is forced nondestructively deformation by biaxial stretching,
it can not only improve clearly the woven fabric structure, but also produce or enhance image features for
Pattern Recognition. Second, fabric crossover points are located accurately and their useful information can be
extracted by using dynamic windows, and then the crossover points are classified by using a Fuzzy c-means
clustering algorithm by meanings of grey-level and texture features. Finally, we can effectively correct the
crossover points identified incorrectly by Template superimposing algorithm and plot automaticlly the pattern
drafts of a weave repeat.
Introduction
Image processing techniques have been certificated
by many researchers to be an efficient method for
analyzing the fabric structures[1-5]. At present, the
analyses of fabric weave pattern still rely on
manual operations, it is highly desirable to develop
a new approach to automate the procedures for
identifying weave pattern.
In this paper, we present a novel approach which is
Stretching & Correcting Technique in Mechanics
and a Template Superimposing Algorithms. The
former is used to improve the of fabric structural
tight and uniform features. Stretched by low stress,
fabric structure becomes clarity and physical basis
used for image identification is great improved,
which resolves the difficulties for automatic
recognition of woven fabric patterns such as tight
fabrics, skew ones, and uniform structure ones with
only image processing. The latter can be used to
correct automatically mistakable crossover points
and reconstructing accurate pattern draft of the
weave repeat. The propose of Stretching &
Correcting Technique in Mechanics and Template
Superimposing Algorithms can raise recognizing
efficiency in great degree.

consist of a color CCD camera with an 7.5~90mm
zoom lens, lighting devices including reflected
light and transmissive light box, biaxial stretching
mechanism , as shown in Figure 1(b).

CCD camera

Reflective
light

transmissive
light
Clamp

Zoom lens

FGURE 1. Fabric construction factors analysis system
(FaCFAS): (a) FaCFAS (b) the part of biaxial stretching
mechanism

Stretching & Correcting Technique in
Mechanics
The main reason of many kinds of fabrics can not
be identified with image processing is that there is
no definite physical condition on fabrics. For
example, when locating warp and weft crossover
points, there must be two basic requirements. One
is that the yarn spacing is clear, the other is that
the warp and weft yarns can be oriented vertically
and horizontally. For sight fabrics, skew fabrics,
pile fabrics and uniform structure fabrics, the
features mentioned above are weakened, so
algorithms is not succeed. The purpose of
stretching & correcting technique as follows:

Research Methods
System Configuration
Figure 1(a) shows the configuration of an
alternative system we have developed, fabric
construction factors analysis system (FaCFAS),
which has now been used to capture clear image
and obtain materials’ mechanical property and
structural features under low load. Main parts

1. High tight woven fabrics or skew ones, stretched
by biaxial, develop yarn spacing and the warp and
weft become perpendicular and even, so the
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Step1. input individually judgment results of m
templates, m arrays Bk，k=1，2，……，m，and
then concatenate a matrix BB, as shown in figure 2;
Step2. obtain index numbers of highest frequency
of column vector ， (p=imhist(BK(i)),i=1...n ；
indx=max(p)),then saved a array, C(i)=index(i);
Step3. according to the value of C(i),another model
is developed based on category that the index
numbers indicates.

locations of crossover points can be detected easily.
Figure 3(a)(e) and figure 3(b)(f)shows before and
after skew woven fabrics are stretched.
2. Enhance differences in features of the warp and
weft crossover points. Fabrics are fixed by one
direction, which stretched by another direction
until the yarns become unwound, and yarns of
another system become crimpier. As a result, yarns
protruding become more obvious on the surface.
There are lots of differences in image effects as
shown in figure 3(c) (g).

1
2

⎡ b1 (1)
⎢ b (1)
⎢ 2
BB = ⎢
⎢
⎢
⎣⎢ b m (1)

3. Identify the crossover points of irregular weave
structures. We have to adjust forcedly the
regularity of relative location for two systems yarns
by biaxial stretching for subsequent detection.
Figure 3(d)(h)shows contrast of images before and
after stretched.

b m (2)

b1 ( n ) ⎤
b 2 ( n ) ⎥⎥
⎥
⎥
⎥
b m ( n ) ⎦⎥

n

m

FIGURE 2．The matrix composed of corresponding crossover
points in superimposing

Experiment Methods
Fabric stretching & correcting
In this experiment, first we hold a sample between
two flat pairs of clamps, turn on light sources under
the fabric, then stretch the sample with one way or
two ways about 30mm/min. then we observe image
by video on line until achieve the most desirable
effects. For example, Figure 4(a) shows location of
crossover points which are not correctly identified
because spacing is blurry or disorder before
stretched. Figure 4(c) shows that spacing is regular
after stretched. Figure 4(d) shows that
corresponding crossover points which are correctly
identified.

We have developed a set of fabric FEAS-BiTensor,
which can stretch fabrics nondestructively by
biaxial in mechanics[6]. The relation in length
before and after stretched by biaxial stretching is
shown as follows:
Lt 0 = Lt /(1 + ε t )

b1 ( 2 )
b 2 ( 2)

Lw0 = Lw /(1 + ε w )

(1)
According to the equation (1), fabrics are forced to
distorted by fabric FEAS-BiTensor, that is to say,
fabric structures are unfold or shapes are corrected.
As a result, it is easy to distinguish fabric weaves
and it is not only helpful to produce or enhance
detected features, but also has no influence on
color, pattern and weave.

(a) transmitted image

(b) reflected image

(c) transmitted image

(d) reflected image

FIGURE 3. Contrast of the crossover points spacing before and
after distortion: (a),(b) before distortion; (c), (d) after distortion.
a

b

c

d

IMAGE CAPTURE AND PROCESSING
Images are captured by a color CCD camera.
Magnification is about 40×. The size of the fabric
sample is 12cm×12cm.The spatial resolution of
captured images is 640×480 pixels.
Because light diode has light intensity stabile and
durable ,it was chosen as light source. The
reflective light placed on the top of the fabric was
used to analyze the weave patterns, and the lighting
angle is adjusted to the maximize contrast.
Transmitted light illumination was a light box
which has several light diodes in parallel
arrangement in it, transmitted light is used to detect
the position of warp and weft crossed areas.
MATLAB was used as a software tool to develop
the system.

e
f
g
h
FIGURE 3. Original images (a), (b), (c), (d) and corresponding
image stretched (e), (f), (g), (h).

Template Superimposing Judgment Algorithm
Template superimposing judgment algorithm is an
optimum method based on principle of statistical
analysis. Suppose that m templates are first
overlapped, and the same crossover point is
checked one by one, then category of each
crossover point is located according to a maximum
value of Probability Statistics. This is an effective
method in overcoming various mistakes from
stochastic alteration. Figure 2 indicates Principle of
the method .The algorithm is described as follows:
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fabric should be yarns of curving wave height
which decides fluctuant degree of yarn. When
fabrics are illuminated using reflected light sources
at a low angle, convex crossover points are lighter
than concave crossover points due to the former
shade the latter. Grey-level of convex and concave
crossover points is distinct owing to different
intensity of reflected light, which is the feature of
lightness and darkness due to fluctuant yarns. The
example is shown in figure 6(a)(b) 。 Another
source is directionality of crossover points and
texture feature. Fiber on the surface of yarns forms
a certain orientation. To stretch fabrics with light
load, although oriented angle of fiber in yarn has a
little change, the twist’s direction is original .
Hence, stretching in mechanics can not change
original texture orientation, the example is shown
in figure 6(c)(d)。

Gaussian lowpass filtering is applied to remove
hairiness by radom, recover connectivity of yarn
spacing. In experiment, rectanglar window of
31×31 pixels with standard deviation can effectivly
restrained influnce of hairiness and fibers .
DETECTING CROSSED POINTS
When transmitted light is used, the darker areas
represent the yarns, which are opaque to
transmitted light, the centers of yarns are the
darkest pixels, the bright spots represent the spaces
between interlacing yarns, the brightest pixels
posses the hightest gray levels. We sum the gray
levels along the same horizontal and vertical pixel
lines over an entire image as follows[3]:
Y
X
(2)
S ( x) = g ( x, y ) , S ( y ) = g ( x, y ),

∑
y =1

∑
x =1

Where g(x,y) is the gray level at the point(x,y), so
we can detect the crossover points’location by
means of the maximum S(x) and S(y), the grid
figures of fabric image are ploted.
Each crossover points’area usally consists of warp
yarn, weft yarn and interstice, we must extract the
float yarns’information from every grid for
reconizing crossover points’type accuratly. To
avoid to mix into mistake pixels, the windows of
the crossover points sampled must aim at float
yarns’part.

FIGURE 4. Locations of the
crossover points

In each grid, warp yarn and weft yarn go through
veitical and horizontal direction, respectively, the
intersections of darker central lines are the centers
of crossover points. The algorithm of finding
crossover points center’s coordinates is described
as following function:
C r = min( r ) = C r = max( r ) , R c = min(c ) = R c = max(c )

FIGURE 5. Window’s locations
of the crossover points sampled

FIGURE 6. Features of the crossover points: (a、b) lightness darkness feature, (c、d) texture feature

1. Grey standard deviation can better distinguish
different lightness and darkness of the warp and
weft crossover points[8].

σ = μ 2 ( z )＝ σ 2

(3)

(4)

2. Images of the warp and weft crossover points
have many texture factors, Gray co-occurrence
matrix is fit for this kind of measurement [8].

Where R and C are row and column, min(r) and
min(c) are minimum row and minimum
column ,max(c)and max(r) are maximum row and
maximum column respectively. Figure 4 shows
centers of the crossover points. When useing a
sampling window of approximately 16×16 pixels
to extract float yarns’ messages , we can obtain
float yarns’ pixels, as shown in Figure 5.

(1). Contrast：
L −1 L −1

Cont = ∑ n 2 [∑∑ p (i, j ) 2 ],

| i − j |= n

(5)

i =0 j =0

(2). Energy:
L −1 L −1

Ener = ∑∑ p (i, j ) 2

(6)

i =0 j = 0

DETECTING CROSSED STATE
Extraction and definition of feature parameters
There are two the sources of features to recognize
crossover points of grey images. First, yarn crimp
may produce features of lightness and darkness.
The warp and weft are curved and interlaced, so
crossover points displayed on the surface of the

In the above equation, L is the number of grey
levels; d is distance between the pixels; θ is plane
direction between connected pixels.
From experiments [7,8], combined indexes
(Cont/Ener) can extend differences between the
warp and weft crossover points in data and
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separability is increased significantly over the
single index. Moreover, variations points can be
effectively restrained. Here, d=1, θ =0°.
Identifying results
According to features of data distribution for two
kinds of questions, we used above method to
automatically identify four simples(Figure 7(a ~
d)), and developed pattern drafts(Figure 7(i ~ l))
with Fuzzy C-Means clustering recognition[9] as a
classifier. We can observe that identifying results
of most crossover points are correct, but there are
also a few amount of mistakes
.
a

b

c

d

e

f

g

h

l

m

i

k

a

b
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d

e
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g

h
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k

l

m

n

o

p
FIGURE 8. Fabric images(a ~e), original pattern drafts (f ~j),
coordinated pattern drafts (k ~o), reconstructed pattern drafts (p).

Conclusions
The paper has developed a combined method of
stretching and correcting in mechanics and clarity
and image processing, which is very effective and
practical to overcome previous difficulties in fabric
weave images and low accuracy. To apply
technique of stretching in mechanics to identify
weaves, it not only has no influence on fabric color,
image pattern, and fabric weave, but also obtains
clear fabric images rapidly and accurately and
extracts effective feature parameters. Moreover, it
also effective for tight woven fabrics, skew ones,
and piles woven ones, fabric crossover points
possessed of irregular weave structure and their
locations. It is essential progress for fabric image
analysis to improve precision and accuracy of
fabric weave identification.
Dynamic location method of crossover points’
window is an important guarantee for correct
identification. Moreover, Template superimposing
judgment technique can correct wrong crossover
points during fuzzy clustering. So it can ensure that
identification of crossover points is absolutely right
and then obtain a pattern draft of the weave repeat.

FIGURE 7. Original images(a-d), images of the crossover
points(e-h), pattern drafts identified automatically(i-l)

Templates superimposing probability judgment
To correct crossover points judged inaccurately, we
take advantage of modeling superimposing to
judge each corresponding crossover point, and then
reconstruct crossover points according to the rate
of maximum coincidence. We select random five
areas from each sample as shown in figure 8(ae) .First, we can obtain five original pattern drafts
as shown in figure 8(f-j) and then located the first
crossover points by programs. In the next step, the
pattern drafts are coordinated new boundary after
standard is located as shown in figure 8(k-o).
Finally, we integrate five pattern drafts after
identified in term of the rate of template
superimposing coincidence and reconstruct the
correct pattern draft. Figure 8(p) is the
reconstructed pattern draft which consists of a
whole unit.
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ABSTRACT REQUIREMENTS

inside and outside the bubble are respectively Pi

Nanobubbles are observed in spider-spinning
procedure at the initial stage, and its principle is
used in bubble-electrospinning for mass-producing
nanofibers. The nanobubble dynamics is studied ,
showing the surface tension of the bubble depends
upon bubble sizes, independent of the viscosity of
the spun polymer, this merit can be fully used in
bubble-electrospinning.

and P0 , its radius is r.
The surface tension of the bubble, T, can be
expressed as11
1
T = r ( Pi − P0 )
2

In case the radius of the bubble is in nano scale, the
surface tension is extremely small and it is very
easy to overcome to produce nanofibers.
Although the maximal or minimal size of a bubble
might depend upon the solution viscosity, the
surface tension of bubbles is independent of
properties of the spun solutions, such as viscosity,
which is the main obstruction in traditional
electrospinning. The devised method must be much
economical, so this could be the beginning of a
new materials revolution.
Though electrospinning is the most popular
method in the preparation of polymer nanofibers, it
has low fiber production efficiency and limited
fiber size (generally from several hundreds
nanometers to several micrometers) and may use
certain hazardous solvents. In addition, some
solvents remain as residues in the fibers, which
might interfere with subsequent applications. On
the other hand, the electrospinning process requires
a very high voltage (from several thousands
voltage to several ten thousands voltages).
The mechanism for the bubble-electrospinning is
deceptively simple: in the absence of an electric
field, the aerated solution forms various bubbles on
the surface. The surface tension of the produced
bubbles depends upon the pressure difference
between the inside and outside of a bubble and the
radii of the bubbles:

Bubbles are observed in everyday life and
widely used in MEMS[1,2], yet only recently that
we are beginning to apply the nanobubble
dynamics to nanofiber fabrication[3]. Here we
show that the suggested bubble-electrospinning can
be completely overcomes the intrinsic limitation
arising in classical nanofiber fabrication, for the
surface tension of a bubble is independent of
properties of the spun solution but its size.
Nanofibers produced by electrospinning are
already being used in a vast array of products in
many industries4-10. However, the volume of
production of nanofibers has been being a
bottleneck restricting their applications. A novel
method to fabricate continuous and uniform
nanofibers with high-throughput is much needed.
We suggest a bubble-electrospinning using an
aerated polymer solution in an electric field3.
Multiple jets, which are a prerequisite for
increasing the volume of production, are found in
this electrospinning process.
In classical electrospinning process, the
surface tension of the electrospun solution is a
major factor affecting the morphology of the
nanofibers and its electrospinability. Not every
polymer can be prepared for electrospinning 3,
generally speaking solutions of polymers with a too
low or too high molecule weight cannot be
electrospun
into
continuous
fibers.
Electrospinability mainly depends upon the
solution viscosity, which is intrinsic character of
the solution can not be changed much.
Now thing is changed, the surface tension of a
bubble does not depend upon solution properties
but its size. Consider a bubble made by a
polymer solution, and assume that the air pressures

1
T = r ( Pi − P0 )
2

where T is the surface tension of the bubble, r is

P

P

i
0
and
are,
the radius of the bubble,
respectively, the air pressure inside and outside the
bubble.
When an electric field is present, it induces charges
into the bubble surface, these quickly relax to the
fluid surface. The coupling of surface charge and
the external electric field creates a tangential stress,
resulting in the deformation of the small bubble
into a protuberance-induced upward-directed
reentrant jet. Once the electric field exceeds the
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critical value needed to overcome the surface
tension, a fluid jet ejects from the apex of the
conical bubble. The threshold voltage needed to
overcome the surface tension depends upon the
size of the bubble and inlet air pressure. This new
technology is of critical importance for the new
generation of electrospinning, especially for the
specialists in design, manufacturing and using
nanofibers.

Figure 1. The experimental setup of the aerated
solution electrospinning[100].
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ABSTRACT
This article described a method for quantitative determination of Alkylphenol (APs) and Alkylphenol
polyethoxylates (APEOs) by high- performance liquid chromatography/fluorescence detection (HPLC-FID),
and the best conditions for separation and determination were also optimized.
Keywords: APs; APEOs; HPLC-FID; textiles
The analysis of APEOs and their metabolites is a
complex process due to the ethoxylated oligomers
and alkyl-chain isomers which can be present [2].
Traditionally, LC analysis with fluorescence [3] or
ultraviolet [4] detection has been widely used.
Reversed-phase HPLC has proved a useful method
for the separation of APs. However, it is generally
considered unable to recognize APEOs, since they
are hydrophilic species. Columns that worked
intermediately as normal-phase and reversed-phase
such as the C1-packed column showed abilities to
separate both APEOs and APs. However, the
optimized HPLC conditions were difficult to obtain
and a base-line separation of APEOs with very
similar EO numbers were still not achieved.

INTRODUCTION
APEOs are surfactants extensively used in
industrial, agricultural and domestic applications
[1]. Approximately 650 million kg of APEOs are
produced annually worldwide, nonylphenol
polyethoxylates (NPEO) are the most prevalent of
such compounds, being present in about 80% of
nonionic surfactants.
It is estimated that 60-65% of all alkylphenolic
compounds are discharged into the environment,
the primary degradation of APEOs in the
environment starts with the shortening of the EO
chain, leading to short-chain APEOs and APs. The
metabolites formed with only one (NP1EO) or two
(NP2EO) ethoxy units and NP are more persistent
and more toxic to aquatic organisms than the
parent compounds (NPnEO), since they are
considered to be endocrine disrupters. Because of
their estrogenic activity, the use of NPEO is being
restricted in some countries due to the toxicity of
its biodegradation products.

The aim of this work is the simultaneous
determination of APs and APEOs with complete
separation of these substances in particular from
samples containing both octyl and nonylphenol and
alkylphenol polyethoxylates. A new HPLC system
using a special reversed-phase SymmetryShied TM
column as the separation medium, capable of
separating both polar and nonpolar compounds,
was developed in this study, and the best
conditions for separation and determination were
also optimized.

Regulation which has the most legal effect was the
EU 2003 / 53 / EC. It stipulates that from January
17, 2005, except for specific situations, such as
binder for pigment printing, and so on, textiles and
clothing exported from China need to provide an
effective test report on APEOs, it limited APEOs ≤
0.1% (that is 1 000mg / kg). The 2003 / 371 / EC
regulation is a new standard of the European Union,
which prohibited 7 surfactants including APEOs,
as well as waste water emitted from their agents or
have the composition of the formula, so the use of
APEOs and its auxiliaries will be banned. China as
a great textile exports country, is urgently need to
develop a rapid detection and identification method
of APEOs in textiles.

REAGENTS
Nonylphenol (NP) and octylphenol (OP) were
purchased from Kanto Chemical Co., Tokyo, Japan.
NPEOs with average EO numbers of 10 (Tergitol
NP-10) were purchased from Sigma Chemical Co.,
St. Louis, MO, USA. Octylphenol monoethoxylate
(OP1EO), octylphenol diethoxylate (OP2EO) and
octylphenol triethoxylate (OP3EO) standard
solutions (10ng/μL) were obtained from Dr Ehren
Storfer GmbH, Augsburg, Germany. De-ionised
water and HPLC grade solvents were used to
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prepare the eluents. The standard solutions for
HPLC analysis were prepared by dissolving the
analytes into methanol (LiChrosolv - solvents for
HPLC), which were purchased from Wako Pure
Chemical, Osaka, Japan.

Intensity/cps

a

Intensity/cps

LC-FLD ANALYSIS
Analyses were performed on a Waters Alliance
equipped with a 2475 fluorescence detector and a
Waters 600 controller. The column was a
SymmetryShied TM (4.6mm × 250mm, 5μm), a
normal SymmetryC8 column was used as reference.
Pre-experiment optimized the conditions for
separation and determination. Finally, the mobile
phase we used was methanol: acetonitrile: water
(81:6:13, v/v), the flow rate was 1.0mL/min, the
excitation wavelength was 230nm and the emission
wavelength was 302nm, the injection volume was
20μL.
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RESULTS AND DISCUSSION
Figure 1 shows the chromatography of standard
samples
in
SymmetryC8
column
and
SymmetryShied TM column. We can see that
normal Symmetry column is not effective for
separating
APEO
homologue,
However,
SymmetryShied TM column shows a higher
selectivity, more polar one first flow out. Ethoxy
units as polar groups, the polarity of APEOs
increased with higher number of EO and more
easily to be eluted. At the same time, the polar
group-NH2 of solid phase has excellent interaction
with APEOs, making SymmetryShied TM column
has a good ability for retention of APEOs. Through
Figure 1(b), samples at the same concentration of
0.5μg/mL OPEOs, the fluorescence intensity
increase with the decreasing of EO polymerization
degree: IfOP1EO> IfOP2EO> IfOP3EO, this is
mainly because with the number of EO minished,
its molecular weight decreased, correspondingly,
the same mass concentration its molar
concentration augmented, the number of molecular
can be used for fluorescence detection increased,
the fluorescence intensity was enhanced.

NP

NP

60.0

FIGURE 1. Chromatography obtained for 0.5μg/mL APEOs
40.0
samples
from (a) SymmetryC8 column, (b) SymmetryShied TM
NP10EO
column
(the mobile
phase was 2.5mmol/L tetrabutyl ammonium
20.0
dihydrogen phosphate: acetonitrile = 75:25).
0.0
CONCLUSION
2.00

4.00

6.00

8.00 10.00 12.00 14.00 16.00
Time/min

With the high sensitivity SymmetryShied TM
column provided, the method summarized in this
paper using HPLC-FID can meet the increasingly
demands of commodity determination, its
excitation spectrum, emission spectrum and
retention time can be used as three means for
qualitative analysis, effectively solving the
complex matrix effects in textiles, reducing falsepositive misjudgment, facilitating our country for
breaking down the European Union’s barriers on
textile trade.
ACKNOWLEDGMENT
This research was funded in part through a grant by
General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic
of China(2006QK83) . The author wishes to thank
engineer Zhang Jianyang for his help and efforts
for completing this research.
REFERENCES
[1] I. F. Mao, Y. Y. Lu, M. L. Chen. A simplified
method for simultaneous quantitation of
alkylphenols and alkylphenol ethoxylates in mest
and fish using high-performance liquid
chromatography with fluorescence detection. Intern.
J. Environ. Anal. Chem., 86(10), 2006, 713-722.

- 494 -

[2] Scrimshaw, M.D., Langford, K.H., Lester, J.N.
Analytical methods for the determination of
alkylphenolic surfactants and polybrominated
diphenyl ethers in wastewaters and sewage sludges.
I - a review of methodologies. Environ. Technol.,
25, 2004, 967–974.
[3] Ahel, M., et al. Determination of nonylphenol
polyethoxylates and their lipophilic metabolites in
sewage effluents by normal phase highperformance liquid chromatography and
fluorescence detection. Croat. Chem. Acta., 73,
2000, 209–227.
[4] Zhou, C., Bahr, A., Schwedt, G. Separation and
determination of nonionic surfactants of the
nonylphenol polyglycol ether type by liquid
chromatography. Anal. Chim. Acta., 236, 1990,
273–280.

- 495 -

Relationship between Coefficients of Variation for Raw
Silk Size in Different Testing Length

Jiantao Niu1, Jianmei Xu1, Ying Zhou2, Wei Hu3, Lun Bai1*
1
College of Textile and Clothing Engineering, Soochow University, Suzhou 215021,
China
2
Zhejiang Silk Science Technology Co. Ltd, Hangzhou 310011, China
3
Zhejiang Entry-Exit Inspection and Quarantine Bureau, Hangzhou 310012, China
bailun@263.net

ABSTRACT
Electronic inspection criterion of raw silk has been studied in China at present. During this process, we
encountered a problem on the relationship between coefficient of variation of short silk segments and
that of long silk segment in electronic inspectinon system. The traditional theory on the testing length
and the size variance might cause error in the electronic testing system. In this study, based on the
autocorrelation coefficient model of properties of raw silk size time series (i.e. mimetic period and
attenuation rate), the error have been analyzed and discussed through a simulation system based on the
short silk segments and that of long silk segments. Furthermore, the relationship between testing length
and coefficient of variation for raw silk size was determined. We also establish a ratio of the variation
coefficients between short silk segments and that of long silk segment. From the above simulation
system, the changing law of the ratio dependent on the varying properties of raw silk size was further
explored.
Keywords: raw silk size; coefficient of variation; autocorrelation coefficient; simulation experiments
At present China is still using the traditional
testing method with GB1797-2001 raw silk as
the compulsory standard, while International
Silk Association had already introduced the 95’
raw silk handbook in 1995, which was adopted
by some enterprises in Europe. In the handbook
the variation coefficient of raw silk size is tested
to subsitute size deviation and evenness change
in the seriplane test. As China has large amount
of raw silk production, studying the test methods
and the standard of electronic test is an evitable
trend. National Standardized Technical Silk
Committee is studying the electronic test
methods and standard of the raw silk.
The variation coefficient of raw silk size is the
main item in the electronic test. And in the
classification of this item, finding that
relationship between the variation coefficient of
raw silk size in the short silk segments and that
of long silk segment is very important.
According to the actual theoretical relation
between the length and size deviation, there will
be a greater error when present the relationship
of size deviation fluctuations between the short
silk segments and that of long silk segment. In
this study, based on the autocorrelation
coefficient model of properties of raw silk size
time series [1], the relationship between
variation coefficient of raw silk size in the
different inspection lengths of raw silk analyzed and
studied, provide necessary basis for the

classification of the coefficient of variation for
raw silk size.
1 THE THEORETICAL ANALYSIS OF
VARIATION
COEFFICIENT
IN
DIFFERENT TEST LENGTH
In the electronic testing, the electronic testor
gives a test datd on the silk mass every l meters
long, thus gives a series of raw silk size. Form
these datas the mean size μ and the size variation
σ can be ottained, thus coefficient of variation
can be written as:
C V % = 100

σ
(% )
μ

(1)

When we use coefficient of variation of raw silk
as the index of the quality of raw silk, then the
quality of raw silk could be compared with the
index [2], when the test length is different, CV%
presents different defects among different types
of raw silk. In order to describe the size
difference or the silk defect among silks in
different lengths, we use the size variation
coefficient with the testing length of 1 cm
(CVeven%) to describe the unevenness of silk,
the size variation coefficient with the testing
length of 50 m and 450m (CV50m% and
CV450m%）to describe the size deviation of
long silk.
When the test length = k*l, the size deviation of
the silk can be obtained according to the
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following formula [3]:
=
1
2 k −1
σ k2 = σ 12 [1 +
∑ (k −i)ρi ]
k
k i =1

(2)

where, ρi is the auto-correlation coefficient when
the size potential difference is i. In order to
describe
the
raw
silk
morphological
characteristics with different sizes, as for the
time series of raw silk size presented by the
length l, the auto-correlation coefficient as below
may be used to reflect the continuous features,
ρ k = e − λ k co s

2π k
T

( k =0,1,2,LL) (3)

Where, the parameter λ stands for the attenuation
rate, i.e. the significant level of cycle
characteristics of raw silk size; T stands for the
pseudo cycle, presented by the multiple of that
testing length. The fluctuation features of raw
silks with different sizes can be expressed by
this model, in other words, as for the certain
mean and variance of raw silk size, the
auto-correlation coefficient of model can
describe the continuous changing characteristics
of the size in the different silk materials and
cocoon reeling conditions, when we adjust the λ.
We can get the formula of the ratio of the
variation coefficient of raw silk size with
different lengths from (1), (2), (3) formula,
r=

=

(4)

2.1 THE AUTOREGRESSIVE MODEL OF
RAW SILK SIZE
We made surveys on raw silk size continuously
according to the length of the sample l. We
could get the raw silk size time series x1, x2,
x3 … xn, when the sizes subtract the expected
value μ, here we can establish an autoregressive
forecast model AR(p) of raw silk, which is based
on the autocorrelation coefficient model of raw
silk:

1
2 k −1
− λ i cos 2π i ]
[1 +
∑ ( k −1) e
k
k i =1
T

(5)

the formula (5) shows that the coefficient ratio
of variation of raw silk size in different test
lengths vary with their own continuity
characteristics (λ and T) of the time series of raw
silk size of change from the above deviation of
size. For example the coefficient of variation of
raw silk Tests can be expressed as below when
the testing length is 50m and 1cm:
CV (50 m )%
CVeven %

(7)

Where {βi} are autoregressive modulus, p is the
rank of autoregressive model, ε is the random
error.

CVk %
CVl%
=

r=

2 SIMULATION SYSTEM
If we want to validate the correctness of these
theoretical expressions that had been showed, we
must get raw silk size time series via lots of
practical surveys. That may be a large and
complicated project. However, we can get these
data through the computer simulations simply
and effectively. First of all, we make use of the
autocorrelation coefficients model and
autoregressive model to create the raw silk size
time series.

xn +1= β1xn + β 2 xn −1+LL+ β p xn +1− p +ε

1
2 m −1
− λm i cos 2π i ]
[1 +
∑ ( m −1) e
m
m i =1
T m
1
2 n −1
− λni cos 2π i ]
[1 +
∑ ( n −1) e
n
n i =1
T n

(6)

where the parameters λ and T present the time
series autocorrelation attenuation rate and the
quasi-cycle when tested in the length of 1cm.

CVm%
CVn %

Where, CVm%, CVn%, present for the
coefficient of variation of size when the test
length is m and n units in testing length
respectively. If CVn% is the coefficient of
variation of raw size per unit length l, the above
formula can be expressed as:
r=

1
2 5000−1
−λi cos 2π i ]
[1+
∑ (5000−i )e
5000 5000 i =1
T

Here we estimated the autoregressive
coefficients {βi} that was based on the
autocorrelation coefficient model of raw silk
and directed estimation method of Yule-Walker
equation. According to the AIC rule and
experience, the value of the rank often is about
T/2 [4], . And ε is normal distribution random
number, which submit
p
E (ε )=0 , σ ε2 =σ 2 (1− ∑ βi ρi )
i =1

2.2 GENERATION OF THE RAW SILK
SIZE TIME SERIES
Firstly, We set the certain expected value μ of
raw silk sizes and variance σ2, simulated and
generated 100,000 raw silk sizes and the length
of the sample is 1 cm, which was based on
models we have discussed above and under
different character of raw silk (i.e. attenuation
rate λ and pseudo cycle T). Then we got the
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mean and variance of the 100,000 raw silk sizes.
Lastly, we can get the ratio r of variation
coefficients (CV) on different lengths. Here, for
example, T=10000 (1000 m), the length of the
sample k=5000(50 m) and T＝10000 (100 m),
k=5000 (50 m) respectively. We obtained the
curve changeabout the ratio r along with the
attenuation rate and the theoretical curve As
follow: (fig.1 and fig. 2).

obvious and closing to disordered state, the data
of correlation decreased. Therefore, if the T is a
certain value, especially larger, the ratio of
coefficient of variation decreased with the
increasing of attenuation rate λ and became more
and more moderate trend.

From the two charts obtained by the simulation
experiments, we can see that the ratio r of CV
(50m) % and CVeven% changed along with the
attenuation rate λ and pseudo cycle T, and that
the above curve was consistent with the
theoretical curve from equation (6). It proved the
correctness on theoretical equation that derived
above. Therefore we can use it to describe the
variation coefficients of the raw silk size on
different lengths of the samples.

Fig. 3. The figure of the ratio between CV50m% and
Cveven% varing with λ

Fig. 4. The figure of the ratio between CV50m% and
Cveven% varing with T
Fig. 1.

Fig. 2.

3 INFLUENCING FACTORS OF THE
COEFFICIENT OF VATIATION RATIO
BETWEEN
DIFFERENT
TESTING
LENGTH
From the previous theoretical formula, we can
see that the ratio of variation coefficient of
different length of the sample size changed with
the attenuation rate λ and pseudo cycle T. The
following will be an example of the ratio r (r=
CV(50m)%/ CVeven%), analyze the relations
between the ratio of different lengths of the
samples of raw silk size coefficient of variation
and the parameters of raw silk size (attenuation
rate λ and pseudo cycle T).
3.1 THE RELATION BETWEEN THE
RATIO
OF
RAW
SILK
SIZE
COEFFICIENT OF VARIATION AND
ATTENTION RATE
Figure 3, as for different values of T, the ratio of
coefficient of variation r changed with varying
attenuation rates. Attenuation rate λ was as
abscissa, the ratio of coefficient of variation r
was used as vertical axis. As seen from the
figure 3, when T was small, r increased to some
degree and then reduced with λ increasing.
When T is large, r decreased with the increase of
λ. Because of the size of attenuation rate
reflected the size of raw silk attenuation rate
with the increasing degree of potential difference.
When attenuation rate is larger, indicating the
cyclical fluctuation of raw silk size was not

3.2 THE RELATION BETWEEN THE
RATIO OF VARIATION COEFFICIENT
OF RAW SILK SIZE AND PESUDO CYCLE
There are four curves in figure 4. They represent
the ratio of variation coefficient changes with the
T, when λ=0.0001, 0.0005, 0.001, 0.005
respectively. T is used as abscissa, and the
ordinate is r. As seen from the figure 4, when λ
is certain, r increased with the Increase of T .
The trend is increasing faster at the beginning,
but becoming gentle later. because when the λ is
certain , for a given the correlation of time-series
data size, with T increasing, the relevance of the
data between the former and the latter becomes
more and more weak, the impact becomes more
smaller, so r Increases when T Increases, and
becomes flat.
4 Conclusion
In this study, relation of the coefficient of
variation between short segments and long
sagments is given; and the theoreticed relation is
verified by computer simulation.
Main factors affecting the ratio of variation
coefficients of raw silk size of different the
length sample is disscussed. And the affecting
factors are T and λ. It is found that when T is s
certain value, r decreases gradually with the
increase of λ, when λ is a certain value, r
increases with the increase of T, and tends to be
a fixed value when T is big enough.
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ABSTRACT
Based on different viscoelasticity, blend ratio and processing conditions of immiscible thermoplastic polymer
blends, one polymer can exit in another polymer in the forms of spheres, ellipsoid, fibrils and lamellas as the
disperse phase. According to the formation of fibrillar disperse phase in the immiscible blends, which is called
in situ fibrillar blends[1], fibers in micro/nano-scale could be succ-essfully produced[2]. But this method is not
suitable for all the polymers. Dreval indicated that the fibrillar dispersed phases could only be produced
between the specific range of viscosity ratio and shear stress[3]. The rheological behaviors of polymer blends
have attracted more and more attention since the viscoelasticity is one of the most important parameters affect
the formation and morphology of fibrillar dispersed phases in the immiscible blends.
F800E and F800EPS all formed well-defined
fibrillar morphology, the diameter distributions and
the average diameters are in micro/nano scale.
However the fibrillar dispersed TPU phases appear
conglutinate and formed network structure. No
fibrillar disperse phase is found in the SBS/CAB
blends.

Up to now, many researchers had studied the rheological properties of immiscible polymer blends.
However, almost all of the reports focused on in
suit microfibrillar blends such as PET/HDPE,
PP/PS, PPS/iPP, PC/HDPE, PA6/ HDPE and so on,
which mainly used as fiber reinforced composites[45]
. There were no published documents regarding
elastomer as disperse phase mixed with cellulose
acetate butyrate. The objective of this research is to
study the effect of rheological behaviors on the
formation of fibrillar dispersed phases in the
TPs/CAB Blends. The TPs used as dispersed
phases included iPP (isotactic polypropylene),
F800E (ethylene-propylene random copolymer),
F800EPS (ethylene-propylene-butylene copolymer), TPU (thermoplastic polyurethane) and SBS
(styrene-butadiene-styrene block copolymer).

The melt flow behaviors of CAB, EPS, TPU, SBS
are shown in figure 3. The experimental viscosity
ratio of dispersed phases to matrix can be calculate
from figure 3. The results indicate that the viscosity
ratio of SBS/CAB is extremely high and the
viscosity ratio of TPU/CAB is low. Figure 4 shows
the typical dependence of the storage (G’) and the
loss (G’’) modulus on the temperature, which can
supply the information of G’ and G’’ of polymers.

EXPERIMENTAL
Mix CAB with iPP, F800E, F800EPS, TPU and
SBS at different weight ratios of 80/20, 85/15,
90/10, 95/5. The mixtures were extrudates through
a twin-screw extruder and subsequently hot-drawn
and air-cooled to room temperature. The extrudates
were immersed in acetone to remove CAB matrix.
The bundles of iPP, F800E, F800EPS, TPU and
SBS were observed using SEM. Rheological
properties of the polymers were studied using a
Rotate Rheometer .
RESULTS AND DISCUSSION
Figure 1, 2 displays the morphology of TPs micro/
nano-fibers after removing the CAB matrix from
the blends and the fracture surfaces of the blends. It
can be observed that the dispersed phase of iPP,

FIGURE 1. SEM images of CAB/TPs, all samples were
immersed in acetone to remove the CAB matrix. (a) CAB/ iPP;
(b) CAB/F800E; (c) CAB/F800EPS; (d) CAB/TPU
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FIGURE 3. Dynamic viscocity as a function of frequency for all
polymers
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FIGURE 2. SEM images of the fracture surfaces of CAB/TPs.
(a) CAB/iPP; (b) CAB/F800E; (c) CAB/F800EPS; (d) CAB/
TPU (e)CAB/SBS
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The storage modulus ratio of CAB/TPs can
calculate from figure 4. Just like the viscosity ratio,
the storage modulus ratio of SBS/CAB is
observably high, however the storage modulus
ratio of TPU/CAB is quite low. It implied that
there should be a specific range of the viscosity
ratio and storage modulus ratio, no fibrillar
disperse phase formed exceed or under the range.
This just explains the reason why well-defined
fibrillar morphology formed in EPS/CAB, no
fibrillar disperse phase formed in SBS/CAB and
the network structure formed in the CAB/TPU
blends.

180

190

200

210

220

230

240

250

T / oC

FIGURE 4. Temperature dependence of the storage modulus G’
and loss modulus G’’ for all polymers
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ABSTRACT
The objective of this study was to analyze the biaxial tensile properties of plain weft-knitted fabrics at different
tensile speeds and ratios. For this purpose, two types of plain knitted fabrics were tested on an instrument whose
clamp-speed in two orthogonal directions is independent. Experimental results show that the tensile speed ratio
k determines the shape of the stress-strain curves and the ultimate rupture of fabrics .At the same time, the
effect of this direction’s clamp-velocity on fabrics is investigated when k keeps constant. The ultimate changed
area of fabrics is applied to indicate ultimate deformation, and the calculation agrees well with the experimental
results.
INTRODUCTION
The biaxial tensile properties of knitted fabric play
an important role in both processing and end use.
Some papers presented the research on the biaxial
tensile properties of knitted fabric[1-4], especially
plain knitted fabrics, because of its basic structure
in knitted fabrics. However, the investigation on
the experimentation of biaxial tensile properties is
very limited. In this paper, some plain knitted
fabrics were tested on an instrument whose clamps
can move in the two direction; these fabrics were
subjected to different tensile speeds and ratios. The
relation of stress and strain curve and the ultimate
rupture were observed. The biaxial tensile
properties of plain weft-knitted fabrics at different
tensile speeds and ratios were analyzed.

FIGURE 1 Test area of the biaxial tensile tester

Test
The test was end when the fabric started to rupture.
Two sets of tests were carried out in a variety of the
tensile speeds and ratios. The various tensile speed
ratios are shown in Table П.

EXPERIMENT
Specimens and instrument
Cotton and PET knitted fabric were used to
investigate their biaxial tensile properties, the
parameters of specimens are shown in Table Ι.
Each fabric was cut into 150 × 150mm square
samples and the test area is 100 × 100mm
according to the schematic diagram in Figure 1.
The fabric was prepared and then it was
conditioned at 65% relative humidity and 20℃ for
24 hours before test.

TABLE П Various tensile speed ratios

TABLE Ι Parameters of knitted fabrics specimens

Number

Walewise
speed
vw/(mm·min-1)

Coursewise
speed
vc/(mm·min-1)

1
2
3
4
5
6
7
8

100
100
100
100
0
50
200
300

0
50
100
200
100
100
100
300

Speed ratio
k / (vw /
v c)
∞
2
1
0.5
0
0.5
2
1

Where Vw and Vc are the test speed applied to the

The tester’s clamp-speed in two orthogonal
directions is adjustable independently. The
pretension of 1N was subjected to tighten sample.

No.

Materials

Yarn
count

14

cotton

24

PET

18tex
11.1tex
/36f

Stitch
Length
L(mm）
3.168

Wales
per
50mm
PA
73

Courses
per
50mm
PB
90

2.800

62

105

wale and course directions respectively. K is tensile
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speed ratio defined as below:

k=

vw
p (c − c 0 )
= B
vc
p A ( w − w0 )

(1)

Where c and w are the course and wale spacing of
extended fabric, c0and w0 are the initial course
spacing and wale spacing.

Table Ш shows the applied test speeds while the
tensile speed ratio keeps same ( k = 1 ). Each test
was repeated three times.

(3) k = 1

TABLE Ш Applied test speeds
Number

Walewise
speed
vw/(mm·min-1)

Coursewise
speed
vc/(mm·min-1)

a
b
c
d
e

50
100
200
300
500

50
100
200
300
500

Speed ratio
k / (vw /
vc)
1
1
1
1
1
(4) k = 0 & k = ∞

RESULTS AND DISCUSSION
Tensile speed ratio
Figure 2 shows the experimental results of two
materials corresponding to the tensile speeds and
ratio in Table П. The loads and elongation were
continuously measured during extension, the
stress-strain curves of biaxial tensile for the
samples were plotted.

FIGURE 2 Stress-strain curves of knitted fabrics

First, it indicates that the tensile speed ratios keep
same, the shapes of the stress-strain curves of
fabrics are similar, for example k = 2 , see line 7
and line 2 in Figure 2(1). But the ultimate stress
and strain at breaking point are different.
Second, the ultimate stresses at breaking point are
different corresponding to the tensile speed ratios,
but the maximum stress in the walewise direction
is more than two times that in the coursewise. The
ultimate strain at breaking point goes up rapidly
with the raising of tensile speed in this direction.
The initial modulus in the wale direction is larger
than that in the course direction at k=1; the initial
modulus in the course direction is larger than that
in the wale direction at k=2 when Vw > Vc; the
initial modulus in the wale direction is larger than
that in the course direction at k=0.5 when Vw < Vc.
The maximum strain in course direction appears at
k=0, and the maximum strain in wale direction
appears at k=∞. At k=0 or k=∞.
Some errors were caused by the solid clamp, which
prohibit the fixed side from moving parallel to the
tensile direction during extending..
In addition, the PET fabrics often ruptured or
laddered around the clamp and affected the
ultimate result.

(1) k = 2

(2) k = 0.5

Tensile speed
Figure 3 shows that the stress-strain curves for the
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cotton knitted fabrics corresponding to Table Ш. It
is seen from that the effect of various speeds (k=1 )
on breaking time, stress and strain at breaking
point.

According to Popper’s theory [5],
w
+
2

c
⎛d ⎞
1− ⎜ ⎟
⎝c⎠

2

=

l πd
−
2 2

(2)

Where l and d are stitch length and yarn diameter,
respectively.

(1) Walewise

In this case, c0=0.5556mm,w0=0.6850mm, l0=3.168
mm, d0=0.157mm, where footnote 0 are the initial
parameter. Considering extension of yarn and
reduction of its diameter, the parameter l and d are
derived as following:

(2) Coursewise

FIGURE 3. Stress-strain curves of cotton knitted fabrics ( k = 1 ,
but various speeds)

It is evident that their tensile stress-strain curves
are very similar. The elongation in the course
direction and that in the wale direction synchronize
perfectly, while the ultimate breaking time is
decrease with the raising of clamp tensile speed. It
is also observed that the ultimate stress and strain
at various speeds is different.

l = l0 (1 + ε %)

(3)

1

(4)

d = d0

1+ ε %

Where ε =6%(measuring
according
to
GB/T3916-1997), the test area is 100mm×100mm,
so the area change of tested fabric S is as
following:

Ultimate force and deformation
From the test results observed, the ultimate stress
and strain are very important. Figure 4 shows
ultimate stress and strain of cotton knitted fabrics
in a variety of the tensile speed ratios
corresponding to the Table П.

S = L × B = 2 PA × c × 2 PB × w = 4 PA PB cw

（5）

Where L and B are the coursewise and walewise
dimension of extended fabric, respectively. From
equations (1)-(5), the area change of fabric S can
be obtained by calculating.
Figure 5 shows the relation between ultimate area
changes of fabric with various k. The curves
indicate that the calculated results are in better
agreement with the experimental ones.

(1) Stress

(2) Strain

FIGURE 4. Ultimate stress and strain of cotton knitted fabrics

It is seen that the ultimate stress in the walewise
direction is larger than that in the coursewise. The
maximum stress appears in number 7. The ultimate
strain in walewise direction and that in the
coursewise vary under different tensile speed ratios.
So the change of test area is proposed to show the
ultimate fabric deformation.

FIGURE 5. Relation between tensile speed ratio and ultimate
deformation of cotton knitted fabrics

CONCLUSIONS
The tensile speed ratio k determines the shape of
the stress-strain curves and the ultimate
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deformation of fabrics.
When the speed ratio k = 1 , various speeds have
the distinct effect on breaking time, stress and
strain at breaking point.
The ultimate changed area of fabrics is related with
the speed ratios.
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Abstract:
In this study, the unevenness of compact and combed ring spun cotton yarns were examined at four different
speeds of 50, 100, 200, and 400 m/min using a capacitance type yarn evenness tester. The CV values of 60S
compact package yarns increased at first and then decreased with the increase of testing speed. For combed 60S
package yarn, the CV values decreased at first and then increased gradually at the same time. Hairiness and its
deformation were applied to explain the change of unevenness during different testing speed. Frictional rubbing
from the tension controller had a significant effect on yarn unevenness for Combed 60S package yarns but very
slight effect on compact ones. Statistical analysis of the testing data indicated that in some cases the effect of
testing speed on yarn unevenness was significant and should not be neglected.
Key words: Testing speed, Unevenness CV; Hairiness; Combed ring spun yarns; Compact package yarns
Introduction

Table 1 Details of yarns used.

Unevenness is an important property of yarn

Yarn type

which is defined as the variation in weight per unit

winding, and weaving can be improved[2]. Therefore,

on yarn unevenness of compact ring spun cotton yarn
and combed ring spun cotton yarn. Moreover, the
relation between yarn hairiness and yarn unevenness
was further discussed in detail.

60S

(1 package)

count variation, the ends down frequency in spinning,

This study focused on the effect of testing speed

100% cotton

Cm package yarn

production and quality of textiles. With a better yarn

so as to control it.

60S

(1 package)

. Unevenness of yarn has great influences on the

it is of great importance to test the yarn unevenness

Yarn count (Ne)

Com package yarn

length of the yarn or as the variation in its thickness
[1]

Composition

In this study, A 4 × 4 Latin Square experimental
design[3] was applied to minimize errors due to the
variation of yarn unevenness between and within the
yarn packages. Each block of the packages of ring
spun yarn were tested in the order of A, B, C, and D,
as indicated in Table 2. Under each condition, 400
meters of yarn for each test (i.e., A, B, C, or D) were
tested on YG136 EVENNESS TESTER.

1 Experimental

Table 2 Experimental design (4 × 4 Latin Square)

Compact ring spun yarns (Com) and combed ring

Yarn Unevenness Testing speed (m/min)

spun yarns (Cm) from different textile manufacturers
were used to conduct the experimental works. Details

50

100

200

400

of the three kinds of yarns are shown in table 1.

A

B

C

D

B

A

D

C

C

D

A

B

D

C

B

A
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of Cm and Com 60S yarns are shown in Figure 1.

Results and Discussion
To evaluate the effect of test speed on yarn
unevenness, the Coefficient of Variation of yarns
(denoted as CV) was examined and the results for
compact and conventional ring spun 60S package
cotton yarns (denoted as Com and Cm respectively)
are shown in Table 3. Average values were calculated
to better reveal the trends of yarn unevenness
variation with testing speeds.

Com

Cm

Block
50

100

200

400

average

Block 1

12.27

12.16

12.88

11.96

12.32

Block 2

12.38

12.54

12.47

12.47

12.47

Block 3

12.23

12.33

12.35

12.25

12.29

Block 4

12.16

12.21

12.62

12.66

12.41

Average

12.26

12.31

12.58

12.34

Block 1

12.62

12.76

12.62

12.72

12.68

Block 2

12.69

12.77

12.66

12.99

12.78

Block 3

13.09

12.77

12.9

12.69

12.86

Block 4

12.67

12.49

12.77

12.97

12.73

Average

12.77

12.70

12.74

12.84

unchanged. However, for package of Cm 60S yarns,
the mean CV value curve under condition 1 was
much higher than that under condition 2, as shown in
Figure 1. For package of Com 60S yarns, the CV
value curves almost keep stable before and after the

compact than that of Cm60S yarns, which results in a
better abrasion resistance of the yarn surface. It
suggests that the effect of tension controller rubbing
on the real value of CV values must be taken into
consideration during the test of staple yarns,
especially for combed yarns.

13.00

S

Cm 60 (Condition 1)
S
Cm 60 (Condition 2)

12.75

CV (%)

type

on the unevenness of corresponding yarns keep

because the structure of Com60S yarns was more

Block

Testing speed (m/min)

obvious that the trend of the effect of testing speed

replacement of the tension controller. This is mainly

Table 3 CV (%) of yarn evenness for 60S ring spun package yarns
Yarn

When the CV curves in Figure 1 were examed, it is

12.50

12.25

S

Com 60 (Condition 1)
S
Com 60 (Condition 2)

The testing data in table 3 showed that the mean
CV values increased at first then decreased with a

12.00

S

0

100

peak around testing speed 200 m/min for 60

200

300

400

Testing Speed (m/min)

compact package yarn as the increase of test speed,
which is due to the yarn hairiness morphological
change with the increase of testing speed. For 60

Figure 1 Comparison of package yarn Unevenness CV under

S

different conditions

combed package yarn under the same condition, the
CV values decreased a little bit and then increased

Table 4 Results of one way RM ANOVA test for CV average data

gradually with a minimum value at 100 m/min.

Speed

Under different testing speeds, the Hairiness and its

m/min

dynamic deformation will vary accordingly, which
has been proved by Wang [4, 5]. The variations of the

Com package yarn
50

100

200

400

N

Na

Na

50

material on yarn surface can partly contribute to the

Na

100

variation of yarn unevenness CV. Moreover, the

200

effect of testing speed on yarn unevenness is partly

Note

due to the inherent function of testing machine.

Cm package yarn
50

100

200

400

N

N

N

N

N

N

N
N

Sa for condition 2

Condition 1 and 2

In order to study the frictional variation, the
The results of the yarn CV under diffferent

original tension controller (denoted as condition 1)
was replaced by a smoother Teflon tension controller

speeds

(denoted as condition 2) to conduct the package yarn

significance in differences, using the one-way

unevenness testing. The testing results of CV values

repeated measures analysis of variance (RM ANOVA)
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and

conditions

were

also

tested

for

in the SigmaStat statistical package. Table 4 shows

Woodhead publishing, England, p. 94, 1999.

the summary of the significant tests, where S means a

[2] F.Happey., “Contemporary Textile Engineering,”

statistical difference at 5% level and N means no

The Greystone Press, Antrim. New York, U.K., 1982,

statistical significant difference.

p. 256.

For combed package yarns under both conditions

[3] Cochran, W. G., and Cox, G. M., “Experimental

and compact package yarns under condition 1, it is

Designs,” 2nd ed., John Wiley & Sons, NY, p. 145,

obvious that each of the unevenness CV results show

1957.

no significant difference at 5% level. The no

[4] Wang, X., and Chang, L., An Experimental Study

statistical significant difference results indicate the

of the Effect of Test Speed on Yarn Hairiness, Text.

effect of testing speed on yarn unevenness is very

Res. J. 69(1), 25-29 (1999).

slight, which is probably due to the small amount of

[5] Wang, X., The Effect of Testing Speed on

yarn surface fluctuate material. However, there are

Hairiness of Ringspun and SironSpun Yarns, J. Text.

also some significant difference results for compact

Inst. 88(2), 99-106(1997).

spun yarns under condition 2, as shown in Table 3.
This probably indicated that the effect of testing
speed on yarn unevenness CV was significant under
some condition and should not be neglected.
Conclusions
Effect of testing speed on unevenness of combed
ring spun bobbin, compact and combed ring spun
package yarn was investigated. The testing data
showed that the mean CV values increased at first
then decreased with a peak around testing speed 200
m/min for 60S compact package yarn as the increase
of test speed, which may be due to the yarn hairiness
morphological change with the increase of testing
speed. For 60S combed package yarn under the same
condition, the CV values decreased a little bit and
then increased gradually with a minimum value at
100 m/min.
The CV values of package yarn of Cm60S under
each testing speed were largely decreased when the
tension controller is smoother, while that of package
yarn of Com60S almost kept in the same level.
Hairiness and its deformation as well as principle of
the testing machine were applied to explain the
change of unevenness during different testing speed.
The statistical analysis indicated that in most cases
the effect of testing speed on yarn unevenness is very
slight, while under some condition it is significant
and should not be neglected.
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ABSTRACT
In this paper, a simple fractal theory is used to analyze the transportation in porous media. Gas permeability of
fabric possessing fractal geometry structure is theoretically considered with a fractional Darcy’s law.
where Q is the total discharge, k is the
INTRODUCTION
permeability of the medium, A is the
The traditional governing equation for
P − Pa is the
seepage flow in porous media is obtained by the
cross-sectional area to flow, the b
continuum assumption and Darcy law. Actually,
pressure drop, L is the length that the pressure
for most porous media these assumptions are too
over-restricted[1,2]. To overcome the limitation, a
drop is taking place over, and μ is the dynamic
differential-difference model was suggested [3],
viscosity.
and a fractal model was suggested to model the
The law was formulated by Henry Darcy based on
discontinuous space-time[4].
the result of experiments [5] on the flow of water
According to experiment data, Ji-Huan He
through beds of sand. Darcy's law is an
established a new model with fractional derivatives
approximation used extensively e.g. in earth
by means of a modified Darcy law and a general
sciences to determine the characteristics of a
conservation law[1]. The fractional model can best
material. It models the flow of a liquid through a
describe the flow phenomena in, e.g., fiber
permeable medium. Actually, for most porous
assembly, and it is interesting to note that the
media the continuum assumption is too
fractal dimension is exactly same with the
over-restricted.
fractional order of the differential equations[4].
Inspired by the general electricity resistance
In this presentation, we suggest a more complete
formulation [6,7], we modified Eq. (1) in the form
fractional Darcy’s law.
d βP ,
(2)
Q = − cA α
dLβ
FRACTIONAL INTEGRAL AND
where α is the fractal dimension of the porosity
DERIVATIVE
β is the fractal dimension of longitudinal
The famous Caputo derivative is defined by
area,
L

C
a

Dxβ =

1
dn
dx '
,
Г(n − β) ∫0 dx n ( x − x ' )β − n +1

length, α , can be non-integer, and c is a
constant that can be determined by experiment.

β

d β ΔP
dLβ

and the Riemann-Liouille integral, namely reads
In Eq. (2),

L

0

ILβ =

1
dL'
,
г(n - β) ∫0 ( L − L' )β − n +1

derivative

C
a

is defined as the Caputo

β
L,

D which reads
L

β

d P C β
1
d nP
dL'
.
=
=
D
P
a L
dLβ
Г(n − β) ∫0 dLn ( L − L' )β − n +1

where n -1 < β ≤ n .

(3)

The Gamma function is defined by

FRACTIONAL DARCY’S LAW
Darcy’s law is a simple proportional relationship
between the instantaneous discharge rate through
porous medium, the viscosity of the fluid and
pressure drop over a given distance, which reads
kA ( Pb − Pa )
(1)
Q =−
,
μL

∞

Г(z) = ∫ t −1+ z e − t dt ,
0

(4)

where z can be a complex number.
Assuming α = 1 and β = 1, Eq. (2) reduces to
Eq. (1).
Similarly, we also can derive a general Fourier’s
law of heat conduction in the form
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'

∂Q
∂ βT
= − kD α
,
∂t
∂x β

[6] J.H. He, “A New Resistance Formulation for
Carbon Nanotubes”, Journal of Nanomaterials,
Volume 2008, Article ID 954874.
[7] J.-H. He, “Allometric scaling law in
conductive polymer,” Polymer, vol. 45, no.
26, 2004, pp. 9067–9070.
[8] Z.Z. Ganji, D.D. Ganji, H. Jafari, et al.
Application of the homotopy perturbation
method to coupled system of partial
differential equations with time fractional
derivatives, Topol. Method. Nonlin. An.,
31(2008) 341-348
[9] S. Das, Solution of Fractional Vibration
Equation by the Variational Iteration Method
and Modified Decomposition Method, Int. J.
Nonlin. Sci. Num., 9(4)(2008) 361-366
[10] Z. Odibat, S. Momani, Applications of
variational
iteration
and
homotopy
perturbation methods to fractional evolution
equations, Topol. Method. Nonlin. An.,
31(2008) 227-234

(5)

'
where ∂Q is the amount of heat transferred per

∂t

unit time, T is the temperature, α is the fractal
dimension of the cross-sectional surface area D ,
β is the fractal dimension of longitudinal length;

α , β can be non-integer, and k

is a constant that

can be determined by experiment.
DISCUSSION AND CONCLUSION
The Darcy’s law used for permeability and
capillary pressure in-plane infiltration of
assemblies of woven fabric in most cases is only an
approximation. In this presentation, we propose a
self-contained theoretical model dealing with for
the first time the air flow in clothing which is of
critical importance for the textile industry,
especially the specialists in design of textile for
sport suits or other purposes.
The homotopy perturbation method[8] and the
variational iteration method[2,9,10] are suggested
to solve fractional differential equations.
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ABSTRACT
Terahertz (THz) radiation, which occupies a relatively unexplored portion of the electromagnetic
spectrum between the mid-infrared and microwave bands, offers innovative sensing technologies that
can provide information unavailable through conventional methods such as microwave and X-ray
techniques. THz time-domain spectroscopy (THz-TDS), developed in the past decade, is a
spectroscopic technique which measures the electric field of the radiation through a sample and
provides the phase and amplitude changes of the radiation. THz-TDS enables us to explore sensing in
the THz band. In this work, THz time-domain spectroscopy (THz-TDS) was employed to identify
fibers in blending fabrics or yarns, which can be used in analysis the component of textiles. We have
found that there was a characteristic absorption of textile fibers in THz wave band and the difference of
fibers were reflected by alterations in THz wave attenuations and THz dielectric properties. Based on
THz-TDS technology, wide variety of textile fibers can be measured by THz-TDS approach and a THz
spectroscopy data-base of current textile fibers can be constructed in the further studies. Thus, the
fibers in blending textile were recognized by compare the spectroscopy of sample with the standard one
in the date-base. Thus, textiles and fiber recognition in complex textiles can be realized and this will
greatly facilitate the identification of different fibers in complicated textiles.
Keywords: THz time-domain spectroscopy; Textiles; Fibers; Identification
homemade Kerr-lens mode-locked Ti:sapphire
laser producing 50 fs pulses at 820 nm with a
repetition rate of 100 MHz and an average
power of 350 mW. The THz radiation emitted
by the ZnTe crystal was collimated and focused
by two off-axis parabolic mirrors with a focal
length of 38.1 mm. The probe beam with an
average power of 50 mW incident on another
ZnTe crystal was temporally delayed by an
optical delay line controlled by a motorized
translation stage. This time-delay-dependent
change in ellipticity was measured by sending
the probe beam through a quarter-wave plate, a
Wollaston polarizer, and by balanced detection
by a pair of photodiodes wired to give zero
current for balanced power. The signal current
was sent to a lock-in amplifier (Stanford
Research System, SR830). A teflon filter, F,
was used to remove the residual pump beam.

1. Introduction
Terahertz (THz) radiation, which occupies a
relatively unexplored portion of the
electromagnetic
spectrum
between
the
mid-infrared and microwave bands, offers
innovative sensing technologies that can
provide information unavailable through
conventional methods such as microwave and
X-ray techniques [1]. With the advancement of
THz technologies, THz sensing will impact a
broad range of areas. THz time-domain
spectroscopy (THz-TDS), developed in the past
decade, is a spectroscopic technique which
measures the electric field of the radiation
through a sample and provides the phase and
amplitude changes of the radiation [2~5].
THz-TDS enables us to explore sensing in the
THz band. In this work, THz time-domain
spectroscopy (THz-TDS) was employed to
identify fibers in blending fabrics or yarns,
which can be used in analysis the component of
textiles.
2. Experiments
The THz-TDS system used to perform the
measurements is shown in Fig. 1. Details are
given in Lang [6]. The pump source was a
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FIGURE 1 Schematic diagram of the THz time-domain
spectrometer.

3. Results and discussion
THz-TDS is tested as a potential sensing
modality for textiles detection. Two kinds of
familiar textile materials, cotton and terylene,
were prepared as the sample for detection by
THz-TDS at room temperature and the absence
of vapor. Two kinds of other cellulose textiles,
bamboo fiber and viscose, were also examined
to compare with cotton textiles. The THz
temporal profiles after transmission through the
fabrics are shown in Fig. 2.

(c)

(d)

(a)

(e)
FIGURE 2 Measured THz temporal profiles for (a)
reference (blank), (b) cotton, (c)terylene, (d) bamboo fiber,
(e) viscose.

(b)

Figure 2 shows THz waveforms of N2
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background, cotton, terylene, bamboo fiber and
viscose fabrics. The signals are delayed and
attenuated after they penetrate the solid
samples. To study the frequency-dependent
character of the textiles, a fast Fourier
transform of the temporal profiles (Fig. 2) was
performed, and the data of the samples were
processed by comparing with the reference.
The resultant spectrogram is shown in Fig. 3
for the different textiles and the THz spectrum
with a useful bandwidth of 0-3.0 THz is
obtained. From the Fourier transforms, we can
determine the frequency-dependent absorption
for the textiles.
(d)
FIGURE 3 THz spectrum of (a) cotton, (b)terylene, (c)
bamboo fiber, (d) viscose.

The result indicated that the textiles
samples can be characterized by the peaks at
different locations in the absorption spectra.
And the textiles or fibers can be identified by
detecting of unique spectral peaks of the
materials. Based on this technology, wide
variety of textile fibers can be measured by
THz-TDS approach and a THz spectroscopy
data-base of current textile fibers can be
constructed in the further studies. Thus, the
fibers in blending textile were recognized by
compare the spectroscopy of sample with the
standard one in the date-base. Thus, textiles and
fiber recognition in complex textiles can be
realized and this will greatly facilitate the
identification of different fibers in complicated
textiles.

(a)

4. Conclusions
This paper presents a Terahertz time-domain
spectroscopy technique for the identification of
fibers and textiles. Several kinds of familiar
textile fibers were measured by THz-TDS
approach and the characteristic absorption of
textile fibers in THz wave band were found.
This approach enables noncontact investigation
of textile, providing information unavailable by
other conventional methods. This would have
great potential in textile examination.

(b)
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1. Introduction
a fiber content quantitative analysis method for
mixtures of profiled polyester fibers and general
polyester fibers is devised. Number and diameter
of profiled polyester fibers can be obtained by
video microscopy, Cross section area of profiled
polyester fibers can be obtained by its diameter
and coefficient determined by the same shape
cross section fibers’ diameter and area. In
measuring and analyzing process, video
microscopy and advanced fiber image analysis
system are used. So this method is more
convenient, shortcut and accurate than
traditional microscopic analysis.
2. APPROACH
2.1Photomicrographs of profiled polyester fibers
and general polyester fibers

pentagram profiled polyester fibers
Fig.4-Longitudinal and cross-section view of

general polyester fibers
According to these Photomicrographs, we can
find that Longitudinal of profiled polyester
fibers have many grooves, cross-section of
profiled polyester fibers are “+”, “w”or
pentagram shape, but Longitudinal of general
polyester fibers are smoothness, cross-section of
general polyester fibers are circle.
2.2 Apparatus and reagents
2.2.1 Glass slides and cover glasses
2.2.2 Compound microscrope equipped with a
CCD and analyzer
2.2.3 Microtome
2.2.4 Resin bedding reagent
2.2.5 Mineral oil

Fig.1-Longitudinal and cross-section view of
“+” profiled polyester fibers

Fig.2-Longitudinal and cross-section view of
“w” profiled polyester fibers

Fig.3-Longitudinal and cross-section view of

2.3 Preparation of Slides
2.3.1 Longitudinal sections of fibers:Select a
representative swatch, or yarn sections. Lay the
sample flat on a table and, using a fiber cutter,
force the blades vertically downward into the
fringe. Remove the device with the top plate up,
release the tension on the cutting blades and
remove them together by their ends between the
thumb and forefinger. Place a few drops of
mineral oil on a clean slide and, with a
dissecting needle,scrape the fiber sections onto
the oil. Thoroughly disperse the fibers in the oil
with the dissecting needle and cover with a
cover glass[1]
2.3.2
Cross
sections
of
fibers:Select
representative yarns from the sample. Obtain a
embedded tuft of profiled polyester fibers with
resin bedding method.[2]Slice off embedded fiber
section with a sharp razor blade. Cut with a
single stroke. Remove the section, transfer to a
glass slide, mount with a drop of mineral oil, add
a cover slip and examine.
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2.4 Fiber Counting
Place the slide on the moveable stage on a
microscope equipped with a crosshair ocular and
having a magnification of 200X. Begin to count
near either the upper or lower corner of the field
and, as the slide is moved slowly across the field
in the horizontal direction, identify and count all
fibers passing through the center of the crosshair.
After each trip across the field, move the slide 1
to 2 mm vertically and identify and count the
fibers as the field is again traversed. Repeat this
procecedure until the whole slide has been
covered[1].
2.5 Fiber Measurement
2.5.1 Prepare a slide as described in 2.1.1. Place
this slide on the stage of the video microscopy
and show the image onto computer screen.Using
a correctly calibrated image analysis system
measure the diameter of the individual fibers.
2.5.2 Prepare a slide as described in 2.1.2. Place
this slide on the stage of the video microscopy
and show the image onto computer screen. Trace
the image of the fibers on the computer screen,
determine the cross-sectional area of each
individual fiber of each type using fiber image
analysis system.[3] Calculate the mean
cross-sectional area for each fiber type present
by summing the individual values recorded for
that type and dividing the sum by the total
number of fibers of that type measured.

P2 = 1 - P 1

Where
P1 is content of profiled polyester fibers,
percent (by weight)
P2 is content of general polyester fibers,
percent (by weight)
D1 is the mean of diameter squared of profiled
polyester fibers
D2 is the mean of diameter squared of general
polyester fibers
n1 is relative number of profiled polyester
fibers
n2 is relative number of general polyester
fibers
k
is area coefficients of profiled polyester
fibers
3.2 Determine area coefficient
TABLE I. Three kinds of profiled polyester fibers’ diameter,
cross-sectional area and area coefficient
shape of
fiber cross-

k=

1
4

“+”

“w”

pentagram
mean

3. RESULTS AND DISCUSSION
3.1 Fiber content quantitative analysis for
mixtures of profiled polyester fibers and general
polyester fibers by equation 2 and equation 3.
Number and diameter of fibers can be obtained
as described in 2.2 and 2.3.1.

D1 × k × n1 + D2 × n2

(μm)

(μm2)

1

18.30

165.71

0.6303

2

17.82

160.34

0.6432

3

16.65

145.46

0.6684

4

17.60

153.53

0.6314

5

18.46

179.68

0.6717
0.6490

6

28.57

274.78

0.4291

7

28.18

265.91

0.4266

8

27.35

238.32

0.4059

9

29.48

285.26

0.4181

10

27.69

243.95

0.4053

11

20.71

244.83

0.7272

12

21.26

263.49

0.7426

13

20.24

223.50

0.6950

mean

π×D

D1 × k × n1

average
the mean
crossof
area
sectional
diameter
coefficient
area

mean

（1）

Where
k is area coefficients
S is average area of fiber images
D is the mean of diameter squared

P1 =

No.

section

2.6 Calculations
Calculate the area coefficients of each type
profiled polyester fiber using equation 1.
S

（3）

×100%

（2）

0.4170

0.7216

According to the above testing results, we can get
the area coefficients of profiled polyester fibers.
The area coefficient of “+” cross section is 0.6490,
the area coefficient of “w” cross section is 0.4170,
the area coefficient of pentagram shape cross
section is 0.7216.
4. CONCLUSIONS
It is easy to get the fiber content of profiled
polyester fibers in the moisture managent fabrics
by the area coefficient of profiled polyester fiber,
which was abtained by measuring its diameter
and cross section area with resin bedding method
and fiber image analysis system.
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ABSTRACT
Toxaphene in textile were extracted with solid-phase microextraction (SPME) technology and determined by
gas chromatography-mass spectro metry (GC-MS). The optimum condition, such as extraction time and
temperature, solution pH and salt concentration were investigated. The detection limis was 0.01µg/mL for
Toxaphene. This method possesses good stability and sensitivity, and it has been applied to determine
Toxaphene in cotton and polyester textiles.
Keywords: SPME; Toxaphene; GC-MS; textiles.
flow rate of 1.0mL). The temperature gradient used
was as follows:

1. INTRODUCTION
Toxaphene is a chlorinated pesticide consisting of
more than 200 congeners that are mainly
chlorobornanes and chlorocamphenes, which are
used for cotton and can enrich in the surface of
cotton fibre. It is nondegradation and biological
enrichment. So if the polluted cotton fibre were
prepared to cloths, the health of people would
affront danger. Therefore, the monitoring of
Toxaphene is very important.

30o C/min

15o C/min

50oC(4min) → 180oC(1min) → 280(10min) (1)
The GC-MS interface, ion source and quadrupole
temperatures were at 280, 230 and 150℃,
respectively. The detection method was program
med for selected ion monitoring (SIM. For
toxaphene, the confirmation ions were at m/z 159,
231, 293 and 341, the quantization ions was at m/z
159 and 231.

The normal method for determination of
Toxaphene is gas chromatography-electron capture
detector (GC-ECD), but this method needs much
organic solvent. Since solid-phase Microextraction
technology appear, many determination process
become simple. In this paper, we establish a
method of gas chroromatography mass spectro
metry - solid-phase microextraction to determine
Toxaphen.e

3. RESULTS AND DISCUSSION
3.1 Optimization of the SPME method
3.1.1 Selection of fibre coating
According to the principle of “like dissolves like”,
different fibre coatings were evaluated to obtain
high sensitivity and selectivity for target analytes.
Five fibres, including polar, bipolar and nonpolar,
the 100μm PDMS coated fibre was confirmed
having great extraction efficiency under different
extraction time conditions for detecting toxaphene,
the results were shown in FIGURE 1.

2. APPROACH
The analysis was carried out in an Agilent 7890A
GC equipped with a 5975C inert mass selective
detector (MSD) (Agilent Technologies, Palo Alto,
CA, USA). Separation of the analyte was
performed on a HP-5 column (0.25μm film
thickness, 30m×0.25mm, Agilent Technologies).
Five available fibres (100μm PDMS 、 30μm
PDMS 、 65μm PDMS/DVB 、 85μm PA 和 75μm
Carboxen/PDMS) were purchased from supelo
(Bellfonte, PA, USA). Toxaphene was directly
injected by a manual SPME device and extracted in
simulant sweat. The operating conditions of GC
were as follows: injector temperature of 250 ℃ ;
spitless mode; carrier gas of helium (with an inlet
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85μmPA
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FIGURE.1 Optimization of the thickness of fibre coating,
extraction temperaturte, 40℃; extraction time 40min, stimulant
sweat (pH=6.0).
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sodium chloride in the range of 0-50mg mL-1 was
test and the results were shown in FIGURE 2.(D).
From the picture, 20 mg mL-1 was chosen as the
better condition.

3.1.2 Effect of extraction temperature and
extraction time
According to the SPME theory, temperature affects
extraction efficiency in two aspects. On kinetics,
molecular kinetic energy increases with increasing
of temperature, which enlarges the diffusion
coefficient of analytes. While on thermodynamics,
coating/liquid partition coeffi cient of the fibre
decreased because of the exothermic process. In
this study, the effect of solution temperature on the
extraction efficiency was investigated from 25 to
60℃, and the results as shown in FIGURE 2.(A) . In
the range of 25-40 ℃ , extraction amount of
Toxaphene increased with increasing of
temperature ascribing to the kinetics effect. But in
the range of 40-60℃, thermodynamics influence of
temperature obvious and extraction amount were
decreased with increasing of temperature. 40 ℃
was selected for the subsequent experiment.

3.1.4 GC-MS determination
Under above optimized conditions, 0.1 μg /mL
Toxaphene was extracted from simulant sweat. Its
typical mass chromatography was shown in FIGURE
3.
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3.1.5 Validation of the method
TABLEⅠ summarizes the limit of detection (LODs),
correlation coefficient (r) and linear range for
Toxaphene detected by SPME method.

B

TABLE Ⅰ the linear range, correlation coefficient and LOD
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FIGURE 3 SPME-GC-MS analysis of 0.1 μg /mL Toxaphene
in stimulant sweat.
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Extraction by SPME is an equilibrium process
related to extraction temperature. For optimization
time, we investigate its change in the range of 560min, as shown in FIGURE 2.(B). It was found that
the peak area of Toxaphene increased gradually
and appeared a plateau when reached to 40min.
Thus, 40min was adopted for extraction.
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3.3 Application
Cotton and polyester textiles were detected using
above optimal SPME method. The content of
textile sample was naught. A standard addition
method was adopted to assess the reliability. The
results were summarized in TABLE Ⅱ.

40
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-1

ρNaCl / mg mL

FIGURE 2. (A) effect of temperature; (B) effect of extraction
time; (C) effect of pH; (D) effect of Sodium chloride.

3.1.3 Effect of pH and sodium chloride
The influence of pH on extraction efficiency was
examined in the range of 4.0-9.0and the results
shown in FIGURE 2.(C). It can be seen that the
maximum was at pH 6.0. So this pH was chosen in
the subsequent experiment.

TABLE Ⅱ Determination result of Toxaphene in textile sample
Textile
Added
Expected
Found
Recovery
sample
µg/mL
µg/mL
µg/mL
%
cotton
polyester

The effect of salt addition was also investigated.
The present of salt can increase ionic strength of
aqueous solution. Because ionic strength affect the
solubility of organic solutes and improves
fibre/liquid-phase sorption coefficient, and improve
sensitivity. In this experiment, the concentration of

0.02
0.05
0.02
0.05

0.02
0.05
0.02
0.05

0.0182
0.0477
0.0179
0.0463

91.0
95.4
89.5
92.6

4 Conclusions
In this work, a SPME-GC-MS method was
established for simple, sensitive and rapid
determination of Toxaphene. The conditions of
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influencing adsorption of SPME fiber were
investigated in details. The extraction recoveries of
Toxaphene in textile sample were also investigated.
In a word this SPME method is sensitive,
inexpensive, environmental friendly and shows
some application potential.
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Abstract: Flexible fabric keyboard is a field of electrical textiles. According to matrix circuit principle of fabric
keyboard, Three-layer Fabric Weaved Separately (TFWS) and Orifice Fabric Shaped Once(OFSO) were
designed. Weaving process, time consumption and connection ratio are tested. OFSO requires only one
procedure. Single layer structure can realize the same function as the TFWS. Weaving time of OFSO is percent
45 of TFWS. Moreover Connection ratio of 16 wefts in OFSO is 100%. Therefore for flexible fabric keyboard
matrix circuit 16 wefts in OFSO is comparatively adequate.
Keywords: fabric keyboard; matrix circuit; Orifice Fabric; connection ratio
a signal interface through the holes. Each hole
corresponding to the key-press position in the
isolating layer had to be excavated individually. All
these layers must be glued together accurately so
that the fabric keyboard can perform correctly. US
patent describes a fabric keyboard consisting of up
to seven layers of fabrics[2]. Matrix circuit still
consisted of multilayer. The layers introduced
above are then assembled together, by a sewing
operation, or alternatively by lamination, to form
an assembled alpha-numeric keyboard.

OBJECTIVE
Designing the structure of flexible Fabric keyboard
matrix circuit through two kinds of methods and
comparing the effect
INTRODUCTION
Computer is now an indispensable facility for
modern life. Keyboard as an inputting equipment
for computer is also very important for us. Flexible
fabric keyboard is soft and foldable, and it
overcomes traditional horniness keyboard’s many
shortcomings, including lack of portability, not
suitable for integrating with items that need
washing, and etc. A vast amount of efforts are
being devoted worldwide to the development of
flexible fabric keyboards. The flexible fabric
keyboard matrix circuit is an important part for
fabric keyboard.

This type of multilayer fabric keyboard matrix
circuit is based on the same working principle of
the traditional horniness keyboard. It requires a
complicated multi-stage production procedure
involving time consumption and repetitive manual
operations. The holes in the insulating layer need to
be scratched one by one. Moreover every layer
must be accurately positioned to avoid faulty
connections of the circuit.

To our knowledge and understanding, there is no
research exists which uses a three-dimensional
weaving method for matrix circuit. By using this
method the matrix circuit of fabric keyboard is
only one layer and can be realized in one operation.
A handful of researchers exist who attempt to
realize the matrix circuit[1-3]. For example
Chinese Patent reported a "soft fabric keyboard"[1].
This fabric keyboard comprised a key-press layer, a
top conductive layer, an isolating layer and a
bottom conductive layer which were arranged from
top to bottom. Matrix circuit was formed by the
last three layers above. The top surface of the keypress layer was the keyboard position. All the holes
on the isolating layer were arranged corresponding
to the key positions. The row and column circuits
in the top and bottom conductive layers were
woven in place. The two circuits were connected to

Canada Patent refers to a completely flexible
keyboard matrix[3]. Two layers are adopted. Every
layer has a pressing unit which is made from small
metal disk. A convex side of the upper disk is
facing the lower disk. Two layers are separated
from each other by a spring that is insulating when
not pressed. The pressing unit of the upper layer
will touch the pressing unit of the lower layer when
pressed. The electric circuit is connected through
the metal chains. Sewing technology is used[4].
On the wider aspect of studying switch and sensor,
the principle is similar to matrix circuit. Moreover
there has been a little research that could be seen in
textile technology[5-8].
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According to the circuit principle of the horniness
keyboard, the top and down conductive layer were
weaved adopting 1/3 twill to obtain the better
conductive effect. The long warp floats are formed
on the down surface of top conductive layer and
the long weft floats are formed on the top surface
of the down conductive layer, so that contact
probability can be enhanced. The weaving position
of the stainless steel filament corresponds to the
orifice of the insulating layer. The insulating layer
makes use of many wefts weaved separately to
form the steady orifices. Inside orifice of the
insulating layer there are three kinds of warp and
weft amount for example “4×4、6×6 and 8×8
in TFWS”. 4×4 in TFWS expresses four warps
and four wefts inside the orifice. The rest of them
are of the same principle.

European Patent introduces conductive fabric
sensor for vehicle seats which consists of five-layer
laminate[5]. The basic construction comprises the
following elements: a first layer of conductive
fabric; a layer of adhesive; a layer of compressible
foam; a layer of adhesive and a second layer of
conductive fabric. The apertures are scratched in
special position of the foam where there is no
adhesive. When pressed, two conductive fabrics
will be touched. Sandbach et al. presented a fabric
sensor which has a first fabric layer and a second
fabric layer in physical contact with the first layer
mainly using knitting method[6]. onathan et al.
studied an electrical switch which comprised at
least two electrically conductive contact portions
separated by compressible foam material[7].
Lussey et al. devised an electronic resistor user
interface which is characterised by textile –form
electrodes, a textile-form variably resistive element
and textile-form members connective to external
circuitry[8].
These methods have the same limitations. Switches
or sensors don’t shape once, many procedures are
demanded. Some accessories will be necessary but
affect the flexibility of the keyboard and lead to the
complexity of the procedure.

FIGURE 1. 3×3 keyboard matrix circuit principle

Our fabric keyboard matrix circuit is realized by a
three-dimensional weaving method. An important
merit of this method is that the fabric can be woven
in one operation. The matrix circuit is a single layer
structure. This simple manufacturing process
reduces production time and labor costs. Only one
layer is needed to perform the same function as the
multilayer structures. There is no need for
scratching holes and laminating layers. Therefore
the quality of the fabric keyboard matrix circuit
and efficiency are greatly improved, and
consequently the cost of fabric keyboard is greatly
reduced.

Orifice Fabric Shaped Once(OFSO)
By adopting three-dimensional weaving method
the fabric was woven only in one operation, at the
same time, can effectively realize the function
among the top conductive layer, the isolating layer
and the bottom conductive layer.
Cross-section drawing along the warp direction is
shown in Figure 2. “①、②……” represent the
wefts and pick sequence of weave repeat. “1、
2……” indicate the warps and its sequence of
weave repeat. The top layer of the orifice has 1, 2,
3 and 4 warps and 1/3 twill is adopted. The down
layer of the orifice has 5, 6, 7 and 8 warps and 1/3
twill is also employed. According to position of the
key, 1,2,3 and 4 warps and eight wefts of the down
layer of the orifice adopt the stainless steel
filaments in special position. Figure 2 is simply
called “8 wefts in OFSO”. When repeating wefts
once or twice from 61 to 76, “16 wefts or 24 wefts
in OFSO” are named.

APPROACH
Materials: 86μm stainless steel filament and 20S/2
polyester yarn.
Three-layer Fabric Weaved Separately (TFWS)
As shown in Figure 1, fabric keyboard matrix
circuit consists of top conductive layer, insulating
layer and down conductive layer. At rest, the top
and down conductive layer don’t contact due to the
insulating layer’s insulation. When the key is
pressed, the top conductive layer and the down
conductive layer contact through the orifice. Hence,
the circuit is formed.

The section along the warp direction consists of a
support part and an orifice part that are woven
continuously. The orifice part corresponds to the
key position in the key press layer. The long
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production time and labor costs. Therefore the time
consumption is greatly reduced.

floating warps which act as the column circuits are
woven into the top layer of the orifice part.
Correspondingly the long floating wefts which act
as the row circuits are woven into the bottom layer
of the orifice part. The support part can isolate the
top and down conductive layers when no pressed.

TABLE I. Technique parameters of every kind of fabric
Weaving
technique
parameter
Breadth(cm)
Warp density
(roots/10cm)
Weft density
(roots/10cm)
Reed number
The
total
warp number
shrinked
weft(%)
number/reed

FIGURE 2. Cross-section drawing of Orifice structure along the
warp direction
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RESULTS AND DISCUSSION
Weaving process
TFWS requires several fabrics that are woven
separately, that is three times of warping, drawingin and weaving. Three layers of fabrics need to be
accurately agglutinated into the assembled alphanumeric keyboard matrix circuit. Agglutination
must be completely strict with every layer in order
to avoid faulty connections of the circuit. This
process requires a multi-stage production
procedure and repetitive manual operations.
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FIGURE 3. TFWS and OFSO’s weaving time

Connection Ratio(CR) between TFWS and
OFSO
CR ： A value is expressed as the quotient of
numbers of connections divided by pressed times.
Testing method: connect two pens of multimeter
with the warp and weft stainless steel filaments,
press the contact position. The electric current is
shown, and the circuit is switched on.

OFSO requires warping, drawing-in and weaving
only once. Agglutination is not required. We can
call it a single layer structure. Only one layer is
enough to perform the same function as the
multilayer structures. Many complex and repetitive
procedures are quite unwanted.

According to Table 4, CR of 4×4 in TFWS is
percent 52 which is much lower than others.
Because the orifice of 4×4 is much smaller, the
contacted opportunity of stainless steel filaments of
the top and down conductive layer is decreased.
The orifices of 6×6 and 8×8 are more bigger, CR
is 100%. As long as the orifice can satisfy the
demand of CR, the smaller orifice is better.
Therefore the orifice of 6×6 is preferable. If the
orifice is too bigger, the top and down layer will
always contact with each other when pressed many
times. The CR will decrease.

Time consumption between 4×4 in TFWS and
8 wefts in OFSO.
The weaving machine is the computerized sample
loom made in Tianjin Polytechnic University. The
model is ZSW.03. The technique parameters of
every kind of fabric are shown in Table I. Figure 3
shows TFWS and OFSO’s weaving time.
According to Figure 3, we can see TFWS and
OFSO ’s weaving time are quite different. Time
consumption of OFSO is percent 45 of TFWS.
TFWS repeats the same procedure excessively, and
takes much time and labor force. OFSO’s
procedure is significantly simple, agglutination
doesn’t occur. Plenty of procedures are saved and
this simple manufacturing process reduces

The orifice of 24 wefts in OFSO is too long. Fabric
has serious pendency. After repeatedly pressed, the
top and down layer of the orifice can easily joint
together. The orifice of 8 wefts in OFSO is too
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short. Even though pressed by applied force, the
top and down layers are not good to contact with
each other due to the obstacle of the support part.
The length of 16 wefts in OFSO is between 8 wefts
and 24 wefts which avoids their disadvantages. The
orifice of 16 wefts is clear-cut, has small pendency
and is easily operated. More importantly CR is not
bad.
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OFSO only adopts one procedure and much labor
and time are saved. Time consumption highly
decreases. The CR of 16 wefts in OFSO is percent
100. Therefore 16 wefts in OFSO is quite adequate
for the flexible fabric keyboard matrix circuit.
FUTURE WORK
The elasticity of the orifice part in OFSO should be
improved, so that the stability of matrix circuit is
good. We should improve the existing structure,
designing more reasonable three dimensional
structures or adopting the better materials. This
research is greatly useful for the development of
flexible keyboard matrix circuit which often
referred to as a smart textile product, is an
important part of the fabric keyboard for computers.
Additionally this matrix circuit can be found in
another area of research, for example, clothing,
decoration items, and so on. The fabric matrix
circuit forms the foundation for many smart textile
applications.
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Abstract
To investigate the structure and some properties of acrylonitrile based casein fibers, the XRD, SEM, DSC, TG
and etc were all used in this paper. The results showed that the cross-section of the fiber was somewhat round
and there were many irregular vertical trenches and pockmarks in its surface. The X-ray pattern of the fiber was
similar to that of the PAN and the degree of crystallization was 54.34%. The specific strength and elongation at
break was 3.1 cN/dtex and 35.2% respectively and the standard equilibrium regain was 4.2%. DSC curve
showed that the Tg (Glass Transition Temperature) was between 57℃~103℃ and the wide heat absorption
curve at 212℃~300℃ was caused by the combination of the change of casein, AN and some other monomers.
Finally, the results of TG showed that the introduction of the casein is help to improve the thermal stability of
the milk protein fiber at high temperature.
Keywords: Structure;Properties;Acrylonitrile based casein fibers
special composition, it has many advantages, such
as suitable tenacity and absorbent quality. Besides
that, the milk protein fiber can be processed purely
or combined with cashmere, silk, cotton, wool,
ramie and other fibers [1]. In this paper, the
structure and some properties of acrylonitrile based
casein fiber were studied for the benefit of fiber
production and end product development.

INTRODUCTION
Since the casein fiber made by Todten Hanpt in
1904, study on the regenerated protein fiber was
prompted further by countries one after the other
worldwide. For example, in 1935, Snia and
Courtaulds all tried to make an attempted to
produce a silk-like fiber from milk and the fibers
known as Aralac, Lanatil, Merinova are all
different brands for fibers manufactured from milk
casein. Later in 1938 ICI in England produced
Ardil from peanut protein. But for their poor
mechanical properties and dimensional stability, all
those fibers acquired are all impossible to be used
in textile industry at that time. The poor quality,
difficulties and high cost in production impede the
development of this kind of fibers.

EXPERIMENTAL
MATERIALS
Acrylonitrile based casein staple fiber with the
specification 1.5dtex × 38mm, provided by
Shanghai Zhengjia Milk Fiber Sci & Tech Co.Ltd.
MEASUREMENTS
Morphology and crystallinity are measured with a
SEM microscope (JSM-5600 LV, Japan) and X-ray
diffraction (DMAX-B, Japan) respectively.

In the end of 20 century, researches on the
regenerated protein fiber meet with much
recognition again for the more and more
requirements on textiles. In order to improve the
properties of the pure protein fibers, the protein
was combined with other polymers such as
acrylonitrile or vinyl alcohol by copolymerization,
graft and polyblending. Among these fibers, the
most typical and famous are chinon produced by
Toyobo in Japan and the soybean protein
composite fiber firstly industrial produced in China.
Acrylonitrile or vinyl alcohol based casein fiber is
always called milk protein fiber. Strictly speaking,
it does not belong to regenerated protein fiber, but
a kind of synthetic or semi- synthetic fiber. For the

The mechanics property of the fiber is measured
with XQ-1 electric tensile instrument for single
fiber at the rate of 10mm/min. The sample length is
10mm and the pre-tension is 0.088 cN/dtex. Before
measurement, the sample is balanced for 24h at
standard condition. The wet mechanics property is
acquired after the sample immerged in water for
about 50 minutes. Moisture regain of the fiber is
measured according to the GB/T 9995-1997.

- 525 -

Compared with the moisture absorption of vinyl
alcohol, the moisture absorption of the acrylonitrile
is much less. Though the amino acids have relative
high moisture absorption, they account for only
24.87% of the whole quality of the fiber, to
improve the comfort ability of the acrylonitrile
based casein fibers, the vertical trench and
pockmarks may play an important role.

Thermal properties are studied by NETZSCH
TG209 TG and PerkinElmer DSC 7 thermal
analysis system. In TG, the sample of 2.0~3.0mg is
heated from 25℃ to 600℃ at a heating rate of 10
℃/min under the nitrogen flow and samples weight
about 5mg is scanned from 50℃ to 300℃with the
same heating rate during the DSC measurement.
RESULTS AND DISCUSSION
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a milk protein fiber

FIGURE 2. X-Ray of milk protein fiber

The X-ray diffraction pattern of power sample is
shown in Figure 2. Degree of crystallization is a
very important factor which affects properties such
as mechanical properties, density, dye ability and
etc of a fiber. As shown in Figure 2, there existed
both crystalline and amorphous region in structure
of aggregating state of the milk protein fiber and
the diffraction peaks of milk protein fiber were in
the positions at 16.711 ° , 29.110 ° , 9.697 ° ,
26.453° and 35.204° respectively. According to
the previous study[2], In the X-ray diffraction
pattern of PAN, diffraction peaks from (110) and
(100) crystallographic planes are observed at 17 °
and 29.5 ° . Diffraction peaks from (101)
crystallographic planes is not very fixed and may
be observed at 26~27°. So the X-ray diffraction
pattern of the milk protein fiber is very similar to
that of the PAN fiber. A similar result was also
observed by other researchers, for instance, the Xray diffraction pattern of vinyl alcohol based casein
fiber is exactly the same to that of the PVA fiber
[3].

b PAN fiber
FIGURE 1. Cross-section and longitudinal

The cross-section and the longitudinal of the milk
protein fiber are shown in Figure 1. It is clear to
see that there are some differences between the
milk protein fiber and PAN in cross-section shape
and longitudinal view. The cross-section shape of
the milk protein fiber is somewhat round and that
of the PAN (Polyacrylonitrile) is like a bean.
Because the cross sectional shape of acrylic and
modacrylic fibers is determined by the method
used for spinning and the milk protein fiber is spun
by wet-spinning, while the PAN samples used is
spun by dry-spinning.
From the Longitudinal view in Figure 1, it could
be found that there are many regular vertical trench
and pockmarks in the surface of the milk protein
fiber, while the surface of the PAN is smooth. The
existence of vertical trench and pockmarks is help
to improve the moisture sorption and diffusivity
characteristics of the milk protein fiber and would
influence the luster, handle and stiffness of the
fiber.

Except those peaks, there have no other obvious
diffraction peaks. So, it could also be concluded
that the milk protein fiber may be the blends of AN
and casein and the crystalline region is made up of
the AN, the casein is in the amorphous region.
There may be two reasons for this, one reason is
the less content of casein in the fiber, the other is
that the casein is a high molecular weight mixture
of amino acids linked by a peptide bond and most
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The moisture absorption and liberation with the
time are shown in Figure 3~4. The moisture regain
of the milk protein fiber changed straightly at the
beginning. After a certain time, it shows a slow
change trend and finally the moisture equilibrium
is acquired. At the same conditions, the equilibrium
moisture content reached from the absorption is
much lower than that reached from liberation due
to the moisture absorption hysteresis.

of the amino acids have a big side group. This
result coincides with several previous studies [4, 5].
For calculating the degree of crystallinity of the
milk protein fiber, the pattern was separated into
crystalline and amorphous peaks by the peak
separation
software
profile
(Diffract-AT,
Siemens).The degree of crystallinity was estimated
by the area ratio of crystalline and amorphous
peaks. According to the calculations, the degree of
crystallization of the milk protein fiber is 54.34%.

4.5

MECHANICS PROPERTIES
A fiber must possess enough strength to withstand
processing by available textile machinery and
provide the desired durability in its end use, so the
mechanical property is very important to fibers.
The mechanics properties of the milk protein fiber
are shown in Table I. It could be seen clearly that
though the specific strength of the milk protein
fiber is a bit lower than that of the PAN and the
soybean composition fiber, the wet and dry specific
strength are 2.8cN/dtex and 3.1cN/dtex
respectively, which are larger than that of the
cotton and wool. It could come to the conclusion
that the moisture has not an obvious effect on the
mechanical properties of the fibers, but the
combination of the casein has from the comparison
of the data.
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TABLE I. Mechanics properties of the milk protein fiber

Milk Protein
Fiber
Soybean
Composition
Fiber[6]
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MOISTURE
ABSORPTION
AND
LIBERATION
The amount of water a fiber can absorb from the
atmosphere may affect apparel comfort, fabric care,
textile processing and fiber price. The standard
equilibrium regain of the fiber was 4.2% according
to our measurement. As we known, the moisture
regain of the PAN fiber is only 1.2~2.0%, so the
combination of the casein increases the moisture
absorption of the PAN for the higher moisture
absorption of the casein.
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FIGURE 5. DSC curve of the milk protein fiber

Figure 5 is the DSC curve of the milk protein fiber.
It could be seen clearly that there has no sharp
endothermic peak during the range of the testing
temperature. Like PAN, the milk protein fiber has
no obvious melting point below 300℃. The
baseline of DSC curve migrates to the endothermic
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fiber is larger than that of the PAN. The larger
weight loss of the milk protein fiber could attribute
to the larger absorbency. Because the introduction
of casein helps to improve the moisture absorption
of the milk protein fiber and the standard
equilibrium regain of the milk protein fiber and
PAN are 4.2% and 1.2~2.0% respectively. Then in
the range of the 200~330℃, the weight loss of the
milk protein fiber is also larger than that of the
PAN and from the DTG curves, it could be seen
clearly that both the fibers suffer the maximum rate
of weight loss. That is mainly because of the
thermal cracking.

direction at 57℃~103℃ and forms a typical
sidestep. This migration of the baseline indicates
that the Tg of the fibers is in the same range of the
temperature. Of course the heat need for the
evaporation of the water absorbed is another reason
for the formation of the sidestep. Because the
sample for DSC measurement is very less and the
standard equilibrium regain of the milk protein
fiber is only about 4.2 %, the latter is only the
secondary factor for the migration of the baseline.
To the PAN only, its DSC curve is very unique.
Not like other fibers, there is no endothermic peak
for melting and decomposition, but sharp
exothermic peaks at about 300℃ due to the
formation of new chemical structure by cyclization
and cross linking [7]. As to the casein, there is a
wide endothermic peak at 220~380℃ in its DSC
curve caused by the decomposition [4]. In Figure 5,
there is a wide heat endothermic peak at
212℃~300℃ and this phenomenon is different
from many other studies on no matter PAN or milk
protein fibers. In the reports including DSC curves
of PAN and other milk protein fibers, there often
have a sharp exothermic peak. For example, in the
study of the effect of comonomers such as MA, IA
and AA on the thermal properties of the PAN
precursor, Zhang wangxi found that introduction of
different comonomers and even the differences in
the quality of the same comonomer all have an
effect on the DSC curves of the PAN precursor.
The changes of the DSC curve are focused on the
widening and migrating to a lower temperature of
the exothermic peak [8]. From this, we could
deduce that the appearance of the wide
endothermic peak in Figure 5 may caused by the
combinations of the casein, PAN and the
comonomers used to improve the absorbency or
dye ability of the fiber. Like AA, the second and
third monomers are help to the migration of the
sharp exothermic peak to the lower temperature
and widening of the peak, so the wide curve caused
by the heat needed for the chain rupture of the
casein overlaps the exothermic peak. In a word, the
appearance of the wide heat endothermic peak at
212℃~300℃ is a complex phenomenon which
needs some further research.

After that temperature, the weight loss of the milk
protein fiber is a little less than that of the PAN,
which means that the introduction of the casein is
help to improve thermal stability of the milk
protein fiber at the high temperature under the
nitrogen environment.
The milk protein fiber
The PAN fiber
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FIGURE 6. TG curves of the milk protein fiber and PAN fiber

CONCLUSIONS
In this paper, the structure and properties of the
acrylonitrile based casein fibers are studied in
details. From the morphology study, it could be
seen that the cross sectional of the milk protein
fiber was somewhat round and there were many
irregular vertical trenches and pockmarks in its
surface. Both X-Ray diffraction pattern and
thermal stability of the milk protein fiber were very
similar to those of the PAN fiber and the degree of
crystallization was 54.34%. The specific strength
and the elongation at break of the milk protein fiber
was 3.1 cN/dtex and 35.2% respectively. The
standard equilibrium regain was 4.2%. Finally, the
Tg of the fiber was between 57~103℃ and the
wide endothermic peak at 212℃~300℃ may
attribute to the combination of the casein, AN and
some other monomers.

TG ANALYSIS
In order to compare the TG curves of the milk
protein fiber and the PAN fiber clearly, the TG
curves of the two fibers are combined in Figure 6.
Firstly, the TG curve of the milk protein fiber is
very similar to that of the PAN. Before 300℃,the
TG curves of both the two fibers are comparatively
stable and the loss of the weight of the milk protein
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Abstract
Configuration of milk protein/PVA fiber was observed by SEM, and the result showed that milk
protein/PVA fiber was a profile-fiber with little holes in its section and grooves in its surface. Analysis of
X-ray diffraction indicated that milk protein/PVA fiber was composed of crystal portion, where PVA
arranged regularly, and amorphous portion of milk protein. The evidence from the measurement of
moisture adsorption demonstrated that peptide chain molecules in the amorphous region of milk
protein/PVA contributed mostly to its good hygroscopicity. The stress-strain curve for milk protein/PVA
fiber was similar to that of vinylon fibers, indicating the crystallization of PVA play a major role for
excellent mechanical properties of milk protein/PVA fibers.
Key words: milk protein/PVA fiber; SEM, X-ray diffraction; property
INTRODUCTION
Milk protein/PVA fiber is prepared from milk
protein mixed with PVA by wet spinning [1]. Milk
protein/PVA fibers are excellent textile materials
with the advantages of both natural and synthetic
fibers, not only having good properties like
synthetic fibers such as high strength, small
contraction, mildew resistant and mothproof, but
also having the qualities of natural fibers such as
soft, hygroscopy, moisture permeability [2].
However, it had no enough concerns about the
study of milk protein/PVA fiber until recent years,
and there are little reports about the structure and
properties of milk protein/PVA fiber. Therefore,
the paper investigated the morphology and
crystalline structure of milk protein/PVA fiber
with SEM and wide-angle X-ray diffraction, and
other properties of the fibers have also been
discussed.
EXPERIMENTAL
Materials
Milk protein/PVA fibers with a size of 1.40dtex ×
36.4mm were provided by Zhengzhou Tianyu
Protein Fiber Ltd. In addition, vinylons with
aqueous solubility and with high strength and
modulus were also used in our study.
SEM observation
The samples were coated with gold film in order
to observe the surface morphology and the
microstructure. The instrument was a JEOL
JSM-5600LV electron microscopic with an
accelerating voltage of 15 kV.
X-ray diffractometry

X-ray diffraction was record at room temperature
from 5 o to 50 o at a scanning speed of 0.02 o/s with
a Rigaku-D/Max-2550PC diffractometer using
Ni-filtered Cu Kαradiation of wavelength
0.1542nm. The operating voltage and current were
40kV and 30mA respectively.
Tensile properties
Tensile properties of fibers were tested using a
XQ-1 fiber tensile testing machine at a temperature
of 20 oC and a humidity of 65% and a gauge length
of 10 mm with a tensile speed of 20 mm/min were
used for testing.
RESULTS AND DISCUSSION
Fiber morphology
Cross-section and surface morphology of milk
protein/PVA fiber were observed with SEM and
shown in Figure 1. Milk protein/PVA fibers are
flat, or have the shapes of dumbbell or lumbar
round. There are many small pinholes on their
cross-section, which have a great influence on
hygroscopy and moisture permeability. As shown
in Figure 1, no smooth surface can be observed for
milk protein/PVA fiber, irregular grooves and
concaves distributing over their surfaces. The
formation of the grooves and concaves, which are
important for excellent properties of moisture
absorption and release, was because of rapid
dehydration and orientation on the fiber surface
during spinning process. These grooves on the
fiber surface also have significant impact to the
luster of milk protein/PVA fiber because some
minor changes on the fiber surface can evidently
change optical absorption, reflection, refraction
and scattering, thus affecting fiber luster.
Therefore, milk protein/PVA fibers having soft

- 530 -

luster avoid the
phenomenon [3].

occurrence

of

"Aurora"

（a）

（b）

FIGURE 1. SEM Micrographs of bamboo fibers at magnification of 1500: (a) cross section; (b) longitudinal direction.

Crystalline structure
X-ray diffractograms of milk protein/PVA fiber
is shown in Figure 2, and Figure 3 shows the
diffraction curve for the two polyvinyl alcohol
fibers (PVA). It can be seen from Figure 2 that
there exists a two-phase structure of crystal amorphous for milk protein/PVA fiber, which have
evident diffraction peak. A further comparison
between Figures 2 and 3 shows that the diffraction
peaks of milk fiber, appearing in 2θ degree of 11.3
º, 16.4 º, 19.5 º, 22.6 º, and 32.5 º, are coincident
with these of PVA fibers, especially the PVA fiber
with high strength and modulus. It can be
determined that milk protein/PVA fiber is a
mixture of casein (milk protein) and PVA, because
most of graft copolymer diffraction curve will not
be so similar. Figure 2 also indicates the crystalline
region of milk protein/PVA fiber is composed of
PVA, and casein exists in the amorphous region.
This is because of relatively small content (about
30%) of casein is in milk fiber[4,5], which is
difficult for crystallization because casein is a
protein macromolecule composed of many
complex amino acids linked by peptide bonds and
most of amino acids have larger side-groups [6,7].
Crystallinity and crystallite size of milk
protein/PVA
fibe
rwere
calculated
by
deconvolution method as shown in Table I. The
results suggest that crystallinity and crystallite size
of milk protein/PVA fiber are similar to these of
PVA fibers, and the crystallinity is lower than silk
fiber.

- 531 -

FIGURE 2. X-ray diffractograms of milk protein/PVA fiber

FIGURE 3. X-ray diffractograms of vinylon with aqueous
solubility (A) and with high strength and modulus (B)

TABLE I Crystallinity and crystallite size of milk protein/PVA fiber
Fibers
Crystallinity /%
Crystallite size/nm
Milk protein/PVA fiber
70
4.54
Vinylon with aqueous solubility
73
4.52
Vinylon with high strength and modulus
77
4.57
Silk
80
---

Moisture regain/%

Figure 4 shows the hygroscopic hysteresis curve
of milk protein/PVA fiber at the temperature of
20°C and relative humidity of 60%. Compared
with moisture absorption of vinylon, it can be
found that peptide chain molecules in the
amorphous region of milk protein/PVA fiber
contribute mostly to its good hygroscopicity. This
also proves our analysis on the structure of milk
protein/PVA fiber further.
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Mechanical Properties
The stress-strain curve for milk protein/PVA
fiber is shown in Figure 5. As illustrated in Figure
5, milk protein/PVA fiber have high initial
modulus, and the yield and a obvious turning point
in the tensile curves can be observed when the
strain is up to about 1%, then stress and strain
increase slowly up to break. The high modulus
before yield point is mainly contributed by
crystallization portion of polyvinyl alcohol
because the tensile curve of milk protein/PVA fiber
is similar to that of polyvinyl alcohol fibers [8].

Strength/cN

Moisture absorption
Table I shows that the amorphous area of milk
protein/PVA fiber is larger than that of silk. But
under standard situation, moisture regain of milk
protein/PVA fiber is about 7.65%, which is slightly
lower than that of silk (8-9%), but higher than that
of vinylon fiber (5%). Moisture absorption of fiber
is dependent on both micro-structure and
hydrophilic group. It is difficult for water
molecules to penetrate into the interior of crystal in
fiber, but crystal surface is contributing to moisture
absorption. The surface of crystal in silk is
composed of peptide chain molecules with good
hydrophilic properties, however, milk protein/PVA
fiber is composed of poly(vinyl formal) with
weaker hydrophilicity.
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FIGURE 5. Tensile curve of milk protein/PVA fiber

In the area near around yield point, over-tension
lead to some changes in the conformation and
stretch of the chain. Modulus began to decline over
the yield point. Considering the structure of milk
fiber, we can see that the crystallization of PVA,
the main part, play a major role the mechanical
properties of fibers. Thus tensile curve shape of
milk protein/PVA fiber is similar with that of
polyvinyl alcohol fibers.

Time/h

FIGURE 4. hygroscopic hysteresis curve of milk
protein/PVA fiber
Table II Comparison of physical properties of milk protein/PVA fiber with other common fibers
Sample
——
Milk
Soybean

Breaking tenacity （cN/dtex）

Breaking elongation（%）

Wetting

Drying

Wetting

Density
（g/cm³）

Moisture regain

Drying
5.33

3.8

15.4

14.4

1.40

7.65

4.34-5.86

4.05-5.11

17.6

19.46

1.275

5.32

RH=65%

Cotton

2.6-4.3

2.9-5.6

3-7

——

1.54

7-8

Wool

0.88-1.5

0.67-1.43

25-35

25-50

1.32

15-17

Silk

4.2-5.7

1.9-2.5

15-25

27-33

1.33-1.45

9

Terylene

4.2-5.7

4.2-5.7

35-50

35-50

1.38

0.4-0.5

Vinylon
Acrylon

4.0-5.7
2.83-4.42

2.8—4.6
2.65-4.42

12-26
12-20

12-26
12-20

1.26-1.3
1.14-1.17

4.5-5.0
1.2-2

- 532 -

Comparison of properties of milk protein/PVA
fiber in dry and wet conditions is shown in Table II.
The strength of milk protein/PVA fiber in dry
condition is more than that in wet condition,
indicating moisture adsorption can affect
mechanical properties. However, it can be seen
from Table II that the change of strength and
elongation of milk protein/PVA fiber after moisture
adsorption is lower than these of silk fibers,
suggesting inapparent influence of moisture to
mechanical properties of milk protein/PVA fiber.
Therefore static electricity can be eliminated by
adding moisture during spinning process of milk
protein/PVA fiber.

properties of soy protein isolates. 2. Surface properties”, J.
Agric. Food Chem., 42,1994, 2161-2171.
[7] Creighton T.E, Proteins: Structures and Molecular
Properties 2nd ed. Oxford University Press, Oxford, 1997.
[8] Sakurada I, Polyvinyl Alcohol Fibers, Marcel Dekker, New
York, 1985.

CONCLUSIONS
1) Observation by SEM showed that milk
protein/PVA fiber have cross-section of flat,
dumbbell-shaped or lumbar round and there are
many small pinholes on the cross-section and
irregular grooves on the surface of the fiber. This
structure gives milk protein/PVA fiber excellent
properties of moisture absorption and release.
2) The results from the X-ray diffraction
measurements showed that the crystallization of
milk protein/PVA fiber structure is similar to that
of polyvinyl alcohol fibers and aggregation
structure of milk protein/PVA fiber is composed of
two parts, the crystallization of polyvinyl alcohol
as the main part, as well as the amorphous of milk
protein as the main part.
3) The evidence from the measurement of moisture
adsorption and mechanical properties showed that
milk protein/PVA fiber overcome the deficiency of
bad hygroscopicity for synthetic fibers and low
strength for natural fibers.
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ABSTRACT
Based on wavelet transform-based automatic detection of fabric defects, the detected defects are segmented out
using image processing technique, and the features are extracted by computing the defect binary image.
According to the characteristic of the defect inspection and the defect image segmentation, combining the
manual fabric inspection standard, a new rule for the system is made. Using the new rule, the fabric grading is
made automatically.
Keywords: wavelet transform ； defect inspection ； image segmentation ； defect assessing ； grading
automatically
INTRODUCTION
With the development of computer and digital
image processing technique, the computer vision is
applied in industrial production more and more
frequently owing to its advantages of tired-free,
stableness, objectivity and celerity. Manual cloth
inspection is gradually replaced because this
method is easy to suffer a tremendous influence
from human factor. Since the 1970s, people begun
to explore way of defecting inspection
automatically, and many achievements have been
made.

defects yielding during routine weaving process
rapidly and exactly, and locate the defects
accurately.
The fabric will be graded after the defects are
assessed according to the fabric inspection
standards. In foreign countries, automatic
evaluation of fabric rank has been applied in
examining the cloth automatically, such as the ⅠTEX cloth inspection system in EVS Israel. The
lowest grade of fabric is given first according the
defects, and then the final fabric grade is given
based on the quality of fabric surface and the
lowest grade, not on the defect points or the
inspection standard. According to the distribution
of defects, the optimization cutting software will
give a suggestion to utilize the fabric furthest. In
our country, there are more defects on the fabric
due to the less sophisticated domestic weaving
machine. Thus the method used in EVS is not
objective now because it leaves out of considering
the flaw characteristics. At present, most
researches at home are focusing on the automatic
defects inspection. But little research has been
done on the automatic fabric grading.

Yoshio Shimizu (1990) [1] developed an expert
system to detect fabric defects. Ribolzi et al.
(1993)[2] discussed real-time fault detection on
textiles using opto-electronic processing. Tsai et al.
(1996) [3] used BP neural network to detect end out,
mis-picks, oil stain and broken hole. With the
rising of such mathematical analysis tools as
wavelet analysis, the research of defect inspection
was focused on analyzing the fabric image in
frequency domain since mid 1990’s. W. J. Jasper et
al. (1995) [4] compared three different image
analysis techniques, say the Sobel operator, the fast
Fourier transform and the discrete wavelet
transform, to detect mis-picks. M. C. Hu et al.
(2000) [5, 6] tried to detect four kinds of fabric
defects using best wavelet packet bases and
artificial neural network. Li Liqing (2003) [7]

The automatic fabric grading is discussed in this
paper. The defects, detected by wavelet transformbased automatic detection of fabric defects, are
segmented and assessed with digital image
processing technique. According to the rules made
on the basis of manual fabric inspection standard,
the fabric is graded automatically.

decomposed the fabric defect image using adaptive
wavelet with one resolution level, then extracted
five different features. The experimental results
showed that such a technique could identify the
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the proper mean filter is chosen, with which the
regular texture on fabric surface is smoothed as
much as possible while the defect characteristic is
preserved.

1. Wavelet transform-based automatic detection
of fabric defects
Up to now, there are many studies on detecting the
fabric defects by the method of image processing.
The wavelet transform, one of the techniques to
detect fabric defects, is superior to the traditional
Fourier transform in processing non-stationary
signals and images. In this system, the fabric
images are decomposed with adaptive orthogonal
wavelet, which is constructed under the conditions
of orthogonality and approximation, in warp and
weft direction separately. Based on this, five
features, energy, variance, entropy, range and
contrast are extracted from the decomposed image.
The defects are detected and located by comparing
the features obtained from decomposed image with
those from normal fabric image without defects [7].

2.2 Edge detection
Fabric defects can be regard as the sudden change
in the normal weaving process. Image gray of both
the defects and their background changes slowly,
but a sudden change of image gray occurs on the
boundary which means there is obvious edge. This
change of gray can be inspected with edge
detection.
As the edge characteristics of the warp defect and
weft defect are evident, vertical and horizontal
sobel operator are used separately to do the edge
detection. Edge characteristics of warp-weft
defects are not as evident as warp defects or weft
defects. However, the value of image gray for the
warp-weft defects image (after mean filtering)
varies greatly between defects and background
fabric, which can be seen from the obvious trough
in the gray histogram (Figure2). Therefore we
adopt the threshold segment together with the
vertical edge detection segmentation after the mean
filtering for warp-weft defects.

2 Image segmentation and defect
characterization
The detected defects should be characterized
before they are assessed. Due to the edge
characteristic of fabric defects, especially of the
warp and weft defects, their edge should be
inspected by using Sobel operator to filter the
fabric image which has been processed by mean
filter. And the mean filter is used to smooth the
regular texture on fabric surface. As the edge has
been inspected, the threshold is selected from the
image gray histogram where the end part is
magnified, with which the defects are segmented
out primarily, but not exactly. The noise points
around defect are eliminated clearly by applying
morphology processing to the binary image of
fabric defects. The automatic inspection procedures
are shown in Figure 1:
Fabric defects image

Mean filtering

Image segmentation

Edge inspection

FIGURE 2. Gray histogram with trough

FIGURE 3.Gray histogram of edge inspected and its local
magnification

Morphology processing
Defect binary image

Defect evaluation

2.3 Threshold segmentation
Defect image after edge detection is composed of
pixels whose gray belongs to three different groups:
zero gray pixels, higher gray pixels where the
defect locates and pixels whose gray is between the
two (noise of fabric texture). Because the existence
of fabric texture noise and the comparatively low
portion of defect gray pixel, it is impossible to
segment defect from image by adaptive threshold
or get the threshold from their gray histogram. So
the end part of the gray histogram after edge

FIFURE1. The automatic inspection procedures of defect
characterization

2.1 Mean filtering
The regular texture on fabric surface, forming
through the regular weaving of warp and weft yarn,
will pick up noise points during the image
segmentation. The mean filter is a good tool in
smooth processing and noise elimination.
According to the yarn count and the fabric density,
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shorter one is defined as defect width. (2) the ratio
of defect length to width, which characterizes the
defect shape. If it is large, the defect is in a strip
shape, such as double warp, slub yarn, etc; if it is
close to 1, the defect is in a circle shape, such as oil
strain, broken hole, etc.

detection is magnified, and then the division point
between defect and fabric texture noise can be
distinctly observed (Figure 3). Using gray value
from the point, the defect can be clearly segmented.
2.4 Binary image morphology processing
Because of the regular texture on the fabric surface
and the influences of external factors when the
fabric images are collected, noise exists on the
image after threshold segmentation. As the size of
noise points is smaller than the defect, erosion of
binary image morphology processing can be used
to eliminate irrelevant noise point from the binary
image. Opening process will recover the decreased
object size through dilation. The defect is
originally continuous, but ruptures take place after
the threshold segmentation. Therefore, before the
opening process, closing process is necessary to
reconnect the discontinuous defect. The
cooperation of opening process and closing process
will eliminate the fabric texture noise clearly while
keep the characteristic of defect integrally.

3 Defects assessment and fabric grading
The wavelet transform-based automatic detection
of fabric defects is only for grey fabric at the
present time. The rules of automatic fabric
inspection in this system are made according to the
grey fabric inspection standards.
Defects can be divided into detailed classification
when they are detected manually, and different
defects are assessed according to different rules.
But for wavelet transform-based automatic fabric
defect detection, defects can only be divided into
three different types, namely warp defect, weft
defect, and warp-weft defect. When fabric defects
are detected automatically, such major defect as the
broken hole is identified as warp-weft defect, and
the oil strain, which is warp defect when it is
detected manually, is also identified as warp-weft
defect. So the defect assessment method of
automatic fabric inspection should not be same as
the method of manual fabric inspection. The defect
assessment rules of fabric grading automatically
are shown in TableⅠ.

2.5 Defects characterization
The defects should be characterized before scoring.
The defects type is given from wavelet transformbased automatic fabric defect detection. Three
defect features are extracted by computing the
segmented defect binary image: (1) the defect
length and width: the longer one in warp and weft
length of the defect is defined as defect length, the

TableⅠ Defect assessment rules of fabric grading automatically
Point
assessing
Defect
type

1(four-point)
1(ten-point)

2(four-point)
3(ten-point)

3(four-point)
5(ten-point)

4(four-point)
10(ten-point)

8cm above～16cm
16cm above～24cm
24cm above～100cm
5cm above～20cm
20cm above～50cm
50cm above～100cm
8cm above～16cm
16cm above～half width
8cm and below
Half width above
Weft defect
5cm and below
Half width above
5cm above～20cm
20cm above～half width
Length : width<2.0
Length : width ≥2.0
Features
Defect
length<1
cm
Defect length <1 cm
Defect
length
≥1
cm
Defect length ≥1 cm
Warp-weft defect
2(four-point)
3(four-point)
3(four-point)
4(four-point)
Points
4(ten-point)
8(ten-point)
5(ten-point)
10(ten-point)
Note: The maximum point of each defect and amount point of defects in 1 meter is 4(four-point) and 10(ten-point).
Warp defect

8cm and below
5cm and below
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Table Ⅱ Comparison of characterizing manually and automatically
Features
Defects
name
Coarse end
Missing end
Double warp
Double pick
Taped filling
Open setting
Slub yarn
Gout
Broken hole
Oil strain
Weft kinks
Tight thread
Amount point

Length
cm
5.4
8.0
8.0
8.0
8.0
8.0
1.4
2.8
0.5
1.7
0.4
6.2

Manual characterizing
Manual
Width
Ten
cm
point
0.3
0.2
0.2
0.2
0.3
1.2
0.2
0.3
0.5
1.5
0.4
4.4

3
3
3
3
3
10
1
1
5
2
1
10
45

Four
point
1
1
1
1
1
4
1
1
3
2
1
4
21

Automatic characterizing
Manual
Automatic
Width
Ten
Four
Ten
Four
cm
point
point
point
point

Length
cm
4.4
7.7
5.5
8.0
8.0
8.0
1.4
2.7
0.3
1.2
0.3
5.5

In manual grey fabric inspection, defects are
assessed according to GB/T 17759-1999 (Method
of inspection for grey fabric surface defects) which
includes three assessment methods: ten-point, fourpoint, and eleven-point. The ten-point and fourpoint methods are used frequently in production, so
the assessment method made for this system is
according to these two methods.

0.3
0.2
0.2
0.2
0.3
1.2
0.2
0.2
0.3
1.1
0.3
4.0

(a)

EXPERIMENT
To evaluate the objectivity of this system, twelve
kinds of fabric defects, arising during the routine
weaving process, are segmented, characterized and
assessed by this system. The segmentation results
are showed in Figure 4. Owing to space constraints,
here only parts of the typical defects are shown.
The process of defect image segmentation of the
oil strain is showed in Figure 5.

1
3
3
3
3
10
1
1
5
2
1
10
43

(b)

1
1
1
1
1
4
1
1
3
2
1
4
21

1
3
3
3
3
6
1
1
4
8
4
8
45

(c)

1
1
1
1
1
4
1
1
2
3
2
3
21

(d)

(e)
(f)
(g)
(h)
FIGURE 5. Whole process of oiled defect segmentation
(a) medial filtering (b) vertical edge inspection (c) threshold
segmentation (d) dilation of closing (e) erosion of closing (f)
erosion of opening (g) dilation of opening (h) direct
segmentation of gray image

The defect length and width features after
computing the segmented defect image are listed in
Table Ⅱ . The manual and automatic assessment
results are also listed in Table Ⅱ . It can be
observed that there are some differences in defect
length and width between the characterizing results.
It can also be seen that the results with four-point
are the same, and the results with ten-point are also
the same except the results of coarse warp when
assessed manually and automatically under the
standards of manual inspection. So the typical
defects in production can be characterized and
graded accurately by the method of image
segmentation as has been shown above.Comparing
the defect assessment results manually and
automatically (Table Ⅱ), as to the obvious defects
identified as warp defect or weft defect under the
rules of manual assessment and our system, the
results are the same. However, there are also some
defects which are identified as two different kinds
of defects under the two rules, resulting in different
assessment results for the same defects. The only

(a) gout
(b) tight thread
(c) oiled defect
FIGURE 4. Original and final segmented image of typical
defects
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reason for this is that the length-width ratio cannot
separate different defects effectively. However the
overall difference is not significant, which can be
seen from the total points of all defects shown in
Table Ⅱ . Fabric grading is mainly based on the
total points of all defects, so the rules of fabric
grading automatically are equal to the rules of
fabric grading manually. Therefore the automatic
fabric grading system in this paper is objective.
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CONCLUSIONS
Compared to manual fabric inspection, the fabric
can be graded automatically, rapidly and
objectively by the method discussed in this paper
when it is used with the system of automatic
detection of fabric defects. However there are still
many things to be improved, such as the automatic
choosing of threshold and the size of erode
structure element. With the development of
computer technology, digital image processing and
neural network, the automatically computer visionbased fabric assessment will definitely take the
place of manual fabric grading.
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Abstract
The composition and structure of soybean protein/viscose blend fiber has been tested and analyzed in this paper. The
results show that the fiber is consisted of eighteen polycondensation of macromolecular and cellulose of amino acid.
The cross section of the fiber is flat, dumbbel-shaped and waist shaped. The longitude surface of the fiber has some
irregular trenches. The fiber is skin-core structure and has trivial microporous in the fiber. The infrared absorption
spectrum curve of the fiber is basically a superposition of infrared absorptions including mucilage glue and protein.
The UV and visible light absorption spectrum of this fiber has a larger absorption peak when wave number is
849cm-1 and the absorption strength was 94.5%. The absorption strength of the fiber at the UV absorption band was
relatively lower. In order to produce anti-UV products, it is need to add anti-UV agent.

Key words: Soybean protein/viscose blend fiber; Composition; Structure; Study
Nowadays, the common soybean protein fiber is
strictly explained as the blend modification fiber of
PVA or PAN with low proportional soybean protein.
According to the physical composition, it is defined as
“PVA or PAN fiber containing soybean protein” or
“soybean protein blend modification fiber. It is also
called soybean protein/PVA blend fiber or soybean
protein/PAN blend fiber, and the most soybean protein
fiber is soybean protein/PVA blend fiber. With
lengthening the application time and broadening the
application fields of the soybean protein/PVA blend
fiber, more and more relevant problems appear, which
is because the PVA component is higher in this fiber. In
order to solve these problems of the soybean
protein/PVA blend fiber, the other main component
with better properties should be selected to blend with
soybean protein[1-4].On the basis of soybean protein
fiber mentioned above, immerse bean cake into water
and then separate and purify them to get protein, and
change its space structure. By certain treatment to
obtain soybean protein spinning solution and blend it
with viscose solution under proper condition, then with
wet spinning to manufacture new soybean protein
fiber----soybean protein/viscose blend fiber. In this
paper, we study and analyze the composition and

structure of soybean protein/viscose blend fiber.
1 The composition of soybean protein/viscose blend
fiber
The soybean protein/viscose blend fiber is consisted of
thirty percent of soybean protein and seventy percent
of viscose, which can be proved in following Fig.3.
Because there is soybean protein in the fiber, it
contains about ten kinds of amino acids. But the
soybean protein proportion in the fiber is lower, so the
composition proportion of amino acid is very low, and
it is different from animal protein. On basis of the
present results, the amino acids content in soybean
protein (dried and degreased protein)[5-6] is listed in the
Tab.1. The soybean protein contains eighteen kinds of
α-amino acids (excepting hydroxide praline, cysteine
and 2,6-biamino hesanoic acid), and the components
with higher content are glutamic acid, asparagic acid,
arginine and leucine, etc. From this result, we can
know that the categories and properties of α-amino
acids in soybean protein are more similar to those of
wool. But the content of cystine in soybean protein is
less than keratin in wool, while more than silk protein.

Tab.1 Amino acid content of common soybean protein
Categoryof aminoacid

Content
mg/g

Categoryof aminoacid

Content
mg/g
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Categoryof aminoacid

Content
mg/g

glycin

34～35

alanine

36～45

leucine

66～80

serine

45～56

glutamic acid

184～210

lysine

60～69

103～120

arginine

75～84

valine

45～54

asparagic acid
threonine

36～43

histidine

22～27

cystine

methionine

13～16

phenylalanine

4～450

tyrosine

tryptophan

11～13

proline

53～63

35～39

2 The morphological structure of the soybean

2.2

protein/viscose blend fiber

protein/viscose blend fiber
With scanning electron microscope (JSM-5610LV
model), the longitudinal shape of soybean
protein/viscose blend fiber is shown in Fig.2. The
surface of the blend fiber isn’t smooth, and there are
anomalistic grooves and island shaped cockling on the
surface. This result is attributed to the wet spinning.
Because the spinning solution solidify in setting bath,
and high-speed stretching results in dewatering of
surface and orientation of the fiber, the grooves of fiber
surface appear, which affect the stiffness and humid
diffusivity. The surface shape can alter the light
absorption, light reflex, light refraction and light
dispersion, thereby surface shape affects the luster of
fiber. The rough surface of soybean protein/viscose
blend fiber makes the fiber have certain luster, and
there is no polar lights phenomenon to this fiber, and
the color of this fiber is yellow.

2.1 The structure and shape of cross section of
soybean protein/viscose blend fiber
With scanning electron microscope (JSM-5610LV
model), the cross section shape of soybean
protein/viscose blend fiber is shown in Fig.1. The
soybean protein/viscose blend fiber is obtained by wet
spinning. The spinning solution concrete and form fiber
in the setting bath. The cross-section of blend fiber is
flat, dumbbell or waist-circle shape, and is core-skin
structure with compact skin and slack core. And there
are many small pores in the cross section. These small
pores influence observably moisture absorption and
humid diffusivity of the fiber. When the initial fiber
gets into the setting bath, the surface of streamlet,
which directly contacts the setting bath, rapidly
dehydrates and concretes to form a thin cuticle layer.
With the moisture in the streamlet diffusing through
cuticle layer, concretion layer gets thick, and forms
so-called cortex. When the content of the accumulative
solvents in the spinning solution reach critical
concentration, which can make residual spinning
solution concrete, these residual solution rapidly
concrete. So the core layer has more pores and is
incompact. Because the formation of cortex is prior to
core layer and the thickness of cortex often limits the
volume shrink resulted from the formation of core layer.
So, when the core layer concretes, the section
inevitably is distorted to flat shape and elliptic
shape[7-8] .

The

13～16

longitudinal

shape

of

soybean

Fig.2 Longitudinal morphology of soybean
protein/ viscose blend fiber

3 The inner structure of soybean protein/viscose
blend fiber
3.1 Analysis of the infrared absorption spectrum of
soybean protein/viscose blend fiber[9-11]
The instrument we employed is typed Nicolt570
Frustrated Total Internal Reflection and the
measurement band range is from 400（cm-1）to 4000
（cm-1）. The molecular structural formula of protein is
as followed:
Fig.1 Cross-sectional morphology of

—HNCHCO——HNCHCO—HNCHCO—HNCHCO—
|

Soybean protein/viscose blend fiber

R1

- 540 -

|

|

|

R2

R3

R4

The infrared absorption spectrum of soybean
protein/viscose blend fiber and soybean protein/PVA
blend fiber are shown in Fig.3, Fig.4. The absorption
peaks at 1654.9cm-1, 1541.6cm-1, 1233.6cm-1, 669.8
cm-1 in Fig.3 and the absorption peaks at 654.9cm-1,
1541.4cm-1, 1238.7cm-1 in Fig.4 are all the
characteristic absorption peaks of amido bond in
protein molecule, which explain that there is protein in
two fibers. And the absorption peaks at 3448.4cm-1,
1375.6cm-1, 1161.2cm-1, 2892.3cm-1 in Fig.3 are
characteristic spectrum band of cellulose. So the main
components of soybean protein/viscose blend fiber are
soybean protein and cellulose. Compare to the infrared
absorption spectrum of viscose fiber and protein fiber,
there is no obvious evidence of chemical reaction
between soybean protein molecule and cellulose
molecule. The infrared absorption spectrum curve of
this fiber is basically superposition of two spectrum
curve of viscose fiber and protein fiber.

have different absorption spectrums, which is attributed
to the molecular, atom and radicel of fiber. The UV-Vis
near infrared spectrophotometer is employed, and
measurement wavelength is from 250nm to 800nm.
From Fig.5 and Fig.6, we can see that there is different
visible light absorption spectrum from band 400nm to
band 800nm. There is a bigger absorption peak at 849
cm-1 to the soybean protein/viscose blend fiber, and the
absorption intensity is 94.5 percent, but there is a
bigger absorption peak at 897cm-1 to the soybean
protein/PVA blend fiber, and the absorption intensity is
98.5 percent. This result shows that the absorption
intensity to UV light of soybean protein/viscose blend
fiber is weaker.

100

849

80

吸光度/%

Where R1 ， R2 ， R3 ， R4 are polarity groups or
non-polarity groups. The main functional groups in
soybean protein are amido(—NH2), carboxyl
（—COOH）, phenyl, sulfenyl（—SH）[8-11].
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Fig.5 UV and visible light absorption spectra of
soybean protein/viscose blend fiber
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Fig.6 UV and visible light absorption spectra of
Fig.4 Infrared absorption spectra of

soybean protein/PVA blend fiber

soybean protein/PVA blend fiber

3.2 The analysis of UV and visible light absorption
spectrum[9-11]
When the light permeates the fiber, the light with
certain wavelength is absorbed by fiber. So the light
with some wavelengths become weak or disappear, this
light is defined as absorption spectrum. Different fibers

4 Conclusions
The soybean protein/viscose blend fiber is consisted of
thirty percent of soybean protein and seventy percent
of viscose. The soybean protein contains eighteen kinds
of α-amino acids, except for hydroxide praline,
cysteine and 2,6-biamino hesanoic acid. The cross
section of the fiber is flat, dumbbel-shaped and waisted.
The fiber belongs to skin-core fiber and has trivial
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microporous in the fiber. The longitude surface of the
fiber has some irregular trenches. The infrared
absorption spectrum curve of this fiber is basically
superposition of two spectrum curve of viscose fiber
and protein. The UV and visible light absorption
spectrum of this fiber has a larger absorption peak at
849cm-1 and the absorption strength was 94.5%. The
absorption strength to UV light of the fiber is relatively
lower. In order to produce anti-UV products, we should
add anti-UV agent.
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APPROACH
Raw materials and equipments
Raw materials were mulberry silk and tussah
silk.The
reagents
contained
HCl,NaOH,
Na2HPO4,NaH2PO4,
Na2CO3,
bovine
hemoglobin(biochemical
reagent,
shanghaiXueManBiotechnologyCo,Ltd)
and
L-histidine
(biochemical
reagent,
shang
haiKangJieBiotechnologyCo,Ltd). The testers
contained
UV-1800
spectrophotometer
(Shimadzu, Japan), HHS-8 thermostat-controlled
water-bath, ISO 9001 analytic balance, Srtorius
universal PH tester and strainer made of stainless
steel,whose etalon was 400 meshworks.

STATEMENT OF PURPOSE
In this paper, raw materials were mulberry silk
fibroin and tussah silk fibroin.Under the definited
conditions, the dissolved silk fibroin(the ecderon of
silk fibroin) and the whole silk fibroin were
got.The histidine in the ecderon of silk fibroin or
the whole silk fibroin was quantitated by the color
fixation between histidine and hemoglobin,which
formed stationary ligand complex. Furthermore,
the distribution of the histidine in two kinds of silk
fibroin was illustrated.
INTRODUCTION
The silk comprises fibroin and sericin, sericin has
sensibiligen, which produce inflammatory reaction,
and fibroin owns the following merits:
predominant mechanic performance, favourable
biocompatibility, degradation,and so on .In that
case,recently, the study on silk Fibroin as cell
growth supporting frame material has been a
popular topic in field of research.1
According to some reports，cell adhesiveness was
showed by the strong electrostatic interaction
between the positive charge on the material surface
and the obvious negative charge on the cell
surface2 ,and the silk fibroin contained basic amino
acid which had positive charge, and the histidine
played an important part on the proteinaceous
structure and function. So it was necessarily
significant to study and research on the distribution
and quantitation of histidine,which was a basic
amino acid, in silk fibroin.Because it was reported
that histidine played an important part in proteinic
structure and function3 , the determination of the
histidine in the ecderon of silk fibroin is helpful for
the proteinic structure and function in the ecderon
of silk fibroin.
Recently,there have been some assay methods for
histidine ,but histidine can only be quantited by
automatic amino acid analyser, because some other
amino acids can interfer the quantitation of
histidine by other assay methods.4-8 Therefore，in
this paper, histidine is quantitated by the color
fixation between histidine and hemoglobin,which
can form stationary ligand complex3.

Test methods
The dissolved silk fibroin(the ecderon of silk
fibroin) and the whole silk fibroin were got,under
the following processing conditions: HCl
concentration was 3 mol/L,temperature was
40℃,and time was respectively 8h for mulberry
silk fibroin and 10h for tussah silk fibroin. Then
the maximum absorption waveleng of the histidine
- hemoglobin ligand complex was measured by UV
spectrophotometry.By statistical analysis
software,the regression equation about the optical
density of ligand complex in the maximum
absorption waveleng and the corresponding quality
of histidine was got.At last,after being reformed,the
results could show that the content of histidine in
the ecderon of silk fibroin and the whole silk
fibroin.
RESULTS AND DISCUSSION
Degumming
Percentage of degumming （ % ） = （ w0-w ）
/w0 × 100%9,in this formula,w0 denotes the dry
weight of raw silk, w denotes the dry weight of
degummed raw silk.
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TABLE I. The experimental data of degumming of silk
The
Percent
average
age of
percentage
degum
w/g
samples
w0/g
of
ming
degummin
/%
g /%
mulberry 1
2.1245
1.5966
24.58
24.39
silk
2
2.0547
1.5630
23.93
tussah
1
2.1593
1.7302
19.87
20.22
silk
2
2.0986
1.6671
20.56

The degummed raw silk was put in test tube,and
the liquid of trinitrophenal- coccinellin was also
dropped until it immersed the degummed raw
silk.After heated for 5min, the degummed raw silk
was taken and cleaned to observe the color in the
silk. The result showed yellow, and the average
percentages of degumming were respectively
24.39% and 20.22% in table I,which explained that
the effectiveness of degumming was better.
The content of the dissolved silk fibroin（%）=
（m1-m2）/ m1 × 100%, in this formula, m1 denotes
the dry weight of silk fibroin before HCl solution,
m2 denotes the dry weight of silk fibroin after HCl
solution.

FIGURE 1. The ultraviolet absorption spectrum of the
histidine-hemoglobin ligand complex

From fig1, it showed that the maximum absorption
waveleng of the histidine-hemoglobin ligand
complex was 539nm by UV spectrophotometry; .
furthermore,we could know that, firstly,under the
condition of a little excess bovine hemoglobin ,
the optical densitys of ligand complex were
increasing to follow the increasing concentration
of histidine; secondly, the quality of standard
histidine determined the quality of ligand
complex ,so the quality of unbeknown histidine in
dissolved silk fibroin could be got by the quality of
histidine-hemoglobin ligand complex . The
ultraviolet
absorption
curves
of
histidine-hemoglobin ligand complex in a,b,c and d
liquid were respectively in red,yellow,blue and
green.
The implementor of statistical analysis software
and the quantitation of histidine

TABLE Ⅱ. The experimental data of dissolved silk fibroin by
HCl solution
The
The
Average
Content
Value of
of the
Sample
m1/g
m2/g
the Content
Ecderon
of the
of Silk
Ecderon of
Fibroin
Silk Fibroin
Mulberry 1 4.2583 3.7980
10.81%
Silk
2 4.4971 3.8801
13.72%
12.6%
Fibroin
3 4.0195 3.4861
13.27%
（8h）
Tussah
Silk
Fibroin
（10h）

1
2

1.0283
1.0594

0.9068
0.9438

11.82%
10.91%

3

0.9678

0.8691

10.20%

TABLE Ⅲ The data of the quality of histidine and the optical
density of ligand complex

10.98%

Samples
1
2
3
4
5
6
7
8
a
b
c

From tableⅡ,it showed that the average values of
the content of the dissolved silk fibroin were
between 10% and 25%,which illustrated that the
dissolved silk fibroin could be called the ecderon
of silk fibroin10.
The ultraviolet absorption Spectroanalysis of
histidine-hemoglobin ligand complex

d

C（his）
/10-4mol/L
3
5
7
9
11
13
15
17
——
——
——
——

m(his)/g

A

9.31 × 10-4
1.55 × 10-3
2.17 × 10-3
2.79 × 10-3
3.41 × 10-3
4.03 × 10-3
4.65 × 10-3
5.28 × 10-3
？
？
？
？

0.131
0.138
0.14
0.142
0.153
0.154
0.158
0.169
0.162
0.151
0.157
0.149

MARK: m(his) denotes the quality of histidine and A denotes
the optical density of ligand complex in 539nm
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By statistical analysis software,the regression
equation about the optical density (A)of ligand
complex in 539nm and the corresponding
quality(m)of histidine was:
A = 8.038m + 0.123 ,
and the regression coefficient was 0.979. P（sig. ）
<5% ，R2=0.958. After we put the optical density
of ligand complex in a -d liquid in tableⅢ to the
regresssion equation, the quality of histidine could
be got and the datas could be seen in tableⅣ.
The disposition of the histidine in the silk
fibroin

indicated that the histidine in mulberry silk fibroin
and tussah silk fibroin were mainly distributed in
the ecderon of silk fibroin.

TABLE Ⅳ. The disposition of the histidine in silk fibroin
Mulberry Silk Fibroin
Tussah Silk Fibroin
Items
a
b
c
d
The Quality of
the Silk Fibroin
before being
4.2583g
1.0232 g
0.8054 g
0.2069 g
Dissolved
（ m 1）
The Quality of
the Ecderon of
0.5365g
0.0884g
—
—
Silk Fibroin
（ m 1 × n%）
The Quality of
0.00485g 0.00348g 0.00517g 0.00327g
the Histidine
The Weight
Rate of
Histidine in the
Ecderon of Silk
33.49%
40.6%
Fibroin to that
in the Whole
Silk Fibroin
The Content of
the Histidine in
0.34%
1.58%
—
—
the Whole Silk
Fibroin
The Weight
Rate of
Histidine in the
Ecderon of Silk
0.90%
5.82%
—
—
Fibroin to the
Ecderon of
Silk Fibroin
MARK: n% means the quality percentage of the ecderon of silk
fibroin,and n=12.6 for mulberry silk fibroin and n=10.98 for
tussah silk fibroin.The silk fibroin must be proratly reformed to
calculate the weight rate of histidine in the ecderon of silk
fibroin to that in the whole silk fibroin

Form table Ⅳ,it showed that, in the mulberry silk
fibroin and tussah silk fibroin, the contents of
histidine
were
respectively
0.34%
and
1.58%,which indicated that the contents of
histidine in the two kinds of silk fibroin were
low,but the content in tussah silk fibroin was
relatively higher than that in mulberry silk fibroin;
furthermore, the weight rates of histidine in the
ecderon of silk fibroin to that of the whole histidine
were respectively 33.49% and 40.6% ,which
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CONCLUSIONS
The results also showed that, firstly, the maximum
absorption waveleng of the ligand complex was
539nm by UV spectrophotometry ; secondly,in the
mulberry silk fibroin and tussah silk fibroin, the
contents of histidine were respectively 0.34% and
1.58%,which indicated that the contents of
histidine in the two kinds of silk fibroin were
low,but the content in tussah silk fibroin was
relatively higher than that in mulberry silk fibroin;
thirdly, the weight rates of histidine in the ecderon
of silk fibroin to that of the whole histidine were
respectively 33.49% and 40.6% ,which indicated
that the histidine in mulberry silk fibroin and
tussah silk fibroin were mainly distributed in the
ecderon of silk fibroin.
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ABSTRACT
In this paper, tearing behaviors of three kinds of PVC coated bi-axial warp knitted fabrics were studied by
using three different tearing methods. The three tearing methods are Trapezoidal , Tongue and Precracked
Tearing. The correlations between the results obtained by different tearing methods were obtained. The
typical tearing load-extension curves and the influences of different tearing testing conditions are analyzed.
The results show that the tearing properties of the coated bi-axial warp fabrics are different from those of
the coated woven fabrics and depend on the tearing directions, structural parameters of the samples and
tearing methods. The precracked method gives higher resistance against tearing propagation. Moreover, the
results show that the trapezoidal and precracked tearing methods present a strong linear correlation. There
is no linear correlation between tongue and trapezoidal methods and between tongue and precracked
methods.
KEYWORDS: Coated; Tearing properties; Bi-axial warp knitting; Testing methods
of NCF´s are biaxial, triaxial and quadraxial
fabrics in which straight uncrimped yarns are
aligned in the warp (0°), bias (30°< θ <90°)
and/or weft (90°) directions to provide
multidirectional in-plane properties. Besides
higher production compared to woven structures,
the biaxial and multiaxial warp knitted structures
also provide better mechanical properties in
tensile and tearing propagation resistance[1,2].

1. INTRODUCTION
Coated fabrics are widely used for permanent
works in various applications such as sport
stadiums,
transportation
and
commercial
constructions. Indeed, textile structures constitute
an alternative to classical stiff roofs. As a kind of
soft composites, the resistance against tearing
propagation is a very important property required
by their end-uses, especially in some applications
such as roofing membranes, airship, inflatable
boats, rescue tents, etc[1].

Some research work has been undertaken on the
tensile and tearing behavior of soft composites
reinforced with woven-fabrics[3-6]. However,
only few research have been undertaken on the
mechanical performance of soft composites
reinforced with multiaxial NCF´s[1].

Woven fabric is the traditional reinforcement of
soft composites. Multiaxial non-crimp fabrics
(NCF) are a relatively new class of textile
preforms for soft composites that consists of
multiple layers of fibrous yarns stitched together
by warp knitting. The most commonly used types

This paper describes the tearing behavior of
bi-axial warp knitted fabrics coated with PVC.
with bi-axial warp knitted fabrics of PET fibers
were studied. The structural parameters of the
samples are listed in Table I.

The measurement methods and correlation
relationships between the results obtained by
different tear methods are presented and
discussed. The typical tearing load-extension
curves and the influence of different sample
carachteristics and tearing testing conditions are
analyzed.
2. SAMPLES AND TEARING TEST
METHODS
2.1 SAMPLES
Three types of flexible composites reinforced
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precracked tearing test is higher than that of the
other two conditions. This phenomenon is
different from that from coated woven fabrics in
which the general increasing tendencies of the
curves were not observed after the first breaking
of the yarns[1,2]. Because the insertion yarn
layers in the biaxial warp structure are not
interlaced, they tend to bunch together under
tearing action. This capability is strongly affected
by the coating process, once coating will limit the
slippage of the yarn during tearing tests. Some
studies have demonstrated that coating could
result in a reduction of the tearing properties of
biaxial or multiaxial warp knitted fabrics [3].

TABLE I. Structural parameters of samples

Fiber
Yarn

Sample1

Sample 2

Sample 3

Polyester

Polyester

Polyester

500*1000

1000

linear 500*500

density(dTex)
Density(warp*we

*1000
9*9

18*12

12*12

Mass(g/m2)

440

610

750

Coating material

PVC

PVC

PVC

Thickness(mm)

0.37

0.56

0.69

ft)(ends/inch)

2.2 TEARING TESTS
Three tearing methods, i.e, trapezoidal, tongue
and precracked tearing, as shown in Fig. 1, were
used for the tearing tests. The trapezoidal and
tongue tearing tests were respectively preformed
according to the British Industrial Standard
BS3424method7A and the Chinese Standard
GB3918-83. Two different tearing directions, i.e.
testing along weftwise(0°) and warpwise(90°),
were selected. The testing machine used was a
H100KS
Hounsfield
Universal
Testing
Instrument. The crosshead speed was 100
mm/min. Three tests were carried out for each
case of testing.

Tongue tearing(weft)
sample1
sample2
sample3

340
320
300
280
260
240

Load(N)

220
200
180
160
140
120
100
80
60
40
20
0
0

50

100

150

200

250

Displacement(mm)

a
Tongue tearing(warp)
sample1
sample2
sample3

340
320
300
280
260
240

Load(N)

220
200
180
160
140
120
100
80
60
40
20
0
0

FIGURE 1. Different tearing methods
(a) Trapezoidal (b) Tongue (c) Precracked Tearing

50

100

150

200

Displacement(mm)

b

3. RESULTS AND DISCUSSION
3.1 TEARING BEHAVIOR
The tearing curves for three tearing tests are
shown in Figures 2-4. Observing these figures, it
can be found that the loads for the curves of
tongue and trapezoidal tearing vary according to
the saw tooth forms. The curve of Precracked
tearing is smoother than those of tongue and
trapezoidal tearing. The first peak of the graph is
corresponding to the maximum tear force; then
the force starts to decrease under precracked
tearing condition. For the tongue and trapezoidal
tearing tests, the maximum tear force is occurring
after some peaks. This is normal because the
number of the yarns bearing the load under

FIGURE 2. Tongue tearing
(a)Tongue tearing(weft) (b)Tongue tearing(warp)
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Trapezoidal tearing(weft)
sample1
sample2
sample3

400
350

Precracked tearing(warp)
sample1
sample2
sample3

1300
1200
1100

300

1000
900

Load(N)

Load(N)

250
200
150

800
700
600
500
400

100

300
200

50

100
0

0
0

10

20

30

40

50

0

60

400
350

Load(N)

300
250
200
150
100
50
0
10

20

30

40

50

60

Ddisplacement(mm)

b
FIGURE 3. Trapezoidal tearing
(a)Trapezoidal tearing (weft) ,(b) Trapezoidal tearing (warp)

Precracked tearing(weft)
sample1
sample2
sample3

1300
1200
1100
1000

Load(N)

900
800
700
600
500
400
300
200
100
0
0

5

15

20

25

30

35

40

3.2 INFLUENCE OF THE TEARING
DIRECTIONS AND THE STRUCTURAL
PARAMETERS OF THE SAMPLES
From Figs.2-4 and Table Ⅱ, one can see that the
tearing direction and the structural parameters of
the samples affect the resistance against tearing
propagation. The maximum resistances of sample
3 are higher than those of sample 2 and 1. The
maximum resistances of sample 2 in warp
direction are higher than those in weft direction
under the tongue tearing test, but the maximum
resistances in warp direction are lower than those
in weft direction under the trapezoidal and
precracked tearing test. This is due to that the
insertion yarns of sample 2 in the warp (0°) have
higher the linear density, they will give higher
tearing resistance. In the case of the tongue
testing condition, the acting force is parallel to
the tearing direction, and in the case of
precracked and trapezoidal testing conditions the
acting force is vertical to the tearing direction. As
the stitch yarn is much finer than the inlaid yarns,
the tearing properties of the coated biaxial fabrics
mainly depend on the inlaid yarns. As shown in
TableⅠ, the linear density and the density of the
inlaid yarns are different in the warp and weft
directions. This leads to different tearing behavior
in both directions. In fact, besides the inlaid yarns,
other factors are also influencing the tearing
properties, such as regularity of the yarn tension
during knitting, quality of coated fabric,
structural uniformity of the yarn density, etc.

Trapezoidal tearing(warp)
sample1
sample2
sample3

0

10

b
FIGURE 4. Precracked tearing
(a)Precracked tearing(weft) (b) Precracked tearing(warp)

a

450

5

Displacement(mm)

Displacement(mm)

10

15

20

25

30

35

40

45

Dispalcement(mm)

a

- 549 -

TABLEⅡ.

Maximum resistance in warp and warp

directions for three tearing methods
1000

Tongue

Trapezoid

Precracke

(N)

al (N)

d (N)

We f t

Sample1

121.6

138.1

457.1

(0º)

Sample2

252.9

362.5

1088.8

Sample3

377.8

430.7

1214.3

Wa r p

Sample1

103.3

255.1

475.3

(90º)

Sample2

308.4

289.9

880.0

Sample2 tearing(warp)
Tongue tearing
Trapezoidal tearing
Precracked tearing

800

Load(N)

Tearing method

600

400

200

0
0

50

100

150

200

Displacement(mm)

Sample3

319.9

432.0

1218.0
FIGURE 5.

testing conditions

3.3 INFLUENCE OF THE TEARING
TESTING CONDITIONS
Undoubtedly the tearing properties also depend
on the tearing testing conditions. Fig.5 shows that
the tearing curves under tongue, trapezoidal and
precracked tearing tests are different, for the
same sample and testing direction. It can be seen
from Fig.3 and Table Ⅱ that the maximum
resistances under precracked testing conditions
are higher than those under the other two tearing
testing condition. In fact, the manner by which
the yarns bear the loads are different for the three
tearing testing conditions. In the case of the
precracked and trapezoidal testing conditions, the
inlaid yarns parallel to the tearing direction can
directly undertake the loads along their axial
direction, as shown in Fig. 1. This increases
considerably the resistance of the structure
against tearing propagation.

(a) Weft , (b) Warp

3.4 CORRELATION BETWEEN THE
THREE TEARING TESTS
In order to find the relationship between the three
described methods, the linear correlation
coefficients have been calculated. Table Ⅲ and
Fig. 6 show the results obtained. The border
value of the correlation coefficient at a random
degree n-2=8, and the significance level α =0.01,
above which the correlation exists, is 0.708.
According to this, there is a strong linear
correlation relationship between the trapezoidal
and precracked tearing method; there is no linear
correlation between the tongue and trapezoidal
methods and between the tongue and precracked
methods. It can be assumed that in the case of
trapezoidal and precracked tearing methods the
tearing is carried out in the direction parallel to
the direction of force application.
TABLE Ⅲ. The correlation coefficient of three tearing tests

1200

1000

Methods

Sample2 tearing(weft)
Tongue tearing
Trapezoidal tearing
Precracked tearing

800

Load(N)

Tearing curves of sample 2 under three tearing

600

Correlation

400

coefficient R

200

0
0

50

100

150

200

Displacement(mm)
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Tongue,

Tongue

,

Trapezoidal,

Trapezoidal

Precracked

Precracked

0.604

0.387

0.830

analysis, the following conclusions could be
obtained:

Tongue andTrapezoidal tearing
R=0.604
140

1) The tearing properties of the coated biaxial
warp knitted fabric depend on the tearing testing
direction, structural parameters of the samples
and tearing methods. The precracked method
gives higher resistances against tearing
propagation.

Trapezoidal tearing

120

100

80

60

40

2) There is a strong linear correlation
relationship between the trapezoidal and
precracked tearing methods. There is no linear
correlation between tongue and trapezoidal
methods and between tongue and precracked
methods.

20
50

60

70

80

90

100

110

Tongue tearing

Tongue and Precracked tearing
R=0.387
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FIGURE 6 . The correlation relationship between three
tearing methods

4. CONCLUSIONS
The tearing properties of polyester biaxial warp
knitted fabrics coated with PVC are presented.
According to the experimental results and
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Abstract
The tensile performances of coated membrane materials under uni-axial, bi-axial and multi-axial loading
condition are very significant for the design, manufacture, installation and maintenance of lightweight
membrane structures. This paper investigated and compared the tensile performance of coated membrane
materials under uni-axial, bi-axial and multi-axial loading condition. The testing standards of uni-axial tensile
tests were compared. Since there is none of standard about the bi-axial tensile tests, only the usual methods
were listed. At last, all of the tensile tests of one kind of coated membrane material under uni-axial, bi-axial and
multi-axial loading condition were carried out respectively on the multi-axial testing machine. The tensile
performances under different loading condition were compared. It was found out that under bi- and multi-axial
loading condition, the tensile performances are much better than those under uni-axial loading condition. These
phenomena tell that due to the special structures (orthotropic and plain woven), the tensile performance of
coated membrane materials is depending on the interactions of the warp yarns, the fill yarns and the coating
material when loading under bi- and multi-axial conditions. Then, during the application of the coated
membrane materials in lightweight structures, bi-axial or multi-axial loading conditions are necessary.
Keywords: Coated Fabrics, Membrane materials,Tensile,Bi-axial,Multi-axial.
materials under uni- and bi-axial loading condition
have been compared. Besides, to compare the
mechanical performance of coated membrane
materials, tensile experiments under uni-, bi- and
multi-axial loading condition were carried out. The
results were discussed.

INTRODUCTION
For years, with the application of the lightweight
membrane structures, the coated membrane
materials has been applied widely as the roofing
materials used for this kind of structures. The
membrane materials made of woven fabric (with
polyester or glass fibers) and polymer coating (with
PVC or PTFE coating) play an important role in
the application of the lightweight structures.[1] To
sustain a shape, the coated membrane materials
must be in tension. However, as a kind of flexible
materials, the tensile phenomena of the coated
membrane materials such as the nonlinearity,
anisotropic and with a large distance make the
tensile behavior more complex.[2-5] Besides, the
tensile performance is changing with the variety of
tensile loading conditions, such as uni-axial loads,
bi-axial loads or multi-axial loads.[6] Lack of
better understanding of the tensile performance of
flexible coated membrane materials leads to the
practice of high safety factor, typically larger than
5 even as great as 10, which is twice to four times
of that for the supporting cables, rods and webbing.
Therefore it is necessary and significant to research
the tensile performance of coated membrane
materials under different loading condition.
In this paper, experimental standards or methods
used for tensile testing of coated membrane

EXPERIMENTS
FIGURE 1 shows the configuration of the
specimens of coated membrane materials for uniaxial tensile tests. Experiments have been
performed to investigate the effect of the testing
conditions such as length and width of the
specimens and the loading speed. Results showed
that the length of the specimen had great effect on
the elongation at break, and with the increasing of
the length of the specimen, great decrease of the
elongation at break could be noticed. The loading
speed had also the same effect on the elongation at
break only with lower extent. The width of the
specimen had great effect on the strength at break,
and with the increasing of the width of the
specimen, the strength at break drops a little bit
quicker. However, the length of the specimen and
the loading speed had little influence on the
strength at break of the coated membrane materials.
When it comes to the testing methods listed in
TABLE I with different testing parameters, results
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Chen[6] has investigated the tensile behavior with
a smaller size of bi-axial specimens (60mm ×
60mm), it was found out that the tensile
performance under bi-axial loading condition could
be obtained if the other testing parameters could be
controlled carefully. Chen[6] and Bridgens[12]
(with a bi-axial test protocol presented) studied the
other testing details that may influent the tensile
behavior of coated membrane materials under-biaxial loading condition. Chen has demonstrated
that for the measuring of the strains in the two
perpendicular directions of the bi-axial specimens,
the contact method---the needle extensometer does
not interfere the correct data recording.

showed that by ASTM4851 higher strength and
elongation at break could be achieved. However
for the standard of JIS L 1096, lower strength and
elongation at break were obtained. The difference
between the strengths and the elongations at break
of these two standards was as high as about 20%.
Then this phenomenon tells that the testing
standards have great effect on the results of the
tensile performance of coated membrane materials
under uni-axial loading condition.

FIGURE 1 Configuration of specimens for uni-axial tensile tests
TABLE I Testing standards for uni-axial tensile tests

Testing
standard
BS
3424[7]
JIS L
1096[8]
DIN
53354[9]

ASTM
4851[10]

ISO
1421[11]

Title
Methods of Test
for
Coated
Fabrics
Testing Methods
for Fabrics
Testing
of
Artificial Leather
Tensile Test
Standard
Test
Methods
for
Coated
and
Laminated
Fabrics
for
Architectural Use
Fabrics
Coated
with Rubber or
Plastics
Determination of
Breaking Strength
and Elongation at
Break

Testing conditions
Loading
Width
speed
/ mm
/ (mm/min)

Length
/ mm
200

50

100

200

30

200

200

50

100

75

25.4

50

FIGURE 2 Configuration of specimens for bi-axial tensile tests
TABLE II

Dimensions of specimens for bi-axial tensile tests

Cross area
/
(mm×mm)
Bridgens[12] 300×300
Reference

200

50

100

It is known that in applications coated membrane
materials are under complex loading conditions.
Uni-axial tests, although simple to undertake, are
less favorable in evaluating the service
performance of the material. Thus, the bi-axial
tensile test is recommended. However, presently
there is no common recognized testing method on
bi-axial tensile test for membrane materials.
Neither the configuration of specimen for bi-axial
tests and the testing condition with details has been
identified.
Different configurations have been used in
literatures, shown in FIGURE 2 and TABLE II.

Arm Arm Clamp
Slit
Number
width length length
length
of slits
/ mm / mm / mm
/ mm
300
150
50 11 (long) 150
2 (long) 230
240
180
50
3 (short) 45

Kato[4]

240×240

MSAJ/M02-1995[13]

160×160

160

160

160×160
140×140
100×100
60×60

160
140
100
60

180
190
210
110

Minami[14]
Chen[6]

100

5 (long)

160

---

1 (long)
2 (short)

---

50

3 (long)

110

COMPARATIONS OF RESULTS
To investigate the difference of tensile
performance of coated membrane materials under
different testing methods, i.e. under uni-, bi- and
multi-axial tensile loading condition. Since the
testing should be performed under same condition,
then all of the tests were put in practice on the
multi-axial machine, shown in FIGURE 3.
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Three group of uni-, bi- and multi-axial tensile tests
were carried out on the same sample, a kind of
PVC-coated polyester woven membrane materials,
of which the specifications were listed in TABLE
III. For the convenience of the comparison of
testing results, the configurations of specimen were
carefully chosen. The configuration for multi-axial
tests, shown in FIGURE 4, was determined firstly
according to the limitation of the multi-axial
machine and pretests. The configurations of the
specimens used for uni-axial tests (strip specimens)
and bi-axial tests (cruciform specimens) were
agreed with the multi-axial configuration. The
configuration of the strip specimen for uni-axial
tests was 260 mm (length) × 80 mm (width) and
the configuration of the cruciform specimen for biaxial tests was 260 mm (length in warp direction) ×
260 mm (length in fill direction) with same arm
widths of 80 mm for the two perpendicular
directions. For all tests, the loading speed was 5
mm/min.

The testing results of PVC-coated membrane
materials under uni-, bi- and multi-axial loading
condition are shown in FIGURE 5, FIGURE 6 and
FIGURE 7 according to materials directions. It can
be seen that the stress-strain behaviors in different
material directions are affected significantly by the
loading conditions. In warp direction, when the
stress is more than 50 N/cm, with the increasing of
tensile stress, great differences may be observed
between the tensile curves under uni-, bi- and
multi-axial loading condition. In ±45º directions,
the whole tensile curves are totally different under
the uni-axial and multi-axial loading condition.

FIGURE 5 Tensile behaviors of specimens in the Warp
direction (0º) under uni-, bi- and multi-axial tensile loading
condition

FIGURE 3 The multi-axial tensile apparatus[15]
TABLE III Specifications of PVC-coated polyester membrane
material

Weave
pattern

Yarn
count
(Tex)

Yarns
density
(ends/cm)
×
(picks/cm)

Mass
(g/m2)

Thickness
(mm)

Breaking
strength
(warp/fill)
(N/5cm)

Panama

111.11

12×12

850

0.80

3500/3000
FIGURE 6 Tensile behaviors of specimens in the Fill direction
(90º) under uni-, bi- and multi-axial tensile loading condition

FIGURE 4 Configuration of the specimens for multi-axial
tensile tests

FIGURE 7 Tensile behaviors of specimens in the bias direction
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structures, bi-axial or multi-axial loading
conditions are necessary.
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(±45º) under uni-, bi- and multi-axial tensile loading condition

To compare the tensile properties of PVC-coated
membrane materials under uni-, bi- and multi-axial
loading condition, details are given in TABLE IV.
From TABLE IV, it could be noticed that:
Firstly, the tensile strength and elongation at break
in each direction (warp, fill and ±45º directions) of
the material under uni-axial loading condition is
always higher than those under bi- and multi-axial
loading condition. In warp and fill directions the
elongation at break under bi-axial loading
condition is the lowest one. In ±45º direction, the
elongation at break under multi-axial loading
condition is much smaller than that under uni-axial
loading condition.
Secondly, in warp direction, under bi- and multiaxial loading condition, the Young’s modulus is
greater than that under uni-axial loading condition.
In fill direction, the Young’s modulus under uni-,
bi- and multi-axial loading condition is 131.1 MPa,
335.8 MPa and 208.0 MPa, respectively. Under biaxial loading condition, the modulus in fill
direction is much higher than that under uni- or
multi-axial loading condition. In ±45º directions,
the modulus (565.3MPa) under multi-axial loading
condition is almost 30 times higher than that
(19.3MPa) under uni-axial loading condition.
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TABLE IV Comparison of tensile properties under uni-, biand multi-axial loading condition
Tensile
properties
Breaking
strength
/ (N/cm)
Elongation
at
break
/%
Young’s
modulus
/ MPa

Loading
condition
uni-axial
bi-axial
multi-axial
uni-axial
bi-axial
multi-axial
uni-axial
bi-axial
multi-axial

In warp
direction
750.7
645.8
523.8
18.44
11.32
15.55
1100.8
2048.9
1200.9

In fill
direction
618.7
398.6
212.9
24.52
11.32
15.55
131.1
335.8
208.0

In ±45º
direction
578.7
306.0
70.13
15.55
19.3
565.3

CONCLUSIONS
Therefore, in general, it could be concluded that
under bi- and multi-axial loading condition, the
tensile performances are much better than those
under uni-axial loading condition. These
phenomena tell that due to the special structures
(orthotropic and plain woven) of coated membrane
materials, the tensile performance are depending on
the interactions of warp yarns, fill yarns and
coating material of coated membrane materials
when suffering loads under bi- and multi-axial
conditions. Then, during the application of the
coated membrane materials in lightweight
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Friction Testing between Human Skin and Fabric
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Abstract
The fabric-skin friction tester simulated the frictional behavior was developed on the base of yarn strength tester
XL-1 to measure the tribological characteristic between fabrics and skin. Reproducibility and comparability
experiments were carried out to ensure the experimental data is effective and objective. The results show that the
reproducibility of friction signal is satisfied under the same test condition, and the friction force is comparable
among different fabrics and skin. According to the test results and comparation of the friction force between
fabric and skin under different test parameters (pre-tension, friction speed, specimen width), the basic test
parameters were determined. The pre-tension is 200cN and friction speed is 500mm/min, while the specimen
width is 10cm.
Keywords: fabric;skin of human;friction property;test method
measured the friction coefficient of knitted fabric
1

and human skin using KES-SE instrument [3].

Introduction

Different from conventional non-living materials,

Other studies introduced a flat-plate friction tester

skin tissue could present the self-adaptation and

based on classical theory of friction in order to

self-repair function in the friction process [1]. It is

assess the influence of moisture, fiber type and

a large barrier to protect human body from

fabric construction parameters on the tribological

environmental hazards and maintains its integrity.

properties

However, direct contact and interact between skin

Subsequently, Kondo measured MIU and MMD of

and fabrics would inevitably occur in daily life and

the human skin using KES-SE friction feeling

may cause friction (even injuries and diseases)

tester to investigate the influence of individual skin

which seriously affect the sensorial comfort of the

condition on the frictional properties between

wearer. Therefore, it is necessary and significant to

fabrics and the human skin [5]. Others described a

investigate the tribological properties between

polymeric artificial human finger sensor fabricated

fabrics and human skin so as to develop more

from polyvinyl siloxane material to measure the

suitable underwear materials, resolve the problem

frictional properties between knitting fabric and

of skin injury (such as abrasions, blisters and

human skin [6, 7]. Still others applied different

decubitus ulcers) as well as improve the wearing

silicone and polyurethane materials as mechanical

comfort. As the complicated interaction between

skin equivalents rubbing on the pressure plate, so

skin and fabrics, the primary problems are

as to analyze the connection between the states of

developing an appropriate test instrument as well

skin hydration and fabric frictional properties [8].

as defining its test parameters.

Recently, Tang measured the friction coefficient

between

fabric

and

skin

[4].

between skin and four kinds of common woven
In the early 1980’s, Gwosdow pioneered research

fabric using UMT Series Micro-Tribometer [9].

in the influence of skin friction on the perception of
fabric texture and pleasantness (acceptability)

With the development of computer technology,

using a simple tensometer under a sequence of

some researchers gradually made use of computer

environmental conditions: neutral (comfortable),

simulation technology to settle this problem. Wu

hot-dry and hot-humid [2]. Later, another report

applied numerical methods to simulate the friction
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contact effects of the soft tissues such as pigskin

measurement installation, the resistive sensor

[10, 11]. In order to investigate the interactions

installed between upper chuck and transmission

between skin and the sleeve, Xing combined three

mechanism remains static during test procedure.

dimensional explicit finite element (EFE) model

The measurement range increases from 0 to

and augmented lagrange algorithm (ALA) to

3000cN, and the precision is ± 1%.

simulate interactions between skin and fabric
The upper part of control box is the display

during rotation of the arm [12].

window for the test results, while power switcher,
In the past 30 years, there have been a long string

master switcher and speed dial switch are arranged

of research papers devoted to this subject. However,

at the lower part respectively. The speed increases

there is a dearth of test device simulating the actual

from 100 mm/min to 1000 mm/min. Computer data

dressing situation as well as database of dynamic or

acquisition and processing system record the

static friction force between different fabric and

displacement distance as well as friction force and

skin under dry and wet condition. Based on the

export their relation curves simultaneously. The

yarn strength tester XL-1, a new type of fabric-skin

sampling distance interval is 1mm, and 250 points

friction tester (Figure 1) simulated the friction

can be collected in the effective sliding distance.

behavior was developed. It provides a means of

The device is safe for measuring the skin frictional

experimental research for exploring the tribological

properties, without any danger to human skin

properties between skin and fabric, resolving the

within 300cN pre-tension.

problems of skin friction injury as well as
improving the wearing comfort of human body.
2
2.1

EXPERIMENTAL
Friction device

Figure 1 is the schematic diagram of fabric-skin
friction tester which refitted from the yarn strength
instrument XL-1 and added some necessary friction

FIGURE 1. Schematic diagram of fabric-skin friction tester

devices. This apparatus is mainly composed of

2.2

three parts: test host, control box and computer

(1) Test preparation

processing system. Test host comprises pedestal,

20 healthy people aged 20 to 30 years old

vertical rack and friction trestle. Stepper motor is

voluntarily participated in this study. Volunteers

installed in pedestal, transmitting high-precision

were asked to refrain from using creams and

lead screw and friction trestle via notched belt.

external medication prior to the test. All tested skin

Some installations such as lead screw, guide rail,

was in a normal state [9]. Common thin woven

resistive sensor and proximity switch which control

fabric contacted with the skin regularly were

the location of friction trestle are installed in the

selected, such as cotton poplin, polyamide/cotton

vertical rack. Friction trestle consists of friction

intertexture, cotton silk fabric, denim, mousseline

plate, armrest, guide roller.

and chiffon etc. The sample size is 10 ×50cm and

Experimental conditions and methods

15 × 50cm.
The friction trestle bottom is connected with

(2) Conditions

transmission rod inside the vertical rack via metal

The tests were performed in a controlled laboratory

rod and pulled up and down. The displacement can

with constant temperature of 20 °C~21 °C and

be adjusted by the position switch, and its

relative humidity of 50%~60%. The tests were

displacement range is from 0 to 500mm. As a force

conducted on the middle part of the forearms. In
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order to eliminate the subjective factors as far as

between

possible, volunteers were asked to rest in the

parameters were defined from CV value of their

constant environment for 30 minutes before testing

friction force and stability comparison of the

and maintained relaxed muscle and smooth mental.

images.

Before testing, the test sites were marked to ensure

comparative trials, it was found that test parameters

repeatability of the data. During the experimental

of

process, each test was carried on the marked site to

concentrate at same specific level under various

make sure that the measured data are comparable

condition. In order to illustrate this problem, there

[10].

is an example in each topic as follows.

(3) Method

3.1 Reproducibility

Firstly, in order to prevent relative displacement

In order to ensure that each test data is consistent

from deviating, subjects’ forearm were laid on the

under the same test conditions, it is necessary to

armrest of the friction trestle and fastened with

carry out reproducibility experiment. Figure 2

appropriative fixture at both ends to maintain

shows the friction signal comparison of same fabric

stationary during the sliding movement up and

and skin under same test conditions (pre-tension,

down. In addition, it is necessary to exert vertical

friction velocity, the specimen width). As can be

force on contact skin by tension clamp which

seen in Figure 2 (a) and Figure 2 (b), the friction

implement pre-tension on fabric. And then top end

signals are almost consistent, friction force and

of the fabric was held by the upper chuck, while

dispersion

the other end was pulled across forearm and guide

approximately similar. Their CV values of the

roller. Next, the other end of fabric was held by

average dynamic friction force are 3.51% and

lower chuck to ensure fabric even distribution.

3.69%, and the average dynamic friction are 257.23

What is more, pre-tension data should be cleared in

cN and 255.78 cN in these two sets of experiments

the data collection procedure before testing. Finally,

respectively. Consequently, it indicates that the

start the machine switch, forearm could rubbed

friction signal measured by the fabric-skin friction

with fabric along with the downward movement of

tester is objective and effective because the

friction trestle.

reproducibility is relative satisfactory.

Friction F/cN

Theoretically, as a friction tester refitted from the
yarn strength instrument, fabric-skin friction tester
can effectively measure the dynamic frictional
properties between fabric and skin. However,
reproducibility and comparability experiments

Meanwhile,

different

RESULTS AND DISCUSSION
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FIGURE 2. Reproducibility comparison

stable test parameters, potential influence factors

3.2 Comparability

mainly from pre-tension, friction speed as well as

Figure 3 shows the friction signals between four

specimen width were analyzed one by one. The

woven fabric (light denim, polyester lining,

friction tests were performed on 20 subjects using

polyamide/cotton intertexture and chiffon) and

20 kinds of woven fabrics different in texture and

same subject under the same test conditions

material. Each friction component test was

(pre-tension, friction velocity and specimen width).

repeated 10 times, regarded average data calculated
within its effective range as the friction force
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FIGURE 4. Pre-tension comparison

As can be seen from the graph above, the friction

It is found that fabric can not be fully stretched and

force of different fabric is varied. Their average

contact with skin effectively if the pre-tension is

dynamic friction force is 306.76cN, 260.014cN,

too small, resulting instability of the friction signal.

348.21cN and 189.53cN respectively. For obvious

The greater pre-tension is, the more severe muscle

texture, like denim, the average dynamic friction

is stretched. With shrinkage of the fabric, the

force is relatively high because of its rough surface.

interface continuously decreases, resulting in signal

However, the average dynamic friction force of

fluctuation. Common woven fabric can be fully

chiffon is relatively low in comparison because of

stretched

under

200cN

pre-tension.

Necking

its smooth surface. Therefore, the friction force

phenomenon will not happen even if there are some

measured by this instrument is comparable among

slight elongation of the fabric, as well as the

different fabrics and skin.

deviation of actual wearing situation. Compared

3.3 Pre-tension

serials of friction signals under various pre-tension,

In order to enable fabric and skin contact

friction curve is most stable under pre-tension of

effectively and rub with each other, pre-tension

200cN and friction force values are closer to each

should be applied on fabric in the trial. Under the

other, so the pre-tension was determined at 200cN.

premise of extending fabric without elongation (or

3.4 Speed

elongating a little without serious necking),

It was found that friction velocity has an impact on

different pre-tension (130cN, 160cN, 200cn and

stability of the friction signal during the test

230cN) were imposed on the fabric separately. The

process. Therefore, test was carried out on same

results show that friction force between different

subject and fabric under pre-tension of 200cN in

fabric and same subject increases along with the

several different speed (200mm/min, 300mm/min,

pre-tension. Figure 4 shows four sets of typical

500mm/min and 700mm/min). The results show

friction signals between different subject and same

that the friction velocity has lesser impact on the

fabric. As can be seen from the graph, friction

friction force, while influence stability of the signal

under 200cN pre-tension is most stable, and the

greatly (Figure 5). The friction signal is most stable

curve is close to each other. The CV values of the

and dispersion of friction curve is smallest at the

average dynamic friction force are 10.78 %,

friction speed of 500mm/min. And the CV values

16.59%, 3.57% and 5.97% under four tension the

of average dynamic friction force are 14.68%,

conditions respectively.

11.84%, 4.25% and 9.18% respectively.
It is believed that the muscle deformation produced
by fabric stretch can not be promptly recovered if
the friction speed is too small. Simultaneously,
stick-slip phenomenon often occurs which leads to
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demanded. Besides, dynamic effects will easily rise

surface friction information will be ignored and

and test error is large. On the contrary, the actual

apparatus itself would vibrate if the friction speed

information of the fabric could not be reflected and

is too large which had an impact on stability of the

the purpose of the test would lost if the sample is

friction signal. Therefore, the moderate friction

too small [13]. Since human forearm is uneven, the

velocity was defined at 500mm/min.

wider the specimen is, the more obviously the
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dynamic tribological properties between different

FIGURE 5. Speed comparison

3.5 Specimen width

human skin and various textiles under different

Comparative analysis was carried on the influence

pre-tension and friction speed. Moreover, the

of specimen width as well. In view that the length

reproducibility and comparability of the test results

of human forearm is about 20cm, according to the

are satisfactory, which demonstrate that those tests

actual situation, the specimen width was selected at

are objective and effective. Furthermore, according

10cm and 15cm during the comparative trials in

to stability of friction signals and comparison of

order to ensure the fabric from deflecting and

friction force between fabric and skin, the

shearing. Figure 6 shows the friction graph of same

pre-tension was defined at 200cN and friction

subject rubbing with 10cm and 15cm width fabric

speed was defined at 500mm/min, while the

under 200cN pre-tension and 500mm/min friction

specimen width was defined at 10cm.

speed. It is obvious that the friction curve is more
stable in 10cm width, and CV values of their
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Abstract
This paper reports the predictive models, determined by genetic programming (GP) that are derived to describe
the influence parameters of the production of sliver quality on the drawing frame. Genetic programming can
create automatically coefficient of variation unevenness forecasting model including the function form and the
numerical coefficients. Complex processes are often modeled using input-output data from experimental tests.
Regression and neural network modeling techniques are commonly used for this purpose. These methods
provide minimal information about the model structure required to represent process characteristics. GP is a
method for developing input-output process models from experimental data. The results show very good
agreement between the experimental and predicted values.
Keywords: Drawing frame; Sliver quality; Genetic Programming; Coefficient of Variation unevenness
1. Introduction
The basic roles of drawing frames are combining,
drafting and blending. In the technical processes of
spinning yarn, drawing is an intermediate procedure.
The evenness of the yarn plays an increasingly
significant role in the textile industry, while on the
other hand the sliver evenness is one of the critical
factors when producing yarn quality. The sliver
evenness is also the major criteria for the assessment
of the operation of the draw frame. During actual
production procedures, the configuration of drawing
frames usually comes from longtime production
experiences [1]. When raw materials are changed, it
takes a lot of production experiments to figure the
drawing frame.
Many attempts have been made to develop
predictive models for sliver quality using
deterministic modeling tools like mathematical
models, empirical models and computer simulation
models. Each method has its advantages and
disadvantages. Mathematical models offer a deep
understanding
of
relationships
between
constructional parameters and predetermine sliver
properties, but because of some simplifying
assumptions, large prediction errors occur.
Empirical models based on statistical techniques
show much better agreement with real values, but
there are problems with sample preparation, process
repeatability, measurement errors and extrapolation.
The advantages of computer simulation models are
their ability to capture the randomness inherent in
sliver structures, so the predicted values are very
close to real ones. However, they require extensive
sample data, so the problem with extrapolation still
remains. Nowadays more and more processes and
systems are modeled and optimized, using
nondeterministic approaches. This is due to the high
degree of complexity of the systems and
consequently, the inability to study them

successfully with conventional method only. The
greatest feature of GP is to express with structural
language similar to describe problems by rows or by
paragraphs on computer program. GP, using the law
of biosphere evolution that is “Survival of the
Fittest” to search and to optimize, is able to
automatically change the program structure and size
according to the environment. This paper tries to
apply the new optimization method “GP” to predict
the sliver quality of drawing frames. When a new
kind of sliver is proposed to be produced, GP is used
to forecast the sliver quality, and to choose the
proper parameters, which can help avoiding
changing parameters several times. The theory of
genetic programming can be found in many books
and articles that deal with evolutionary computation

[2, 3].

2. Influence of drawing frame processing
parameters on sliver quality
As drawing is an important procedure of spinning, it
is never stopped to optimize the technical
parameters of drawing frame. References [3, 4]
introduce the influence of each parameter on sliver
quality, based on practical production, listed as
follows:
(1)The quantity of combined slivers: compared the
products combined of 6 slivers and 8 slivers, the
former is of fewer drafting multiple to the later, with
its lower coefficient of variation of sliver, and better
coefficient of variation of yarn, fewer thickness
faults and thinness faults and neps. But, in the
products combined of 6 slivers as the drafting
multiple is lower, the fiber alignment and blending
evenness is no as good as that of products combined
of 8 slivers, so that the indicates, such as yarn
strength, strength evenness, hairiness index,
hairiness index evenness, are a little inferior. As a
result, it is usually adopted that the quality of
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combined slivers are: 6 in breaker drawing, and 8 in
finisher drawing.
(2)The pulling-out speed: The higher the pulling-out
speed, the poor the sliver quality. When the speed
surpasses 800 m/min, there will be a lot of breakage.
Commonly, the finisher drawing speed is less than
500 m/min, and the breaker drawing speed is less
than 800m/min.
(3)The distance of rollers: When the distance of
rollers is too short, fibers in the sliver cannot be
drawn out efficiently, so it is easy to form thickness
and thinness. On the other hand, when the distance
is too long, fibers cannot be controlled exactly by
the rollers, which also affect the sliver quality. In
actual production, especially in breaker drawing, the
distance of rollers is an important factor that
influences the sliver quality.
(4)Draft ratio: Researches tell, in order to stretch out
those front hooks, the draft ratio of rear part of
breaker drawing is about 2.0, while that of front part
is less than 3.0. Therefore, it is reasonable to
combine 6 slivers with draft ratio less than 6. To
1
eliminate those back hooks, finisher drawing should
use intensive drafting, with draft ratio 7~8 at the
main drafting part, and less than 1.2 at the back
drafting part.
(5)Leather roller hardness: Tests show, with the
reduction of leather roller’s hardness, the cot’s
deformation is greater, the width of roller jaw
increases, so that friction field extends forward, and
speed change point moves forward, plank tonic fiber
ratio declines, and CV of slivers declines.
All the influences of factors above on sliver quality
rely on experiences of predecessors, which are
summed up from practices. During actual
production, when the materials are changed, it
cannot but takes a lot of experiments to get the
proper parameters, which not only wastes materials
but also delays production progress. This paper
introduces a new method of genetic programming
which tries to predict the coefficient of variation of
sliver unevenness by using different parameters of
drawing frame, which omit a lot of troubles caused
by changing materials.
3. Prediction of silver quality by Genetic
Programming
a) Basic theory and method of genetic
programming
The essential theory of genetic programming is:
Creating an original group randomly and make sure
that the group suits the environment of a given
problem, to form a searching space. There is a
proper value for each individual from the whole
group. Then, according to the “Survival of the
Fittest” Principle of Darwin, applying heritable

method, such as reproduction, crossover and
mutation, operate those individuals that highly suits
the problem. To form a next generation group, that
is, a next searching space. To circulate like this, the
solution or approximate solution of the problem will
appear among a certain generation.
To solve problems using GP, the main steps are:
(1) Identify the individual expression, including:
(a) Define an end set T to express the problem
environment and the basic result elements.
(b) Define functional set F, which can be an
arithmetic calculation, a function calculation, logical
calculation or program calculation.
(2) Create an original group randomly. The group is
combined of many individuals that come from
random assemblage of end set T and functional set
F.
(3) Calculate the individual fitting value, and choose
the individuals with the highest fitting value.
(4) Carry out the genetic operation based on genetic
parameters (including reproduction, crossover and
mutation), to create new individuals.
(5) Repeat step (3) and step (4), until the end
conditions are satisfied.
(6) End the GP operation, and find the operation
results. The individual that suits the precision is the
satisfying solution, otherwise, choose the best
individual among the end group to be the GP
approximate solution [5.6].
b) Establishment of prediction model.
Experiments were carried out on a model
mini-drawing-frame, using rayon slivers of 12.5g/m.
All were breaker drawing experiments. Usually, the
parameters that describe sliver quality are
coefficient of variation unevenness, unevenness
ratio of sliver weight, fiber parallelism and
alignment condition, slivers’ blending unevenness
ratio and so on. This paper only predicts coefficient
of variation unevenness. YG 135G test machine is
used. Factors that influence sliver quality of drawing
frames are: the speed “ν” of front roller, the distance
“LF” and “LB” of front and back drawing area, the
draft ratio “EF” and “EB” of front and back drawing
area, the number of slivers and the pressure of
pressure bar, and the diameter of leather roller.
Since the pressure of pressure bar and the diameter
of leather roller cannot be adjusted in our model
machine, these two factors are not considered in
subsequent following discussion. In the prediction
of sliver quality, end set T is defined as the main
factors and several random constants that relate to
the problem, then, T= {v，LF，LB，EF，EB，
n，R1，R2，…，Ri，…，Rm}, among which, Ri
represents random constant No. i (there are m
constants in all). Functional set defines as follows:
F= {＋，－，×，÷，∧，exp，ln}, means that the
elements are plus, minus, multiplication, division,
the power of e, logarithm of e. The number of
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variables required is 2, 2, 2, 2, 2, 1, 1. Use simple
random choosing function to choose an operation
symbol from functional set, then, choose the next
operation symbol from union of the end set T and
functional set F: T∪F. Repeat and repeat steps above,
until all terminals find their ends. The original
generation owns 6 individuals, shown in table I.
During calculation progress of individual fitting
ratio, when the difference between the prediction
value and practical value is lower than a certain
value given, the individual is recorded. When the
number of individuals that suits the situation above
or iteration operations reaches maximum quantity,
and then is the end of calculation.
d) Heritage Operation
(1) Reproduction
Set a reproduction probability Pr at the beginning of
programming, and by this Pr, it is decided to
reproduce the individual or not. If it is decided to
reproduce it, choose K1 individuals from the group,
and then find the one with the lowest fitting ratio, to
reproduce to the next generation. Those that have
been chosen should be given back to original group
for next choosing. Repeat from generation to
generation, until find the individual suits the
problem. Take the 6 individuals of the original
generation as an example, to introduce the principle
from the original to the first generation. According
to a certain rule or model, hand down the fittest
individual from current group to the next, that is,
individual 4 is eliminated by individual 6. The
number of reproduction times is 1. As a result, the
first generation is shown in table II.

individual should be totally the same with that of the
original one. Secondly, the depth of the added
individuals should be lower than the maximum
depth, or lower than a certain depth. Take individual
5 for example, the former is exp(R2－EF×LB), and
the one after mutation is: exp(R2－ln(EF＋LF)).
Taking into accounting errors and the influence of
calculation speed or prediction result, parameters of
heritage operation are fixed as follows: the size of
the group is 90: maximum iteration number is 40,
highest gradation of evolution is 16, reproduction
probability Pr is 0.1, crossover probability Pc is 0.8,
mutation probability Pm is 0.0

Individual 1

Individual
expressions
ln(v)

Individual 4

Individual 2

(R5＋EF)×n

Individual 5

Individual 3

LB＋R5

Individual 6

Individuals

Individuals

Individual
expressions
R1÷R4
exp(R2－
EF×LB)
LF－EB

Table I: Expressions of the first generation

Individuals

Individual
expression
of the first
generation

Individual
expression
of the second
generation

Individual 1

ln(v)

ln(v)

Individual 2
Individual 3
Individual 4

(R5＋EF)×n
LB＋R5
R1÷R4
exp(R2－
EF×LB)
LF－EB

(R5＋EF)×n
LB＋R5
LF－EB

Individual 5
Individual 6

exp(R2－EF×LB)
LF－EB

Table II: Differences of expressions between two generations

(2) Crossover
Usually, crossover occurs between 2 individuals,
which mean part of the components of the 2 father
generations substitutes each other, forming two new
filial individuals. The steps are: choosing out and
reproduce an individual, and then crossover. The
choosing operation is the same to the reproduction
procedure. Reproduce the chosen individual, make
the crossover, and send the result to the next
generation. Surely, these operations only occur with
crossover condition, that is, it only happens on those
individuals chosen to be crossed, and the others
remain unchanged. The crossover operation happens
or not based on crossover probability Pc.

4. Prediction and result analysis
Compared with some other optimism calculations
which are based on a large amount of original data,
choosing the genetic programming method to
optimize mainly relies on the constant reproduction,
crossover and mutation of original individuals. As a
result, it doesn’t need a lot of original data. In table
III, 8 sets of data are listed to participate in genetic
operation, with an aim at getting the optimal
function formula. By operation on computer, when
the genetic operations are carried on to the 63rd
generation, the optimal individual turns up. The
optimal function formula is:

(3) Mutation
Similar to the reproduction and crossover operation,
mutation ratio Pm decides to operate mutation or not.
To carry out mutation, firstly, choose an individual
randomly, and then find a point as a varietals point
on its figure expression randomly, thirdly, delete the
varietals point with its substructures, and substitute
it with another individual or part of another
individual, which comes by random, to change the
first structure. But, there are 2 requires for the new
individual: first of all, the way to create a new

Choosing the experimental data of samples 9#~12#
in the table IV to test the optimal function formula,
according to the prediction results, the square sum
of error is 0.3301 between the calculating data of the
last generation of GP and the experimental data of
the last 4 sets. The relating errors of prediction are
all lower than 5%, with the maximum of 3.76%, and
an average error of 1.74%. All these data show that
the prediction results are correct and reasonable, and
consequently GP is practical in the prediction of
sliver quality.
Coefficien t of Variation unevenness = −1.3793 × e + 3.1881 × ln( v ) (1)
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A

A = ln( L F − n ) + 0 . 0851 × ( L B − E

samples

1#
2#
3#
4#
5#
6#
7#
8#

F

(2)

− E B ) + 0 . 5061

Drafting
multiple of front
drafting area
3
3.5
3.5
3.5
3
3.5
3
3.5

Drafting
multiple of
back drafting
area
1.22
1.22
1.08
1.22
1.22
1.22
1.22
1.22

Distance of
rollers
（front×back）
/cm
4.8×5.4
4.8×5.4
4.8×5.4
4.8×5.4
4.8×5.4
4.8×5.4
4.8×5.4
5.2×6.4

Number of
combined
silvers

Speed of
form roller
/m·min-1

Test data
of CV/%

3
3
4
4
4
4
4
4

120
120
120
120
120
180
180
180

11.32
10.58
13.28
12.67
13.75
14.31
14.97
13.08

Table III: Data for forecasting

samples

Drafting
multiple
of front
drafting
area

Drafting
multiple
of back
drafting
area

Distance of
rollers
(front×back)/cm

Number
of
combined
silvers

Speed of
form
roller
/m·min-1

coefficient of
variation
unevenness/%
Test
Predict
data
data

Relative
error/%

9#

3.5

1.22

5.4×6.8

4

180

13.23

12.7321

3.76

10#

3.5

1.39

4.8×5.4

4

120

13.46

13.3513

0.81

11#

3.5

1.22

5.0×5.6

4

180

14.22

14.0896

0.92

12#

3

1.22

4.8×5.4

4

240

15.68

15.4489

1.47

Table IV: Data for validation

5. Conclusion
In this paper, a new optimal method: genetic
programming is adopted to predict sliver quality of
drawing frame, which offers a new technical way to
fix reasonably the production parameters of drawing
frames. To make prediction by GP, it is not
necessary to know the relation between input data,
and to destine a certain model, which enlarge
coverage of prediction function and improve
accuracy of prediction results. Genetic Programming
can be applied not only on the prediction of sliver
quality of drawing frames, but also on the other
textile problems, especially those nonlinear ones
with definite function or condition. With the
improvement of genetic programming and the raise
of calculating convergence speed, the GP might
have a wider applying in the field of textile.
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ABSTRACT
Infrared emissivity is an important thermal character of fabrics. It indexes the infrared emissive power of fabrics,
and it will also affect the measurement accuracy of the fabric surface temperature by using infrared thermalimaging camera. Since the surface temperature of fabrics is hardly measured in a general way due to the
interlace structure of fabrics and their thermal insulation character. This paper put forward a practical method
for the measurement of fabric emissivity by using both the thermal imaging camera and the guarded hot plate.
This method solve the problem of accurate testing of the fabric surface temperature by establishing Newton
thermal transmittance relation for the air layer of the hot plate, thus the precise measurement of the fabric
infrared emissivity by thermal-imaging camera will be possible. Experimental measurements on infrared
emissivity of a group of fabrics with different materials and structures are performed; the testing results show
that this method is valuable and applicable in the study of the infrared emissive performance of fabrics.
Keywords: fabric emissivity; infrared radiation; infrared temperature measurement; infrared thermal-imaging.
Introduction
Fabric is the most common material for making
garments which act as a heat barrier between
clothing microclimate and the environment, so that
thermal characteristics of fabric is an important
factor in affecting human comfort. We recall from
Physics that all objects above absolute zero will
generate infrared radiation because there is a
temperature field on the surface. It is also true for
fabric which have a certain infrared radiation power
at a certain ambient condition. Infrared radiation is a
form of heat transfer, which is not only a form of
heat exchange from human body to the environment,
also the surface temperature is directly associated
with the conductivity and connectivity of the
clothing and the ambient air. By measuring its
infrared radiation property, fabric surface
temperature can be tested, that is valuable for studies
on clothing comfort[1]. However, since different
fabrics are made of different fiber material and have
different surface structure, so that they will have
different infrared emissivity which index the fabric
thermal radiation capability at a certain temperature,
also it will affect the accuracy of infrared
temperature measurement, which showed great
significance in research of infrared-proof combat
uniforms[2,3]. Therefore, accurate measurement of
fabric infrared emissivity have practically
significance in research of fabric thermal properties.
But there are only a few research work done in this
aspect. WAN Zhiqin discussed a non-steady-state
method of infrared emissivity measurement and
measured the emissivity of a group of fabrics using a

self-made fabric radiation-proof performance
tester[4], but this method required testing fabric’s
heat capacity, also regarding how to accurately
measure surface temperature was not elaborated;
ZHU Fanglong developed another fabric thermal
radiation coefficient tester[5], which measured fabric
emissivity at high inverse temperature difference
condition, but the temperature sensor is placed
outside the surface of the fabric, the ambient
temperature may have influence on the accurate
measurement of the fabric surface temperature,
besides, this method has many variables need
determining, which will cause a variety of
measurement errors. The above two testing methods
do not involve infrared thermal imaging technology.
Infrared thermal imaging camera, equipped with
infrared optical lens and infrared sensors, can realize
non-contact optical temperature measurement for the
object according to its infrared radiation intensity
tested by this equipment. Many papers discussed the
principle of infrared temperature measurement and
error analysis of the measurement, Okamoto and
Inagaki illustrated the basic working principle of
infrared imaging system early in 1993 [6]; In the late
1990s, according to abroad Documents, HOU
Chenggang, YANG Li etc. introduced the deduction
process of working principle of the thermal imager
and discussed the problems of true object
temperature and emissivity measurement[7-9]; In
order to improve precision of temperature
measurement, WU Guozhong etc. tested object
sticked with film whose emissivity is given and also
analyzed possible source of error[10]; WANG Wen-
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ge discussed the experimental method of using
Fourier infrared spectrometer for emissivity
measurement[11]; ZHU Dezhong etc. confused the
difference of the penetration of object and that of the
air, as a result of which, a completely wrong
formula for calculating the emissivity was
deduced[12].
Because of the interlace structure of woven fabric
and its thermal insulation characteristics, the
conventional methods can hardly measure the true
surface temperature, thus bring great difficulty for
accurate measurement of its infrared emissivity. In
this paper, a method for measuring fabric emissivity
is explored using both thermal image camera and hot
plate based on fabric characteristics, and infrared
emissivities of a group of fabrics are tested by this
method.
1. Infrared Thermal Camera and infrared
radiation
measurement
Infrared Emissivity is also called infrared radiance,
or heat radiation coefficient. An actual object’ s
emissivity is not a constant due to different infrared
wavelengths and different temperatures, but for gray
body defined in Physics or diffused emitting objects,
their emissivities are independent to wavelength and
temperature if temperature changes within a small
scope, and the value equals to their absorptivity from
surrounding radiation. Due to diffused emitting
property, fabrics fall into the category of gray body ,
and thus the emissivity of a piece of fabric can be
regarded as a constant. On the other hand, an
infrared detector can only response to radiation at
relatively narrow band of spectrum, such as ambient
temperature measurement usually within 8~13μm,
and the so called far-infrared emissivities for fabrics
are also tested by 8~13μm detector[14]. The widely
used uncooled thermal camera is also in this band.
An infrared radiometer determines temperature by
the radiation power received, but apart from the
radiation from the object, there is still radiation from
surrounding objects and that from the air. When a
gray body is measured at laboratory condition which
means at a short distance from the camera, the
influence from air radiation and penetration can be
neglected, so that the equation of infrared radiation
energy received by thermal camera reduces in this
case
to
[6]:

(1)
Where: Er is the received infrared radiation from the
object surface, W/m2; σ represents the blackbody

radiation constant, 5.67 ×10-8 W / (m2 • K4); Tr is
the radiant temperature of objects (when ε = 1), K;
To is the object true temperature, K; Ta is the
ambient temperature, K; ε is the infrared emissivity
of object surface; ρ is object’s reflectivity, and α is
the absorptivity of objects, When the objects is a
opaque gray body, then ρ = 1 - α = 1 - ε; n is the
power to temperature, for HgCdTe infrared sensor,
band 8 ~ 13μm, n adopts 4.
By transforming Eq. (1), formulations for calculating the
object's surface temperature and surface infrared
emissivity
are
obtained
as
follow:

(2)

(3)

Object surface temperature is mainly affected by its
own radiation and its reflection of the surrounding
objects, therefore, if object emissivity ε and the
ambient temperature Ta are already known, the
thermal camera can indicate the true surface
temperature. On the other hand, if surface emissivity
is to be tested, the true temperature of objects at
ambient temperature must be first determined. As for
fabrics, the measurement of the true surface
temperature is a key problem, which is a topic in this
study.
2. Method of obtaining real surface temperature
of fabric
Since fabric is usually non-heat-conductor with
interlace structures, the common methods for
infrared emissivity measurement applied to metal
objects have difficulty applying to fabrics [13],
which include adhering substance of known
emissivity to object or using coating technology, or
affixing temperature sensor directly to the objects’
surface. In this paper, a new method is proposed that
using hot-plate for testing fabric thermal resistance,
and calculating the real fabric surface temperature by
deduced thermal formulations, so that the fabric
emissivity
can
be
determined.
When the fabric sample is placed on hot plate, heat
transfer through the fabric to the ambient air by three
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modes, that is, conduction, convection and radiation.
Since heat transferred by conduction and convection
have a linear relationship with temperature difference,
and the quantity of air conductivity is very small,
therefore, the two parts can be combined together by
the Newton's heat transfer formulation, well heat
transferred by radiation, on the other hand, is not in
linear relationship with temperature difference, thus
it must be expressed separately. So the relations
among them are listed as follow,

Ht = Hc + Hr

(4)

H r = A( Er − Ea ) = Aσ (Trf4 − Ta4 )

(5)

H c = Ac(T f − Ta )

(6)

In which, Ht expresses the total heat transfered from
hot plate through to the surroundings, W; Hc = Hcond
+ Hconv indicates the sum of conductive and
convective transfer, W; Hr here represents the
amount of fabric infrared radiation, W; Tp is surface
temperature of the bare hot plate, K; Tf represents the
real fabric surface temperature, K; Trf indicates the
fabric surface radiation temperature tested by thermal
camera, K; Ta is the ambient temperature, K; A is the
testing area of the hot plate, 0.0625m2; c is
coefficient of conductive and convective heat
transfer of the air layer, W/ (m2K).
Transforming the above Eq. (4), (5) and (6), then Eq.
(7)
is
achieved,
that
is,

H t − Aσ (Trf4 − Ta4 ) = Ac(T f − Ta )

(7)

When the hot plate is empty, conductive and
convective transfer equation of the air layer is
expressed as follow:

emissivity εf can be calculated from Eq. (9):

εf =

Trf4 − Ta4
T f4 − Ta4

(9)

3. experimental measurement on measuring
fabric emissivity
Based on the above formulations, if the temperature
difference between tested object and the environment
is larger, the impact of ambient temperature should
be smaller. Therefore, the experiments were
performed at the minimum temperature possible for
the climate room, which controlled at 17 ± 1 ℃ ,
humidity 55±3%, wind speed 0.2±0.1m/s. The hot
plate was placed in the middle of the climate room,
and since the hood equipped on the hotplate has
some influence to the heat transfer between the
hotplate and the ambient air, the hood was removed,
so that the heat exchange process remained in a
stable condition and can be monitored.
The surface of the hotplate is painted with matt black
lacquer, and the emissivity of the surface can be
regarded as 0.97 [14]. First of all, the conductive and
convective coefficient c (in Eq. (6)) of the air layer
above the bare hotplate was tested. A series of
increased temperatures were set on the hotplate, thus
the relation between the temperature difference of
the air layer and the rate of heat transfer by
conduction and convection is figured out, shown in
Figure 2. They have a linear relationship as expected
in theory, and the regression equation is Hc =
0.193ΔT - 1.16, the slope of the line is the quantity of
Ac in Eq. (8), which equals to 0.193 W/m2K. When
the temperature difference is zero, the transfer rate is
-1.16W, which actually suggests the system error of
the hotplate.

Where, Htp indicates the total power lost at bare plate
condition, W; Trp represents radiation temperature of
the bare plate detected by thermal camera, K.

In the process of testing on different fabrics, it is
found that, for low density fabrics which have more
interspaces between yarns, there are more radiation
energy penetrated directly from the hotplate, which
has more influence on the test results. Therefore, the
following experiments were performed on fabrics
with medium thickness, to reduce the direct
penetration from the hotplate.

By transforming Eq. (7) and (8), the true fabric
surface temperature Tf can be calculated, before
fabric surface emissivity can be achieved by bringing
the value Tf into Eq. (3), and thus the fabric

Since the problem of the accuracy of the hotplate,
fluctuations of output power has some impact on the

H tp − Aσ (Trf4 − Ta4 ) = Ac(T p − Ta )

(8)
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test results, thus the experiment must be repeated a
number of times to achieve relatively accurate results.
The number of duplicate experiments were set 5 ~ 6
times.

5.00

Heat transfer (W)

4.00

This experiment, using the above testing method,
tested the emissivity of a group of fabrics with
different materials, weave structures and colors, the
results are shown in Table I.

3.00

2.00

1.00

0.00

5

5.00

10.00

15.00

20.00

25.00

30.00

Temperature difference (K)
FIGURE 2. Relation between heat transfer rate by conductive &
convective and temp. difference

4 . Conclusion
1) A method was proposed for testing fabric
emissivity by using both hot plate and infra-red
thermal imaging camera, and the calculating
formulations were achieved by this method.

4
1
3

2) Experimental measurement on the infrared
emissivity of a group of fabrics is performed, the
results showed that the fabrics emissivities are
mainly
around
0.6~0.7.

2

3) This method is not suitable for testing low density
fabrics because of the penetration of the fabric itself.
1.Insulation Panels, 2. Heating Panels, 3. heating Plate, 4. fabric, 5.
infrared camera

4) The experiment results show that stability of the
environment and the accuracy of the hot-plate have
great impact on testing results, but relatively accurate
results can be obtained by taking average value of
repeated experiments, only undergoing a longer
testing
process.

FIGURE 1. Device for emissivity measurement

TABLE I. Fabric structure parameters and results of their emissivities

Material

Fabric density

Unit weight

Thickness

（/10cm）

（g/m2）

（mm）

1.05

3.75

Weave

Color

εf

0.28

White

0.57

0.95

Orange

0.69

Warp 310

Ultra-fine
Polyester

satin

Polyester & 2%
wool

Twill

Weft 280
Warp 215
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Weft 180

Warp 300
Wool

Twill

1.7

0.38

Dark blue

0.61

2.68

0.83

Dark red

0.62

2.7

0.82

Purple

0.69

6.82

1.96

Blue

0.74

2.34

0.555

yellow

0.58

Weft 270
Warp 220
Cotton

twill
Weft 190
Warp 220

Cotton

twill
Weft 190

Polyester
Cotton

&

Warp 132
Knit
Weft 224.6
Warp 365

Polyester

plain
Weft 255
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ABSTRACT
In this paper, a new method of yarn component test was proposed based on the polarized optical microscope
(POM) analysis. During the testing process, scattered fiber samples first got paralleled in the high voltage
electrostatic field and then were observed under the POM to obtain clear fiber images, which were transmitted
to the computer and processed to get fiber parameters including colors and diameters. At last, the types of the
fibers were identified and the blend ratio of the yarns was calculated automatically. The experimental results
have proved that this method can work with rather high efficiency and precision, especially for yarns with
cellulous and chemical fibers which might be impossible for traditional methods. And furthermore, this new test
method involves completely physical process, thus is truly environmental friendly.
Keywords: Yarn component test; environmental friendly; polarized optical microscope (POM); high voltage
electrostatic field; image processing
In this paper, a new testing method of yarn
component was proposed based on the analysis of
polarized optical microscope (POM). In this
method, scattered fiber samples first get paralleled
in the high voltage electrostatic field and fixed on
glass slides, and then were observed under the
POM to get clear fiber images, which were
captured and saved in the computer. At last,
through an image processing process the types of
objective fibers were identified and the blend ratio
of the yarn was calculated automatically.

INTRODUCTION
To test the components of the yarn and the blend
ratio of blended yarns has long been an important
item in textile quality control, product analysis,
scientific research and the inspection of import and
export commodities. At present, the most
commonly used testing process of yarn
components is by observing the longitudinal and
traverse characteristics of each fiber under the
optical microscope. And some other methods are
also used to identify the objective fibers, including
the subjective sensing test, burning test, chemical
solubility test, density test, staining test and so on
[1]. However, far more complex testing methods
are required when a quantitative analysis of
blended yarns is needed. For yarns with different
polymer components, such as polyester/cotton and
wool/acrylic yarns, the chemical solubility method
is widely used. But for yarns with similar
components and structures, such as cotton/hemp
and cotton/viscose yarns, identifying and counting
fibers manually under a microscope is commonly
an exclusive choice. However, these methods
suffer from inefficient and uneconomical. In
addition, the corrosive solvents produced by the
chemical method probably do harm to people
health and pollute the environment. Therefore, an
environmental friendly method is needed, which
should work more efficiently and accurately in
yarn components test.

EXPERIMENTAL METHODS
Polarized Optical Microscope (POM) Based
Analysis
POM, a special optical microscopy with extra
polarizer and analyzer, is an important
investigative tool in identifying materials with
anisotropic and birefringent properties. Different
types of polymer fibers, due to the variance of
intra-molecular and inter-molecular structures as
well as the variance of molecular orientations,
perform quite different birefringence, thus present
various colors when observed under the POM.
Therefore, the POM can be used for fiber
identification [2]. In this research, this principle is
innovatively applied to test yarn component and
calculate blend ratio of blended yarns.
High Voltage Electrostatic Technology and
Image Processing Technology
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where n is the number of a certain type of fiber in
samples, then the number ratio of two fiber
components is calculated as:

Fig. 1 shows schematically the process of yarn
component testing based on POM analysis. Before
being tested under POM, fiber samples must be
paralleled, which is implemented using the high
voltage electrostatic technology. The fibers that
contain various crystal and amorphous regions and
various amounts of water and impurities could get
unwound, turn to be paralleled and fly in the
direction of high voltage electrostatic field [3]. This
amusing behavior of fibers exhibited in high
voltage electrostatic field has been used in flocking
industry and is also adopted in our research to
obtain paralleled fiber samples for POM test.
Sampling

Fiber Arrangement

n1
N /(l ⋅ d ) N
= 1 0 1 = 1
n2 N 2 /(l0 ⋅ d 2 ) N 2

1
M = ρ ⋅ S ⋅ l0 ⋅ n = ρl0 n ⋅ πd 2 ,
4

1
ρ1l0 n1 ⋅ πd12 ρ N d
M1
4
=
= 1⋅ 1⋅ 1.
M 2 ρ l n ⋅ 1 πd 2 ρ 2 N 2 d 2
2 0 2
2
4

Testing

Blend ratio

FIGURE 1. The schematic testing process of yarn components
testing based on the analysis of POM

(4)

The main apparatus used in this research, the
polarized optical microscope (POM) (Alphaphot-2
YS2), was offered by College of Material Sci. &
Eng. of Donghua University. And the high voltage
electrostatic generator (DZ140VA) was offered by
Shandong Xinfeng Flocking Co., Ltd.. Four
different kinds of samples were adopted in this
research including pure acrylic yarns, rayon yarns,
Tencel yarns and the acrylic/rayon blended fiber
samples (from Guangzhou Fiber Product Testing
Institute).

The sample yarn is first cut into small and formal
pieces and scattered to form a loose collection of
fibers, which then gets paralleled on effect of the
high-voltage electrostatic field. The paralleled fiber
samples are further fixed on glass slides and
observed under the POM to obtain clear fiber
images. Secondly, the images are transmitted to the
computer and processed to get information of the
fibers [4]. Finally, the types of the fibers are
recognized and the blend ratio of yarn is calculated
automatically.

The voltage used in the research ranged from 5K to
50KV, and the distance between the positive and
negative electrodes are from 50~200 mm
depending on fiber types. Before the high voltage
electrostatic experiments, the objective fibers were
pretreated in an atmosphere with the relative
humidity higher than 70% for at least 2 hours so as
to ensure the sufficient polarization and free
movement of the fibers within the high voltage
electrostatic field [6].

During the image processing process, the colors of
each fiber are identified and the diameter (d) of the
fiber is calculated. Then the type of fiber samples
can be recognized with the help of the Michel levy
Chart, and the volume fraction of each kind of fiber
is calculated automatically by counting the number
of pixels (N) that the fiber occupies in the image.
Thus the weight fraction (%) of the fiber can be
calculated by assuming that each kind of fibers are
nearly round in cross section with a nominal
diameter (d) that is calculated in the image
processing process [5]. Suppose the fiber samples
are cut to l0 in length, the number of pixels N that a
certain type of fiber occupies in the image can be
calculated as:

N = n ⋅ l0 ⋅ d ,

(3)

where S is the cross section area of the fiber. Then
combined with Eq.(2), the weight ratio (%) of two
fiber components can be calculated as follows:

Glass slide making

Polarized Optical
Microscope (POM)
Image Process

(2)

Suppose ρ is the volume density of a certain kind
of fiber, the weight of this fiber in the sample is:

High voltage electrostatic
technology
Yarn components

d1 .
d2

RESULTS AND DISCUSSION
Each kind of yarn samples was tested three times
with the POM based method. Fig.2-4 presents the
POM tested images of fiber samples of pure acrylic
yarns, rayon yarns and Tencel yarns respectively.
For the blended acrylic/rayon samples, the
experimental acrylic/rayon weight percent (%) was
obtained according to Eq.(4) using the POM based
method. For comparison, the theoretical data were

(1)
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also calculated from the weight data of acrylic and
rayon fibers. The results are shown in Table I, and
the images of the blended acrylic/rayon samples
observed under POM are shown in Fig.5.

POM based Test (%)

Yarn samples

Acrylic/Rayon

Test 1

Test 2

Test 3

Average

83.08

71.33

87.00

80.47

Theoretical weight
percent (%)
93.75

×100
×400

FIGURE 2. Fiber images of the pure acrylic yarn samples
observed under POM.

FIGURE 5. Fiber images of the acrylic/rayon samples observed
under POM.

When observed under POM, apart from the
characteristic surface morphology a fiber performs,
the fiber also presents unique kind of colors that
makes it much easy to distinguish this fiber from
other kind of fibers. As shown in Fig.2-5, we
should say that it is mainly the characteristic colors
that help us determine the fiber types of the fiber
samples. In addition, a group of fiber samples can
be tested at a time under the POM when they are
paralleled in view. In this research, the high
voltage electrostatic technology has just been used
successfully to parallel fiber samples for POM
testing, which greatly improves the efficiency and
accuracy of this method.

×400

FIGURE 3. Fiber images of the pure rayon yarn samples
observed under POM.

It can be seen in Table I that the tested data of the
weight ratios (%) of the acrylic/rayon samples are
just a little smaller than theoretical data, which
means the measured weight of the acrylic fibers is
smaller than it should be. This is probably resulted
from the differential performance of acrylic and
rayon fibers in the high voltage electrostatic field.
Although they experienced the same moisture
absorption process, the rayon fibers have obviously
large moisture content than acrylic fibers due to the
hydrophilic groups in molecules, high surface area
and larger amorphous regions of the rayon fibers.
Thus rayon fibers are easier to get polarized and
perform swifter behavior than acrylic fibers in high
voltage electrostatic field and reach their
destination glass slide faster, which somewhat
blocks the way or place that acrylic fibers could get
to. Therefore, more rayon fibers got arranged on
glass slides than acrylic fibers.

×400

FIGURE 4. Fiber images of the pure Tencel yarn samples
observed under POM.
TABLE I. The experimental and theoretical results of the
acrylic/rayon weight percent (%) of the blended acrylic/rayon
samples.
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Among the test results, the second test is truly
smaller than the other two. This could probably be
caused by more acrylic fibers left without being
fixed on glass slides than usual, which may be
induced by some incautious operations in fiber
pretreatment such as cutting and separating fibers.
However, the first and third tests give similar and
stable results that are rather close to the theoretical
data though a little smaller.
CONCLUSION
The primary experimental results with pure yarns
and blended acrylic/rayon fiber samples proved
that the POM based method can well be used in
yarn component testing, as well as in blend ratio
testing of blended yarns. In this method, the type of
fiber can be identified immediately and correctly
among the fiber group, and the batch-fiber testing
and the automatic image processing greatly
improve the efficiency of this method. Besides,
compared with traditional approaches, this new
method has special advantages of environmental
friendly.
This method can be expanded to the components
testing of all kinds of textile materials like woven
and knitted fabrics and nonwovens. And the
objective fibers include natural fibers and synthetic
fibers, such as cotton, wool, rabbit hair, silk, hemp,
viscose, acetate, polyester, acrylic, nylon,
polyethylene, polypropylene, spandex fibers and so
on. Even some engineering fibers, say aromatic
polyamide, ultra-high modulus polyethylene,
carbon fibers, glass fibers, basaltic fibers, can just
be recognized with this method.
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Abstract
Quality inspection of textile products is an important problem for textile manufacturers. This paper
presents a computer vision-based system for the quality inspection and control of cotton web in carding
machine. The hardware and software platform developed to solve this problem is presented and an
improved algorithm for defect detection is proposed. Based on the median filtering, contrast enhancing,
thresholding, labeling algorithms the proposed system gives good results in the detection of cotton nep.
1 INTRODUCTION
The inspection of product quality is an important
area in the textile industry. It has depended on
workers’ experience until now. However, the
high cost, low accuracy and very slow
performance of human visual inspection has
enforced the development of on-line machine
vision-based systems capable of executing
effective inspection tasks[1]. The web inspection
in carding is particularly important and complex,
and a lot of researches in this field have been
reported[2]. Web inspection systems are currently
used for quality control in numerous production
lines, such as cloths and fabrics, cable insulators,
paper, plastic bags, strip steel and metals[3].
For a long while, unevenness and nep have been
used to control the quality of slivers or webs in
carding machine. However, the data acquirement
is very slow and the data accuracy is low. Many
attempts have been made to solve these
problems. A simple system using digital image
processing is described in [4]. The system can
mensurate the number of nep on webs. In [5] a
defect detection method by image recognition is
shown. Gray level and area of neps are used as
the characteristics, and the regressive and error
analyses are also discussed. In [6] an on-line nep
detection system which is used in carding
machine based on machine vision is shown. The

FIGURE 1.

encourage results indicate that the system has
many functions, such as high speed data
collecting, nep recognition, on-line and real-time
processing, displaying. Experimental results
verify the speed, reliability and accuracy of the
proposed system.
In what follows, a pilot system for defect
detection of cotton web in real-time is presented.
The optical source, the high speed image
collecting and the real-time image processing of
this system are discussed. The feasibility of the
system is validated by experiments.
2 OVERVIEW OF THE PROPOSED
SYSTEM
The overall system for real-time defect detection
of cotton web has been developed through its
experimental phases. The architecture of the
experimental system is presented in Figure 1. It
consists of the carding machine, optical source
and image processing hardware and software.
The pilot or experimental carding machine was
used with single stripping roller.
2.1 Optical Source
Compare with the other optical source (such as
high pressure mercury vapour lamp), light-emitt-

(a)
(b)
(a) Carding machine. (b) Architecture of the experimental system.

Ing diode (LED) has better feature of monofrequency and high performance. Therefore, LED
lamp was used for the proposed system which

was suitable for defect detection of cotton web.
The LED was placed under cotton web.

- 575 -

2.2 High Speed Image Collecting System
A 6144 element line-scan camera scans the top
side of cotton web. A Pentium-based machine
was used as a host computer for system
coordination and control, binary image
processing and network support. The software
programmed by VB.NET which was used for
data acquisition supports variable acquisition
speed. 1 to 10 images each second was set in
software and cotton neps were detected by the
optimal solution.

was uniformly applied to all images. This
problem can be solved with an adaptive
threshold method that periodically renewed the
value, and was applied variably in each image.
The adaptive threshold method found the
maximum and minimum threshold value on each
image during detecting work. These values were
calculated by an average and standard deviation,
and periodically renewed threshold value
L1,2 = mean[ f (i , j )] ± k * mean[ std ( f (i , j ))] (1)

2.3 Image Processing Approach
The overall image processing algorithm is
shown in Figure 2. At first, the input image is
acquired from the frame buffer of the camera.
Several kinds of noises are removed by filters
such as median value filters. A contrast
enhancing process strengthens the difference
between nep and fiber around. Next, an adapted
threshold method that performs a binary
operation to obtain a precisely compensated
threshold value from nonuniform brightness
distribution, and the labeling algorithm with a
size filter can finally detect neps from the image
removed noises.

decided by the experiment and the value range is

Because the distribution of brightness in the

where k means the weighting factor. It is
usually between 2 to 3. L1 and L2 are the
upper and lower threshold values. f (i , j ) is a
gray-level input image of the web. Eq. (2) shows
the binary algorithm to detect the nep
if L1 < f (i , j ) < L2 then B (i , j ) = 0

(2)
else B (i , j ) = 1
where B (i , j ) is a binary image changed by the
threshold value. In the binary image, the value of
0 means no defect, and 1 means that there is a
nep or noise.
3 RESULTS AND DISCUSSION
In the experiments, the speed of stripping roller
is 3m/s. The data acquisition speed is employed
for 5 images (1024×1024 pixels) each second.
The focus value of camera lens is 15mm and the

(a)

(b)

(c)
(d)
FIGURE 3. (a) Gray-level cotton web image f ( i , j )
(1024×1024 pixels) with neps. (b) Gray-level image after
median filtering process. (c) Gray-level image after contrast
enhancing process. (d) Binary image B (i , j ) obtained as a
result of thresholding operator.

FIGURE 2. Flowchart for the image processing algorithm

image was not uniform according to the optical
source or characteristic of the camera, various
errors would occur if a single threshold value

distance between the camera lens to web surface
is 420mm. Figure 3 shows one of the acquired
images applied image processing algorithm. The
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neps can be seen in Figure 3(d) obviously and
the recognition rate is about 90%. If we want to
increase the recognition rate, it is necessary to
reduce the range of threshold value between L1
and L2 for optimizing the algorithm of image
processing or using special optical sources such
as a high-frequency fluorescent lamp.

4 CONCLUSIONS
In this paper, a computer vision-based system in
real time is presented for detecting cotton neps.
It has the high speed image collecting fuction
and the real-time image processing function, etc.
The neps can be recognized after the image
analysis at an accuracy of 90%. The accuracy of
recognition nep will be increased by optimizing
image processing algorithm or using a
high-frequency fluorescent lamp.
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Abstract: As China and other producing countries are trying their efforts to establish the electronic testing
system of raw silk, it’s of great importance to study the distribution of the coefficient of variation of the raw silk
which is the main testing index in the electronic testing. In this study, to find the distribution of the statistic
coefficient of variation of the raw silk size, two kinds of sampling methods are used to interpret the actual
sampling process. From the two aspects the distribution of the coefficient of variation is finally obtained, as
well as its statistical characteristics.
Keywords: coefficient of variation, electronic testing for raw silk, probability distribution
In our previous research [1-2], some basic studies
of the sampling distribution of the coefficient of
variation have been done. But the result is only the
sampling distribution of CV of one silk segment
without consideration of variance among the silk
segments.

1 INTRODUCTION
As we know the silk size testing is always a very
important item in the raw silk testing. In the
traditional testing system the size variance of the
raw silk is the main index to assess the quality of
the raw silk; while in the electronic testing system
the coefficient of variation (CV) of the raw silk
size is used to substitute the traditional size
variance. Till now most of the silk producing
countries still use the traditional testing means,
although the electronic testing means is strongly
recommended by the consuming countries for its
stable and objective testing results. Therefore to get
an internationally accepted industry standard, great
efforts should be tried to establish an
internationally accepted electronic testing methods
and testing standards.

Therefore the distribution of final average CV
should be further studied. Thus this research tries
to study the distribution of the coefficient of
variation of the silk size in the electronic testing, as
well as its statistical characteristics.
2 BASIC SAMPLING METHOD
In the electronic testing of raw silk, coefficient of
variation of the raw silk size is the main index to be
tested. Suppose CV is a continuous variable in one
dimensional space R. Take one lot of raw silk as a
population, let the CV of the population be c
when the testing length is l meters. In fact the
value of c is difficult to get unless you test the
whole lot of raw silk. Therefore random stratified
sampling is used to estimate this value.

To establish rational and scientific testing
standards, the most important thing is to study the
distribution of CV. In the electronic testing, we
sample m bobbins from a silk lot, and sample L
meters of silk segment from each bobbin. And the
electronic testing machine will test the segment and
give data on the silk mass every l meters long.
Thus a series of raw silk size are obtained, and
from these date the CV of the silk segment can be
computed. Here the l -meter is named as the
testing length.

In our previous work [3] the sampling method has
already been discussed, and this method is that
sample m=40 bobbins from the whole lot of raw
silk, and test the CV value of the silk filament of
L = 1000 m from each bobbin. Let the average
value of the m CV values be ĉ w , suppose the
expectation of ĉ w be

Then repeat the tests, and CV values of those m
silk segments will be obtained; the result of CV is
indicated by the average results of those m silk
segments. Therefore our task is to find the
distribution of the average CV value of the silk size.

E (cˆ w ) = c w .
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(1)

{x

As the silk is classified according to c w , ĉ w is used
to judge whether the expectation of ĉ w belongs to
a certain grade region G (c1 , c 2 ] , therefore the
distribution of ĉ w is very important in the
estimation of the classification accuracy.

is l meters. Sample m subpopulations, and take n
sub samples from these subpopulations, thus a
stratified sample as follows with a sample size of
nm is obtained.
⎧ x11, x12 , L , x1n ⎫
⎪
⎪
⎪ x11, x 22 , L , x 2 n ⎪
⎪LLLLLLL ⎪
⎪
⎪
⎬,
⎨
x
x
,
L
,
x
in ⎪
⎪ i1, i 2
⎪LLLLLLL ⎪
⎪
⎪
⎪⎩ x m1, x m 2 , L , x mn ⎪⎭

σ 2 respectively when the testing length is l meters

long, its coefficient of variation can be computed
by

(2)

Suppose the silk size takes normal distribution,
then it can be supposed that the size series tested
every l meter will be a normal population

(

(n << N , m << M ) .

The mean, variance, and coefficient of variation of
the samples taken from each subpopulation can be
computed according to the following equations.

)

N μ , σ 2 . In the electronic testing, we take m
bobbins from the silk lot, and testing n short silk
segments consecutively whose length is l meters.
Thus we can get the sampling coefficient of
variation of each bobbin {C1 , C 2 , L C i , L , C m } ,
thus the average coefficient of variation will be

cˆ w =

xi 2 , L, xiN }; i = 1,2, L , M .

Here xij is the raw silk size whose testing length

3. DISTRIBUTION OF THE COEFFICIENT
OF VARIATION OF THE RAW SILK SIZE
Take one lot of raw silk as an example, if the mean
and variance of the raw silk size are μ and

c =σ / μ .

i1,

Xi =

(

1 n
1 n
2
xij , S i = ∑ x ij − X i
∑
n j =1
n j =1

)

2

(i = 1,2,L , m )

, Ci =

Si
Xi

.

Their expectation is respectively

m

1
∑ Ci ,
m i =1

(3)

( )

E X i = μ i , E (S i ) = σ w , E (C i ) =

(i = 1,2,L , m ) ,

which is used to estimate the CV of the whole
population.

σw
,
μi

where μ i is the mean size of raw silk in the

The above-mentioned sampling process can be
interpreted from two aspects. If the whole lot of
raw silk is regarded as one population, and each
bobbin is regarded as subpopulation, then each silk
filament is sampled randomly from some of the
subpopulations, this sampling method is named as
random stratified sampling. On the other hand, the
whole silk lot is one population, and each silk
filament can be regarded to be sampled directly
from the population at random. And this method is
named as the same population sampling. From
these two aspects, the distribution of ĉw can be

2

corresponding bobbin. σ w is the size variance of
the raw silk in one bobbin, which is named as
variance within laboratories. As the bobbins are
from the same lot, the silk is reeled from the same
material cocoons under the same technical level
and machine state, the size variance of each bobbin
is supposed to be the same. As the whole lot of raw
silk size is a normal population, each
subpopulation are also supposed to be a normal
population, thus it can be concluded that

(

x ij ~ N μ i , σ w

obtained, as well as its statistical characteristics.

2

),

j = 1,2,3, L , N .

(4)

Here the mean size μ i of a certain bobbin also
takes normal distribution

3.1 RANDOM STRATIFIED SAMPLING
In the electronic testing of raw silk, each bobbin
can be regarded as a subpopulation, which can be
written as

(

)

μi ~ N μ,σ b 2 ,

- 579 -

(5)

value of r is always near 1, which can be seen
from figure 1. Figure 1 is the varying curves of r
with the increase of λ or T in different condition.
Therefore, the Eq. (9) can be simplified as

2

where σ b is the size variance of raw silk among
the bobbins, which is called variance between
laboratories. Therefore we have

σ 2 = σ w2 + σ b2 .
(6)
Thus the mean of the average coefficient of
variation ĉ w of the sub samples can be obtained,
⎛1 m
⎞ 1 m
1 m ⎛σ
E (cˆ w ) = E ⎜⎜ ∑ C i ⎟⎟ = ∑ E (C i ) = ∑ E ⎜⎜ w
m i =1 ⎝ μ i
⎝ m i =1 ⎠ m i =1
=

σw
m

⎞
⎟
⎟
⎠

⎛ 1 ⎞ σw 1 σw
⎟≈
m =
⎟
μ
μ
⎝ i⎠ m

m

∑ E ⎜⎜ μ
i =1

Assume that the ratio of variance between
laboratories to interclass variance is ξ = σ b / σ w ,
and then from Eq. (6), it can be obtained that

σw =

1
1+ ξ 2

σ .

(7)

Thus, we have
E (cˆ w ) =

σw
1
σ
c
=
=
,
2
μ
1+ ξ μ
1+ ξ 2

comparing Eq. (1) with the above equation, we
have
c = 1 + ξ 2 cw .

(8)

3.2 SAME POPULATION SAMPLING
According to the same population sampling
method, the silk size of the whole silk lot takes a
normal population N μ , σ 2 . And each testing
filament can be regarded as sample from the
population. Thus the filaments from the m bobbins
are all sampled from the population dependently.
Therefore according to the previous work [2], the
variance of the coefficient of variation of the
sampling filament can be written as

(

D(Ci ) =

(

)

)

r 2c 2
1 + 2 r 2c 2 ,
2n

FIGURE 1. Relation curves between
λ or the mimetic period T

(9)
D(C i ) =

⎡ 2 n −1
2π i ⎤
−λ i
⎢1 + ∑ (n − i ) e cos
⎥ .
n
T ⎦
i =1
⎣
Here whatever values the attenuating rate λ and
the mimetic period T will take, it is found that the

where r = 1 −

1
n

(

c2
1 + 2c 2
2n

r and the attenuating rate

)

As the coefficient of variation for raw silk is very
c4
small, then
≈ 0 , thus the above equation can be
n
approximately simplified as
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of raw silk randomly, and then test the silk
filaments from these bobbins for nl meters long,
and the testing interval is l meters long. It means
that the electronic testing machine will give an
original datum on the silk mass every l meters
long, which can also be understood that there are
n original data on the silk mass to be given in one
silk filament from one bobbin, and the estimator
for the coefficient of variation of this bobbin is
computed from these n original data by the
machine automatically. Thus the study of the
distribution of the coefficient of variation of the
raw silk size is in fact the study of the distribution
of its estimator. It’s somewhat difficult in finding
its distribution from normal mathematical way.
Therefore two kinds of sampling methods are used
to interpret the actual sampling process. From the
two aspects the distribution of the coefficient of
variation is finally found. As the error of the results,
a lot of actual electronic tests should be done to
verify it. And how we use this result in our raw silk
classification research? In our further study, these
works will be done.

c2
D(C i ) ≈
2n

Replace Eq. (8) into the above equation, we have
2

D(C i ) ≈ ⎛⎜ 1 + ξ 2 c w ⎞⎟ / 2n .
⎝
⎠

(9)

Let
k = 1+ ξ 2 .

(10)

Then k is a variable that has relation with the ratio
of the variance between laboratories to the variance
within laboratories, variance between laboratories,
and number of bobbins m . Here, k is named as
equivalent coefficient.
As the coefficient of variations from each bobbin
are variables that take the same distribution
dependently, thus according to the central limit
theorem, when m is big enough, from Eq. (9) and
Eq. (10), we can get the variance of C i as follows:

Therefore based on the previous deduce, it can be
concluded that the distribution of the estimator for
the coefficient of variation of the raw silk size
2
⎛
k 2 c w ⎞⎟
takes normal distribution cˆ w ~ N ⎜ c w ,
,
⎜
2mn ⎟⎠
⎝
where k is the equivalent coefficient, m and n are
the sample size.

2

D(Ci ) ≈

k 2 cw
.
2mn

(11)

Thus it can be concluded that ĉ w takes normal
population approximately, i.e.
2
⎛
k 2 cw
cˆ w ~ N ⎜ c w ,
⎜
2mn
⎝

This study is supported by the project from Science
and Technology Department of Zhejiang Province:
Research on the Classification Accurateness in the
Raw Silk Sampling Test (Project number:
2007C2115).

⎞
⎟,
⎟
⎠

and its probability density function is
f (cˆw ) =

⎡ mn(cˆw − cw )2 ⎤
Exp ⎢−
⎥ .
(kcw )2 ⎦⎥
π
⎣⎢

mn
k cw
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4 DISCUSSIONS AND CONCLUSIONS
In the electronic testing, the coefficient of variation
of the raw silk size is an important index to be
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sampling method has been studied. The sampling
method is to sample m bobbins from the whole lot
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ABSTRACT
This work aims to investigate the viscoelastic behavior of MVS cotton yarn. A modified generalized Maxwell
model is developed to describe the creep and stress relaxation mechanisms of vortex-spun cotton yarn by
comparison of ring-spun, jet-spun yarns. The results show that the modified generalized Maxwell model can
effectively explain the stress relaxation and creep properties of yarns produced by Murata vortex spinning
(MVS), Murata jet spinning (MJS) and Ring spinning (RS). The elasticity property of MVS yarn is more
superior to the MJS yarn nevertheless not as good as RS yarn. The creep elongation of MVS yarn is less than
MJS yarn and larger than RS yarn under a constant stress. The study of viscoelastic behavior of vortex yarn
can guide the style design of its fabric.
Keywords: Murata vortex spinning; air-jet spinning; ring spinning, yarn; viscoelastic behavior
INTRODUCTION
Textile materials are viscoelastic materials. Their
mechanical behaviors can be explained by a
combination of Newton’s law and Hook’s law [1].
The viscoelastic behaviors of fibers and yarns can
be divided into two categories: stress relaxation
under constant deformation and creep elongation at
a constant stress. Nachane et al. analyzed the
relaxation phenomena in textile fibers [2-3]. The
previous works were also focused on modeling the
viscoelastic behaviors of viscose rayon and
polypropylene fibers as well as yarns [1, 4-6]. Liang
et al. investigated the stress relaxation mechanism
of MVS and RS yarns [7]. However, there are few
studies focused on the creep property of MVS yarn.
Therefore, in this research, we attempted to study
the viscoelastic behavior of MVS cotton yarn by
comparisons of RS and MJS yarns.
EXPERIMENTAL
MATERIALS
TABLE 1. Fiber properties

Fiber
Type

Upper
quartile
length
mm

dtex

Micronaire

Colored
cotton

26.8

1.46

3.14

1.9

5.7

White
cotton

29.3

1.74

4.81

2.83

13.6

Fineness

Tenacity Elongation
cN/dtex
％

TABLE 2. Yarn formation process parameters
Spinning system

MVS
system

MJS
system

RS
system

Delivery speed

320m/min

167m/min

19m/min

Total draft

129

98

27

Main draft

40

23

-

Nozzle type

75, Holder
130d, 9.3

H26

-

Condenser/spindle
(mm)

Spindle 1.4

Condenser
4

-

Spindle Speed rpm

-

-

15000

Ring diameter

-

-

40mm

Feed ratio

1

1

-

Take up ratio

0.99

0.99

-

Air pressure (MPa)

0.4

N1 0.3, N2
0.4

-

Distance between
front roller
and spindle/N2
nozzle (mm)

19

39.5

-

Yarn count

18.2 tex

18.2tex

18.2 tex

Three different yarns (MVS, MJS and RS yarns)
made from 85/15 white cotton/colored cotton were
spun by MVS, MJS and RS systems respectively.
The properties of white cotton and colored cotton
are shown in Table 1. The yarn counts of three
different yarn samples are all 18.2 tex. The
formation process parameters of three different
yarns in the MVS, MJS and RS systems are
displayed in Table 2.
TENSILE TESTS
Creep tests were done on vortex-spun, ring-spun,
and jet-spun yarns subjected to creep for 300
seconds after being stressed up to σ0 = 5.5 cN/tex at
a rate of 15 mm/min.
Stress relaxation tests were also conducted on
vortex-spun, ring-spun, and jet-spun yarns subjected
to relaxation for 300 seconds after being strained up
to ε0 = 4% at a rate of 130mm/min.
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Creep and stress relaxation properties of yarns were
measured in YG061 electronic single-yarn tensile
tester. Tests were conducted in a conditioned
atmosphere of 20℃±2℃ and 65%℃±2% relative
humidity. 10 tests per sample were performed. For
all tests, an ample gauge length of 250mm was
chosen. The pre-tension for measuring creep and
stress relaxation is 0.5 cN/tex.

When t =0, σ (0 ) = E3ε c , σ& (0 ) = 0
Therefore, the general solution of Eq. (2) is given
by Eq. (3)

σ (t ) = c0 + c1e −t / τ + c2e −t / τ
1

Based on the experimental data of yarns’ stress
relaxation behavior, the theoretical curves of stress
relaxation behavior for MVS, MJS and RS yarns is
simulated by Eq. (3). The parameters of stress
relaxation model and its correlation coefficient R for
every yarn sample are shown in Table 3. Under a
same extension, the maximum stress of MVS yarn
is greater than the MJS and less than RS yarn. The
stress relaxation phenomenon in approximate 10
seconds for every yarn sample is very significant,
and then gradually weakens with time until a
plateau. The stress relaxation time τ1, τ2 of MVS
yarn is larger than MJS yarn and less than the RS
yarn, which illustrates the elasticity of RS is greater
than MVS yarn, followed the MJS yarn.

RESULTS AND DISCUSSION
RHEOLOGICAL MODELING

FIGURE 1. Modified generalized Maxwell model [1]

170

The modified generalized Maxwell model is
composed of a generalized Maxwell model
connected in a row to Hook’s spring as shown in
Figure 1[1]. We attempted to discussion the
viscoelastic behavior of yarns by this model. The
constitutive equation of this model can be expressed
as

⎞
⎛ E1 μ 2
E
+
+ 1⎟⎟ε& + 1 ε
E 2 E3
μ1
⎠
⎝ E 2 μ1
⎛ 1
E
μ2
μ ⎞
σ&& + ⎜⎜ + 1 + 2 ⎟⎟σ&
=
E 2 E3
⎝ E 3 E 2 E 3 μ1 E 3 ⎠

μ2

Experimental points:
RS yarn
MVS yarn
MJS yarn
Theoretical Curve:
RS yarn
MVS yarn
MJS yarn

160
150

Stress(cN)

140
130
120
110
100

ε&& + ⎜⎜

90
80
0

50

100

150

200

250

300

Time(Seconds)

FIGURE 1. Simulation of stress relaxation behavior.

⎛ E
1 ⎞
+ ⎜⎜ 1 − ⎟⎟σ
⎝ E 3 μ1 μ1 ⎠

TABLE 3. Parameters of relaxation models for different yarns

(1)

Parameters of stress relaxation model

Yarn types

Where E1, E2, and E3 are the elastic coefficients of
Hook’s springs, μ1 and μ2 are the viscosity
coefficients of Newton’s dashpots, σ is the stress
acted on the yarn, and ε is the extension of yarn
under the stress.

c0

c1

c2

τ1

τ2

R2

RS

113.39

21.04

28.18

73.06

2.50

0.994

MVS

96.88

17.72

24.55

69.18

2.21

0.991

MJS

84.22

20.97

25.78

63.91

2.41

0.995

CREEP MODEL
When a stress σ = σc, Eq. (1) is derived as

STRESS RELAXATION MODEL
When a extension ε = εc, Eq. (1) becomes

⎛ 1
E
μ ⎞
σ&& + ⎜⎜ + 1 + 2 ⎟⎟σ&
E 2 E3
⎝ E 3 E 2 E 3 μ1 E 3 ⎠
⎛ E
E
1 ⎞
+ ⎜⎜ 1 − ⎟⎟σ = 1 ε c
μ1
⎝ E 3 μ1 μ1 ⎠

(3)

2

⎞
⎛ E1 μ 2
E
+
+ 1⎟⎟ε& + 1 ε
μ1
E 2 E3
⎠
⎝ E 2 μ1
⎛ E
1 ⎞
= ⎜⎜ 1 − ⎟⎟σ c
⎝ E 3 μ1 μ 1 ⎠

μ2

μ2

(2)
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ε&& + ⎜⎜

(4)

When t =0, ε (0 ) =

σc
E3

, ε& (0 ) =

σc
μ2

Therefore, the general solution of Eq. (4) is
expressed by Eq. (5)

ε (t ) = c0 + c1e − t / τ + c2e −t / τ

So,

1

2

(5)
14.0
13.5

MJS and RS yarns. Under a same extension, the
maximum stress of MVS yarn is between the RS
and MJS yarns. The stress relaxation time of RS
yarn is longer than the MVS yarn, followed the MJS
yarn. The elasticity of RS yarn is better than that of
MVS yarn, followed the RS yarn. The maximum
creep elongation of MVS yarn is between the MJS
and RS yarn when a stress is a constant. The creep
property of MVS yarn is between the RS yarn and
the MJS yarn. The structure differences of yarns do
make their viscoelastic behaviors different.

13.0

Experimental points:
RS yarn
MVS yarn
MJS yarn
Theroretical curve:
RS yarn
MVS yarn
MJS yarn

12.5
12.0

Extension(mm)

11.5
11.0
10.5
10.0
9.5
9.0
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FIGURE 2. Simulation of creep elongation behavior
TABLE 4. Parameters of creep models for different yarns
Yarn types

Parameters of creep model
c0

c1

c2

τ1

τ2

R2

RS

8.51

-1.21

-0.91

128.95

14.39

0.996

MVS

11.93

-1.49

-1.50

114.61

7.00

0.988

MJS

13.89

-2.83

-2.91

102.23

9.31

0.999

Figure 2 shows the experiment and simulation
results of creep elongation by Eq. (5). The
parameters of creep model and its correlation
coefficient R are shown in Table 4. The creep
elongation for any yarn sample sharply increases in
approximately 10 seconds, and then slowly
elongates with time up to a plateau. The maximum
of creep elongation of MVS yarn under stress σc is
between the RS and MJS yarns. The reason of
larger creep elongation is that the slippage
phenomenon between fibers is relatively prominent.
The centripetal force produced by the wrapper fiber
under a stress can stop the slippage between fibers.
The number of wrapper fiber of MVS
yarn is more than MJS yarn. Therefore, the creep
elongation of MVS yarn is less than MJS yarn. The
creep retardation time τ1, τ2 of MJS yarn is least
compared to RS, MVS yarns, so the creep
phenomenon of MJS yarn is more obvious than
other yarns such as MVS, RS yarns.
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CONCLUSIONS
The stress relaxation model and creep model can
well describe the viscolastic behaviors of MVS,
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ABSTRACT
A self-developed fixed-point bending fatigue test apparatus was introduced in this paper. The bending fatigue
properties of high performance fibers such as Kevlar49, Kevlar129, PBO and UHMWPE fiber were measured
by using the apparatus introduced in this paper. Then their bending fatigue resistance and microstructure after
bending fatigue were compared. The effects of pre –tension and bending angle on the bending fatigue lifetime
of fibers had been studied. The rupture-end morphology of single fiber bending fatigue tests was observed by
microscope. Bending fatigue failure mechanisms had been discussed according to the characteristics of fibers
rupture-end morphologies. It was found that the pre-tension and bending angle had significant effects on the
fatigue lifetime. There were differences in bending fatigue lifetime and the failure mechanisms of the four fibers.
cyclic stress. In addition, some preliminary results
on two sample materials were also given to
validate the effectiveness of this equipment.

INTRODUCTION
The fatigue property of a single fiber determines
the life time and the physical breakage of a
material. Many previous papers were focused on
the effects of bending fatigue on the aramid fiber,
which were presented in the form of S-N curves, or
number of cycles-to-failure under a given pretension [1]. Liu Xiaoyan tested the bending fatigue
lifetime of the aramid fiber and the UHMW-PE
fiber by a simple bending fatigue apparatus [2] and
Gu Bohong analyzed the bending fatigue strength
of the wool fiber [3]. Kundu studied the flexural
bending fatigue of raw and chemically treated Jute
[4]. Burgoynet al el. investigated the bending
fatigue of parallel lay aramid ropes [5]; Todd got
the number of cycles of aramid fiber strength
members under low tension and found that the
bending fatigue damage of aramid fiber strength
members was small under low tension [6]. In a
word, different researches tested bending fatigue
properties of fibers by different apparatuses to
provide the assessment standards of bending
fatigue life for fiber materials. However, these test
equipments are mostly fit for large load materials
and the test results are discrete.
In this paper, a new equipment developed by
the Donghua University textile materials and
technology was presented [7], which can perform
the bending fatigue test under given bending angle,
pre-tension and frequency. The designing principle
of this apparatus is based on the fixed-point and
double-face bending damage of materials under the

EXPERIMENTALAPPARATUS
The bending fatigue apparatus developed by the
Donghua University textile materials and
technology was presented, which can perform the
bending fatigue test under given bending angle,
pre-tension and frequency. The experiment
apparatus includes six parts as follow: 1). Sensor,
2). upper jaw, 3).fixd-point, 4). lower jaw, 5).
swing plane and 6). fiber. The force sensor is used
to note and set the bending stress, and the
maximum pre-tension range is 4000mN with a
precision of 0.2mN. The jaws are used to clamp
materials. The swing plane can rotate different
angles, which provides the bending section of
materials. The fixed-point can fix the bending point
and make the bending point fixedness.
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lifetime of Kevlar49 fiber decrease with the
increase of bending angle at the same pre-tension.

FIGURE1.The fundamental structure of fixed bending fatigue
equipment

7000

MATERIALS
The bending fatigue behaviors of the single Kevlar
49, Kevlar129 , UHMW-PE and the PBO fiber
were measured. The linear density of Kevlar 49
and Kevlar129 fiber are 2dtex, the UHMW-PE
fiber is 6dtex and the PBO fiber is 4dtex. The
lengths of the two kinds of fibers used are 6cm in
experiment.

Number of cyclic bending

6000

4000
3000
2000
1000

EXPERIMENTAL PROCEDIRE
Due to the large dispersion for the experimental
results, the test number of every specimen was set
as 50 times. Former studies have proved that the
fatigue lifetime didn’t statistically conform to a
normal distribution but the logarithm of the
lifetime data approximately indicates a normal
distribution, so all data were set as the logarithm
values for further analysis.
The specimen was clipped in jaw and the pretension of fiber can be adjusted. These set
parameters are illustrated in table 1. The cyclic
stress was recorded and morphologies of aramid
fiber were screened during the whole test process.
All measurements were conducted out under25℃
and relatively humidity 65%.

25

30

35

40

45

Bending angle (0)

FIGURE3. Relationship between the bending angle and the
bending fatigue lifetime of Kevlar fiber.

The comparison on the bending fatigue lifetimes of
different high performance fibers under the
bending angle 350 and pre-tension 8cN/dtex
condition were discussed. The experimented results
are shown in figure 4. It can be seen from Fig.4
that the fatigue lifetime of UHMWPE is the longest,
which is four times of Kevlar49 fiber. The fatigue
lifetime of Kevlar 49 fiber is the least. It is obvious
that when the fiber is subjected to bending, one
side of it is compressed but the other side is drawn.
Despite the PBO, Kevlar129 and Kevlar49 fiber
have high tensile strength, the compression
strength is lower when the fibers bend the lower
transverse compression strength can damage the
fiber rupture. The UHMWPE fiber has not only the
high tensile strength but also more flexible
molecular chains than the other fibers , so that the
UHMWPE fiber is likely to be at the elasticity state,
and its fatigue lifetime id longest.

RESULTS AND DISCUSSIONS
BENDING FATIGUE PROPERTIES OF
HIGH PERFORMANCE FIBES
Figure 2 shows the S-N curve of the single fiber
under given bending angle 350 and frequency1HZ.
It can be found that the bending fatigue lifetime of
high performance fibers decreases with the
increase of pre-tension at the same bending angle.
40000

14000

25000

Bending fatigue lifetime

30000

20000
15000

12000
10000
8000
6000
4000

10000

2000

5000

0
1

UHMWPE
6
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8

2

PBO
B

PBO
Kevlar49
Kevlar129
UHMWPE

35000

Number of cyclic bending

Kevlar49

5000

3

Kevlar129

4

Kevlar49

9

pre-tension(cN/dtex)

FIGURE 4. Comparison on the bending fatigue lifetimes of
different high performance fibers.

FIGURE2. Relationship between the pre-tension and the
bending fatigue lifetime of high performance fibers

THE FRACTURE END MORPHOLOGY OF
HIGH PERFOEMANCE FIBERS
Figures 5-8 show the fracture ends morphologies of
high performance fibers under bending fatigue

Figure3 shows the θ-N curve of the single
Kevlar49 fiber under given pre-tension 8cN/dtex
and frequency 1HZ. It can be found that the
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FIGURE 7. The bending fatigue fracture-end morphology of
PBO fiber.

testing. The ruptured ends of the Kevlar49 and
Kevlar129 fibers are shown in figure 5 and 6. It
can be seen that fracture ends like “brush” and the
bending fatigue fracture of Kevlar fiber is splitting
breakage. The fracture morphology becomes
peaked gradually along the fiber axis. It is evident
that the Kevlar fibers are broken due to the
fibrillation or axial split which can be explained by
the fibrillar structure and the high orientation and
low intermolecular force. Therefore, the fiber
fibrils will be split and developed as fibrillated
fracture ends when fibers are bent repeatedly.

FIGURE 8. The bending fatigue fracture-end morphology of
UHMWPE fiber.

CONCLUSION
1. The bending fatigue test results measured by the fixed-point
show that the bending fatigue lifetime of fibers decrease with
the increase of pre-tension and bending angle.
2. The bending fatigue lifetime of UHMWPE is the longest and
the kevlar49 fiber is worst in all fibers by comparing of bending
fatigue test results.
3. The fatigue fracture ends morphologies of fibers show that
the Kevlar49, Kevlar129 fibers and the PBO fiber are broken
due to the fibrillation or axial split which can be explained by
the fibrillar structure and the high orientation and low
intermolecular force. The fracture ends of UHMWPE show that
the fatigue failure is caused by the obvious accumulated plastic
deformation.

FIGURE 5. The bending fatigue fracture-end morphology of
Kevlar49 fiber.
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FIGURE 6. The bending fatigue fracture-end morphology of
Kevlar129 fiber.

The ruptured ends of the of PBO fiber are shown in
figure 7. It can be seen that the fiber split when
fiber bend. It is same with Kevlar fiber. The fiber
broken due to the fibrillation or axial split. Figure 8
shows the fracture-end morphology of UHMW-PE.
It can be seen that the fracture end of UHMW-PE
is near flat and there is no fibrillar structure due to
obvious accumulated plastic deformation.
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ABSTRACT
Profiled fiber cross-sectional shape analysis is of great significance to textiles quality control and performance.
In this paper, a new method of cross-sectional shape characterization on fiber shape factor is reported. Different
from the traditional method that based on the inscribed circle and the circumscribed circle, our method takes the
fluctuation curve from the cross-sectional boundary. After extracting the fluctuation curve, standard deviation
of the difference sequence between cross-sectional area and the circle’s area within each unit region is
employed as the index to characterize the shape of the profiled fiber. Experimental results validate that this
index can depict the discrepancy degree between the cross-section and the area equivalent circle effectively and
sufficiently.
Keywords: Profiled fiber; Cross-sectional shape; Shape factor; Image analysis;
For profiled fiber, quantitative characterization and
analysis of fiber cross-sectional shape is an
extraordinarily important part of quality control. It
is indispensable to the research of the influence
mechanism of fibre cross-sectional non-circularity
on the performance of end-use products and
essential guide for textiles performance design.

STATEMENT OF OBJECTIVE
The definition of fiber shape factor is the degree of
difference between fiber cross-sectional shape and
the circular shape. Because of the multiplicity of
fiber cross sectional shapes, this difference degree
comprises the degree of area difference, shape
complexity difference, the ratio of length and
breadth difference etc. To scale this difference
degree with simple geometry parameters is difficult
and commonly it needs the aid of human's
cognition.

At present, fibre shape factor is used as the most
important characteristic parameter of profiled fiber
cross-sectional shape. There are lots of common
indices of shape factor[4-9]. However, these shape
factor indices’ capacities to characterize fibre
shape factor are very limited. And also, these
indices are all defined with the most basic
geometry parameters for the sake of easy to
measure. With image processing techniques we can
break this limit[1,10].

The goal of our research are to find a group of
indices or some index, it’s value can directly and
accurately reflect cross-sectional shape’s noncircularity degree, truly implement quantification
characterization of fiber shape factor; to realize the
indices’ full-automatic computation by means of
image processing techniques.

APPROACH
INTRODUCTION
Profiled fibre refers to noncircular cross-sectional
synthetic fibre which are produced by noncircular
spinnerets or hollow fibre. The tiny difference of
fibre cross-sectional shapes can notably affects
several physical and mechanical properties and
therefore influences the behavior of the fibre
during processing and the properties of the
resultant yarns and fabrics [1-3].

(a)
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(b)

FIGURE 1. (a) Original micrograph image of profiled fibre; (b)
Binary image.

dimensional wave signal, effectively extract the
most useful information for quantification
characterization of fibre shape factor.

A read-in image, after undergoing the image
preprocessing, can be converted to a binary image
which the fiber and the background separate
completely as figure 1 shown. The values of each
fiber object’s pixels all are 1, the values of the
background’s pixels are 0. For each fiber object,
make its area equivalent circle which takes the
center of mass as the center, as figure 2 shown.
Suppose its radius as R.

Nevertheless, the fluctuation degree of the
sequence Di relative to R must be depicted
together by the mean value and the standard
deviation because D ≠ R . And it is difficult to make
certain their weights on fibre shape factor.
In fact, the curve satisfies a defined condition. The
fiber cross-sectional area is equal to the circle's
area. We can approximately look the fiber crosssectional shape as perfect circle which takes the
center of mass as the center, divide its boundary
into N parts according to the same angle. In this
way, we normalize the number of boundary pixels
to N according to the change of polar angle. Figure
4 shows the curve obtained by normalizing
boundary pixels’ number to N.

FIGURE 2. Illustrations of calculating the distance between
each boundary pixel to the center of the area equivalent circle.

Taking the most left upper boundary pixel P0 as
jumping-off point, in the clockwise direction mark
the boundary pixels, and calculate the distance
between each pixel to the center of circle, obtain
the distance sequence Di . Taking the sequence

FIGURE 4. The curve obtained by normalizing boundary
pixels’ number to N.

Di as y-coordinate, the fiber object boundary

pixels’ serial numbers as the abscissa, we can get a
curve as figure 3 shown.

When the angle is very small, each part of the fiber
cross-section can be seen as a small fan. Its area is
approximately replaced with the fan’s area, and
then the condition can be expressed by Eq. (1):
N

1

∑ N ⋅π ⋅ D

2
i

i =1

N

= π ⋅ R2 = ∑
i =1

1
⋅π ⋅ R2
N

(1)

Because the circumference angle is 360, take
N =360. Deduction available as follows:
FIGURE 3. The original boundary fluctuation curve.

N

N

∑D =∑R

The fluctuation of the sequence Di relative to the
radius R reflects the fluctuation of fiber object’s
boundary protrudes from or hollows out the
circumference of the area equivalent circle.
Therefore, the fluctuation degree of the sequence
Di relative to R fully indicated fibre shape factor.

2
i

i =1

1
N

N

∑ Di2 =
i =1

Di2 = R2

Consequently, we successfully transform the twodimensional image information to the one- 589 -

(2)

2

i =1

1
N

N

∑R

2

(3)

i =1

(4)

15 types of basic, regular, pure shapes. The results
are shown in Figure 6. The abscissa is the 15
shapes, the longitudinal coordinates corresponding
to their values of SY .

The fluctuation degree of the sequence Di2 relative
to R reflects the degree of the fiber cross-section
protrudes from or hollows out the area equivalent
circle in each unit small region, also fully depict
shape factor. The standard deviation of the data
sets can effectively reflect their discrete degree
relative to the mean. Therefore, in the case of
Di2 = R2 , the fluctuation degree of the
2

sequence Di2 relative to R 2 can only be indicated
by the one index: standard deviation S .
D2

For ensuring the invariance to the geometric
transformations of scaling and rotation, we should
2
2
normalize the sequence Di2 . Make Y = Di − R , then
i

R2

Y = 0 constantly. SY , the standard deviation of the
sequence Yi , effectively and sufficiently

FIGURE 6. The comparison of 15 basic, regular, pure shapes’
SY values.

characterize the degree of discrepancy between
fiber cross-section and the area equivalent circle.

As for the ellipse, our subjective understanding is
the ratio of the long axis and the short axis, namely,
the ellipticity is bigger, its non-circularity degree
should be greater, the value of shape factor should
be bigger. The results of No.1 to No.5 satisfy well
with this understanding.

N

SY =

∑(
i =1

Di2 − R 2 2
)
R2
N

(5)

Figure 5 shows the final boundary fluctuation
curve.

If we approximate the circle with the regular
polygon, the discrepancy degree of the triangle
relative to the circle is the greatest, next is the
square, then the pentagon, the hexagon, the
heptagon, the octagon. The nonagon is very close
to the circle. From the results of No.5 to No.12
shapes in the picture, the values of the index
SY displayed this tendency well.
Analyze the results of No.7, No.13, No.14, No.15
shapes. For quadrilateral, the shape factor value of
the rectangle is bigger than that of the square; the
shape factor value of the parallelogram is bigger
than that of the rectangular; the flatter for the
parallelogram, the bigger the value of shape factor.
These are also consistent with human’s cognition.

FIGURE 5. The final boundary fluctuation curve.

In fact, the physical significance of SY is the
standard deviation of relative difference value
sequence between fiber cross-sectional area and the
area equivalent circle’s area in each unit small
region. Theoretically, its minimum value is 0,
corresponding to the circular cross-section. The
value is bigger, indicating that the degree of
difference between cross-sectional area and the
area equivalent circle's area in each unit small
region is greater and the fibre shape factor is bigger.

CONCLUSIONS
This paper has described in detail an effective
method of cross-sectional shape characterization on
fibre shape factor. We extract boundary fluctuation
curve which reflects faithfully the discrepancy
between profiled fiber cross-sectional boundary
and the circle circumference. Thus, we effectively
transform the complex two-dimensional image
information to one-dimensional wave signal,
simultaneously retaining all the information which
we need about fiber shape factor. In this way, we
calculate the standard deviation of the difference

RESULTS AND DISCUSSION
In order to test the sufficiency and validity of the
index SY , we calculate the values of the index, with
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sequence between cross-sectional area and the
circle area within each unit region and set it as
index of fiber shape factor. Experiments have
proved that the index can effectively and
sufficiently characterize the discrepancy degree
between profiled fiber and the area equivalent
circle which takes fiber center of mass as the center.
FUTURE WORK
This provided a good condition for further study of
the impact that non-circular cross-section of fiber
has on their textiles performances, and for better
guidance to textiles performances design. This also
is of great significance to guide profiled fiber’s
production and quality inspection.
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ABSTRACT
Kubelka-Munk theory, mathematically describing the absorption and scattering of light in turbid medium, has
been widely used in color science. This theory ignored the surface reflection in it original report, which did
simplify analysis and computation, however, it left a question behind as well. Researchers put forward several
surface reflection corrections in order to gain more accurate results from Kubelka-Munk formulas. In this paper,
different emendations were reviewed. Then the surface reflection correction equations for fabric were derived.
The effects of surface reflection correction on hemispherical reflectance, hemispherical transmittance, and K/S
were calculated and analyzed. The results provide insight into different emendation methods to surface
reflection and present methods to error analysis of neglecting or estimating surface reflectance for fabrics.
Keywords: Kubelka-Munk theory; surface reflection correction; Saunderson correction; Pineo correction,
textile; error analysis
KUBELKA-MUNK THEORY
In 1931, Kubelka P. and Munk F. mathematically
described light scattering and absorption in turbid
media [1], which has been widely used in color
science since then and termed as Kubelka-Munk
(hereafter abbreviated K-M) theory. This theory
was further developed later and many formulas
were deduced by Kubelka [2, 3]. Here, only the
equations from K-M theory used in this paper are
listed below.
T=

b
a sinh Φ + b cosh Φ

(1)

R=

sinh Φ
a sinh Φ + b cosh Φ

(2)

R∞ = 1 +

K
K
K
− ( )2 + 2
S
S
S

K (1 − R∞ ) 2
=
S
2 R∞

a ≡ (K + S ) / S

b = a2 −1

Φ = bSX

where T is (hemispherical) transmittance and R
(hemispherical) reflectance; K and S are light
absorption coefficient (cm-1) and light scattering
coefficient (cm-1) respectively; R∞ is the reflectance
of the turbid media with infinite thickness, X stands
for the thickness.
Eq. (4), the reverse mode of Eq. (3), is the most
widely used equation, often called as KubelkaMunk Equation in the field of textile.
Kubelka-Munk theory made several assumptions in
its original derivation. One of them is that it didn’t
take into account surface reflection properties,
which did make its model and deduction relatively
clearer and easier; meanwhile, it also left a
question behind.

(3)

Researchers in this field know that the linear
relationship of K/S and the concentration of dye in
fabric don’t exist any more with increasing
concentration. Some researchers attribute this to
the neglect of surface reflectance. For the actual
reason of it, one can refer to the author’s paper [4].

(4)

And
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applied for textiles. Shah, who utilized and
developed Saunderson correction, even didn’t list
the corrections for paints in their relevant book for
textiles [8]. For textiles, researchers have put
forward some other emendations to K-M equation.

EXISTING
SURFACE
REFLECTION
CORRECTIONS
In order to achieve more accurate and satisfactory
results from K-M formula, researchers have
developed several solutions. The most commonly
tried approach is to make a surface reflectance
correction.

Pineo contributed several surface corrections to KM equation, Eq. (9) [9] and Eq. (10) [10] are just
examples, which has been utilized in attempts to
provide more linear relation of K/S and the
concentration of colorants in textiles.

Corrections for Plastics and Paints
The first surface reflectance correction to K-M
theory was proposed by Saunderson in 1942 [5] in
his analysis of colored plastics. He adopted Eq. (5)
to emend K-M formula, which has been widely
accepted in plastics and paints.
R' = k1 + (1 − k1 )(1 − k 2 )

R
1 − k2 R

(5)

In this expression, R’ is the reflectance measured
by the spectrophotometer with incident light upon
the sample; k1 is the fraction of the incident light
which is reflected from the front surface of the
sample and can be found from Fresnel’s law for
normal incidence. The constant k2 is the fraction of
the light incident diffusely upon the surface of the
sample from the inside which is reflected.

T
1 − k 2T 2

R'− k1
1 − k 1− k 2 + k 2 R'

Rm − k1
1 − k 1− k 2 + k 2 Rm

(10)

(1 − R∞ ) 2
K
=
S ( R∞ − r )(1 + kR∞ )

(11)

where r is a constant determined by surface
reflection, and k a constant determined by internal
reflectance.

(6)

Some researchers chose more simple empirical
modifications, for example, just subtracting surface
reflectance from the measured hemispherical
reflectance, as shown in Eq. (12), which was
adopted by Park and Stearns [12], Shah and Gandhi
[8], Etter [13], etc.
K [1 − ( R∞ − Rr )]2
=
S
2( R∞ − Rr )

(7)

The correction of R∞ is similar, as shown in Eq. (8).
R∞ =

K [1 − ( R∞ − r )]2
=
S
2( R∞ − r )1 / n

Fink-Jensen [11] considered both the surface and
internal reflectance and proposed Eq. (11)

The inverse mode of Eq. (5) is given as shown in
Eq. (7), which is the usually so-called Saunderson
correction and can be directly used before applying
K-M theory.
R=

(9)

where σ is the Pineo factor determined by
experiment; r is the minimum reflectance and n an
arbitrary constant for which experience has shown
the best value to be 1 [10].

Billmeyer’s research group utilized Saunderson
correction in their studies [6, 7]. Besides, Shah and
Billmeyer derived an appropriate equivalent
correction for transmittance [7], that is
T ' = (1 − k1 )(1 − k 2 )

K
(1 − R∞ ) 2
=
S 2(1 − σ )( R∞ − σ )

(12)

Xu [14], et al, tried another far simpler equation, as
seen in Eq. (13), in which, usually percent=1.0%.

(8)

R ∞ = (1 − percent ) R m

Corrections for Fabrics
Saunderson correction has been widely accepted
and adopted for the interconversion of the K-M
reflectance and the measured reflectance of colored
coatings and plastic panels. However, it has seldom

(13)

Murata [15] combine a linear segment and a curve
segment together to express the relationship of K/S
and concentration c, that is
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K
= Ac − B ⋅ exp F ( c )
S

T=

(14)

F ( c ) = a0 + a1 ⋅ c + a2 ⋅ c 2 + L + a n ⋅ c n

sinh Φ
(1 − Rr ) + Rr
a sinh Φ + b cosh Φ
= R0i + Rr (1 − R0i )

R0 =

where A is a constant in the linear segment for a
given colorant, B is zero in the first linear part and
equals to 1 in the second curve part. The Function
F(c) can be obtained by least square method.

R∞ = (a − b )(1 − Rr ) + Rr = R∞ i (1 − Rr ) + Rr

Ti =

T
1 − Rr

(15)

(16)

φ = bSx

R − Rr
1 − Rr

(19b)

R∞i =

R∞ − Rr
1 − Rr

(19c)

K (1 − R∞i ) 2
(1 − R∞ ) 2
=
=
S
2 R∞i
2(1 − Rr )( R∞ − Rr )

where c1 and c2 are two constants, and x is the
distance from the unilluminated surface of the
sample to the calculated point (layer).

(20)

Eq. (20) coincides with Eq. (9), one of Pineo’s
solutions.

For fabric, if considering the surface reflectance Rr
and backing it with perfectly black specimen, the
boundary conditions are i=1-Rr|x=X, j=0|x=0, which
are a little different from that in Kubelka-Munk
model (i=1|x=X, j=Rg|x=0.). Inserting the boundary
conditions for fabric into Eq. (16); we gain Eq. (17).
a sinh φ + b cosh φ
⎧
⎪⎪i ( x ) = a sinh Φ + b cosh Φ (1 − Rr )
⎨
sinh φ
⎪ j( x ) =
(1 − Rr )
⎪⎩
a sinh Φ + b cosh Φ

(19a)

From Eq. (19c) and Eq. (4), Eq. (20) can be
derived quickly.

and
b = a2 − 1

(18c)

R0i =

Solve the differential equations; we obtain Eq. (16).

a ≡ (K + S) / S

(18b)

In Eq. (18), Ti、R0i and R∞i are referred to as T, R0
and R∞ in Kubelka-Munk formulas respectively.
From Eq. (18), the surface correction equations in
K-M computation for fabric are easily attained, as
seen in Eq. (19).

First, the constitutive equations of K-M theory are
adopted, as shown in Eq. (15).

⎧⎪i ( x ) = c1eφ + c2 e −φ
⎨
⎪⎩ j ( x ) = c1 ( a − b )eφ + c2 ( a + b )e −φ

(18a)

Increasing the thickness X to a certain degree, then
coshΦ/sinhΦ＝coth(bSX)→1, R∞ is solved as

DERIVATION OF SURFACE REFLECTION
CORRECTIONS FOR FABRICS
Although many emendations to K-M formulas for
textiles have been proposed, none has been widely
accepted as Saunderson correction does for glossy
materials. In this section, taking into consideration
the surface reflectance, the appropriate corrections
to K-M formulas for fabric are deduced.

⎧ dj = −(K + S ) j ⋅ dx + Si ⋅ dx
⎨
⎩− di = −(K + S )i ⋅ dx + Sj ⋅ dx

b
(1 − Rr ) = Ti (1 − Rr )
a sinh Φ + b cosh Φ

As to the surface reflectance, according to Fresnel
Law, for normal incident light, the reflectance of
fiber Rr_f can be calculated by Eq. (21).
Rr _ f =

(17)

( n − 1) 2
( n + 1) 2

(21)

where, n is the refractive index of the fiber (usually
1.4-1.7, mostly 1.5-1.6). Therefore, if nf＝1.55 (the
middle refractive index of fibers and also that of
cotton fiber), then Rr_f=0.046.

where Φ = bSX . Furthermore, T＝i|x=0, R0- Rr＝
j|x=X , hence,

Because the surface of fabric is rough and only
partly covered by fibers, hence, Eq. (22) can be
used to evaluate the surface reflectance of fabric.
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(R∞i-R∞)/R∞ / %

(22)

where ε stands for the cover factor of fabric; and h
represents a structural coefficient, being between 0
and 1, determined by the structure of fabric.
For a more detailed description, one can refer to
literature [16].

-20

(R∞i-R∞)/R∞

-0.005
-0.010

-40

R-R∞i

-60

-0.015

-80

-0.020

0.0

DISCUSSION
From Eq. (19), the absolute and relative errors of T
and R caused by neglecting the surface reflectance
of fabric are calculated and presented in TABLE I.
Taking a twill fabric with measured surface
reflection being 0.02 as example, its absolute and
relative errors are plotted in Figures 1 and 2.

0.000

0

R-R∞i

Rr＝hεRr_f

0.2

0.4

R∞i

0.6

0.8

1.0

FIGURE 2. The effect of surface reflectance on reflectance R∞
of the fabric with Rr=0.02

According to Eq. (20), the difference of K/S values
between with and without surface correction for
fabrics with Rr=0.02 is plotted in Figure 3. It shows
that the absolute errors approach to zero when R∞
is larger; however, when R∞ is less than 0.1, the
difference increases quickly with R∞ decreasing.

It is obviously that if neglecting surface reflectance,
T becomes larger whereas R (R∞) becomes smaller;
and the maximum absolute errors of both T and R
(R∞) are Rr. The relative error of T levels off at
Rr/(1-Rr). Whereas the relative error of R (R∞)
depends on both Rr and the reflectance itself, and it
levels off at small values but sharply increase when
the reflectance reduce to less than 0.1.
TABLE I Errors analysis on transmittance and reflectance of
fabric due to neglecting surface reflectance
Parameters

T

R

R∞

Rr≠0

Ti(1-Rr)

Rr(1-R0i)+R0i

Rr(1-R∞i)+R∞i

Rr=0

Ti

R0i

R∞i

Absolute
error

TiRr

-Rr(1-R0i)

-Rr(1-R∞i)

Maximum
absolute error

Rr

-Rr

-Rr

Rr −
1+
1 − Rr

1
1
−
R0i
R∞i
1+
R r (1 − R0i )
R r (1 − R∞i )

4

0.020

(Ti-T)/T

2

T-Ti

0.015

0

0.010
0.005

-2

T-Ti

-4

0.000
0.0

CONCLUSION
This paper provides insight into different surface
correction to K-M formulas, especially for textiles.
The surface reflectance of fabrics is much smaller
than that of glossy plastics and paints. The errors
caused by neglecting surface reflectance of fabric
are also far shorter than that of glossy materials.
Derivation and analysis show that, for light color,
the errors of reflectance and K/S caused by
neglecting surface reflectance are small, but for
deep color when reflectance is less than 0.1, the
errors rise. Experts found that surface reflection
corrections for fabrics improve a little in linear
relation but increased much complexity in
computations. In practical, the surface reflectance
of textiles has always been neglected. One can
estimate the errors and then decide how to do.

(T-Ti)/T / %

Relative error

FIGRURE 3. The effect of surface reflectance on K/S of fabric
with with Rr=0.02
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0.4
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0.8
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ABSTRACT
In order to speed up the research process of domestic electronic testing for raw silk. The general design of the
electronic testing system for raw silk was discussed. The hardware structure and software algorithm were
described in detail. The SD-1(a kind of raw silk instrument) sensor was improved to make the information of
the raw silk size and defects into the computer accurately by DAQ in hardware. As for software, a special
program was designed based on virtual instrument. Serials of information data(voltage values)of the raw silk
size and defects were got by the measurement of several groups of raw silk with this system. The testing
results of the raw silk size and defects were acquired by the analysis of the fluctuating information data of the
raw silk size.
Keywords: Electronic testing for raw silk; virtual instrument; DAQ; Raw silk size; Raw silk defects.
divided into three steps; the fist is testing on line
with the analysis off line. The second step is
testing on line with analysis on line. And the last
is test and analysis of the real time. However, the
transmission and summary of the data in
multi-spindle also must be considered.

1 INTRODUCTION
With the development of science and technology,
and the promotion of the electronic testing tools
for raw silk, the requirement of the electronic
testing for raw silk is urged in china. The concept
of testing the quality of raw silk with electronic
testing was firstly put forward in international
silk association in 1984, and the research of
electronic testing for raw silk didn’t start until the
spread of 1995 raw silk manual, which promoted
the development of electronic testing for raw silk
in its true sense. However, the key technology of
electronic testing is the software and hardware.

2.1 Three steps for designing the system
2.1.1 Test on line, analysis off line
The acquisition on line function can be realized
through the sensor connected into the DAQ
device. The data of the raw silk could be acquired
before the test while the results could be got by
analyzing the data with the software. In this case,
the multi-channel DAQ function could be used to
process the data acquired in multi-spindle by the
cycle scanning of the multi-channel. The major
challenge is the huge amount of data on computer
requirements. And the data storage and read are
also difficult. But in the initial study, this part is
important to the later research.

In this paper, in an all-round way while
emphasizing key points. The software, hardware
and the other general programs were designed to
form a kind of electronic testing system for raw
silk. The design of this system is based on the
Virtual Instrument and SD-1 sensor.

2 GENERAL DESIGN OF THE SYSTEM

2.1.2 Test on line, analysis on line
Under the same conditions, the DAQ device
could also be used to finish the task of data
acquisition, at the same time, the software would
also be used to analyze the data. As soon as the
data acquisition finished, the test results could be
acquired. Because the windows operation system
is not a real time system, the essence of test with
analysis on line is to change the manner of the
software running mode.

The design target of the electronic system for raw
silk is to realize the cleanness and neatness defect
tests of grade rating for raw silk with high speed,
the real time and multi-spindle. And then the test
results can be displayed synchronously.
The research of the electronic test system for raw
silk is a systemic task. From easy to difficult, the
work shall be carried out step by step and
perfected steadily in practice. And the task can be
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of two parts, which are the hardware part and the
software part. The hardware part includes the
improved SD-1 dynamic testing raw silk size
instrument, a raw silk transmitting and collecting
device, a NI 6024 high Speed Data Acquisition
Card [3], the FPGA module and a PC terminal.
The software was programmed by LabVIEW.
The silk filament is winded on the transmitting
and collecting device, and then put through the
thread guide bayonet of SD-1. Series of
fluctuating data (voltage values) of the raw silk
size was got to be converted and sent to computer
terminal by the NI 6024 high Speed Data
Acquisition Card.

2.1.3 Test and analysis with the real time
The sensor can be connected into the FPGA
module with the real time control device. The
virtual Instruments technology can be adopted to
develop the software program of the FPGA.
Working with the real time device, PC can be
removed. (The system can work without PC.) In
the end, that will be all right if the test results can
be transmitted into PC.
2.2 The structure of the system
The raw silk defects electronic testing system
based on virtual instrument technology is put
forward. The schematic diagram of this system is
shown in Fig.1. This system is mainly composed

The silk filament winded

FPGA module

SD-1 instrument

on transmitting and

DAQ

collecting device
PC terminal
Analysis by the FPGA hardware

Filtering
Data processing by the

Get the results

Checking mass

software

Checking length
Store with the data-base
Test report
Figure 1 the schematic diagram of the electronic testing system for raw silk

and CVb% can be used to describe the evenness
in the multi-spindle. But the concept between
CVamong% and CVb% is different. The formulas
are as follows for detail in Eq. (2).
If there are N spindles, and the mean diameter
is x i of each group.

2.3 The principle of the system software
algorithm
2.3.1 The algorithm of evenness
The evenness test of raw silk is also measured
with the coefficient of variation (indicate with
CV %). Due to the sensor can only test the
diameter for raw silk, this kind of evenness
indicate the evenness of diameter in this paper.
According to the algorithm of the evenness
instrument, 1m, 3m, 5m, 10m, 50m, 100m of
filament should be cut to calculate the CV%. The
formula is as follow in Eq. (1).
CV % =

⎧ x11
⎪x
⎪ 21
⎨
⎪ M
⎪⎩ xi1

σ
× 100%
μ

(1)
As for the evenness in multi-spindle, CVamong%
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x12
x22
M
xi 2

x13 L x1n x1 c1 ⎫
x23 L x2 n x2 c2 ⎪⎪
⎬
M L M M M ⎪
xi 3 L xin xn cn ⎪⎭

CVamong % =

CVb % =

1
N

∑ (c i
1
n

∑c

the raw silk will be considered as the
corresponding defects.

1
2
∑ (xi − μ )
N
1
∑ xi
N

−c)

2.4 Test sample
300 km filament of test sample is adopted in the
common yarn defect quality test. Because there
are gaping differences between the yarn and raw
silk, 150 km sample is used to regard as the test
sample as result of the practical need in the
electronic testing [3]. The test sample was not
defined in this system. The setting can be
controlled in the system software.

(2)

i

xin ：

Indicate the mean diameter value in the i group in the
n spindle

xi ：

Indicate the mean diameter value in the i spindle

cn ：

Indicate the CV% value in the n spindle

μ：

3 TESTING OF THE SYSTEM
The software front panels of the evenness and
defect testing were as follows. And the test
results were right compared with the other same
kind instrument. But the parameter of the system
software should be adjusted in the future.

Indicate the diameter value of all spindles

2.3.2 The algorithm of cleanness and neatness
defect
As the raw silk electronic inspection standards
were not established, the raw silk defects were
divided into three types depended on the
domestic and international latest research
findings [1], which are big defects type, medium
defects type and small defects type according to
Table 1.This method adopts the mass and length
to determine the type of the raw silk defects.
Table 1 the classification of raw silk defects
Length
1-2 mm
2-7 mm
7-10 mm
10-20 mm
Mass
400%
Big
Big
Big
Big
250%

Medium

Medium

Big

150%

Small

Small

Medium

100%
Big defect

Small

+400%…1 mm ≤L
+250%…7 mm ≤L
+150%…10 mm ≤L

10-20 mm
Big

Big

Big

Big

Big

Small
Small
Medium defect

Medium
Medium
Small defect

+250%…1 mm ≤L< 7 mm
+150%…7 mm ≤L<10 mm
+100%…10 mm ≤L

+150%…1 mm ≤L<7 mm
+100%…1 mm ≤L<10 mm

The SD-1 dynamic testing raw silk size
instrument was used to measure the raw silk size,
which was described by the voltage value.
According to the approximative linearizing
relationship between the voltage value and the
diameter [2], the mass and length can be
calculated by the software. Accordingly the raw
silk defects may be found. In the discrimination
of the raw silk defects, the voltage value
compared with the average value (estimated
mean value) will be filtered by the software
firstly, because the voltage value may be
generated by the raw silk defects. And then
voltage value will be analyzed to check the mass
and length of the relevant raw silk part. The
length and mass accord with the rule of the raw
silk defects based on the Table 1 [1], that part of

Figure 2 Front panel of the evenness and defect testing
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4 CONCLUSIONS
The system configuration and measurement
methods were analyzed. The results of testing the
raw silk defects were obvious in the above
introduction. Therefore, the modularization of
electronic testing system for raw silk system is
useful for different test purposes and it is easy to
upgrade to meet future requirements.
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ABSTRACT
Following the implantation of endovascular
prostheses into humans, there is a growing
incidence of reported cases of late complications
as endoleaks, migration, thrombosis, stent
disruption, as well as fabric distortion and
perforation were reported continuously. It’s
worth noting that fatigue is always a reason that
leads to those failures. Textile parameters had
certain influence on the fatigue behaviors of
endovascular prostheses. In this study, twill
weave samples with different yarn size and yarn
type of endovascular prostheses will be studied
by two different testing methods. Comparison of
the two studies and their results will be
conducted.
Keywords: endovascular prostheses; fatigue
performance; tester, textile; twill weave
INTRODUCTION
Various products of endovascular prostheses
were developed since endovascular aneurysm
repair (EVAR) has numerous advantages over
open surgery, including shorter patient recovery
and hospitalization time, less blood loss, and
lower rates of mortality/morbidity after 1 month
[1]. However, following the implantation of
endovascular prostheses into humans, there is a
growing incidence of reported cases of late
complications
as
endoleaks,
migration,
thrombosis, stent disruption, as well as fabric
distortion and perforation were reported
continuously. It’s worth noting that fatigue is
always a reason that leads to those failures [2-6].
As recently demonstrated, textile parameters had
certain influence on the fatigue behaviors of
endovascular prostheses [7]. However, there are
few reports about the relationship between
textile parameters and the fatigue performance of
endovascular prostheses. Besides, mainly plain
weave and multifilament yarns were used in the
current commercial products, and there was no
systematic report about how different yarn size
or different yarn type influence the fatigue
performance. [6, 8-9]. In this study, twill weave

samples with different yarn size and yarn type of
endovascular prostheses will be studied by two
different testing methods. Comparison of the two
studies and their results will be conducted.
MATERIALS AND METHODS
Instrumentation
Two sets of equipment were used in the
experimental part of this study. One is the
accelerated EnduraTec fatigue tester (Bose Corp
Eden Praire, MN, USA), which can provide
internal pulsatile pressure to 12 tubular
endovascular prototype samples with different
structural parameters simultaneously (Figure 1).
This fatigue tester was operated at a frequency of
100Hz applying a pulsatile sine wave between
140mmHg (18.7kPa) and 200mmHg (26.7kPa)
pressure limits. This pressure range was chosen
to represent extremely high diastolic and systolic
pressures that can be experienced by
hypertensive patients. The other is the in vitro
fatigue resistance testing system for vascular
prostheses (FretsVP) designed and built by
Donghua University (Figure 2) [10]. In view of
the need for accelerated fatigue testing and for
comparative study, the frequency of the
peristaltic pump was selected at 10Hz and the
systolic pressure applied to the samples was
57kPa (equal to 450mmHg), which was much
higher than normal human blood pressure. The
tubular textile fabric samples were all mounted
in a relaxed state in the two fatigue equipments
with an oversized elastic latex tube inside to
ensure that the pressure profile of the fluid was
transferred to the specimens.
Water was used as the fluid in both of the two
sets of equipment because it dose not affect the
surface properties of the prosthesis and because
its relative density is close to that of blood (At
37℃: ρwater = 1.00 g/cm3; ρblood =1.04 g/cm3) [11].
The temperature of the fluid inside the two
equipments was maintained as 37+ 2 degrees C.
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Characterization of fatigue performance
Fatigue of endovascular prostheses can be
considered to occur at the macroscopic,
microscopic, and molecular levels. Perforation
and rupture of an endovascular device can be
observed at the macroscopic level. Breakage and
abrasion of yarns and fibers is a phenomenon at
the microscopic level, whereas molecular weight,
degree of crystalline and degree of cross linking
are factors that occur at the molecular level. This
study mainly focuses on the macroscopic level
of the fatigue of endovascular prototype
samples.

Figure 1 Accelerated EnduraTec fatigue tester

Table 2 Initial Average Performance Properties of Samples
Mass/

Figure 2 Fatigue resistance testing system of vascular
prostheses (FretsVP)

Materials

Water

Sam
ples

Thickness
(mm)

Unit
Area(g/m2)

Porosity
(%)

Permeability
(ml/min/cm2)

No.1

0.128+0.004

94.86

46.45

49.4+10.8

No.2

0.137+0.006

103.23

45.20

60.1+1.8

No.3

0.209+0.008

95.81

66.72

1425.3+30.8

No.4

0.171+0.006

94.23

60.07

1167.7+35.6

No.5

0.115+0.008

84.36

47.05

118.8+34.6

No.6

0.110+0.007

84.36

44.20

97.0+11.6

No.7

0.162+0.007

93.98

57.96

794.7+41.3

No.8

0.135+0.005

94.28

49.45

311.0+33.2

Table 1 Initial Average Textile Structural Specifications of
Samples
In this paper, there were 8 prototype samples in
Yarn linear density
Fabric
Fabric
Diameter all. For the EnduraTec fatigue tester, each
(warp×weft)
count(warp×weft)
sample was tested at the three time points, 0,
(D(denier)/filament
Samples
constructions (ends/mm×picks/mm) (mm)
26×106, and 100×106 cycles, which are
count)
8.0+0.1 equivalent to 0, 10 months, and 38.5 months
No.1
30/1×30/12**
3/1 twill
15.8+0.5×8.9+0.2
No.2
30/1×30/12
2/2 twill
17.6+0.3×9.1+0.1
7.4+0.2 implanted into human beings. This fact is built
8.9+0.1
No.3
30/1×30/1
3/1 twill
15.6+0.6×9.7+0.4
9.5+0.1 on the assumption that the human heart beats at
No.4
30/1×30/1
2/2 twill
15.4+0.7×9.8+0.5
8.0+0.1 60 pulses per minute under the condition of
No.5
30/1×20/12
3/1 twill
15.3+0.4×9.3+0.8
No.6
30/1×20/12
2/2 twill
15.4+0.6×10.3+0.8 7.9+0.1 normal human blood pressures. For FretsVP,
No.7
30/1×20/1
3/1 twill
16.3+0.6×12.2+0.6 8.1+0.2 each sample was tested also at three time points,
No.8
30/1×20/1
2/2 twill
16.2+0.4×11.9+0.2 8.2+0.1
0, 0.864×106, and 1.368×106 cycles, which were
**Monofilament yarns are designated /1, while
much more less than the testing time of the
multifilament yarns indicate the number of filaments, e.g.
EnduraTec fatigue tester, but the pressure
/12

The prototype samples used in this study were
woven from polyester monofilament and
multifilament yarns by a special narrow ribbon
shuttle loom [12] in the biomedical textile
materials research center at Donghua University,
Shanghai, China. The target diameter and length
of the tubular prototype samples were 8mm and
100mm respectively. The woven construction
were 3/1 and 2/2 twill weave. In order to analyze
the influence of the textile parameters on the
fatigue performance of prototype samples, some
of the parameters were kept the same. The initial
textile structural specifications and the initial
performance properties of samples are listed in
Tables 1 and 2.

applied on the specimens were much more
higher.
The major aim of the experiment was to
investigate the level of structural and property
changes of the prototype samples at the
macroscopic level as a result of fatigue testing.
The changes in fabric radial and longitudinal
count, porosity and tubular diameter during the
experiments were selected to characterize the
fatigue performance of the prototype samples.
Fabric radial and longitudinal counts were
observed under a microscope according to the
ASTM D3887-96 test method [13]. Tubular
diameter was obtained from the width of the
sample. Porosity [14] was calculated by Equation
(1) using thickness, and mass per unit area.
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introduction.

⎞
⎛
M
(1)
P = 100 × ⎜⎜1 −
⎟⎟%
⎝ t × ρ × 1000 ⎠
P—Porosity; M—Mass per unit area (g/m2);
t—Thickness (mm); ρ —Density of the
polymer 1.38 g/cm3
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RESULTS AND DISCUSSION
The tubular diameter, fabric radial and
longitudinal counts, and porosity of the
prototype endovascular samples were found to
be changed by 26×106 and 100×106 cycles for
the EnduraTec fatigue tester, as well as by
0.864×106 and 1.368×106 cycles for the fatigue
resistance system of fatigue testing. The samples
were divided into two groups by different test
equipment. The percentage changes in each
performance property for the two separate
groups are plotted in Figures 3-6.
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Figure 3 Percent diameter change of the prototype samples

Figure 3 shows that the tubular diameter of the
samples increased, which indicates that the
prototype samples dilated during fatigue testing.
The percentage change had an increasing trend
from 26×106 (0.864×106) to 100×106 (1.368×106)
cycles, which confirms that the samples became
more fatigued with increasing time. There are
probably two reasons for the dilation of the
tubular diameter. First, under the persistent
influence of pulsatile pressure, the samples
experienced relaxation and a release of residual
stresses imported during weaving. Second, the
samples may undergo creep or plastic
deformation in the radial direction. As can be
seen in Figure 3, with two different testing
equipments, the fatigue behaviors were different
after the fatigue testing. For samples tested by
the EnduraTec fatigue tester, samples with
monofilament weft yarns, the larger the yarn size,
the more easily they became fatigued; samples
with multifilament weft yarns, the smaller the
yarn size, the more easily they became fatigued.
Samples with 3/1 and 2/2 twill weave had
similar trend. This indicates that yarn size and
yarn type had an interactive influence on the
fatigue performance of the prototype samples.
For samples tested by FretsVP, the changes
didn’t follow the same trend. This indicates that
the two testing equipments have different fatigue
testing results, and testing time is also an
important factor. The fatigue mechanisms of the
two equipments need further analysis and

Change % at the first time point

Change % at the second time point

Figure 4 Percent warp count change of prototype samples
in radial direction
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Figure 5 Percent weft count change of prototype samples
in longitudinal direction

Figures 4 and 5 show that the warp and weft
counts of the eight samples decreased to some
extent during the fatigue testing. The more the
fabric count decreased, the more the evidence of
sample fatigue, when comparing the extent of
fatigue in the fabric directions, it was generally
found that the decrease in warp count (i.e. in
radial direction) was greater than the decrease in
weft count (i.e. in the longitudinal direction).
This is most likely due to the fact that the
specimens were mounted in an untethered,
relaxed state on the EnduraTec fatigue tester or
FretsVP, so the effect of the applied pulsatile
pressure was greater in the radial direction than
in the longitudinal direction, which is the same
as plain weave samples [7]. As can be seen in
Figures 4 and 5, for the changes of warp and
weft count, the larger the yarn size, the more
easily the samples fatigued no matter what types
of the yarns and which test machine was used.
So yarn size is the major factor to influence the
fatigue performance which is characterized by
fabric count. Again the percentage change from
26×106 (0.864×106) to 100×106 (1.368×106)
cycles increased with time, which was the same
as diameter change.
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Figure 6 Percent porosity change of prototype samples

Changes in porosity (Figure 6) were calculated
from measured changes in thickness and mass
per unit area, which was no obvious trend, some
of them increased and some of them decreased.
For samples tested by the EnduraTec fatigue
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tester, the percentage changes in porosity of
most samples increased. However, the opposite
phenomenon was observed in the samples tested
by FretsVP, whose percentage changes in
porosity of most samples decreased. This is
probably because testing time of FretsVP is
much shorter than that of EnduraTec fatigue
tester, yarn shifting and structure reconstruction
was not enough to let the porosity increase. The
percentage changes in porosity of samples,
tested by the EnduraTec fatigue tester, with 30
denier multifilament weft yarns were greater
than the others. It is obvious that yarn type, yarn
size, as well as the mechanisms of the two kinds
of fatigue equipments had interactive influences
on the fatigue behaviors.
Fatigue resistance is one of the most important
properties for endovascular prostheses, since it
determines the duration of the devices,
functional life in vivo. The fatigue resistance of
endovascular prostheses depends on three
different levels on structural organization, that is,
at the macroscopic, microscopic, and molecular
levels. Under the influence of continuous
pulsatile pressure, some elastic deformation
energy will be released, and through the shifting
of yarns or filaments with the textile sample, the
structure will be reorganized. However, there is a
limit to the extent to which the woven structure
can relax and continue to release energy. Under
the influence of persistent external applied stress,
the yarns and filaments inside the fabric
experience interactive forces, such as friction,
abrasion and compression forces. As a result, the
macroscopic and microscopic structure of the
sample will be changed and neighboring yarns
and filaments within the fabric will be flexed
and abraded. At the same time, changes at the
molecular level, such as molecular weight,
degree of crystalline, and degree of crosslinking,
are also the components of the fatigue process.
The reason why samples with multifilament weft
yarns fatigued more easily than those with
monofilament yarns was probably because,
under the influence of pulsatile pressure, the
individual filaments inside the multifilament
yarn spread out and are exposed to abrasion
from their neighbors. The larger the yarn size,
the more rigid the prototype sample, and the
more easily they creep or deform plastically.
However, this explanation is not always true
because of the interactive influence of yarn size,
yarn type, and the fatigue mechanisms of the two
equipments.
CONCLUSIONS
All of the prototype endovascular samples
experienced fatigue during the two different
studies. Samples showed more evidence of
fatigue with increasing time. There were certain

observable relationships between the textile
parameters and fatigue performance of the
prototype samples. Fatigue performances were
different if different characterizing parameters
were used. The mechanisms of the two fatigue
testers were also not the same. Fatigue
mechanisms, yarn type and yarn size had
interactive influences on the fatigue performance
of the endovascular prototype samples.
Further work is continuing with the study of the
fatigue performance at microscopic and
molecular levels that will provide further
comparison among the two equipments and the
clinical performances.
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ABSTRACT
In order to display the characteristic draping behavior of particular type of fabrics, it is important to incorporate
the mechanical properties of the fabrics into the simulator. In this research, the mechanical properties of fabrics
were first measured using the Kawabata Evaluation System (KES). And the KES plots were approximated with
sectioned quadratic polynomials based on least-square fitting method, which were then incorporated into the
mass-spring model to calculate internal forces. At last, through comparison of the experimental and fitted plots,
and fabric drape simulation process, it was proved that the simulation results using this method can reflect the
characteristic draped pattern of corresponding types of fabrics.
Keywords: Fabric drape simulation; mechanical properties of fabrics; mathematical approximation; leastsquare method; sectioned quadratic polynomial.
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(a)

(b)

(c)

FIGURE 4. The draped pattern of a circular fabric on a sphere. The fabrics are made respectively of (a) 100% cotton, (b) 100% silk, and (c)
100% wool.

(a)

(b)

(c)

FIGURE 5. Comparison of the measured and fitted KES plots of a pure cotton woven fabric: (a) tensile plots in warp and weft directions; (b)
tensile plots along 45º off warp direction; (c) bending plot in warp and weft directions.

(a)

(b)

(c)

FIGURE 6. Comparison of the measured and fitted KES plots of a pure silk woven fabric: (a) tensile plots in warp and weft directions; (b)
tensile plots along 45º off warp direction; (c) bending plot in warp and weft directions.

(a)

(b)

(c)

FIGURE 7. Comparison of the measured and fitted KES plots of a pure wool woven fabric: (a) tensile plots in warp and weft directions; (b)
tensile plots along 45º off warp direction; (c) bending plot in warp and weft directions.
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[10] of Ф = span { φ0 , φ1 , …, φm }, a function φ*
( xi )∈Ф is needed to make

1. INTRODUCTION
Cloth modeling and simulation algorithm has been
a great challenge to researchers since 1980s. In
order to display the characteristic draping behavior
of particular type of fabrics, it is important to
incorporate the physical and mechanical properties
of the fabrics into the simulator [1- 4]. But the
question is how.

f −ϕ*

= min f − ϕ .
ϕ∈Φ
m

m

∑a

Suppose ϕ ( x ) =

j=0

(1)

j

ϕ j ( x ) , ϕ * ( x) = ∑ a *jϕ j ( x) ,
j =0

and

One view considered that the calculated stressstrain relations of fabrics from yarn models would
be typical for a particular type of fabric. A lot of
models indeed have been developed to predict the
mechanical properties of fabrics based on yarn
properties and weaving structures [5, 6]. However,
each yarn model applies to limited fabric types, and
errors still exist between measured data and
calculated data. In additional, the factors that
dramatically influence fabric mechanical properties
include not only the components and the weaving
structure, but also the dying treatment and other
finishing process, thus it is really hard for existing
models to predict the mechanical properties of a
fabric considering all the factors mentioned above.
Therefore, we would rather simulate a particular
type of fabric based on its mechanical properties
obtained directly from experimental tests than
based on the calculated results from some models.

2

f −ϕ

S ( a 0 , a 1 , ... , a m ) =

=

⎡
⎢ yi −
⎣

n

∑

m

∑

⎤

2

a jϕ j ( x i ) ⎥

i =1
j=0
⎦ ,
(2)
to solve the above equation is equal to compute the
*
*
*
values of a0 , a1 , ... , a m ∈ R that make

S ( a 0* , a1* , ... , a m* ) =

min

a0 ,a1 , ... , am ∈R

S ( a 0 , a1 , ... , a m ) . (3)

In order to minimize the Eq. (2), it is necessary to
calculate the partial derivatives about each variable
of a0 , a1 , …, am :

∂S
= 0,
∂a k

n

⎡

m

i =1

⎣

j =0

k = 0 , 1 , ... , m ,

⎤

then we get − 2∑ ⎢ yi − ∑ a jϕ j ( xi ) ⎥ϕ k ( xi ) = 0 , that
n

is

m

∑∑ a ϕ
j

j

( xi )ϕ k ( xi ) =

i =1 j =0

⎦

n

∑yϕ
i

k

( xi ) , which can be

i =1

described in the form of inner product as
In this research, the mechanical properties that
clearly influence the drapeability of fabrics,
including tensile, shear, and bending properties
were first measured using the Kawabata Evaluation
System (KES); and the experimental data were
approximated with mathematical functions, which
were then incorporated into our simulation process
to calculate internal forces [7-9].

m

∑(ϕ

j

, ϕ k )a j = ( f , ϕ k ) , k = 0 , 1 , ... , m .

(4)

j =0

The Eq. (4) is further described in the form of
matrix as
⎡( ϕ 0 , ϕ 0 ) ( ϕ 0 , ϕ1 ) ... ( ϕ 0 , ϕ m ) ⎤ ⎡a0 ⎤ ⎡ ( f , ϕ 0 ) ⎤
⎢( ϕ , ϕ ) ( ϕ , ϕ ) ... ( ϕ , ϕ ) ⎥ ⎢a ⎥ ⎢ ( f , ϕ ) ⎥
1
1
1
m
1 ⎥
⎢ 1 0
⎥⎢ 1 ⎥=⎢
.
⎥
⎢
⎥ ⎢... ⎥ ⎢ ...
... ...
⎢
⎥⎢ ⎥ ⎢
⎥
⎣( ϕ m , ϕ 0 ) ( ϕ m , ϕ1 ) ... ( ϕ m , ϕ m )⎦ ⎣am ⎦ ⎣ ( f , ϕ m )⎦

During the approximation process, for the
simplicity and accuracy of computation, the
sectioned quadratic function method was adopted.
The KES plots were divided into a few quadratic
segments, and each segment is defined to
approximate the mechanical plots as exactly as
possible based on the least-square fitting method
and to maintain continuity of functions and slopes
at boundary points. The KES plots are simple
enough to ensure the accuracy of our mathematical
approximation.

(5)

2.2 Polynomial Fitting
The polynomial is most commonly used for fitting,
its basic functions are power functions:
ϕ0 ( x) = 1 , ϕ1 ( x) = x, ϕ 2 ( x) = x 2 , ... , ϕm ( x) = x m .
In the Eq. (5), due to ( ϕ j , ϕ k ) =

n

∑x

i

j +k

i =1

( f , ϕk ) =

n

∑x
i =1

2. MAIN PRINCIPLE
2.1 Least-Square Fitting Method
Using mathematical language, the least-square
fitting method is describe as: for the measured data
of xi,yi = f (xi) (i = 1, …, n) and a function space
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k
i

yi , we get the normal functions of

,

⎡
⎢n
⎢
⎢n
⎢ ∑ xi
⎢ i =1
⎢
⎢n
⎢ xm
i
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⎥
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n
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∑
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i =1
i =1
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1
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⎢
⎢⎣1
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∑x

n
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∑x

...
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m
i

matrix

⎡n
⎤
⎢∑ y i ⎥
i =1
⎥
⎡a0 ⎤ ⎢ n
⎢a ⎥ ⎢ x y ⎥
i i ⎥
⎢ 1 ⎥ = ⎢∑
⎥.
⎢... ⎥ ⎢ i =1
⎢
⎥
...
⎢ ⎥
⎥
⎣a m ⎦ ⎢ n
⎢ xm y ⎥
∑
i
i
⎢⎣ i =1
⎥⎦

A

(

n

×

(m+1)

dF1 (ξ1 )
dF (ξ )
= 2 1 , that is b1+ 2c1ξ1 = b2+ 2c2ξ1;
de
de
ξ2： F2 ( ξ2 ) = F3 ( ξ2 ), that is a2 + b2ξ2+ c2ξ22 = a3
+ b3ξ2+ c3ξ22;
dF (ξ )
dF2 (ξ 2 )
= 3 2 , that is b2+ 2c2ξ2 = b3+ 2c3ξ2 .
de
de
A constrained matrix of coefficient M′(6×9) is

(6)

⎡M '

designed as M ' = ⎢⎢

):

− M1' 0 ⎤⎥
,
M2' − M2' ⎥⎦

1

⎣0

x1 ... x1m ⎤
⎥
x 2 ... x 2m ⎥
⎥ , then the Eq. (6) can be solved
... ...
⎥
x n ... x nm ⎥⎦

where,

⎡1
⎢
'
M 1 = ⎢0
⎢
⎢0
⎣

ξ1
1
0

ξ 12 ⎤⎥
2ξ 1 ⎥
⎥
2 ⎥
⎦

⎡1
⎢

ξ2

⎢
⎢0
⎣

0

'
, M 2 = ⎢0

1

ξ 22 ⎤⎥
2ξ 2 ⎥ .
⎥
2 ⎥
⎦

(7)

And another matrix A is designed according to the
⎡ A1 0 0 ⎤
⎢
⎥
residual error equation A = ⎢0 A2 0 ⎥ ,
⎢⎣0 0 A 3 ⎥⎦
where,
⎡1 en1 +1 en21 +1 ⎤
⎡1 e1 e12 ⎤
⎢
⎥
⎢
⎥
A 1 = ⎢ ... ... ... ⎥ , A 2 = ⎢... ... ... ⎥ ,
⎢1 e
⎢1 e e 2 ⎥
e n1 + n22 ⎥⎦
n1 + n2
n1
n1 ⎦
⎣
⎣

where, y = (y1 , y2 , … , yn)′.
In our research, the sectioned quadratic functions
are used to approximate the measured data.
Therefore, in Eq. (7), m = 2.

⎡1 en1 + n2 +1 en21 + n2 +1 ⎤
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⎢ xm y ⎥
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Then, combined with the Eq. (6), a normal
equation is obtained as below:

2.3 Sectioned Polynomial Fitting
A typical KES tensile/bending plot is normally
divided into two or three segments, and each
segment is fitted using a quadratic function (the
linear function is one of special cases of the
quadratic function). Below, taking a typical KES
tensile curve as an example, we explain how the
KES plots are approximated.

⎡A ' L ⎤
⎡A ' A
M1 0 ⎤
0
0
⎢ 1 1⎥
⎥
⎢ 1 1
⎢A ' L ⎥
⎥
⎢ 0 A' A
0 − M1 M 2
2
2
⎢ 2 2⎥
⎥
⎢
⎢ 0
' A 0 − M ⎥ ⎡ P ⎤ = ⎢A ' L ⎥
0
A
3 3
2 ⎥ ⎢ ⎥
⎢ 3 3 ⎥ , (8)
⎢
k
⎥ ⎣ ⎦ ⎢ 0 ⎥
⎢ '
'
0
0 ⎥
⎥
⎢
⎢ M1 − M1 0
⎢ 0 ⎥
⎥
⎢
'
'
M
M
0
0
0
−
2
2
⎥⎦
⎢⎣
⎥⎦
⎢⎣

The measured data are (ei, Fi), i = 1, … , n. Among
them, two points (e = ξ1 and e = ξ2) are chosen to
divide the plot into three parts: the first segment
composes the data of 1≤i≤n1; the second segment
n1＋1≤i≤n1+n2 ; and the third n1+n2+1≤i≤n.

where, L1 = ( F1 … Fn1 )′; L2 = ( F n1+1 … Fn1+ n2 )′;
L3 = ( F n1+ n2+1 … Fn )′; P = ( a1 b1 c1 a2 b2 c2 a3
b3 c3 )′; and k is a (6×1) Lagrange coefficients
vector.

The functions respectively fitting each segment are
assumed to be
F1 ( e ) = a0 + a1e+ a2e2 (0≤e≤ξ1);
F2 ( e ) = b0 + b1e+ b2e2 (ξ1≤e≤ξ2);
F3 ( e ) = c0 + c1e+ c2e2 (e≥ξ2).
To ensure the continuous and smoothness of the
fitting curves, each function should meet the
following terms at the boundary points:
ξ1： F1 ( ξ1 ) = F2 ( ξ1 ), that is a1 + b1ξ1+ c1ξ12 = a2
+ b2ξ1+ c2ξ12;

Solving the Eq. (8) we obtain the value of every
parameters of the vector P, hence get the fitting
functions we want.
The program exploited based on our method will
automatically search for the boundary points (ξ1
and
ξ2)
that
make
the
function
of
m

n

∑ ∑[y
j = 1 i =1

i

− ϕ j ( x i )] 2

have the smallest value (where,

m is the number of segments, ϕ j ( xi ) is the fitting
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function corresponding to each segment, and n is
the total number of the measured data.).

4. CONCLUSION
The sectioned quadratic polynomials can be used to
accurately approximate the data curves of the
mechanical properties of fabrics. As the time of the
fitted function is small enough (n≤2), the
computation speed cannot be notably influenced. In
addition, the least-square based principle and the
automatic selection of the boundary points ensure
the accuracy of the approximation results.
Therefore, the stress-strain relationship of each
spring in each time step of the modeling process
can reflect exactly the stress-strain relationship of
the fabric samples. For common garment fabrics,
2-3 segments of the quadratic polynomials should
be well enough to ensure the approximation
accuracy. Whereas for special fabrics with more
complex mechanical data curves, 1-2 more
segments will be added, and the boundary points
are still selected automatically, thus the
approximation accuracy can be ensured as well.

Some cloths that are a little more rigid present
linear bending properties (Fig.2) while some soft
cloths are non-linear (Fig.3). In our mathematical
approximating work, the linear curves and nonlinear curves are both fitted with piecewise
quadratic functions (Fig.2 and Fig.3), whereas the
seemingly linear curves are generally divided into
two segments and the non-linear curves three
segments.
3. RESULTS AND DISCUSSION
In our fabric drape modeling process, the fitting
functions that represent the mechanical properties
of the fabrics were input into a mass-spring system
[8], which then computed the draping process of
corresponding type of fabrics. Fig.4 presents the
pictures of a simulated draped pattern of a circular
fabric (radius = 24.0 cm) covering a sphere (radius
= 18.0 cm). The fabrics are made respectively by (a)
100% cotton, (b) 100% silk, and (c) 100% wool.
The measured curves and corresponding fitted
curves of these samples are presented in Fig.5-7
respectively.

In this paper, a mathematical approximation
method of experimental plots was proposed. This
method has been proved work well for fabric drape
simulation process. However, it can be extended to
the
mathematical
approximation
of
the
experimental data of other kinds of textiles,
including fibers, yarns and nonwoven fabrics.

To comprise the accuracy and quickness of the
computation, 50~100 points were taken from each
original plot to carry out the fitting process
depending on the complexity of the curve. The
fitting process was implemented using Matlab
system for its convenience in handling complicated
matrixes, and the simulation system performs using
VC++ and OpenGL code without specific
hardware extension or machine-dependent code.
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In Fig.5-7, the coincidence of the fitted plots with
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based sectioned quadratic functions could
approximate the mechanical plots as exactly as
possible.
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ABSTRACT
In order to achieve the CAD system for the leno color effect, this paper analyzed the forming principle of leno
color effect firstly. It shows that the appearance of the color effect is affected by four factors, e.g. weave
diagram, order of the colored warp, order of the colored weft and leno heddle draft. So during the modeling
process, the leno color effect was divided into the following parts: weave diagram, order diagram of the colored
warp, order diagram of the colored weft and leno heddle draft, and corresponding matrixes were set up. At the
same time, Kronecker-product algorithm was used and a mathematical model for the ordinary weave color
effect was proposed in this paper. On the basis of above works, transformational relationship between matrixes
of weave, colored warp, colored weft and the matrix of the leno color effect was established. The simulated
fabric diagram which was exported from the simulated system in which the leno color effect model is used is
very similar with the appearance of the definite leno fabric. So the correctness of the model was verified.
Keywords: Leno,；Color Effect,；Kronecker-Product； Matrix
meaning for realization of CAD and also can make
the traditional designing-method improved.

INTRODUCTION
Leno is one of the oldest fabric varieties. It owns
special exterior, thin texture and good permeability.
Leno is very suitable to make summer garment,
window screening, mosquito net and technique
fabric. Leno can improve the permeability of some
synthetic fabric. Because of complicated
technology and low production efficiency, leno
quit from the market once. Recently, with
development of the textile technology and
changing of the aesthetic standard for dress, leno is
popular again in the market. Moreover, leno can be
used in other field, such as fiber reinforced [1].
Combination of the weave, the color warp and the
color weft is the effect figure of the fabric
appearance which is expressed by the color effect.
Traditional design method for color effect has
some defects, for example, layout velocity is low,
imaginary space is narrow and design almost
depends on the experience [2]. Although there are
some reports about the mathematic model for the
common weave [3-5], study lecture about the
mathematic model of the leno can not be found
until now. Design, development and product of the
leno are set back in some degree. Development of
the CAD for leno can make the design period
shorter and reaction velocity to the market faster.
Purpose of this paper is to establish a mathematic
model for leno effect. And it has great useful

REPRESENTATION OF LENO
The essential distinction for leno and common
weave is that two set of warps which are adjacent
will be twisted together [6]. So crossing heddle
must be used during weaving leno. There are two
kinds of crossing heddle, cord heddle and metal
heddle. As the metal heddle is used extensively in
our country, this paper takes the metal heddle as
the subject to discuss.
Because of the special interlaced structure, the
weave diagram and threading chart for leno are
both different with other weaves. There are two
kinds of method to draft weave diagram and
threading chart, line graph or graticule. Figure1 is
the threading chart of a simple leno which is drawn
by graticule.
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FIGURE 1 Looming Draft of Simple Leno by Grid Method
FIGURE 2 Diagram of the Leno Color Effect

The crossing ends may be on the left side or right
side of the back warp [7], shown as figure1. In the
figure, “ ” stands for the interlacing point of the
back warp and “■” represents the structure point
of the cross ends. And “□” means weft interlacing
point.
Similar with conventional threading chart, the reed
plan is expressed by two rows. If adjacent lattices
are filled continuously, it only means that the cross
ends and the back warps in the leno set are worked
into one reed dent but not the real picks of the warp.
For the lifting plan, per rows expresses one harness,
“■” means there is one cross warp or one back
warp which is worked into this harness and “ ”
only represents the position of the base harness. In
the practice, the drafting method should be decided
according to the lifting plan.
For chain plan, the expressing method is same with
the one of the conventional fabric.

Matrix is made up of weave matrix, matrix of the
color warp and the color weft and matrix of the
cross heddle. In the matrix, “1” means warp
interlacing point, “0”means weft interlacing point
[11]. In matrix of the cross heddle, “1” stands for
that there is a cross warp passing but “0” means
there is not. In this paper, color code is expressed
by other number expect “0” and “1”. For
calculating easier, matrix of the color warp, the
color weft and the cross heddle are replaced by
their diagonal matrix, respectively. In the diagonal
matrix, elements on the diagonal line are expressed
by corresponding color code and other elements are
all definite as “0”. In diagonal matrix of the cross
heddle, numbers of the rectangular row and array
are both the cycle number of the cross warp. “1”
which is on the diagonal line means that there is a
cross heddle passing. Other elements are all “0”
and means there isn’t any cross warp passing.
Suppose that color A is expressed by “2”, color B
is stated by “3” and color C is showed by “4”,
color effect of figure2 can be expressed by
corresponding matrix, e.g. weave matrix, diagonal
matrix of color warp, diagonal matrix of color weft,
diagonal matrix of cross heddle and Matrix of the
leno color effect matrix of the leno color effect..
From above case, it can be seen that any diagram
of the color effect all can be expressed by a
corresponding matrix and diagram of the color
effect is made up by several independent drafts,
they are diagram of the color warp, diagram of the
color weft, weave pattern and draft of the cross
heddle. But matrix for the color effect is
determined by the four matrixes.
So for any leno, the color effect is made up of five
matrixes. Weave matrix,

MATHEMATIC MODEL FOR LENO COLOR
EFFECT
2.1 Conception of the color effect
Color effect is coordinated with two or more types
of color warps, wefts and weaves. Array of the
color yarn and the textile weave are two
component elements for the color effect. During
drafting color effect, if weave and its starting point,
array of the color warp or color weft are fixed,
result of the color effect is definite. Changing any
factor, the color effect will be changed [8]. Cycle
of the color effect is equal to the L.C.M. of the
cycle of the color yarn and the weave [9].
2.2 Diagram and matrix of the leno color effect
Color effect is usually expressed by the diagram of
the color effect [10]. Color effect is the
combination of the color and the pattern, which is
decided by the layout of the weave point, pass
order of the cross heddle and array of the color
yarn. Figure2 is the color effect for the leno.
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⎛ a11 a12
⎜
⎜ a21 a22
⎜ M
M
⎜
M
⎜ M
⎜ an−11 an−12
⎜⎜
⎝ an1 an2

L L a1n−1
L L a2n−1
O N

M

N O M
L L an−1n−1
L L ann−1

Suppose cycle number of the color warp as A,
cycle number of the color weft as B, loop cycle of
the warp as R j and loop cycle of the weft as Rw .

a1n ⎞
⎟
a2n ⎟
M ⎟
⎟,
M ⎟
an−1n ⎟
⎟
ann ⎟⎠

In the practice, L.C.M of them should be calculated
to get the cycle number of the warp ( n j ) and the
cycle number of the weft ( nw ) in the color effect.
And

In the matrix, if structure point is warp interlacing
point, note element aij as “1”. Otherwise, note aij

equal to the L.C.M of

can be gotten. Where, CN j and CN w are the cycle

⎛ b1 0 L 0 ⎞ ⎛ c1 0 L 0 ⎞
⎟
⎜
⎟ ⎜
⎜ 0 b2 L 0 ⎟ , ⎜ 0 c2 L 0 ⎟ ,
⎜M M O M⎟ ⎜M M
M⎟
⎟
⎜
⎟ ⎜
⎝ 0 0 0 bn ⎠ ⎝ 0 0 L cn ⎠

number of the color warp and the color weft,
respectively. WN j is the loop cycle of the warp
and WN w is the loop cycle of the weft.

Where, bi means one color and ci means one color.

⎧ CN j = n j / A
⎪ CN = n / B
⎪
w
w
⎨
⎪ WN j = n j / R j
⎪⎩WN w = n w / R w

Diagonal matrix of cross heddle,

⎛ d1 0 L 0 ⎞
⎜
⎟
⎜ 0 d2 L 0 ⎟ ,
⎜M M O M ⎟
⎜
⎟
⎝ 0 0 0 dn ⎠
if

⎛1 1 L
⎜
⎜1 1 L
⎜M M
⎜
⎝1 1 L

means that the corresponding warp doesn’t pass
through the cross heddle.
Matrix of the leno color effect,

e12 L L e1n−1
e22 L L e2n−1
M
M

ON
NO

M
M

en−12 L L en−1n−1
en2 L L enn−1

(1)

Here, Kronecker-Product [12, 13] was used to
extend the weave matrix, diagonal matrix of the
color warp and the color weft. Following is the
weave matrix after extended.

di is “1”, it means that the
corresponding warp on i file passes through the
cross heddle. On the contrary, if di is “0”, it

⎛ e11
⎜
⎜ e21
⎜ M
⎜
⎜ M
⎜en−11
⎜⎜
⎝ en1

B and Rw .

In order to do the mathematic calculation, array
number of the color warp and the color weft should
be continual to n j and nw , respectively. Formula (1)

as “0”.
Diagonal matrixes of color warp and color weft are
as following,

Where,

n j is equal to the L.C.M of A and R j , nw is

e1n ⎞
⎟
e2n ⎟
M ⎟
⎟
M ⎟
en−1n ⎟
⎟
enn ⎟⎠

Matrix
is ECNj

of

1⎞
⎟
1⎟
M⎟
⎟
1 ⎠W N w

⊗W
WNj

the

color warp after extended
CNj ⊗ CR (In which, E is identity matrix).

Matrix of the color
is ECNw CNw ⊗ CW .

weft

after

extended

From above matrixes, mathematic model of the
relationship between CM , W , CR and CW can
be determined. See formula (2).

TRANSFORMATIONAL RELATIONSHIP OF
MATHEMATIC MATRIX FOR LENO
COLOR EFFECT
3.1 Mathematic model for common weave
Suppose W as weave matrix, CR as diagonal matrix
of color warp, CW as diagonal matrix of color weft
and CM as matrix of color effect.

CM (eci j )nwnj

⎡⎛1
⎢⎜
1
= ⎢⎢⎜
⎜M
⎢⎜
⎢⎣⎝1

⎤
1 L 1⎞
⎥
⎟
1 L 1⎟
⊗W ⎥⎥ * ( ECNj CNj ⊗ CR )
M
M⎟
⎥
⎟
(2)
1 L 1⎠Wwj WNj
⎥⎦

⎡ ⎛1
⎢ ⎜
1
+ ( ECNw CNw * CW ) * ⎢⎢ E − ⎜
⎜M
⎢ ⎜
⎣⎢ ⎝1
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⎤
1 L 1⎞
⎥
⎟
1 L 1⎟
⊗W ⎥⎥
M
M⎟
⎥
⎟
1 L 1⎠Wwj WNj
⎦⎥

3.2 Mathematic model for the leno color effect
For leno, one cross heddle occupies two files in the
matrix but it only owns one color. So color of the
two files occupied by the cross heddle is the same.
In order to make the leno color model fitted with
above bound conditions and make the
establishment of the mathematic model easier,
elementary transformation of the determinant
should be carried out for diagonal matrix of the
cross heddle.

⎛ d(1,1) 0 L
⎜
⎜ 0 O 0
⎜ M
0 d(i,i )
⎜
M O
J =⎜ M
⎜ M
M O
⎜
⎜ 0 0 L
⎜ 0 0 L
⎝

L
L

L
L

L
L

O
O

L
O

L
M

O d( j , j ) O
L O O
L

L

L

FIGURE 3 Leno Color Effect Output from the System

0 ⎞
⎟
0 ⎟
M ⎟
⎟
M ⎟
M ⎟
⎟
0 ⎟
d(n,n) ⎟⎠

Appearance of the practical leno is very similar
with the leno color effect which is output from the
simulation system in which mathematic model of
the leno color effect is used. So the correctness of
the mathematic model is verified. Figure3 is the
leno color effect.
CONCLUSION
This paper analyzed the forming principle of leno
color effect firstly. Using matrix theory and
calculated
method
of
Kronecker-Product,
transformational relationship of mathematic matrix
for leno color effect was established. It has great
useful meaning for realization of CAD and also can
make the traditional designing-method improved.

For diagonal matrix of the cross heddle J , value is
“0” or “1” for any element d ( i ,i ) on the diagonal
line, seen as above matrix,
Suppose i and j are the positions of the two files
which lie on the two sides of the same cross heddle.
If adding the row j to the row i and making all
elements on the row j be “0”, then,

⎛1
⎜
⎜0
⎜M
⎜
J'=⎜M
⎜M
⎜
⎜0
⎜0
⎝

0

L

L

L

O 0 L L
0 d(i,i ) O d( j , j )
M

O

O

O

M
0

O
L

O
L

0
O

0

L

L

L
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Simultaneous Determination of Pesticides Residues in Greasy
Wool using Gas Chromatography/Mass Spectrometry System
with a Three-way Splitter and Backflush
Jie Zhao*, Qing-dong Chen
Shanghai Entry-exit Inspection and Quarantine Bureau, China
jiezhao22@sina.com
ABSTRACT
GC/MS system using a three-way splitter and backflush was applied to the determination of 20
organophosphorus and organochlorine pesticides in greasy wool. The sample was extracted by carbon dioxidesupercritical fluid extraction, the extract obtained was cleaned up by N-Aluminum solid phase extraction
column. The detection procedure was carried out by GC/MS system combined with µECD and NPD. With this
method, the accurate qualitative and quantitative results could be obtained simultaneously, and at the end of run,
the heavy compounds in sample matrix were backflushed from the column instead of bake-out in high
temperature, which avoided system contamination, extended the column lifetime and provided more
productivity.
Keywords: Organophosphorus; Organochlorine; Greasy wool; GC/MS; Three-way splitter; Backflush
INTRODUCTION
Various pesticides such as organophosphorus (OPs),
organochlorine (OCs) are used to control the sheep
parasite, pests or bacterium. However, unsuitable or
abuse of them will significantly increase the risk of
the human body health and be harmful to
circumstance. According to EU Eco-Label directive
2002/371/EC [1], more than thirty pesticides in
greasy wool are regulated and the maximum residue
limits (MRLs) in greasy wool have been established.
Thus, simple, fast, accuracy qualitative and
quantitative detection methods are needed to monitor
these pesticide residues.
On account of most of these pesticides are lipophilic,
they tend to accumulate into lipids of sheep wool, a
certain part of the greasy will be co-extracted
inevitably when good extraction efficiency of
pesticides are obtained. Therefore, the complex
extracted solution matrix with multitudinous
impurities such as fatty acids alcohols, diols,
hydroxyl-acids, sterols, esters, sterol esters, and
diesters [2] brings a great of difficulties for analysis.
In this study, a productive analysis of pesticide
residues in greasy wool was developed. The greasy
wool was extracted by supercritical CO2 fluid
extraction (SFE) system and cleaned up by NAluminum solid phase extraction cartridge. The
detection procedure was carried out by a GC/MS
system equipped with a three-way splitter added to

the end of the column and three signals (NPD, µECD
and MS signals) could be obtained with a single
injection. The identification and confirming of the
targets were performed by full-scan chromatogram
of MSD combined with Deconvolution Reporting
Software (DRS), while µECD and NPD detection
was used for quantitative determination, which made
pesticide analysis more effective and efficient.
In addition, due to the complex of greasy wool
matrix, at the end of run, a bake-out process in high
oven temperature should be performed to drive
heavy boiling-point compounds out of the column,
which was tedious and time-consuming. In this work,
a backflush method was developed instead of bakeout process to avoid system contamination and
provide more productivity.
APPROACH
1. Sample preparation and clean-up procedure
10 g greasy wool was extracted in 25 ml extraction
cell by carbon dioxide supercritical fluid extraction
at 65 °C and 28 MPa for one hour with 5 ml/min
flow rate of CO2 (≥99.5%). And a mixture of ethyl
acetate and cyclohexane (4:6, v/v) was used as
extraction receiving solvent. The solution was passed
though N-Aluminum solid-phase extraction cartridge
(3.0 mL, 200 mg) that had been preconditioned with
ethyl acetate and cyclohexane (4:6, v/v). Then
analytes of interest was eluted with 6 mL of ethyl
acetate and cyclohexane (5:5, v/v). Both the loading
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solution and the eluent solution were collected and
combined. In the end, solvent was concentrated to 1
mL under a gentle stream of nitrogen at 40 °C.
2. Gas Chromatography Mass Spectrometer
system analysis
Chromatographic analysis was carried out in an
Agilent 7890N gas chromatograph system equipped
with electron capture detector (µECD), nitrogenphosphorus detector (NPD) and 5975C mass
spectrometry detector (MSD). The split/splitless inlet
was maintained in splitless mode and the inlet
temperature was 300 °C, the injection volume was 1
µL. The chromatographic column used was DB-5ms
(30 m×0.32 mm id, 0.25 µm film thickness), and
high purity helium (99.999%) at a flow rate of 1.0
mL/min was used as carrier gas. The oven
temperature program was shown as follows: initial
temperature 110 °C (held 1min), increased by 2
°C/min to 150 °C, then increased by 3 °C/min to 220
°C and finally, increased by 40 °C/min to 300 °C
(held 30min). Both µECD and NPD temperature
were set at 325 °C. The MSD was operated in
electron impact ion (EI) mode with a source
temperature of 230 °C and electron energy of 70 eV,
mass range m/z 50-550; scan rate1.68 s per scan. MS
Chromatograms were acquired in scan mode.
An Agilent three-way splitter device was added to
the end of the column, and the column effluent could
be splitted into three ways to MSD, µECD and NPD
with split ratio of 10:1:1 (MSD:µECD:NPD). The
split ratio was determined by the length and diameter
of tubing (restrictor) connecting the splitter to the
detectors. The splitter used helium (99.999%) as
makeup gas supplied by the Aux Electronic
pneumatics control (EPC) and pressure was
controlled at 3.8 psi.
Backflush could be executed after the last peak of
interest has been eluted from the column. By
lowering the inlet pressure to 1 psi and raising the
outlet pressure to 46.5 psi, the inlet pressure became
much lower than outlet pressure and then the
reversed difference in pressure would make the
compounds still in the column backflushed to the
split inlet. In our study, backflush was maintained for
5.0 min and oven temperature was 300 °C.
RESULTS AND DISCUSSION
1. Method development
The pesticides in greasy wool were extracted by
supercritical CO2 fluid extraction, which is a clean
extraction mode with high efficiency, speediness and
good selectivity. The cleanup procedure was
executed by solid phase extraction to eliminate some

of the impurities interfering
quantitative determination.

qualitative

and

With the GC/MS system and the conditions used in
this study, the MSD (full scan) /µECD/NPD
chromatograms were obtained by injection standard
mixture of 9 OPs and 11 OCs. Due to high sensitivity
of µECD and NPD, the split ratio for the three
detectors was set to MSD: µECD: NPD=10:1:1.
Agilent’s Deconvolution Reporting Software (DRS)
was applied and it could extract the spectra of targets
from those of overlapped interference peaks. DRS
correctly identified all of the targets in the presence
of interferences while the typical approach was
nearly impossible to accomplish, the use of DRS
substantially had reduced the number of both false
positives and false negatives.
Moreover, the
chromatograms of element selective detectors
(µECD and NPD) of this spike greasy wool sample
provided very clear signals of the analytes with good
peak shape and resolution for quantitative
determination(Figure 1).

FIGURE 1. Chromatographic separation of the standard mixture of
11 organchlorines and 9 organophosphoruses at concentration of 0.2
µg/mL~1.0 µg/mL detected by GC-MSD (Scan)/ECD/NPD, using
the optimized conditions. Numbers of the peaks correspond to the
analytes in Table I.

2. Backflush application
In order to ensure that the most substances were
eluted from the column, the prepared spiking sample
solution was analyzed by programming the oven to
300 °C and lasted for 30 min. Even though, the high
boiling point compounds were not completely
removed from the column which can be seen from
the chromatograms of two blank runs (Figure 2)
after analyzing spike sample solution. Furthermore,
the impurities would accumulate and stick to the GC
column with added sample injections. High
temperature bake-out is not only time consuming but
also harmful to the column.
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With Agilent backflush system, the program was
stopped at 50 min when the last analyte of
coumaphos had been eluted from the column, and
then the high boiling point contaminants remained in
the column were backflushed to the head of the
column out through the split vent. The backflush
time had been optimized by a sequence to analyze
the spiked sample solution with different backflush
time, and every injection was followed by a blank
run without backflush. Comparing the blank run
MSD chromatograms in Figure 3, it can be
concluded that 5 min backflush time is enough and
26-minute bake-out time will be saved.

Quantitative analysis was based on the calibration of
external standards, and good linearity was found for
all pesticides in the concentration range from 0.001
mg/kg to 10 mg/kg with linear regression coefficients
(R2) greater than 0.996. The limits of detection (LOD)
and limits of quantification (LOQ) were evaluated
using three times the area of the background matrix
response and ten times the response ratios
respectively (Table I).
The recovery and repeatability of the entire
analytical procedure were determined at three
spiking concentration levels, and the results were
adequate for monitoring pesticides residues in greasy
wool (Table II).
TABLE II. The spiking concentration, recovery and
precision of three spiking level(n = 6).
Spinking
level
1
2
3

FIGURE 2. The TIC chromatogram of MSD in scan mode
of two injections of ethyl acetate without backflush after
analyzing spike sample solution.

FIGURE 3. GC-MSD (Scan) Chromatograms of blank runs
after analyzing spike sample solution with different
backflush time. 1. the blankrun after analyzing spike
sample solution with 3 minutes’ backflush; 2. the blankrun
after analyzing spike sample solution with 4 minutes’
backflush; 3. the blankrun after analyzing spike sample
solution with 5 minutes’ backflush; 4. the blankrun after
analyzing spike sample solution with 6 minutes’ backflush.

Spiking
concentration
(mg/kg)
0.0018~0.069
0.15~1.31
0.77~6.53

Recovery
(%)

RSD
(%)

91.8~120.9
93.2~116.1
85.6~107.5

4.5~17.3
3.5~11.5
1.2~9.3

CONCLUSIONS
For multi-residue analysis, a single analytical
technique usually could not be satisfactory for all
target compounds, especially when the sample
matrix is complex. Cleanup steps in sample
preparation procedure may reduce matrix
interferences to improve the method sensitity, but too
many rigorous steps may unintentionally reduce the
recovery of some targets.
This paper demonstrates that it is possible to analyze
pesticide residues in greasy wool without performing
laborious sample cleanup prior to GC injection. A
three-way splitter was connected to the end of the
column, the effluent could be directed proportionally
to two GC detectors as well as MSD. The multisignal configuration provided full-scan data for DRS
searching and the data of element detectors with
excellent selectivity and sensitivity for quantitation.
Furthermore, with backflush, excess column bleed
and heavy residues from the greasy wool extract
would not be introduced to detectors. The combined
GC/MS system had made identification and
quantification more convenient.
FUTURE WORK
We hope that GC column-ending splitter and
backflush would be more and more used for fibre
analysis.

3. Method validation
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Table I. The quantitative determination detector, the retention time and limits of determination for 20 pesticides.

Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Name
α-Hexachlorocyclohexane
Hexachlorbenzene
β-Hexachlorocyclohexane
γ-Hexachlorocyclohexane
Propetamphos
δ- Hexachlorocyclohexane
Diazinon
Dichlofenthion
Fenchlorphos
Pirimiphos-methyl
Aldrin
Chlorpyrifos
E-Chlorfenvinphos
Z-Chlorfenvinphos
Dieldrin
p.p’-DDE
Endrin
p,p’-DDD
Ethion
p,p’-DDT
Coumaphos

Pesticide class

Quantitative
determination
detector

Retention
time
(min)

OC
OC
OC
OC
OP
OC
OP
OP
OP
OP
OC
OP
OP
OP
OC
OC
OC
OC
OP
OC
OP

µECD
µECD
µECD
µECD
NPD
µECD
NPD
NPD
NPD
NPD
µECD
NPD
NPD
NPD
µECD
µECD
µECD
µECD
NPD
µECD
NPD

23.368
23.829
25.627
25.955
27.364
27.919
28.217
30.476
31.984
33.254
33.277
34.450
36.527
37.181
39.844
40.179
41.100
42.680
43.247
44.748
47.507
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LOD

LOQ

(mg/kg)

(mg/kg)

0.003
0.004
0.003
0.003
0.0002
0.008
0.0002
0.0003
0.0003
0.0003
0.002
0.0005

0.010
0.013
0.011
0.010
0.0005
0.027
0.0006
0.001
0.0009
0.001
0.006
0.002

0.008

0.027

0.024
0.005
0.0001
0.007
0.003
0.009
0.0003

0.080
0.018
0.004
0.024
0.009
0.030
0.0009

Study on Clothing Contact Pressure of weft-knitted fabrics
with Spandex
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ABSTRACT
Weft-knitted fabric with Spandex was selected in the experiment to study the clothing contact pressure. Five
positions of left forearm were measured. The change of clothing contact pressure with was discussed. The
values of clothing contact pressure often changed with the movement and the change is different with different
action, different position of body and different style. The correlations between clothing contact pressure and
clothing commodious quantity was analyzed. The results showed strong negative correlations between clothing
contact pressure and clothing commodious quantity. The positive correlations between points were also
obtained. On the strong negative correlation between two variables the predicted model was established with
regression. The T-test proved the predicted value agreed with actual value.
Keywords: Clothing contact pressure; Clothing commodious quantity; Weft-knitted fabric; Spandex;
Correlation
that contact comfort has greatly influence to the
whole comfort.

INTROUCTION
Comfort is one of the most important attributes of
clothing demanded by modern consumers [1]. Li [2]
stated that the comfort of clothing contained three
potential sense factors, thermal & moisture comfort,
tactile sensation comfort and contact pressure
comfort.

The weft-knitted fabric is used in sports wear and
underwear widely and the Spandex fiber is also
favorable by man because of its’ fine elasticity.
The elasticity of spandex gives fit pressure on body.
To improve the comfort of knit wear with spandex,
the experiment was designed to obtain the dynamic
and static clothing contact pressure of weft-knitted
fabrics with spandex. And the relationship between
clothing commodious quantity and clothing contact
pressure was also analyzed and discussed.
Furthermore the regression model was made. The
value of prediction was agreed with the actual
value.

Fit clothing contact pressure can improve the
body’s function during the movement. It can
release the tremble of muscle which cause the
fatigue, thereby improve the accuracy and
efficiency [3] [4] during the sports. However the
over pressure can hurt the body. Eighteen Century,
Rococo times, the tighten corset brought the shift
and transfiguration of breast and stomach of
wearers. Growther[5] studied the comfort and fit
of cotton jeans. The study indicated that over press
made the shift of body of wearers who were in
tight jeans for a long time. And it also could
damage the health of wearer. In Rutten’s [6] papers
the painful pathology of patients who were wearing
the tight jeans without stretching were summarized.
The medical research report [7] pointed that the
over tight clothing was an effective haemostatic
bandage when people were in sitting or squat. Then
the bandage would induce the thrombus and hurt
the health. Therefore the research on contact
pressure is significant. The researches [2] [3] show

EXPERIMENTAL
Material and sample preparation
Five weft knit-knitted fabrics with Spandex were
selected as the experimental material. See Table I
for basic parameters of each fabric.
Five half-sleeves were obtained according to the
different fibers. Each sample has five styles
according to the clothing commodious quantity.
Thus twenty-five half-sleeves were tested in the
experiment. The size of style1 is equal to the size
of body and the size of style2 is shrinking 2
centimeters. Next the size of style 3 is shrinking 4
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FIGURE 1. The Air-Pack Type Contact Pressure Measurement.

centimeters, the style4 is shrinking 6 centimeters
and the style 5 is shrinking 8 centimeters. The
forearm would be covered with the sample from
wrist to elbow. And the length of half-sleeves over
the elbow to ensure the accuracy of results.

Measurement
Five points of left forearm were selected. The five
points are as Follows: Point 1is side muscle, Point
2 is outside elbow; point 3 is outside middle-wrist
point, point 4 inside elbow point and point 5 inside
middle-wrist point.
The twenty five samples were conditioned under
the standard laboratory condition (22centidegree
and 65 percent relative humidity) for over twenty
four hours before wearing test.

TABLE I. Basic parameters of fabrics
Sample

Fiber

1

Nylon95%
Spandex5%

2
3
4
5

Polyester95%
Spandex5%
Cotton98%
Spandex 2%
Nylon85%
Spandex 15%
Polyester97%
Spandex 3%

Thickness
mm

Weight
g/m2

0.740

172.71

0.662

166.07

1.134

200.42

0.837

191.71

0.817

175.62

The model was explained of the experimental
procedure. When she wearied the half-sleeve, she
was asked acted along the line of motion. First the
arm hangs beside the body naturally, which is the
static position. Next the upper arm maintains static
and the forearm lifts up straight to vertical with the
upper arm, which is called action 1. Hereafter the
forearm returns to the static station. Third the upper
arm also maintains static and the forearm with the
hand turn to the front to make the palm straight to
the front, which is named action2, after return to
the original station. Last the forearm moves to the
chest with the upper arm to the forearm parallel
with the chest, which is the last action named
action 3. Last the arm returned to the static.

Pressure measurement device
In this paper, The Air-Pack Type Contact Pressure
Measurement System was used to measure the
pressure. This device was made by AMI TECHNO
Co., Ltd. See Figure 1 for AMI-3037.It is consisted
of the two main parts: sensors and main unit. The
sensor can be in different sizes. The selected
sensor’s diameter is 20mm. Before testing, air was
pumped into the air-pack by a special cylinder.
And then the sensor was fixed on the body with
tape. As the contact pressure pushes the air out of
the air-pack the pressure signal is transmitted to the
main unit. And the main unit converted the value
into the DC (direct current) output. The value can
be converted into the computer by the data logger.
And the pressure value can be obtained with the
relative software.

RESULTS AND DISCUSSION
Analysis of dynamic clothing contact pressure
See Figure 2 for dynamic clothing contact
pressures of five points of sample 1 style 1 during
the movement. In action 1 the pressures of point2,
4, and 5 are all increased and the change of point 2
is the largest. The pressure of Point 3 is decreased
slightly. However the value of point1 falls firstly
and then rises slightly and the value is smaller than
static station. In action 2 the points are point1, 3,
and 5 whose values of pressure rise. The change of
point1 is biggest among the three points. The
pressures of point 2 and 4 are similar with the static.
In action 3 the pressures of all points are increased.
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than 0.01. That means the Probabilities of
noncorrelation between clothing contact pressure
and clothing commodious quantity are near zero.
The results indicated the strong negative
correlations between clothing contact pressure and
commodious quantity for five positions. And the
Correlation Coefficients showed that the influence
of clothing commodious quantity on clothing
contact pressure of five points is different. The
influence is significant for Point2, Point3, Point1
and Point 5. The influence for point4 inside elbow
is relative less than others.
FIGURE 2. The dynamic clothing contact pressures of sample 1
style 1 with movement.

The relationships between Point1,2 ,3 ,4 and 5 are
also investigated. The Correlation Coefficients and
Probabilities of noncorrelation display the positive
correlation between points.

The change of point2 outside elbow of sample one
with movement. In action 1 and action 3 the values
of point2 are increased. The vibration of action 3 is
more. In action 2 the changes are different among
different styles. The vibrations of style 3, style 4
and style 5 are stronger than the vibrations of style
1 and style 2. The results indicated that the clothing
commodious quantity has influence on change of
clothing contact pressure during movement.

TABLE II. Pearson Correlation Coefficients with SPSS
Q

P1

P2

P3

P4

P5

Q

1

-0.791

-0.883

-0.830

-0.583

-0.772

P1

-0.791

1

0.866

0.946

0.231

0.919

P2

-0.883

0.866

1

0.881

0.426

0.880

P3

-0.830

0.946

0.881

1

0.319

0.970

P4

-0.583

0.231

0.426

0.319

1

0.274

P5

-0.772

0.919

0.880

0.970

0.274

1

Prediction of clothing contact pressure
The results display that the clothing contact
pressure has negative correlation with clothing
commodious quantity. Thus the predicted
model could be made by regression. As shown
in Eq. (1), (2) (3) (4) and (5), y means the
predicted clothing contact pressure and x means
the actual clothing commodious quantity. Eq.
(1), (2) (3) (4) and (5) express the predicted
model of Point 1, Point 2, Point 3, Point 4 and
Point 5 in turn.

FIGURE 3. The dynamic clothing contact pressure of point 2 of
sample 1 with movement.

Correlation between clothing contact pressure
and commodious quantity
The Bivariate Correlations was used to analyze the
relationship between clothing contact pressure and
clothing commodious quantity with SPSS. And the
Test of Significance is Two-Tailed. Correlation is
significant all at the 0.01 level. See Table II. Q
means clothing commodious quantity. P1, P2, P3,
P4 and P5 mean Point1, Point2, Point3, Point4 and
Point5. The relative coefficients are Pearson
Correlations. They are all bigger than the test
critical test values. The levels of significance of
noncorrelation are all near zero which is smaller

(1)
(2)
(3)
(4)
(5)
As shown in Table III, the correlations between
predicted value and actual value are significant at
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the 0.01 level, two tailed test, for Point 1, Point 2,
Point 3 and Point 5. The Correlation Coefficients
are all near 1.the correlations between prediction
and actual value is significant at the 0.05 level, two
tailed for Point 4. The Correlation Coefficient is
0.896. The results indicated that the predicted
values agree with actual values. And the model
could predict the clothing contact pressure with
measured clothing commodious quantity.
TABLE III. Correlation between predicted value and actual
value
Positions

P1

P2

P3

P4

P5

Correlation
Coefficient R

0.988

0.997

0.985

0.896*

0.974

Probability of
noncorrelation

0.002

0.000

0.002

0.040

0.005

CONCLUSIONS
The values of clothing contact pressure often
changed with the movement and the change is
different with different action, different position of
body and different style.
The Correlation between clothing contact pressure
and clothing commodious quantity obtained. The
results showed that the clothing contact pressure
has strong negative correlation with clothing
commodious quantity for all measured Points. The
positive correlations between points were also
obtained. The predicted model of clothing contact
pressure was established with regression. The Ttest proved the predicted value agreed with actual
value. The predicted model is credible.
FUTURE WORK
The reason of change of clothing contact pressure
with movement should be studied in further study.
Other factor that could influence the value of
clothing contact pressure should be found. And
then the more accurate predicted model would be
established in further research.
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ABSTRACT
Locating the size properly in and around the sized yarn is as important as placing the correct amount of size on
the yarn. Penetration of size into the yarn and extent of encapsulation of yarn by the size are usually estimated
by viewing cross-sections of the yarn under an ordinary optical microscope, which has some shortcomings and
are rough work. In this paper, a digital microscope Keyence VHX-600E was utilized to study size locations of
sized yarns. Key techniques on it were explored and three important indices characterizing the locations of size
were obtained, that is, size penetration rate, size encapsulation rate and size film integrity. Typical cotton-type
yarns were sized on an ordinary sizing machine and on a single end sizing machine separately. Size locations of
these yarns were studied and compared using Keyence VHX-600E digital Microscope.
Keywords: Digital microscope; sized yarn, size penetration; size encapsulation; size film integrity
treatment and measurement software in computer
substitute for the tracing paper, that is, optical
microscope together with CCD camera and
computer are developed to study size locations.
In this paper, a digital microscope Keyence
VHX-600E is utilized to study the locations of
sized yarns. This digital microscope has a CCD
pen-sized camera with 2.11 to 54 Megapixel at six
different level, which can be easily adjusted
according to different purpose. Keyence digital
microscope can achieves a depth of field 20 times
greater than that of optical microscopes and focus
adjustment is quick and easy. It depth composition
function can provide sharp images with overall
focus, even on targets with great depth, therefore
one can view magnified images that exactly
represent actual target conditions [5].

1 INTRODUCTION
With the quick development of the shuttle-less
looms, the higher requirements are put forward to
the strength, the elongation, and especially the
abrasion resistance of warps. At the same time, the
demands on the hairiness clearance rate of sized
yarn and sizing quality become more and more
stringent in view of polyester-cotton’s static
phenomenon and high-count and high-density
feature of poplin [1]. The enhanced strength,
elongation keeping and especially abrasion
resistance, hairiness of sized yarn are greatly
influenced by size penetration and size
encapsulation, which are essential and important
requirements in sizing. Therefore, studying size
locations of sized yarns play an important role in
helping to estimate and improve the properties of
sized yarns [2, 3].

Keyence digital microscope enables high resolution
image acquisition with numerous image processing
capabilities. Auto or manual measurements on area,
angle, distance, radius, perimeter, etc, are provided
and easy to operate. With these functions, the
locations of size can be measured accurately by
just operating mouse in the images of cross-section
of sized yarn.

Size locations are usually characterized by
measuring the cross-sections of sized yarns. The
distributions of size in and around the yarn are
observed and portrayed on tracing paper through
optical microscope and projector. The tracing
papers are then cut and weighed so as to calculate
size penetration rate and size encapsulation rate.
This method is not only troublesome but also
inaccurate [4]. With the development of new
technology, the projector is replaced by a CCD
(Charge Coupled Device) camera and image

The Keyence VHX-600 includes a UXGA (1600 x
1200 pixels) high-resolution, 15-inch LCD monitor.
It features observation functions, a hard disk drive,
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acceptable without composition. The images were
then sharpened so as to get clearer edges.

a CD-R/RW drive, as well as measurement
functions. This makes observation, recording, and
measurement all possible with a single unit.

2.5 Measurement
Measure Tool in Keyence digital microscope was
used to measure size locations by their sharpened
cross-section image. Draw manually the contour of
yarn, size film and size penetration on the collected
image with mouse to depict three curved circles
and non-film angles. The outmost circle is the
contour line of sized yarn with size film, the
middle circle is the contour of sized yarn exclude
size film, and the innermost area is that sizes fail to
reach. Non-film angles were plotted to locate the
surface without size film. The areas in the three
curved circles and the non-film angles can be
measured accurately. Usually, 30 sized yarn crosssections are measured and average values are
obtained [3].

2 EXPERIMENTAL
2.1 Materials
Two typical cotton-type yarns, C60/T40 29tex and
JC 14.5tex, were chosen as original materials. They
were sized on an ordinary sizing machine and on a
single end sizing machine separately to get
different sized yarns for test. Wool fibers, dilute
solution of Potassium iodide and celloidin were
used as auxiliary materials.
2.2 Instruments
A Keyence VHX-600E digital microscope, a Y172
fibres microtome, a double-edge razor blade were
used in the experiments.
2.3 Preparation of Cross-section
In order to make the yarn’s boundary clear in the
microscopic image, the sized yarns were specially
pretreated. A strand of sized yarns was cut to 5cm
length and dipped into a dilute solution of
potassium iodide for about 2 minutes in order that
the starches of the sized yarns change to blue. After
drying under natural condition, they were
embedded around by a small quantity of wool
fibers and intercalated into the aperture of the
Hardy’s microtome. The fiber assembly out
microtome was cut off by a double-edge razor
blade and the microtome was well fixed. Then very
thin of the fiber assembly was pushed out by
turning a screw with scale slightly. Spread a little
celloidin equably on it. After the celloidin dried,
the fixed fiber assembly was cut to gain thin
cross-section slice of sized yarns surrounding by
wool fibers.

2.6 Calculation
Size locations of sized yarns are usually
characterized by three indices, which can be
calculated by Eq. (1), Eq. (2) and Eq. (3).
360 − A
360
S1
Pr =
S
S2
Er =
S
In =

(1)
(2)
(3)

where In represents size film integrity, Pr represents
size penetration rate, and Er stands for size
encapsulation rate; A is the sum of the non-film
angles; S, S1 and S2 are the areas of sized yarn, size
penetration and size encapsulation in cross-section
respectively.

2.4 Acquisition of High Resolution Digital Image
The cross-section slice of sized yarns was put on
the stage of Keyence digital microscope. 500
multiplier lens was used to focus on yarn’s
cross-section, and then the zooming driver loop
was adjusted to 800 multiplier to acquire high
resolution digital image. Focus on the highest point
of the cross-section, then gradually shift the focus
point downward, meanwhile, capture the clear
pictures at different focus point. The captured
images named img001, img002… were then
composed by depth composition function. In this
way, the images with overall focus were obtained.
Usually, two to four images of cross-section of
sized yarn at different focus points were enough to
composite satisfactory image. For high quality of
cross-section slice, one focus point image was

Based on the measured results in 2.5, the three
areas S, S1 and S2 can be calculated. S equals to the
area of the outmost circle. S1 equals to the
difference of areas between the middle circle and
the innermost circle. And S2 equals to the
difference of areas between the outmost circle and
the middle circle.
The three size location indices, In, Pr and Er, of the
four different sized yarns were measured and
calculated using the methods mentioned above.
3 RESULTS AND DISCUSSION
Experiments show that the images of the yarn’s
cross-section captured by Keyence digital
microscope are much clearer than that by ordinary
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optical microscope. That is, the Keyence digital
microscope demands less on cross-section
techniques than optical microscope. Moreover, the
Keyence instrument provides far easier and quicker
approach to measure the areas and angles needed
for calculating size location indices.
The high resolution continuous tone images of the
four different sized yarns are exhibited in Figure 1
to Figure 4. On each image, the three circles used
to measure the areas are plotted in red and the
non-film angles are plotted in blue.

FIGURE 3. The cross-section image of yarn JC 14.5tex sized on
a single end sizing machine.

FIGURE 1. The cross-section image of yarn C60/T40 29tex
sized on a single end sizing machine.

FIGURE 4. The image of yarn JC 14.5tex sized on an ordinary
sizing machine.

The values of size location indices of the four sized
yarns are listed in Table I.
TABLE I. Size Location indices of the four sized yarns
indices

Er

Pr

In

on a single end
sizing machine

7.69%

62.31%

94.79%

on an ordinary
sizing machine.

4.97%

46.15%

69.38%

on a single end
sizing machine

9.06%

69.60%

87.29%

on an ordinary
sizing machine.

5.09%

67.58%

73.04%

Sized yarns

C60/T40
29tex

FIGURE.2. The cross-section image of yarn C60/T40 29tex
sized on an ordinary sizing machine.

JC
14.5tex

From Table I, it is clear that the yarns sized on
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single end sizing machine have higher values of
size location indices than that on ordinary sizing
machine. That is consistent with our knowledge.
Although the sizing theory of single end sizing
machine is similar to that of ordinary sizing
machine [6, 7], size liquors are obviously more
easier to penetrate and fully cover the single yarn
on single end machine than that to the sheet of
yarns on ordinary machine. Besides, the latter has a
problem of tearing size films when splitting. In
other words, under the same conditions, size
percentage, size penetration, size encapsulation and
size film integrity of single end sizing tends to be
higher than that of ordinary sizing, especially the
size film integrity.
4 CONCLUSIONS
This paper studies the size locations of sized yarns
utilizing Keyence digital microscope. With
Keyence digital microscope, three important
indices characterizing the locations of size in an
around the yarn structure, that is, size penetration
rate, size encapsulation degree and size film
integrity, can be easily acquired. In this study, the
values of size locations indices of yarn sized on a
single end sizing machine are higher than those on
an ordinary sizing machine, which agrees well with
our knowledge.
Experimental results show that digital microscope
has obvious superiority to optical microscope,
especially in acquisition of high resolution image
and measurement. Optical microscope demands
high quality of cross-section slices which can only
be prepared by skilful technicians even with special
equipment. Whereas digital microscope can
compose acceptable images through uneven
cross-section slices prepared by a beginner just like
those used in this study were prepared by
undergraduates. Therefore, digital microscopy is
more convenient and accurate than ordinary optical
microscopy in the study of size locations of sized
yarns, and can be a more effective substitute.
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ABSTRACT
In the present work, AE characteristic of damage modes on UHMWPE/LDPE laminates were studied. Three
kinds of specimen were tensioned under quasi-static load mode till fracture to generate dominant damage
mechanism. Four AE parameters were selected as feature vectors to identify different damage mechanisms.
K-means algorithms, with the help of fracture surface examination of SEM, were used to clustering the AE data.
Result from this study revealed that AE technique is a viable and effective method for identifying damage
modes of UHMWPE/LDPE laminate. AE characteristic of matrix damage is low amplitude, less counts, short
rise time and short duration, while fiber fracture is high amplitude, more counts, long rise time and long duration.
AE parameter of interface debonding is fall in between matrix damage and fiber fracture. These correlation can
be used to monitor the failure process in the PE self reinforced composites.
Key words: Acoustic Emission; UHMWPE/LDPE laminates; Damage; k-means algorithms
1 Introduction
As a nondestructive testing, acoustic emission (AE)
technique has been used to investigate damage
mechanisms of composites by many researchers
during last three decades. The classical damage
modes of composites have been confirmed as AE
sources such as matrix cracking, fiber breakage,
interface debonding and interlayer delamination.
Early research work in this field mainly concerned
about AE activities based on the accumulate counts
of AE events during material failure process. Now, a
major problem is how to identify damage mechanism
with AE features. Many researchers have already
worked in this field. C.Bhat et al. [1] studied AE
characteristic of damage mechanisms on carbon fiber
reinforced composites by neural networks. N.Godin
et al. [2, 3] studied matrix cracking and interface
debonding of glass fiber reinforced composites by
supervised and unsupervised pattern recognition
methods. V.Kostopoulos et al. [4,5] reported different
AE parameters as pattern vectors resulted in various
classifications of AE signals. H.N.Bar et al. [6]
studied AE features of glass fiber reinforced
composites by hybrid neural networks and reported
AE features only were affected by damage
mechanisms and unrelated with structure of
laminates. Besides AE parameters of time domain,
identifying damage modes by frequency content and
waveform of AE signals is also an effective method.
With the concurrently detected by polarized optical
microscope and AE resonant sensors, M.Giordano et
al.[7-9] extracted frequency feature band of damage
modes and identified AE signals. Mikael Johnson et
al. [10,11] studied AE waveform features generated
by matrix cracking, fiber breakage and delamination,

and classified AE signals with principal component
analysis method. Up to now, a lot of studied in
damage mechanisms by AE technique mainly
concerned about carbon-, glass-, Kevlar-epoxy
composites, only few reports on PE self reinforced
composites.[12] The objective of present work is to
investigate AE characteristic of PE/PE laminates on
different damage situation and to describe each
damage mode by AE parameters.
2 Experimental procedure
2.1 Materials and specimens
The density of the matrix LDPE is 0.92g/cm3，melt
temperature is 105℃, tensile strength and fracture
strain is about 9.81 MPa and 215% respectively. The
density of UHMWPE fiber is 0.97 g/cm3, melt
temperature is 140℃, tensile strength and fracture
strain is about 3GPa and 3.3% respectively. Three
kinds of specimen (resin LDPE, [90], [0]) fabricated
by compression molding at appropriate temperature
and pressure for some time were tensioned under
quasi-static load mode till fracture to generate
dominant damage mechanism [12]. The specific
process parameters of LDPE resin is 120℃, 1.0MPa,
5 minutes. PE/PE unidirectional laminate [0] and [90]
are 120℃, 1.5MPa, 10 minutes. All tensile
specimens were cut into coupon with dimension size
120×20×0.8mm3.
2.2 Acoustic emission
All tensile testing were tensioned till fracture by
universal testing machine (WDW-20, Hualong
Shanghai, China). Fracture surface examinations
were conducted using a SEM (JSM 5600-LV, Japan).
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The tensile velocity of LDPE resin and laminates are
2mm/min and 1mm/min respectively. Whole failure
process was monitored by AE system (PCI-2,
Physical Acoustic Corporation, USA). A resonant
sensor R15A was attached to the middle position of
the specimen by vacuum grease and fixed by elastic
tape. According to testing environment and pencil
lead break procedure, the parameters of AE system
were as follows: peak definite time (PDT), 50us; hit
definite time (HDT),100us; hit lock time (HLT),
300us; system threshold, 40dB; preamplifier, 40 dB.

1.

shows the fracture surface of each kind of specimen.
Fig.2 (a) shows different damage modes of LDPE
resin including matrix micro-cracking, matrix
cracking and matrix fracture. Fig.2 (b) reveals
interface debonding is the dominant mechanism of
[90] laminates. In addition, local matrix
micro-cracking and crack extension are also found.
However, according to Fig.2 (c), [0] laminates shows
more complicated damage behavior, including fiber
breakage, interface debonding, matrix cracking and
fiber pull out. Consequently, k value confirmed by
J-K curve can be proved by SEM micrographs.

3 Results and discussion
3.1 Unsupervised pattern recognition
AE signals generated by each kind of specimen are
all including different damage modes. However,
according to the former research work, the AE
signal generated by the same damage mode is
almost similar each other. Thus, using clustering
method to identify the mixed AE signals is viable [2,
4, 5, 12]. Selecting appropriate feature vectors is the
primary premise for identify damage mode.
According to many reference papers [1-4, 6, 12],
four appropriate parameters (amplitude, counts, rise
time, duration time) were used to describe a
transient AE signal in this study. To eliminate effect
due to different unit of each AE descriptor, the
similarity measurement used in this study was
normalized Euclidean distance. Due to lacking prior
knowledge of classification on AE signals, k-means
algorithms [2], with the help of fracture surface
examination of SEM, was used. This algorithm
aims at minimizing an objective function EQ. (1), in
this case the distance of the n data points from their
respective cluster centers.
k

n

J = ∑∑ xi( j ) − c j

2

(a)

(b)

(c)

(1)

j =1 i =1

xi( j ) − c j

Where

2

is the distance between a data

( j)
i

x

and corresponding cluster center cj. Two
point
factors have effect on the result of clustering, k value
and initial cluster centroids. Fig.1 shows the J-K
curve of k-means algorithms on LDPE, [90] and [0]
specimens. It is obvious that with the k value
increasing the J value is decreasing. Theoretically
speaking, when k equals n viz. each signal is
regarded as one cluster, the J reaches minimum 0.
Actually, k value corresponding with the inflexion
the J-K curve is the appropriate.
3.2 AE characteristic of each damage mode
According to J-K curve (Fig.1), AE data of LDPE,
[90] and [0] are divided into 3, 3 and 4 classes
respectively. In order to assess the validity of
clustering method, fracture surface examination of
each kind of specimen was performed by SEM. Fig.2

FIGURE 1. J-K curve of k-means algorithms
(a) LDPE resin (b) [90] laminate (c) [0] laminate

The average of AE parameters on each cluster was
summarized in Table I. R denotes rise time of AE
signal, C denotes counts of AE signal, D denotes
duration time of AE signal and A denotes amplitude
of AE signal.
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the average of AE parameter was smaller than critical
damage, so it could be regarded as the on set of
interface damage. Class C9 only existed in the [0],
judging by AE parameter, it could be regarded as on
set of fiber fracture.

(a)

TABLE.I AE characteristic of damage modes

(b)

Class ID
C1

R/us
19

C
7

D/us
116

A/dB
47

C2
C3
C4
C5
C6
C7
C8
C9
C10

123
1645
15
195
2122
15
20
284
9849

99
202
9
102
811
8
76
650
1104

2346
4339
77
1708
6377
58
704
11802
20834

79
84
46
80
96
47
71
98
98

4 Conclusion
The damage mechanisms of PE self reinforced
laminates were investigated by AE technique.
K-means algorithm was used to clustering mixed AE
signals. The correlation between damage mode and
AE parameter was established with the help of SEM
photograph of fracture surface examination. The
results revealed different damage modes can be
described by AE parameters. AE characteristic of
matrix damage is low amplitude, less counts, short
rise time and short duration, while fiber fracture is
high amplitude, more counts, long rise time and long
duration. AE parameter of interface debonding is fall
in between matrix damage and fiber fracture. These
correlation can be used to monitor the failure process
in the PE self reinforced composites.

(c)

References:
FIGURE2. SEM micrographs of fracture surface
(a) LDPE resin (b) [90] laminate (c) [0] laminate

Class C1-C3 belongs to LDPE, C4-C6 belongs to [90]
and C7-C10 belongs to [0]. According to Table1 and
the time mark of AE signal, C3, C6 and C10
produced at the end of the material failure
respectively. It revealed the damage of material was
critical. The AE parameters (R, C, D and A) were
bigger than any other classes. So C3 could be
regarded as matrix fracture, C6 and C10 could be
regarded as interface debonding and fiber bundle
fracture respectively. While C1, C4 and C7 all had
the following characteristic, short rise time and
duration time, small counts and low amplitude, so it
must be generated by the same damage mechanism.
According to the weak AE characteristic, these
classes could be regarded as matrix deformation and
cracking. It was very difficult to explain classes C2,
C5, C8 and C9. According to time mark and the
value of AE parameter, C2 could be described as a
middle degree damage of LDPE. C5 and C8 exist in
the laminate [90] and [0] respectively. In addition,
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15.6μm, 19.3μm and 19μm respectively. The
crimpness of wool was more than that of cashmere.
The goose down contained 95% fine hair. And the
wool fibers were arranged with different
arrangements for random and fiber balls random
arrangements to compress. Some new results could
be gotten. Fiber arrangements were shown in
Figure 2.

STATEMENT OF PURPOSE
The compression characteristics of fiber masses
were very important because they were used in
judging the quality of a fiber or fiber blend or in
predicting its suitability for a particular end-use,
e.g., carpet pile or packing. These characteristics
were often engendered in such concepts as
bulkiness, resilience, springiness, handle or cover
capacity. This study just presented a new apparatus,
a FACBES-01 (Fiber Assembly Complex Behavior
Evaluation System) developed by authors. This
apparatus provided a kind of multi-functional
measurement so that the compression property, the
air permeability and acoustic insulation of a fiberplug could be characterized simultaneously with
the density variation for fiber assemblies. Its
excellences were precision, multifunction and
automatization. It fits to the measurement for
various fiber assemblies.
In this paper, the compressing behavior for
different fiber assemblies were studied.

crossbeam

sensor
pothook

moving beam

sensor
piston
cylinder

fiber assembly
FIGURE 1. Apparatus framework.

APPROACH
The measure principle of the apparatus used was to
compress the fibers in a cylinder with a piston. The
piston was installed under a moving beam which
was drove by step-by-step motor. The cylinder was
hung under a crossbeam through pothook. The
piston was coaxial with the cylinder. When the
moving beam descent, the piston compressed the
fiber assembly in the cylinder. With the sensors in
the crossbeam and in the moving beam, two forces
represented the top pressure(PD) and bottom
pressure(PR) of fiber assembly could be gotten
respectively. Some characteristic curves could also
be given. The framework of this apparatus was
shown in Figure1. The diameter of the piston was
30mm, a little smaller than that of the cylinder. The
speed moving down for the moving beam was
0.64mm/s. Put 2g fibers such as wool, cashmere,
acrylic, kapok and goose down in the cylinder. The
diameter of the anterior four fibers were 21μm,

(a)

(b)

FIGURE 2. Fiber arrangements.
(a) random arrangement (b) fiber balls random arrangement

RESULTS AND DISCUSSION
The difference between the top force(PD) and
bottom force(PR) put on the assemblies when the
piston compressed the fibers was shown in Figure3.
Except acrylic assemblies, the top force and bottom
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pressed the hair tightly. As the squama splayed less,
so the self-locking phenomena among cashmere
were less. Combining with the fineness, the
cashmere’s bending stiffness was smaller. So its
pressure increased slower than that of the wool
and the initial compressing modulus was also less
than wool’s. Continue to pressure, the interaction
between fibers enhanced. The contact points of
cashmere were more so that the self-locking
phenomena among cashmere were more than that
of the wool. So the pressure of cashmeres increased
faster than the wools’. The compressing modulus
of cashmere assembly in this stage was greater than
the value of wool assembly’s. Further increasing
the pressure, the porosity of assembly was very few.
So it would squeeze the fiber structure, and the
assembly bulk density tended to the average fiber
density. The pressure closed to a straight line and
their compressing modulus were close.

force for the other four fibers were almost same.
The difference between these two forces was little.

FIGURE 3. Comparing the top force with bottom force.

That was to say the top force could get balance
with the bottom force instantly. The difference
between the two forces acted on the acrylic
assembly was enhanced during compressing due to
the slabby and rough surface of acrylic fiber.
There were evident difference for the compressive
curves of five fiber assemblies because of their
different fiber morphological structures. As shown
in Figure4.

550
500

kapok

goose down
cashmere
acrylic

For acrylic staple fiber, the pressure curve present a
distinct trend of serration increasing, which directly
reflect the slabby and rough surface of acrylic fiber.
So the increase in pressure was relative sluggish,
and formed the undulate shape.
Kapok fiber was large hollow fiber compared with
other fibers. Its density was very small. With the
same assembly bulk density, the kapok fiber
occupied large spaces, so the porosity was lowest
and fibers were very close. The pressure during the
compressing process increased rapidly, the slope of
the compressing curve was largest and
compressing stiffness was highest. However, when
the fiber assembly got a very close degree, the
points of fiber contact with each other would be
pressed seriously. The longitudinal fibers would
split so that the fiber strength and compressing
modulus decreased.

wool

450
400

PD (cN)

350
300
250
200
150
100

For goose down assembly, there was a small
transition area(or slipping area), which meaned that
the compressing modulus in this stage fell. It
becaused that the goose down fibers exist as velvet
flowers, in each flower containing dozens of
subbranch fibers. These fibers gathered to form a
relatively closed pore structure. So its whole
structure was similar to a hollow structure. When
the pressure was small, each subbranch fibers
could maintain a certain distance, so at that time it
was mainly the velvet flowers closed to each other.
As the pressure increased, the velvet flowers were
squeezed further so that a small transition area
appeared. When the velvet flowers had been
squeezed very close, the goose down assembly
became overall deformation and compressing

50
0
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

piston displacement (mm)

FIGURE 4. Compressive curves for random arrangement fiber
assemblies.

The average diameter of cashmere was less than
that of wool. So with the same quality, the number
of cashmere fiber was much more than that of wool,
and the contact points among fibers were also
excessive evidently. At the soft compressing stage,
it mainly reduced the spaces among assembly and
the pressure on wool and cashmere increased
relatively slow. The squama of cashmere was
annular and its edge was more smooth. The squama
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stiffness improved. It showed similar trend like
wool which was close to a straight-line trend.

1000
900
800

The compression process could be divided into
three areas: linear area, transition area(or slipping
area) and linear strengthen area for modulus. And
the transition area was more complicated because
of the fibers slipping. For one kind of fiber
assembly, these three phases maybe couldn’t
appear simultaneously. For various fiber
assemblies, the form of their compressive curves
and recovery curves were distinguishing. As shown
in Figure5.
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(c) acrylic

The compressional behavior of fiber assemblies
depended on fiber arrangement intensively. The
curves for wool fiber assemblies of 2g with
different arrangements were shown in Figure6.

1000
900
800

PD(cN)

700

1000

600
500
400

900

300

800

200

700

100

PD(cN)

600

0

500

0

5

400

10

15

20

piston displacement(mm)

25

300

(d) kapok

200
100
1000

0
0

5

10

15

20

25

30

35

40

45

50

55

piston displacement(mm)

60

65

70

75

900
800
700

PD(cN)

(a) wool
1000
900

500
400
300

800

200

700

PD(cN)

600

100

600

0

500

0

5

10 15 20 25 30 35 40 45 50 55 60 65 70 75

piston displacement(mm)

400
300
200

(e) goose down

100
0
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

piston displacement(m m)

FIGURE 5. Compressive curves and recovery curves.

(b) cashmere

A random-arranged fiber plug could be considered
as a kind of isotropy and uniformity structure,
while fiber balls random arrangement was a multiboundary configuration. The structure of the fiber
random arrangement was soft comparing with the
fiber balls random arrangement, which was a
relative rigid structure. With fiber compressing
going on, the force of the latter increased more
rapidly than that of the former.
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550
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FIGURE 6. Compression characteristic curves for wool fiber
assemblies of different arrangements.

CONCLUSIONS
Through one-way compressing the fibers, the
compression
characteristic
curves
were
characterized. There were evident difference for
the compressive curves of five fiber assemblies. It
connected with the fiber morphological structures.
The compression process could be divided into
three areas: linear area, transition area(or slipping
area) and linear strengthen area for modulus. And
the fiber arrangements affected the results
evidently.
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ABSTRACT
An inexpensive and simple “naked-eye” colorimetric sensor for Hg2+ was prepared by immobilization
of functional groups for Hg2+ on polyacrylonitrile fiber. A color change from pale yellow to red
appeared when the fiber contacts with Hg2+ in aqueous solution. The results indicated strong push-pull
system was formed after the coordination of Hg2+.

the high performance polymer through the
INTRODUCTION AND APPROACH

covalent bond link.

There continues to be a need for new and

The preparation of fibers for detection of Hg2+ is

improved methods for the detection of certain

shown in Figure 1. To the suspension of

transition and post transition metal ions which

polyacrylonitrile fiber in anhydrous ethanol,

have detrimental effects on human or higher

hydrazine hydrate was added dropwise. The

animals. In these metal ions, mercury is

reaction mixture was refluxed for 6h. After being

considered as a highly toxic and hazardous

dried

pollutant which poses severe risks for human

4-(diethylamino) benzaldehyde in the anhydrous

health and the environment.1 A great effort has

ethanol. After full reaction, the colorimetric

2+

made for the development of Hg

sensor using

chromogenic,2 fluorogenic3 or electrochemical

the

fibers

continue

to

react

with

sensor was prepared successfully. It can bind
Hg2+ in the aqueous phase.

methods4. However, most of these chemical
sensors suffer from limitations, such as tedious
synthesis, unable to apply in pure water, needing
special or expensive apparatus instrument,
interference with other metal ions, etc.
We are interested in exploring the further use of
chromogenic sensor made by polymer fiber to
selectively detect Hg2+, because a) chromogenic
detection can be carried out without using

FIGURE 1. Preparation of the sensor and its sensing

spectroscopic instrumentation, which is simple,

mechanism

easy and low-cost;b) This kind of sensor doesn’t
pollute the analyte and can be reused. We

RESULTS AND DISCUSSION

recently found that the 4-(diethylamino) benzal

Fig.2

2+

shows

the

FTIR

before

and

of

group was a good binding group for Hg 5.We

polyacrylonitrile

try to connect this kind of functional group and

chemical modification. Fig.2a shows the FTIR
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fiber

spectrum

after

of pure polyacrylonitrile fiber. The absorption
-1

showed

the

sensor

of

modified

to

polyacrylonitrile fiber before and after binding

the C-H bond of the system. The band at

with Hg2+ in pure water. We can see the color

2244 cm-1 was assigned to C≡N band. Fig.2 b

of the fiber become red when it combines Hg2+.

shows the fibers after reacting with hydrazine

And the residual concentration of Hg2+ in

hydrate .The band at 3325 cm-1 was ascribed to

water can be controlled below 5.0×10-7M.

N-H bond. The absorption bands at 2937 cm-1

As mentioned above, we have developed a

correspond to the C-H bonds. The band at

new colorimetric and structure-simple sensor

bands

at

2938

cm

correspond

Fig.3

2243 cm was assigned to surplus C≡N band.

for Hg2+. It showed high sensitivity to Hg2+.

The absorption bands at 1698 cm-1 correspond

Maybe in the future this simple effective

to the C=O band.

method can be utilized for detecting and

Fig2.c is the FTIR spectrum of the final

absorbing Hg2+ in waste water for commercial

modified fiber. The band at 3338 cm-1 was

use.

-1

assigned to N-H bond. The absorption bands at
2938 cm-1 correspond to the C-H bonds. The
-1
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Abstract: Differing from the former measuring methods of wetting and wicking properties for textile materials, a
computer-based image system was used in this paper to measure and analyze those properties of woven fabric. After
the Fourier transform and the Fourier spectrum of woven fabric analyzing, some algorithms used to suppress the
weave pattern components of the sequential images and to produce the wetting or wicking curves at different time
interval were proposed in detail. The result 1-dimensional and 2-dimensional wicking curves and wicking speeds of
different fabrics were eventually obtained. The data comparison between the manual and the developed methods
proved the reliability of the latter, and also indicated high efficiency and accuracy of the image processing and
analysis algorithms to record the wetting or wicking curves.
Keywords: Image processing, Wetting and wicking, Woven fabric, Fourier transform
1.

Introduction

Wetting and wicking behavior of fibrous materials
determine their liquid transport and absorbent
characteristics, besides its involvement in such wetting
processes as cleaning, dyeing and finishing, wetting
and wicking property of textile materials is also a
paramount factor in evaluating comfort and
performance of clothing fabrics, hygiene products,
etc[1]. In woven fabric, pore size, shape and distribution
are some of the main determinants of liquid wetting
and wicking properties. It has been well recognized
that different woven structures, including weave
patterns and yarn counts, will have different parameters
related to pores even if other components of woven
fabric are the same. But less study was focus on
different wetting and wicking properties induced by
different woven structures. Differing from the former
measuring methods of wetting and wicking properties
for textile materials, here a computer-based imaging
system was proposed to measure and analyze those
properties of woven fabric. Due to much work
concerning in the whole research, in this paper, the
focus was only put on the wetting and wicking feature
obtaining method based on image processing
technology. The general hardware and software
platform, some apparatus developed to solve the
measuring problem, the experiment methods, and the
result analysis of wetting or wicking curves will be
proposed in our future series of research papers.
2.

Image processing and Fourier transform
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When a monochrome image is acquired into a
computer, the pattern is represented as a twodimensional image, which is made up of numerous
areas that differ in gray scale intensity. In sampling a
picture to produce a digital image, discrete brightness
values are assigned to each picture element or “pixel”[2].
The image in the spatial domain often contains periodic
structures, non-periodic elements, noise and
background. It’s very hard to analyze these image
components in the spatial domain. To deal with this, a
number of transform techniques are routinely used in
the field of image processing. The most common
method is discrete Fourier transform (FT) or a faster
version of it known as fast Fourier transform (FFT) [3].
The Fourier power spectrum provides a useful
description of the spatial frequency content in a digital
image. Because an image of a woven structure is
composed of spatial details in the form of brightness
transitions cycling from light to dark and from dark to
light[3], thus the strong periodicity originating from the
repetition of basic units, it is possible to extract much
of their structural information from the frequency
transform [4]. The power spectrum of an image has the
form:
2

P (u, v) = F (u, v) = R 2 (u, v) + I 2 (u, v)

(1)

and is depicted as another so-called FT image where
the gray level intensities represent the amplitudes of the
different frequency components [2][6]. According to the
property of conjugate symmetry of the Fourier
transform [4] [6], a coordinate transform can be used to

move low frequency components toward origin, while
high frequency components to the far away from the
origin. Thus the new power spectrum image can be
easily analyzed and processed.
3.

The Fourier spectrum features of woven fabrics

In a FT image, the gray level intensities represent the
amplitudes of the different frequency components. And
a higher rate of change in gray scale intensity will be
reflected in higher amplitudes [6][4]. The origin
represents the zero-frequency as mentioned above, its
intensity indicates the average brightness of the
original image, other positions and intensities indicate
the different amplitudes, frequencies and directions of
different components in the original image. Points near
the origin represent low-frequency components based
on the overall information of the original image, while
points far from the origin represent high-frequency
components that correspond to sharp edges. And each
frequency is radially symmetrical about the center of
the image. Points on the same radius from the origin
represent the same frequency with different directions
[4]
.
There is also an obvious feature of the frequency
spreading directions, the orientation of elements is
related to the frequency changes in the FT image, a line
in the power spectrum is always perpendicular to the
orientation of a periodic structure in the spatial domain
image [6]. For example, when the gray scale transitions
(spatial frequencies) change horizontally, there exist
vertical elements. The reverse is also true [3]. The
Fourier transform is useful in discerning the weave
pattern and yarn count, because these parameters will
determine intensity transition occurs in given directions
and at certain positions.
Because woven fabrics possess the repetition of basic
units, thus the strong periodicity, which will result in a
group of points with high amplitudes in the FT image.
This group of points is called a peak, and its intensity
and position reveal the periodicity and orientation and
correspond to the spacing and the direction of the
periodic structure of woven fabric. Usually, peaks with
low-frequency indicate the basic structure information
of the fabric, while high-frequency peaks represent the
fine structure information [4]. Thus it’s very convenient
in frequency domain to separate the periodic
components from non-periodic structure only by
separating the peaks from the background. And low or
high frequency components in an image can be
suppressed with appropriate Fourier masks [2].
Fig.1 and Fig.2 show the Fourier power spectrum for
plain and twill fabric respectively. It can be discerned
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from the power spectrum images, there are a lot of
peaks and some of them even arrange in a line. The
peaks are produced from periodic structures and
represent different repeating units of plain or twill
patterns in the original spatial-domain image. Thus
there will be different patterns of power spectrum
induced by different woven structures. Sometimes,
even if the woven structures are the same, the power
spectra may also be different due to some arbitrary
factors, like lighting conditions, samples positioned
differently.

(a)

(b)

FIGURE 1. Plain fabric image and its Fourier power spectrum. (a)
plain fabric image. (b) plain fabric Fourier power spectrum .

(a)

(b)

FIGURE 2. Twill fabric image and its Fourier power spectrum. (a)
twill fabric image. (b) twill fabric Fourier power spectrum .

In a wetting woven fabric image, the gray scale
information of the wetting area is embedded together
with that of fabric structure. Using Fourier transform
and certain Fourier mask make it possible to suppress
those frequencies like weave patterns, yarn counts as
well as the noises in the wetting fabric image where
only the components of wicking or wetting feature is
the information to be remained.
4.

Techniques used and results

When an image is acquired into a computer, it usually
contains unnecessary information, like noise and
shading. And in order to obtain the wetting or wicking
feature, the structures of woven fabric are also regarded
as the unnecessary components that should be
suppressed. Here Fourier transform was used to remove
systematic noises and fabric structure information. A
low-pass spatial filter or a median-filter was used to
remove random noises. To adjust intensity distribution,
a window leveling or a histogram equalization
operation was performed. While before all the
processing procedures, geometric transforms were
performed to improve image distortion, stretching or
translation.

Here Fourier processing and algorithms will be
discussed in detail.
Systematic noises and fabric structure all have high
degree of periodicity, thus Fourier filtering, which is a
global operation and is performed over the entire image
compare to the spatial domain filtering, can be used to
suppress the above periodic information.
As we mentioned above, low-frequency components
locate near the origin of Fourier image, while highfrequency components are far away from the origin,
usually a circle centered at the origin is set to separate
them. If the portion of the power spectrum inside the
circle is remained, the Fourier filter is a low band-pass
filter; otherwise the Fourier filter is a high band-pass
filter. If the portion of the power spectrum located
between two cocentric circles is remained, Fourier
filter is a band-pass filter[4]. The choice of circle radius
will decide more or less of the image components
retained in the filtered image. In order to remove the
unnecessary components like noises and fabric
structure but in the meantime remain the wetting and
wicking feature, it’s not so simple only by using low,
high, or band-pass filter. A complicated mask should
be developed according to different fabric structure.
Since different fabric structures form different patterns
of power spectra, various masks should be developed
for different sequential fabric images. The mask is a
binary image which has the same size as the Fourier
image and its pixel has only two values “0” (black) and
“1” (white). After a mask is developed, it multiplies the
Fourier image and thus revises the contents in the latter.
If the value of a pixel in a mask image is “0”, the
information of the corresponding pixel in Fourier
image will be suppressed, otherwise, the information
remains unchanged. Since the peaks in the highfrequency regions represent harmonic components of
the periodic structure [4], while the peaks which
represent the fabric pattern components disperse near
and around the origin, as shown in Fig.1 and Fig.2,
they should all be negligible. Here a white color circle
was used with its radius at 180 pixels as a low-pass
filter circle, for the peaks located inside the circle we
used a black spot if the peak exists as an area or ellipse
if many peaks arrange in a line to suppress the
corresponding frequency component.
Because we used circle, spot, or ellipse as the elements
of the mask filter, when filtering Fourier image by this
mask, the edges of these elements impose an abrupt
cutoff from 1 to 0 or from 0 to 1, which may produce
artifacts in the reconstructed image. This problem can
be somewhat reduced usually by using windowing
functions, which attempt to form a smooth transition in
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magnitudes across the edges of pass regions, thereby
minimizing spatial distortion artifacts. In our work, we
used smoothing tools to process the mask and make its
elements tapered off gradually over a radial distance of
certain number of pixels.
Thus the whole procedures involved in Fourier
transform processing are (1) Fourier transforming the
original image, (2) developing a Fourier mask image in
which the pixels with “0” value intensities correspond
to the negligible pixels in Fourier image, (3)
multiplying the Fourier image by the Fourier mask to
suppress some frequency components, and (4)
performing the inverse Fourier transform to obtain a
filtered image. Fig.3 gives an example of the fabric
images before and after Fourier transform in (a) and (e),
while (b), (c) and (d) are Fourier image, Fourier mask
and the filtering result of (b) by (c), respectively.

(a)

(b

(c)

(e)
(d)
FIGURE 3. Fourier transform processing. (a) original image. (b)
Fourier image. (c) Fourier mask filter. (d) Fourier image after
filtering . (e) filtered fabric image

After the frequency filtering, some subsequent spatial
processes were needed to further make the fluid front
edge easier to discern. Thus, what follows is spatial
processing, such as window leveling, smoothing,etc..
Fig.4 gives an example of the effect of spatial
processing based on the image shown in Fig. 3(e). So
far the curve of liquid front was very clear to be picked
up with very little disturbance of other information.
The above-mentioned processing technology can be
practiced to samples either hung vertically (1dimensional case) or placed flatwise (2-dimensional
case). We then defined a ROI and used a group of
vertical lines sampled evenly at a certain interval to
find the liquid front curve for 1-dimensional case, as
shown in Fig.4. We defined a ROI and used a group of
radial lines sampled evenly at a certain angle interval to
find the liquid front curve for 2-dimensional case, as
shown in Fig.5. The intensity distribution curve along

the line called the profile of the line can then be drawn.
Liquid front in this curve is an edge of different
intensities that separate the curve into two parts. Thus
at the transition edge, there will be an intensity
discontinuity. The edge appears very clear after image
processing, as shown in Fig.6. For every single lineprofile we can find the intensity discontinuity position
and then identify it as the fluid front.

TABLEⅠ.Comparison of wetting and wicking speed of different
samples between the developed method and manual test
Samples
Wetting
speed
(v:mm/min)
Wicking
speed
(v:mm/min)

5.

FIGURE 4. Image after spatial processing, ROI and the sampled
lines for 1-dimensional case.

FIGURE 5. ROI and the sampled lines for 2-dimensional case

(a)

#1

Developed
method
Manual
test
Developed
method
Manual
test

#2

#3

#4

#5

#6

16.65 22.05 14.95 15.45 17.13 15.49
16.9 22.3 15.1 15.7 17.4 15.7
11.58 10.27 9.53 10.01 11.55 9.78
12.1 10.5 10.2 10.2 12.1 10.0

Conclusions

Differing from the early measuring methods of fabric
wetting and wicking, here a computer-based image
system and its processing technology were used to
measure and analyze those properties especially for
woven fabric. The developed system and proposed
technology were proved to be feasible in terms of
wetting and wicking measuring. The Fourier analysis
and processing towards the woven fabric images are
effective in separating gray scale information of the
wetting area from that of fabric structure, because of
the strong periodicity of a woven structure. From the
output wetting or wicking curves and the result
comparison with manual test, the algorithms designed
to calculate related parameters are reliable and easy to
be fulfilled. Those curves based on image dynamic
acquisition track the movement of the liquid and are
useful not only in calculating the liquid ascending
speed but also in analyzing the unevenness of fabric
appearance. Further analysis of the wetting or wicking
properties induced by different woven fabric will be
studied in our future research work.
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To validate the reliability of developed method,
traditional manual test was conducted under the same
experimental condition. From the data comparison
between the manual and our developed methods, the
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ABSTRACT

In this paper, FAST Fabric Style Instrument is used to test the different styles of polyster/viscose
wool-like fabrics bound with woven adhesive-bonded interlining in different directions. In order to study
the relationship of the relating fabric- style between the directions of parallel and vertical to warp-wise,
the datas of testing indexes are set pairs and analysed. After analyzing the similarities and differences
among these datas, there is a conclusion that the structures of warp and weft of adhesive-bonded
interlining base as well as the characteristics of materials are playing an important role in affecting the
style of polyster/viscose wool-like fabrics.
Key words: polyster/viscose wool-like fabrics; adhesive-bonded interlining; FAST; test; set pairs
analysis
Fabric Style Instrument to comparatively test
the different styles of polyster/viscose
wool-like fabrics bined with woven
adhesive-bonded interlining in different
directions, then analyse the relationships
among the new styles of polyester/viscose
wool-like fabrics after being bound with
woven adhesive-bonded interlining in different
directions,and finally offer some ideas on how
to apply polyster/viscose wool-like fabrics into
both apparel producing and processing
effectivel

INTRODUCTION

Polyester/Viscose Wool-like Fabric which
is much cheaper than wool fabric has good
stiffness,flexibility and wash and wear
performance just as Polyester fabrics，showing
the appearance and handle of wool as well. All
these advantages make it very popular in the
current
market.
And
adhesive-bonded
interlining is regarded as an important sign of
modern
apparel
industry,which
is
indispensable to the modern apparel processing.
It is just for this reason that we use FAST

woven adhesive-bonded interlining are
used,the correlative parameters of products are
showed at table 1,table 2[1].

EXPERIMENTAL
Test materials

Polyster/viscose

wool-like

fabrics

and
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Table 1 Structural Parameters of Polyster/viscose Wool-like Fabrics
sample
NO.
1

2

3

4

5
6
7
8

9

Warp density Weft density
(per 10cm) (per 10cm)

Both warp and weft
warp：A 20tex×2 cationic viscose
B 16.7tex polyester
A:B=46:2
weft：31.5tex×2 polyester 61/cationic viscose32 /wool7
warp：A 27.8tex polyester 75/viscose 25
B 11.1tex polyester 6T/m S
C 11.1tex polyester 6T/m S
A:B:C:A:C:B= 49:1:1:3:1:1
weft：A 50tex
polyester yarn
B 25tex×2 cationic folded yarns
A:B=3:1
warp：A 16.7tex
polyester 75/ viscose 25
weft：A 15.2tex×2 polyester 65/ viscose 35
warp：A 25tex×2 cationic viscose
B 16.7tex triangle bright polyester
C 16.7tex triangle bright polyester
D 16.7tex triangle bright polyester
A:B:A:C:A:B:A:D=33:1:3:1:2:1:33:2
weft：A 40tex polyester 75/ viscose 25
warp：A 40tex
polyester 65/ viscose 35
weft：A 31.2tex polyester 65/ viscose 35
warp：A 25tex×2 polyester 65/ viscose 35
weft：A 40tex
polyester 65/ viscose 35
warp：A 25tex×2 polyester 75/viscose 25
weft：A 25tex×2 polyester 75/ viscose25
warp：A 25tex×2 polyester 65/ viscose 35
weft：A 25tex×2 polyester 65/ viscose 35
warp：A 25tex×2 polyester 65/ cationic
B 22.2tex opalescence polyester
C 22.2tex pink bright polyester
A:B:C=66:1:1
weft：A 16.7tex triangle bright polyester

Weight
(g/m2)

Fabric

400

310

192．27

2/2twill

360

340

254．89

2/2 twill

400

350

165．13

1/2 twill

400

390

235．02

2/2 twill

410

320

163．81

2/1 twill

450

380

207．60

2/2 twill

380

340

265．03

1/3 twill

390

380

208．82

2/2 twill

380

380

205．28

2/2 filling rib
+2/2 twill

Table 2 Structral Parameters of woven Adhesive-bonded Interlining
symb
ol

combination

density
(per 10cm)

PA32
07

Warp/weft
name
Double points
Adhesive-bonded
Interlining

5.6×8.3 tex polyester

50

Fabric
2/1
twill

The machine for tests is Hot melt glue
machine NHG-500 made from shanghai
jiatian，and the adhesion-technical parameters
are as follows, the ranges of which is offered
by the producer of adhesive-bonded
interlining:

Preparation of adhesive-bonded samples

Usually there are two methods of binding
polyster/viscose
wool-like
fabrics
with
adhesive-bonded interlining: parallel-to-warp
and vertical-to-warp binding ，marked as “‖”、
“⊥”respectively.
Table 3

300×185

Weight
(g/m2)

technical parameters of adhesion
item
Adherence temperature
Adherence rate
Adherence pressure

technical parameter of adhesion
145 ℃
4.0 m/min
1.5 kg

FAST (Fabric Assurance by Simple Tests)

Testing apparatus and methods
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which is developped by CSIRO in Australia[2]is
taken as a simple measurement system to test the
appearance and handle of fabric ,with several
machines working respectively.FAST system
determines the handle of fabrics in the form of
scientific
datas
,rather
than
the
general
judgement
people
used
traditionally.With
the
combination
of
sophisticated
equipments
and
"artificial
intelligence"(which can analyse people's likes or
dislikes),FAST can be applied on weaving 、

textile、dyeing and apparel trade,giving a specific
direction on studying and developing textile
products .FAST system can
also help to
develop new yarns and fabricsand modify dyeing
technics，so as to obtain the improvement on
technics as well as sewing qualityies and also
forecast the gentle appearance of apparel 。
The composition of FAST system 、testing
intexes、intex definitions and their calculating
methods[3] are showed at table 4.

Table 4 The composition of FAST system 、testing intexes、intex definitions and their calculating methods
properties
tested

apparatus

FAST-1

specification

compressibilit
≥100cm×100 cm
y

FA S T- 2

flexibility

20cm×5cm
Warp and weft 3
pieces
separately

testing items

testing indexes

index definition and calculation

Thickness
Surface
thickness
Relaxtion thickness
Relaxtion
surface thickness

Thickness under low pressure
T2 (mm)
Thickness under high
T2 is the fabric thickness under the pressure
pressure T100 (mm)
of 2gf/cm2
Surface thickness ST (mm) T
100 is the fabric thickness under the
Thickness under low pressure pressure of 100gf/cm 2
T2R (mm)
ST= T2－T100
Thickness under high
STR=T2R－T100R
pressure T100R (mm)
Surface thickness STR
(mm)

Bending length
Bending rigidity

Bending length C (mm)
Bending rigidity B (g·m)

B= W×C3×9.81×10- 6,
W (g/cm2)

Warp
and
weftWarp and weft elongating
E5、E20、E100 is Warp and weft elongating
elongating length
20cm×5cm
length E5、E20、E100 (%)
Warp and weft 3 Elongation length inElongation length in dialleng-th under5、20、100gf/cm seperately
pieces separately
EB5 is the elongation length in dial
direction EB5(%)
FAST-3
Stretching
13cm×5cm
dial direction
direction under 5gf/cm
Shearing rigidity
±45°dial direction 3
G=123/EB5 (N/m)
Shearing
rigidity
G(N/m)
pieces
F=(E20－E5)×B/14.7 (mm2)
2
Formability F(mm )
Formability
Original dry lengthL1 (mm)
Warp and weft length Wet length L2 (mm)
Dimensional
Rate of relaxation
RS=(L1- L3)/ L1×100%
Final dry length L3 (mm)
FA S T- 4 Stability
30cm×30cm
Relaxation shrinkage RS(%) HE=(L2- L3)/ L3×100%
shrinkage
Rate of wet expansion rate of wet expansion
HE(%)

In the table, L1: length of inrelaxation ，dry
L2: length of relaxation ，in water
L3: length of relaxation ，dry(Drying temperature 105℃)
with and without adhesive-bonded interlining are
showed at table 5 below .

Testing results
The measurement results of different
properties of polyster/viscose wool-like fabrics
Table 5

testing datas of polyster/viscose wool-like fabrics bound with adhesive-bonded interlining in different directions by FAST

sample
NO.
T2(mm)

1
⊥

2
‖

⊥

3
‖

⊥

4
‖

⊥

5
‖

⊥

6
‖

⊥

7
‖

⊥

8
‖

⊥

9
‖

⊥

‖

0.684 0.722 0.697 0.719 0.575 0.618 0.678 0.691 0.624 0.622 0.657 0.634 0.736 0.745 0.698 0.696 0.634 0.662

T100(mm) 0.624 0.653 0.640 0.660 0.519 0.562 0.618 0.621 0.562 0.552 0.593 0.571 0.673 0.676 0.632 0.626 0.572 0.603
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ST(mm)

0.060 0.069 0.057 0.059 0.056 0.056 0.060 0.070 0.062 0.070 0.064 0.063 0.063 0.069 0.066 0.070 0.062 0.059

T2R(mm) 0.747 0.778 0.770 0.771 0.609 0.620 0.766 0.764 0.678 0.675 0.708 0.687 0.821 0.811 0.767 0.746 0.700 0.699
T100R(mm) 0.656 0.672 0.683 0.679 0.529 0.555 0.667 0.659 0.598 0.574 0.626 0.592 0.723 0.704 0.664 0.643 0.620 0.619
STR(mm) 0.091 0.106 0.087 0.092 0.080 0.065 0.099 0.105 0.080 0.101 0.082 0.095 0.098 0.107 0.103 0.103 0.080 0.080
CT(mm) 27.417 22.500 11.667 13.750 9.750 18.583 10.250 14.167 10.250 13.833 9.250 12.833 8.750 12.500 7.917 21.500 12.500 22.000
BT(N/m) 47.081 26.022 4.948 8.100 2.077 14.383 3.380 8.925 2.394 5.885 2.099 5.606 2.154 6.280 1.322 26.482 5.137 28.003
CW(mm) 17.333 16.500 16.583 11.000 14.000 9.333 17.083 16.417 19.667 11.833 13.750 6.833 18.500 11.167 11.917 14.750 21.167 17.250
BW(N/m) 11.896 10.262 14.210 4.147 6.150 1.822 15.649 13.889 16.913 3.684 6.896 0.846 20.359 4.478 4.509 8.551 24.941 13.499
E5–T(%)

1.000 1.000 1.133 1.167 1.200 0.700 0.900 0.867 0.767 0.533 0.900 1.033 0.833 0.700 1.333 0.767 0.567 0.367

E20-T(%) 1.367 1.300 1.467 1.567 1.567 1.000 1.233 1.300 1.067 0.800 1.300 1.400 1.167 1.100 1.700 1.167 0.767 0.600
E100-T(%) 2.500 2.233 2.367 2.533 2.700 1.900 2.267 2.267 1.900 1.600 2.233 2.333 2.133 1.967 2.733 2.133 1.433 1.300
E5-W(%) 0.833 0.800 0.767 0.633 1.067 1.333 0.733 0.667 0.600 0.700 0.633 1.067 0.833 0.800 1.033 0.900 0.467 0.567
E20-W(%) 1.133 1.133 1.000 0.867 1.467 2.033 1.000 1.000 1.000 1.067 0.933 1.367 1.033 1.067 1.400 1.433 0.767 0.900
E100-W(%) 1.967 2.100 1.700 1.467 2.400 4.267 1.867 1.967 1.900 2.167 1.900 2.467 1.833 1.933 2.367 2.967 1.567 2.033
EB5(%)

3.483 5.133 2.583 2.933 2.250 5.100 2.750 3.050 2.500 2.367 2.917 3.767 2.367 2.733 3.100 2.733 2.017 1.800

G(N/m)

35.310 23.960 47.620 41.940 54.670 24.120 44.730 40.330 49.200 51.960 42.170 32.650 51.960 45.010 39.680 45.010 60.980 68.330

FT(10-2mm
2)
FW(10-2m
m2)

1.175 0.531 0.112 0.220 0.052 0.294 0.077 0.263 0.049 0.107 0.057 0.140 0.049 0.171 0.033 0.721 0.070 0.444

0.243 0.232 0.225 0.066 0.167 0.087 0.284 0.315 0.460 0.092 0.141 0.017 0.277 0.081 0.113 0.310 0.509 0.306

RST(%)

1.600 2.000 0.000 1.600 2.000 1.200 2.400 2.000 2.400 3.200 2.000 2.000 2.800 2.000 0.800 2.000 1.600 1.600

RSW(%)

2.000 0.800 0.000 0.800 2.400 1.200 1.200 0.400 2.000 3.600 1.200 0.800 1.200 0.800 1.200 1.600 1.200 1.200

HET(%)

1.200 0.800 1.200 1.200 0.800 0.800 1.600 1.600 1.200 2.100 1.200 0.800 2.100 0.800 0.400 1.200 0.800 0.800

HEW(%)

1.200 0.400 0.800 0.400 2.000 0.800 0.800 0.400 1.200 1.700 0.800 0.400 0.800 0.400 0.800 0.800 0.800 0.800

of two sets ； F represents the uncommon
eigenvalue of two sets which are not in
opposition to each other as well；S / N is the
identical degree of the two sets ， identical
degree for short ； F / N is the degree of
uncertain difference of the two sets ，
uncertainty degree for short；P / N is the
antithetical degree of the two sets，antithetical
degree for short ； i is coefficient of the
uncertainty degree on difference，the values of
which range from -1 to 1；j is coefficient of
opposite degree，the specific value of which is
－1。

Set Pair Analysis
Set Pair Analysis technique
Zhao keqin put forward Set Pair Analysis
( SPA)in 1989， which is a kind of systematic
to
dispose
theory
and
method
confusion
,randomicity,medium
and
indeterminacy caused by insufficient information
by using a+bi+cj[4]。Its characteristic is admitting
objectively various uncertainties existing
objectively,dialectically
analysing
and
mathematically deal with the certainties and
uncertainties under the SPA system.The basic
approach is ：analysing certainly and uncertainly
the two sets under the background of certain
questions.，then do measurement and drawing，
and set the equation concerning the degree of
similarities & differences and related figures of
the two pairs under the background given：
u = S/N + (F/N) I + (P/N) j
（1）
In the formula：N is the eigenvalue of the set

For convenience，make a = S / N ，b = F /
N ，c ＝ P / N，so formula（1）is equal to：
u = a + bi + cj
（2）
in which ， a,b,c should meet the unitary
qualification，i.e, a + b + c ＝1. According to
this, formula（2）can be turned into：

discussed；S is the common eigenvalue of the
two sets in pairs；P is the independ eigenvalue
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u = a + bi

or

u = a + cj
or
u = bi
+ cj
It depends on different conditions.But here ，
we can make some analysis only by calculating
their degree of similarities & differences.

= BA ，b =

，when A<B，a =

A
B

，b =

B− A
B

the concept of degree of similarities &
differences

（ 1 ） Take the indexes of properties(average
values) concerning the vertical-to-warp and
parallel-to-warp
binding
as
a
set
respectively,then compare and calculate these
two sets(which is called a pair)，As for the
similarities & differences degree of some testing
data of index，i.e, u = a + bi:a is identical
degree，b is the degree on difference，i is the
coefficient of degree on difference(b)，we can
take any number between [－1，1]when it is
necessary. For instance, take index concerning
vertical-to-warp binding as A，index concerning
parallel-to-warp binding as B，(A>B)，then:a

Average values of FAST-testing indexes of polyster/viscose wool-like fabrics bound with woven adhesive-bonded interlining in

different directions, the degree of similarities & differences and related equations
FAST-testing indexes

related

equations on similarities &

⊥adhension

‖adhension

T2(mm)

0.6648

0.6788

0.9794 + 0.0206 i

T100(mm)

0.6037

0.6138

0.9835 + 0.0165 i

ST(mm)

0.0611

0.0650

0.9400 + 0.0600 i

（unit）

.

（2）Turn the equation concerning the degree of
similarities & differences on all testing datas into
the form of matrix ， and find out amin and
amax， bmin and bmax。
(3) Then, take the properties of the
vertical-to-warp and parallel-to-warp binding
into consideration and write down the equation u
= a + bi + cj accordingly，in which, a = amax ,b =
amax - amin ,c = 1- amax ,c is the antithetical
degree ， j is the coefficient of c ， marked
-1,meaning c and a are opposite on number
symbol.
（4）Calculating the degree of similarities &
differences
Taking the average values from all testing
indexes of 9 samples including the
vertical-to-warp and parallel-to-warp binding in
the experiment（set pairs）
，and calculating the
related degree of similarities & differences
according to the formulas above (table 6).

Methods and steps of using SPA to evaluate

Table 6

A− B
A

differences

T2R(mm)

0.7296

0.7279

0.9977 + 0.0023 i

T100R(mm)

0.6407

0.6330

0.9880 + 0.0120 i

STR(mm)

0.0889

0.0949

0.9368 + 0.0632 i

CT(mm)

11.9723

16.8518

0.7104 + 0.2896 i

BT(N/m)

7.8436

14.4096

0.5443 + 0.4557 i

CW(mm)

16.6667

12.7870

0.7672 + 0.2328 i

BW(N/m)

13.5026

6.7976

0.5034 + 0.4966 i

E5–T(%)

0.9592

0.7927

0.8264 + 0.1736 i

E20-T(%)

1.2928

1.1371

0.8796 + 0.1204 i

E100-T(%)

2.2518

2.0296

0.9013 + 0.0987 i

E5-W(%)

0.7740

0.8297

0.9329 + 0.0671 i

E20-W(%)

1.0814

1.2074

0.8956 + 0.1044 i

E100-W(%)

1.9446

2.3742

0.8190 + 0.1810 i

EB5(%)

2.6630

3.2907

0.8093 + 0.1907 i

G(N/m)

47.3689

41.4789

0.8757 + 0.1243 i

FT(10-2mm2)

0.1860

0.3212

0.5790 + 0.4210 i
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FW(10-2mm2)

0.2688

0.1673

0.6226 + 0.3774 i

RST(%)

1.7333

1.9556

0.8864 + 0.1136 i

RSW(%)

1.3778

1.2444

0.9032 + 0.0968 i

HET(%)

1.1667

1.1222

0.9619 + 0.0381 i

HEW(%)

1.0222

0.6778

0.6630 + 0.3370 i

According to table 6, turning results of the degree of similarities & differences into the form of matrix：

polyster/viscose wool-like fabrics are the same，
and the uncertainty degree on difference is
0.4943, nearly approaching a half of the whole，
which means after different binding the
variability of polyster/viscose wool-like fabrics
approaches nearly 50% as well. However, the
opposite degree is only 0.0023，indicating that
the possibility of the style of polyster/viscose
wool-like fabrics changing completely after
binding is very small.Therefore,there is a
conlusion that half of the indexes of properties
and styles of polyester/viscose wool-like fabrics
bound with woven adhesive-bonded interlining
in different directions do not change and are
definitely the same. However, nearly half of
them have the possibility to be changeable, the
probability of changing completely being very
small though,which shows the effects of the
different
binding
directions
of
woven
adhesive-bonded interlining on the handle of
polyester/viscose wool-like fabrics do exist. The
woven adhesive-bonded interlining used in the
test is the same，so the reason for such changing
is mainly the structure of woven adhesive-bonded
interlining ， i.e, raw material, warp and

The related equations concerning the degree
of similarities & differences and the evaluation
Without considering which value i will take,we
can find the max in the first row in the matrix is
0.9977，which is the largest identical degree of the
properties and styles between wool-like fabrice
with vertical-to-warp and parallel-to-warp binding，
and the minimum in the first row in the matrix is
0.5034，which is the smallest identical degree of
the properties and handle between wool-like
fabrice with vertical-to-warp and parallel-to-warp
binding. From the second row in matrix ,we can
also find the max of identical degree is 0.4966 and
the minimum is 0.0023.According to the
systematic theory of SPA,we can write down the
related equations concerning the degree of
similarities & differences of the properties and
styles
between
wool-like
fabrice
with
vertical-to-warp and parallel-to-warp binding:
u⊥-∥= 0.5034 +（0.9977－0.5034）i +（1－
0.9977）j = 0.5034 + 0.4943i + 0.0023j
This equation shows that the smallest identical
degree is 0.5034，(half of the whole)，meaning
that after different binding , 50% of styles of
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weft densities , weave and so on。
CONCLUSIONS

（ 1 ） Studying the effects of the different
binding directions of woven adhesive-bonded
interlining on the properties and handle of
polyester/viscose wool-like fabrics by using
the SPA method shows that SPA is a practical ,
feasible and also simple method .
（ 2 ） Through testing the different style of
polyster/viscose wool-like fabrics bined with
woven adhesive-bonded interlining in different
directions, we get to know that when we using
woven adhesive-bonded interlining we should
pay attention to the related adhesiving
directions,which could guide textile and
apparel enterprises to produce high quality
products theoritically.
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Yarn and their Properties
GENG Yan-lei, CUI Yun-hua*,CHENG Long-di，Jiying
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The properties and applicability of yarns were
directly affected by their structures and the
properties of fibers contained. Bamboo pulp fiber is
a new type of regenerated cellulosic fibre,and its
structures was studied by some scholars[1].Yarns
produced by different spinning system were twisted

(a) On a magnification of 100

in different way, which put various structures on the

400

yarns. In order to make the best use of bamboo

(b) On a magnification of

FIGURE 1 Longitudinal view of the bamboo pulp fiber

resource, products should be designed in conformity
to the properties of

yarns, and the research on

2 STRUCTURES AND PROPERTIES OF

bamboo yarns should be carried out.

BAMBOO PULP YARNS
Considering the purpose of the reasearch,five types

1 PROPERTIES OF BAMBOO PULP FIBER

of yarns were studied, which were ring Spun

The bamboo pulp fiber made up the yarns were

yarnS16S and 32S, strong twisted yarns 16S and 32S,

cotton type with the linear density of 1.5dtex,

B/C 70/30 compact yarns 32S and 40S, MVS yarns

supplied by Hebei Jigao Chemical Fibre Co., Ltd.

32S and 40S,siroSpun yarn 40S .

The tensile testes were performed to determine their

The test instruments include YG061 Yarn Electronic

[2]

breaking strength and extensibility , and the

Tensile Strength, YG172 Hairiness Tester, YG135G

scanning electron microscope pictures were taken to

Yarn Evenness tester, and Y731 Cohesion Tester.

observe the surface feature, as fig1 shows, which
were important to explain the testing result of yarns.
TABLE ⅠTensity of bamboo pulp fibre
Tensile

Breaken

Breaking

Breaking

Breaking

strength

intensity

elongation

elongation

work

（cN）

(cN/dtex)

(mm)

ratio (%)

(J)

Mean

7.298

2.955

2.875

28.752

0.169

Max

8.200

3.320

3.323

33.233

Min

6.400

2.591

2.012

CV%

6.048

6.048

Corrected Strenth

7.298

2.955

Item

Yield

Yield

tensity

elongation

（cN）

(mm)

8.626

4.860

0.223

1.708

0.198

9.970

5.300

0.326

1.879

20.124

0.119

6.037

4.020

0.008

1.611

9.763

9.763

11.351

9.764

4.111

20.904

3.903

2.875

28.752

0.169

8.626

4.860

0.223

1.708
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Breaking
time (s)

Initial
modulus

TABLE ⅡTensity of bamboo pulp yarns
Tensile

Breaken

Breaking

Breaking

Breaking

Breaking

Yield

Yield

Strength

Intensity

Elongation

Elongation

Work

Time

Strength

Elongation

（cN）

(cN/dtex)

(mm)

ratio (%)

(J)

(s)

（cN）

(mm)

16S Ring Spinning

464.04

1.275

86.255

17.251

242.897

10.351

176.80

11.687

0.279

32S Ring Spinning

225.54

1.239

79.387

15.877

111.731

9.526

91.72

10.485

0.311

16S Strong Twisting

464.04

1.275

86.255

17.251

242.897

10.351

176.80

11.687

0.279

227.06

1.248

77.741

15.548

110.662

9.329

97.42

11.552

0.305

223.14

1.150

47.273

9.455

68.741

5.673

105.54

10.527

0.307

Yarns

S

32 Strong Twisting
S

32 Compact
S

40 Compact

Initial
Modulus

185.18

1.268

48.046

9.609

56.506

5.765

84.76

11.062

0.305

S

199.24

1.027

32.808

6.562

40.161

3.937

98.58

9.609

0.289

S

40 MVS

138.24

0.947

30.324

6.065

25.940

3.639

70.02

9.144

0.282

40S Sirospun

146.38

1.042

29.912

5.982

26.898

3.589

70.58

8.670

0.320

32 MVS

In order to study the properties and applicability of

yarns was superior to the others, which may be due

different structural bamboo pulp yarns, the tensility,

to the fiber migration during the spinning process[3].

resilience, hairiness, evenness, twist and abrasion

As we known, the ring spinning system make the

resistance of yarns were tested, and the microscope

fibers

pictures of various were taken, as figⅡ shows.

yarn,therefor,more

more

inside-outside
fiber

transfer

intanglement

in

the

existed,

which provide a stronger interlocking when the yarn
3 RESULTS AND DISCUSSION

was stretched. While MVS yarn was open-ended

After testing, the various results of properties were

yarn, there are more clasp fibers and sling fibers,

got, such as the strength and elongation property, as

which cause the tensile strength was weak[4]. We

tab Ⅱ shows, the twist factor, the resilience on

can observe the clasp and sling fibers from fig

single pass drawing and multiple drawing as the fig

Ⅱ.The ring and strong twisted spun yarns with a

Ⅲ shows, and so on.

higher breaking work should be better in abrasion
resistance and durability, furthermore, the initial
modulus MVS yarn was not as good as the others,
which may be account for the twisting system. The
twist of MVS yarn was formed by the skin-layer
fiber, and the inner layer of fibers were almost

(a) 32S ring spinning yarn

(b) 32S compact yarn

parallel. Relatively low in initial modulus may
cause poor stiffness of fabric.
Elasticity of yarn is an important index to evaluate
the quality, the elastic recovery rate of one-process
stretch and multiple process present on fig Ⅲ.The

(c) 32S MVS yarn

(d) 32S strong twisting

figure suggested that, the new style of yarns had
better elastic recovery rate, this is probably a

yarn
FIGURE Ⅱ Surface of the yarns

consequence of fiber migration. As analyses above,
the ring spun yarns have more transfer, therefore,

The results of tensile testes indicate the tensile
strength of ring, compact and sirospun spinning

the fiber in new type of yarn had less contact, which
gave the fibers less obstruction to change the
position.
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The

MVS

yarn

had

a

structure

approximating the skin and core, and the core fiber

160.00

had less twist, which also led to a less contact

140.00
120.00
Number of hair

between the fibers, reducing the friction effect and
the work loss of deformation. Otherwise, the elastic
property was relating to the liner density as well, the

16s Ring Spinning
32s Ring Spinning
16s Strong Ttwisting
32s Strong Twisting
32s Compact
40sCompact
32s MVS
40s MVS
40s Sirospun

100.00
80.00
60.00
40.00

lower liner density, the higher elastic recovery rate.

20.00
0.00
1mm

2mm

3mm

4mm

5mm

6mm

7mm

8mm

9mm

Length of hair
80.00
62.87

Elastic recovery rate

60.00
50.00

74.38

72.82

70.00

One-process stretch

35.64

The evenness testing showed that the compact yarns

Multiple-process stretch

30.00

was the best, it may because of the compact

20.00
10.00

structure of yarn, and the less transfer of fiber, these

V
S
40
sS
iro
sp
un

S

t

V

40
sM

32
sM

ct

pa
c
om
40
sC

ist
in
g

FIGURE Ⅲ

32
sC
om
pa

ist
in
g

Tw

Tt
w

32
sS
tro
ng

32
sR
in
g

16
sS
tro
ng

Sp
in
ni
ng

Sp
in
ni
ng

0.00

16
sR
in
g

Hair index of yarns

53.85

51.96

46.26

45.82

41.98
32.31

31.04

FIGURE Ⅳ
55.92

52.05

48.50

48.20
42.11

40.00

72.31

62.24

led to less occasional unevenness. Sirospun yarn
was a little poor than the compact, but better then
the others, which may have something to do with

Elastic recovery rate of yarns

the two-strand spinning[5].
When producing and using, the hair longer then
3mm would influence the friction, the pilling and so

18.0

on. Hair index of nine type of yarns present in fig

16.0

Ⅳ .The results showed that ring spun yarns had a

12.0

14.0

14.33

13.48
10.64

11.26

10.0

14.33
12.01

14.02

11.26 11.70

9.47

11.72

9.22

11.12

15.40
12.27

13.46

9.35

10.59
CVm%

8.0

higher hair quantity, the compact yarn and sirospun

Um%

6.0
4.0

TABLE Ⅲ Results of the principal component analysis

2.0

16
sR
in
g

yarn were in middle, the MVS yarn had less hairs.

FIGURE Ⅴ

Point of F1

Rank

32
sM
V
S
40
sM
V
S
40
sS
iro
sp
un

Sp
in
32
ni
sR
ng
in
g
Sp
16
in
sS
ni
tro
ng
ng
Tw
32
sS
ist
in
tro
g
ng
Tw
ist
in
g
32
sC
om
pa
ct
40
sC
om
pa
ct

0.0

Evenness discrete index

Point of F2

Rank

Point of F3

Rank

Point of F

Rank

16s Ring Spinning

2.983

2

-1.181

9

0.198

5

1.787

2

32s Ring Spinning

1.162

3

1.062

4

0.797

2

0.976

3

3.510

1

-1.192

7

-0.700

7

2.142

1

1.033

4

0.948

5

1.733

1

0.866

4

-0.637

6

0.794

3

-0.901

8

-0.281

6

-0.313

5

1.000

2

-1.943

9

-0.039

5

32 MVS

-2.764

8

-1.254

6

0.555

3

-2.090

8

40s MVS

-3.203

9

-1.592

8

0.035

6

-2.440

9

40s Sirospun

-1.772

7

1.413

1

0.226

4

-0.920

7

s

16 Strong Twisting
s

32 Strong Twisting
s

32 Compact
s

40 Compact
s

The applicability was discussed in principal
component analysis, which give the ranking of these
[6]

4 CONCLUSION

yarns by quantized the combination property . The

The main conclusions to be drawn from this limited

result present in the tabⅢ ,

study are:
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Establishment and application of yarn general
1.The bamboo pulp fiber has a typical skin and core

quality evaluation system. [J].Journal of Textile

structure whit several grooves in the longitudinal

Research，2008，29（11）
：31-34.

surface, which made a joint effect on the cohesion
with the structure of yarn.
2.The structure of ring spinning yarn bought it a
better mechanical performance,and the new type of
yarns such an MVS yarn was better in style or
surface however,condider the combination index,
the compact bamboo pulp yarn was the best.
3. Ring spun yarns appropriate for the products
which require a high strength without a very good
appearance, the compact yarn the comprehensive
properties of compact yarn are the best, and the new
type of yarns could use to make some differences in
fabric style.
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ABSTRACT
The chemical composition content of ramie bast is the the main reference for extracting process of ramie
fiber. In order to test the accurate content of main chemical composition of ramie bast, the current
standard of ramie is revised, and the main chemical composition content of 60 kinds of ramie is
analysised with the revised ramie standard. The results show that the above-mentioned 60 kinds of ramie
composition content has larger range, and it is in line with the requirements of near infrared
spectrophotometry prediction. The samples of the 60 ramie were scanned, and the prediction models
were set up basing on the results of chemical analysis. It turned out that the related coefficient (RC) of
calibration set for hemicellulose, lignin, cellulose are 0.98, 0.97, 0.98 with the root mean square error of
calibration (RMSEC) up to 0.273、0.065、0.562 respectively, and the related coefficient of cross
validation(Rcv) are 0.95、0.91、0.96 with the root mean square error of cross validation (RMSECV) up
to 0.39, 0.11, 0.81 respectively. Therefore, it can be said that the analysis methods based on NIR are
reliable, and they can meet the requirements of accurate and fast prediction for the chemical composition
content of ramie.
Keywords: ramie; hemicelluloses; lignin; cellulose; NIR
1 INTRODUCTION
Ramie plant is one major source of textile fibers.
Ramie bast could not be directly applied to the
textile processing, and it requires degumming
process in order to extract single fibers before
textile processing. But the main chemical
composition of ramie and their content is basis to
develop the degumming process parameters.
Therefore, the quantitative analysis of the main
chemical composition of ramie bast is very
important for extracting process of ramie. At
present, the composition quantitative analysis of
ramie mainly uses national ramie standard
GB/T5889-1986 "Ramie quantitative analysis of
chemical composition method" [1] (ramie standard),
but this method has the disadvantage of taking long
time and not accurate. In order to be able to fast and
accurately analysis the major chemical composition
of ramie, in this paper, the ramie standard is revised,
and the main chemical composition of ramie

prediction models were set up through NIR based
on the chemical analysis results with revised ramie
standard. Then, the fast and accurate quantitative
analysis method of the main chemical composition
of ramie is obtained[2-6].
2 EXPERIMENTAL
2.1 Amendment of chemical analysis method
Because of poor stability of hemicellulose to alkali,
the dissolved substances in a certain concentration
solution of sodium hydroxide are considered as
hemicellulose in the current ramie standard. But
lignin is three-dimensional polymeric organic
compound, which is the polymer of phenylpropane
through C-C bond and C-O bond. Under alkaline
conditions, it occurs nucleophilic reaction with

OH-, resulting in a variety of ether linkage
disconnected, so that lignin macromolecules are
degradated [7,8]. Therefore, the hemicellulose value
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of ramie standard should be lignin and a part of

mixture solution of acetic acid and sodium chlorite

hemicellulose, and therefore received hemicellulose

to determine the remaining lignin and cellulose

content value bigger, thereby affecting the cellulose

content[9].

content value, so that the cellulose content smaller.

hemicellulose, W4-(W7-W5), lignin W7, cellulose,

Therefore, the test results have a certain degree of

100-W1-W2-W3-[W4-(W7-W5)]-W7(calculated

deviation using the current ramie standard. The

value) or W6 (measured value). The test data of

revised method of quantitative analysis is shown in

ramie bast with ramie standard and revised method

figure 1. The main amendments are that the residue

is shown in table 1.

The

Content

of

ramie

bast

is

after cooking in alkaline solution is cooked with
Sample 1
Benzyl carbinol
Residue
Weight loss W1

Distilled
Residue

Cerolipoid

Weight lossW2

Ammonium oxalate
Residue

Water soluble matter

Weight lossW3

Pectin

Sodium hydroxide

Weight lossW4

Hemicellulose+lignin A

Sample2
Benzyl carbinol

Residue

New program

Residue
Weight lossW5

Sulphuric acid

Lignin B

Lignin（A+B）W7

Cellulose W6

Fig.1 Process flow diagram

Table 1 Data of ramie composition content with different test methods
Sample
ramie

method

hemicellulose

lignin(A+B)

Ramie standard

17.38

1.01

New program

16.80

1.01

ligninB

cellulose（count/test）
65.52/null

0.43

66.10/66.38

Table 1 shows that the value of lignin B is less than

2.2 Material

the value of the overall of lignin with the new

60 kinds of ramie samples, which have greater

method, that is because a part of lignin is removed

difference in quality, are derived from Institute of

in soda boiling process, and the calculated value

Bast Fiber Crops, Chinese Academy of Agricultural

and measured one differ very little with new test

Sciences. 40g of each sample is breaked up with

method. So that the revised method is more

FZ102 plant disintegrator till the size of 60 mesh,

reasonable than the original standard.

then fully mixed and dryed to fully dry under 105℃.
Half of the sample is used for NIR and the other
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half for chemical analysis.

sample. 3 subsample readings each after a 1 min
vibration were averaged to reduce sampling error

2.3 Equipment and parameters

and minimize spectral variation caused by the

Approximately 20 grams of each ground sample

random positioning of ramie particles.

was put in a non-NIR absorbing glass vial ( 1cm)
that fitting into the sample holder of an FT-NIR

3RESULTS AND DISCUSSION

spectrometer

3.1 Results of chemical analysis

(Luminar

5030

portable

type

Acousto-Optic Tunable filter (AOTF ) NIR

The samples have great influence on the prediction

spectrometer) equipped with a search unit collecting

model, generally, the broader the concent range of

spectra in diffuse reflectance mode. A constant

samples, the better the applicability of the model.

weight was put on each sample to ensure uniform

Therefore, 60 kinds of hybrid ramie samples are

compactness and keep the sample sealed from

selected, which have great difference in quality and

ambient air. The spectra cover a range of

cover all the scope of ramie chemical composition

1300–2500 nm with a spectral resolution of 2 nm.

basically.The results of the chemical value of

Each spectrum is the average of 300 co-additions of

samples in accordance with the new method are

scans, resulting in a total scan time of 10 s for one

shown in table 2.

Table.2 Content of the chemical constituents of ramie samples
composition

Data of samples

statistical data[10]

mean value

minimum value

Maximum value

standard deviation (SD)

minimum value

Maximum value

hemicelluloce

16.33

10.70

20.67

1.73

14

16

lignin

1.22

0.21

3.16

0.6

0.8

1.5

celluloce

68.73

58.2

77.39

3.49

65

75

From the Table 2 it can be seen that the chemical

Therefore, the samples are used to set up the

composition content range of the samples is bigger

prediction models reasonably.

than one of the literature statistics data. The range
of chemical composition content is appropriate for

3.2 Spectrum collection and pretreatment

NIR, that is mainly because of variability of hybrid.

Fig.2 Samples original absorption spectrum

Figure 2 shows 60 ramie original NIR spectrum of

the trend, but because of different composition

samples. The change of the spectrum is similar in

content, different spectrum has obvious change in
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the intensity. Although the amount of spectrum

eliminate baseline offset and drift of spectrum

information collected from samples is larger, and

which caused by the color difference of the samples.

the spectrum is representative. But because the

Therefore, in this study, the methods of the first

collected data of the samples using NIR not only

derivative and 9 points smoothing (savitzky-golay

contain material information related to chemical

Law) will be used to pretreat original spectrum in

structure, but also include other interference

order to eliminate baseline offset and drift of it. The

information. Therefore, the accuracy of model will

pretreated spectrum is showed in figure 3.

be impacted. First derivative can be a good way to

Fig.3 Pretreated spectrum

3.3 NIRS model of ramie chemical composition

software. But in the process of setting up the models,

The final prediction models were set up through

the outlier value of spectrum and chemical analysis

combining the data of pretreated spectrum and

is removed through using two statistics of the value

chemical analysis, adopting mathematical methods

of leverage and residual respectively. The PLS1

of partial least squares (PLS1) and cross-validation

regression

using the Unscrambler of quantitative analysis

composition of ramie were showed as Figure 4-6.

Fig.4 PLS1 regression model of hemicellulose

Fig.5 PLS1 regression model of lignin
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models

of

the

various

chemical

Fig.6 PLS1 regression model of cellulose

Table 3 Authentication data of ramie composition content prediction models
Chemical composition

PLS factor

RC

RMSEC

RCV

Bias

Slop

Offset

RMSECV

Hemicellulose

11

0.98

0.273

0.95

-0.004

0.92

1.37

0.39

Lignin

12

0.97

0.065

0.91

0.001

0.87

0.15

0.11

Cellulose

10

0.98

0.562

0.96

-0.013

0.92

5.62

0.81

The parameters of various chemical composition

RMSECV all proved that the above NIRS

models as shown in table 3. As can be seen from

prediction models are accurate and available.

table 3 that the related coefficient(RC) of calibration

In order to verify the models prediction ability, 12

set of hemicellulose, lignin, cellulose is 0.98, 0.97,

different ramie samples are selected randomly as a

0.98 with the root mean square error of calibration

validation set to verify the accuracy and reliability

(RMSEC) up to 0.273,0.065,0.562 respectively, and

of the prediction models. The results of prediction

the related coefficient of cross validation(Rcv) is

are listed in table 4.

0.95,0.91,0.96 with the root mean square error of
cross validation (RMSECV) up to 0.39, 0.11, 0.81
respectively. The value of RC, RMSEC, Rcv and
Table 4 Model validation
Chemical composition

Freedom of motion

t test

t0.01

Average absolute deviation

Average relative error

Mean

Hemicellulose

11

0.95

2.7181

0.73

0.05

16

Lignin

11

0.39

2.7181

0.43

0.36

1.4

Cellulose

11

0.8

2.7181

1.91

0.03

69.78

External

prediction

results

showed

that

the

prediction absolute deviation of hemicellulose,

the prediction of the ramie chemical composition
content commendably.

lignin and cellulose of those 12 samples were 0.73,
0.43, 1.91 respectively, the prediction relative error

4 CONCLUSION

of hemicellulose, lignin and cellulose were 0.05,

(1) The revised method of the ramie chemical

0.36, 0.03 respectively, and all are so little. The

composition quantitative analysis is better than the

value of t test for hemicellulose, lignin and cellulose

original Ramie Standard, and the data of the former

is 0.95, 0.39, 0.8 respectively, all are more little

is more accurate. At the same time, the new testing

than t0.01= 2.7181. Thence, the models can carry out

method provides reliable data for the prediction
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model set up.

Systems, 87 (2007), 113 – 124.
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(2) The prediction models for hemicellulose, lignin,
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and cellulose of ramie is accurate and reliable
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according to the statistics of calibration set RC
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value, RMSEC value, Rcv value, RMSEP value and
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(3) By the use of 8 kinds of ramie samples to verify
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the prediction models, the results show that the
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ABSTRACT
Elastic fabric has been widely applied for compression garment, their pressure and functions depend largely
upon the mechanical properties of fabric. Pressure magnitude of tubular elastic fabric is an integrative action
performed by multiple fabric mechanical properties. The multiple fabric mechanical behavior will be examined
by using Kawabata evaluation system (KES), and a pressure testing system has been developed to measure
pressure correctly. Grey system theory was used to identify statistically the significances of the differences on
individual mechanical characteristic among elastic fabrics.
Keywords： Fabric pressure； Grey Correlation Analysis； elastic fabric
STATEMENT OF PURPOSE/OBJECTIVE

APPROACH
Theory
Grey correlation analysis is one of the most
important achievements of Grey system theories [10].
Grey correlation analysis can be applied to the
cases of various sample sizes and distribution
patterns with small amount of computation that
applying statistical methods can hardly achieve
much useful conclusions. The fundamental idea of
the grey correlation analysis is that the closeness of
a relation is judged based on the similarity level of
the geometrical patterns. Based on the change
degree or the tendency between the system
characteristic behavior and related indexes, some
elementary analysis can be conducted. The system
characteristic behavior named reference sequence
(RS) and each relevant index’s behavioral sequence
named comparing sequence (CS). Aiming at the
ordering of the degrees of grey correlation between
the reference sequence and comparing sequence,
the comparison and evaluation of system factors’
behaviors become possible.

Analyze multiple mechanical properties and
garment pressure of tubular elastic fabric based on
Grey system theory, objective assess of relationship
between pressure performances and multiple
mechanical properties of elastic fabric by quality,
obtain the base data for garment pressure
evaluation.
INTRODUCTION
Garment pressure is one of the important factors
for evaluation of compression garment comfort,
function, and security. By the term “compression
garment” is meant garment which apply pressure to
specific areas of the human body [1]. Inappropriate
compression garment will affect the fatigue sense,
work efficiency, and relation to human health. Too
small pressure would not conducive to human
protection and improvements of movement
efficiency, even not satisfy the women’s aesthetic
requirements. Too large pressure would cause the
body fatigue, lower heart and lung function, even
cause serious damage to health [2-4].

Denote the reference sequence as x0(k), the
comparing sequence as xi(k), we can get n factors:

Many researchers say that the ultimate performance
and function of garment depend primarily on fabric
multiple physical and mechanical properties. In the
course of wearing garment, the pressure is due to
the formation of multi-dimensional deformation,
relate to its physical and mechanical properties,
such as tensile, shearing, bending and compression
performances, etc[4-9]. But so far, very little
documents to establish the relationship between
fabric performance and garment pressure. Grey
correlation analysis was

x0(k)=[x0(1), x0(2), …x0(n)]

(1)

x1(k)=[x1(1), x1(2), …x1(n)]
xi(k)=[xi(1), xi(2), …xi(n)]

(2)

xm(k)=[xm(1), xm(2), …xm(n)]
Based on the grey correlation analysis, the
computation of correlation coefficient can be
accomplished with the geometrical difference
between RS and CSs.

used in this paper, we investigate and clarify the
relationship
between
multiple
mechanical
properties and pressure of tubular elastic fabrics.
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Denoteε0i(k) as the correlation coefficient of the
kth factor of xi(k) with respect to x0(k), then
ε 0i ( k ) =

Properties

min min x0 (k ) − xi (k ) + P!max max
i

k

i

Symbol

Sequence

Linearity

LT

x1(k)

Tensile energy

WT

x2(k)

Tensile resilience

RT

x3(k)

Shear stiffness

G

x4(k)

Hysteresis at 0.5°

2HG

x5(k)

Hysteresis at 5°

2HG5

x6(k)

Bending rigidity

B

x7(k)

Hysteresis of
bending moment

2HB

x8(k)

Linearity

LC

x9(k)

Compression
energy

WC

x10(k)

Resilience

RC

x11(k)

Coefficient of
friction

MIU

x12(k)

Mean deviation
of MIU

MMD

x13(k)

Geometrical
roughness

SMD

x14(k)

Weight

TO

x15(k)

Thickness

W

x16(k)

k

x0 (k ) − xi (k ) + P!max max
i

Indices

k

Tensile

(3)

P ∈ [0,1] named as distinguishing coefficient. In
general, we can take P=0.5 when we are more
interested in the relationship between RS and CSs.
Denote γ0i as the degree of grey correlation of RS
to the CS, then
1 n
γ 0i = ∑ ε 0 ( k )
N k=1

Shearing

(4)

Bending

N, the number of the factors;
k=1,2,…，N.
Compression

That is to say, the degree of grey correlation γ0i,
γ0i =[γ01,γ02, … ,γ0m] and the grey correlation
analysis can be accomplished based on the value of
the degree of grey correlation γ01,γ02, … ,γ0m.
EXPERIMENTAL
Samples
Five samples were tested as detailed in Table 1.
Two kinds of knitting structure were used as plain
and 1×1 rib respectively.

Surface

TABLE 1. Basic description of tested fabrics
Code

Structure

Composition

1

Plain

2%Lycra, 98% Cotton

2

1×1 rib

1%Lycra, 99% Cotton

3

1×1 rib

3%Lycra, 97% Cotton

4

1×1 rib

2% Lycra, 98% Cotton

5

Plain

3%Lycra, 97% Cotton

Weight and
Thickness

Pressure Testing
A measuring system for monitoring contact
pressure from fabric on the cylindrical model was
used. The pressure exerted by fabrics was
measured using calibrated Flexiforce interface
pressure sensor (Tekscan Inc., Boston, MA,
USA).The diameter and length of the cylindrical
model is 7.5cm and 25cm, respectively. Five
samples of each fabric were prepared, the
dimension of each sample was 19×15cm, sew 1 cm
from the hem. Each sample was set on the
cylindrical model, with 38% tensile strain. The
mean of testing results are listed in Table 3. See
Figure 1 for the cylindrical model.

Physical Testing
The physical and mechanical properties of samples
were measured by using KES in an environment
controlled laboratory. Table 2 shows the test
indices and corresponding sequence. Each sample
was measured repeatedly three times for loop
course direction. In order to minimize the shape
instability of knitted fabric, all samples were
conditioned in a standard atmosphere for 24 hours
prior to the formal testing.
TABLE 2. The test indices and corresponding sequence
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FIGURE1. The cylindrical model

ε09(k)

0.509

0.615

0.643

0.783

0.667

ε010(k)

0.575

0.647

0.725

0.799

0.690

ε011(k)

0.575

0.677

0.603

0.694

0.542

ε012(k)

0.510

0.636

0.579

0.734

0.585

ε013(k)

0.509

0.504

0.472

0.771

0.409

ε014(k)

0.704

0.600

0.506

0.623

0.519

ε015(k)

0.489

0.800

0.550

0.652

0.639

ε016(k)

0.479

0.880

0.571

0.571

0.732

Table 3 The mean of testing results
sequence

1

2

3

4

5

x0 (gf)

24.6

16.2

12.9

15.5

22.0

The degree of grey correlation can be calculated
according to the Eq. (4). See Figure 2 for the
degree of grey correlation. It can be seen that the
degree of grey correlation between garment
pressure and each index is more than 0.5, the top
degree of grey correlation are among tensile
properties (WT、RT、LT),we can consider that
the properties (WT 、 RT 、 LT) generated most
significantly effect on garment pressure. The low
degree of grey correlation are among surface
properties (MIU 、 SMD 、 MMD), the measured
static garment pressure may explain it.

RESULTS AND DISCUSSION
The value of garment pressure written by x0(k), the
properties of five fabrics written by xi(k).Using
normalization analysis, the measured value of each
index should be normalized by the formula:
x (k ) − xi
(5)
yi (k ) = i
xi
yi(k) is the normalized value;
xi(k)(k=0,1,…,n) is measured value of each index;
xi is the mean value of all tested fabrics for one
typical index.

the degree of grey correlation

0.90

We calculate the correlation coefficient according
to Eq. (3), and P=0.5. The correlation coefficient of
each index is listed in Table 4.

0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

comparing sequence (CS)

Table 4 Correlation coefficient of each index sequence

FIGURE 2. The degree of grey correlation

sequence

1

2

3

4

5

ε01(k)

0.659

0.746

0.941

0.797

0.654

ε02(k)

0.704

1.000

0.706

0.923

0.919

ε03(k)

0.667

0.970

0.636

0.880

0.856

ε04(k)

0.483

0.965

0.589

0.557

0.727

ε05(k)

0.470

0.795

0.939

0.666

0.869

ε06(k)

0.618

0.826

0.615

0.625

0.880

ε07(k)

0.412

0.999

0.574

0.666

0.868

ε08(k)

0.460

0.805

0.620

0.994

0.550

CONCLUSIONS
The physical and mechanical properties of five
different fabrics were measured by KES, and the
pressure was measured by Flexiforce sensor system.
Grey correlation analysis was used to obtain the
base data for garment pressure evaluation. We
conclude that：
(i)
Grey correlation analysis is a valid method
to analyze the indices of system, quantize them and
make them in order.
(ii)
The results certify that the physical and
mechanical properties of fabrics influenced the
garment pressure. Each degree of grey correlation
is more than 0.5.
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compression stockings, Journal of Applied Polymer
Science, Vol. 104, 2007, pp601–610.
[10] Luo, Q.C., Xu, G.X, Grey correlation analysis
and application, Jiangsu Science and Technology
Press,1989.

(iii)
The degree of grey correlation between
tensile properties, shearing properties and bending
properties is more than others, we consider that
these significantly effect on the garment pressure.
(iv)
We test the static garment pressure, which
can explain the minimum degree of grey
correlation between garment pressure and surface
properties of fabric.
FUTURE WORK
This paper analyzes multiple mechanical properties
and pressure of tubular elastic fabric based on Grey
system theory, the future research should establish
relationship between physical and mechanical
properties of fabric and pressure by quantity, and
then predict the pressure performance by physical
and mechanical properties of elastic fabric.
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The Image Segmentation of Weft Knitted Fabric Defects
by PCNN-based Algorithm
SUN Yao, LONG Hai-ru*
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ABSTRACT
This paper proposes a PCNN-based algorithm and applies it to automatic segmentation of weft knitted fabric
defects image. The segmentation method in this article consists of two main stages: preprocessing stage which
equalizes the shadow area cased by Illumination device and segmenting stage which is implemented by the
proposed Pulse Coupled Neural Network (PCNN). In order to verify the segment result, we apply another
modern segmentation algorithm: Cellular Neural Network (CNN) to compare the segment effect with PCNN.
The interlock fabrics with the defects of hole, course mark and dropped stitch are used as experiment materials.
The experiment proved the performance of PCNN method is better than CNN, which gives better segment effect
and the processing speed is much faster.
Keywords: defect detection, image segmentation, PCNN
INTRODUCTION

domain respectively. Morphological transform [3]

Inspection for quality control is much important in

and co-occurrence matrix [4] are two principle

textile manufacturing. Nowadays, fabric defects

methods in time domain, as well as detection based

detection is usually depending on human vision

on Fourier transform and wavelet analyze in

which is subjective and inefficient. According to

frequency domain also have been proved to be

some studies, human visual inspection can only catch

powerful tools to inspect the defects such as hole,

around 60%–75% of the significant defects [1].

dropped stitch and straying end on woven fabric and

Meanwhile, the calculation speed of computer and

those studies with different basic wavelet include

precision of image acquisition device have a great

using windowed Fourier transform [5], self-adopting

advance. Thus, automated image-based system can

wavelet [6] and Gabor filer [7], et al. This feature

be an alternative to human inspection to lower the

extraction

cost of the inspection and to increase the competitive

performance of classifier. Paolo Borzone, et al

advantage of the products.

adopted an Artificial Neural Network (ANN) to

In the past decades, a great deal of effort has been

analyze the acquired data that the response of system

made on automated image-based evaluation methods.

is fast and at a high inspection rate. Xuezhi Yang, et

During the initial period, binarization is the common

al compared the Euclidean classifier and neural

way to separate the background and defects image

network classifier to give a better method in their

which emphasized on searching for optimal threshold

paper.

step

is necessary to

improve the

[2]. In recent works, studies usually stresses on

These methods above have been proved quite

extracting feature of defects image and classifying

effective, and we can see the research of defect

them. The researches of extracting feature mainly

detection is mainly depended on the segmentation

involve operation in time and frequency

between defect image and background image. In this
article, we adopted a new method based on PCNN
algorithm which was proved that the segment effect
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and processing speed of PCNN is much better than

C

other segmenting method such as CNN. Interlock

dt

∑

fabric with the defects of hole, course mark and
dropped stitch are used for experiment materials.

C ( k ,l )∈N ( i , j )

=−

1
vx (t ) + ∑ A(i, j; k , l )v ykl (t ) +
Rx i j
C ( k ,l )∈N ( i , j )
1 ≤ i ≤ M ;1 ≤ j ≤ N (1)

B (i, j; k , l )vukl + I ,

Where, the C and Rx are the capacitors and

APPROACH
Image preprocessing

dvxij (t )

resistors constant. The subscript x, y, u represents

This step is quite necessary for eliminating the

the variable of state, output and input in the network

obscurity on the image caused by illumination

respectively. And A(i,j;k,l), B(i,j;k,l) represents the

situation which makes the follow operation more

weights between cell C(i,j) and C(k,l).

convenient. The algorithm adopted in this article

Output equation:

uses statistical method to extract the background

v yi , j (t ) =

image, the steps are as followed:
image. The values including minimum gray scale,

vxij (0) ≤ 1, vuij ≤ 1

mean value and standard deviation of gray scale are

differences to replace the numerical differentiation,
and equation (8) can be changed as follow:

The estimating gray scale matrix acquired from the

C = − xij + A × Y + B × U + I ,

last step can be expanded as the same dimension as

xij = xij + C × Step

the initial image which forms the background image
In

Finally, subtract the background image matrix

eliminate the noise further.

(4)

Where, Step is the count of iteration.

matrix.

be processed by median filtering algorithm to

this

article,

we

define

⎡0 0 0 ⎤
⎡ 0.25 0.25 0.25⎤
⎢
⎥
A= 0.25
2
0.25⎥ B= ⎢⎢ 0 2 0 ⎥⎥ , and
⎢
⎢⎣ 0 0 0 ⎥⎦
⎢⎣ 0.25 0.25 0.25⎥⎦
,
I=0.5.

CNN Method
The basic unit of a CNN is called a cell [8]. It
contains linear and nonlinear circuit elements which
typically are capacitors, resistors, controlled sources
and an independent source. The 2D image(M×N)
can be considered as a cellular neural network,
where the C(i,j) represents the cell of the ith course
and jth wale, the state of cell C can be derived as
follows:
State equation:

(3)

For 2D image we can use calculus of

max(min, μ-3σ), where the min represents the

obscurity of image. Then, the result image should

1≤ i ≤ M; 1≤ j ≤ N

C > 0, Rx > 0

And the background gray scale is defined as

from the initially image matrix that regulates

(2)

A(i, j; k , l ) = A(k , l ; i, j ) 1 ≤ i, k ≤ M ; 1 ≤ j , l ≤ N

calculated in every 32×32 pixels area in the image.

Secondly, form the background image matrix.

)

Constraint condition:

Firstly, estimate the gray scale of background

minimum gray scale in the area.

(

1
vx (t ) + 1 − vxi , j (t ) − 1
2 i, j

PCNN method
Generally, when PCNN is applied to image
processing, it is composed of identical pulse
coupled neurons (PCNs) except their initial feeding
inputs [9]. The internal structure of a single neuron
Ni,j is shown in Fig. 1. From Fig. 1, we can see that
a single neuron model consists of three parts:
receptive

Þeld,

modulation

Þeld

and

pulse

generator.
In Fig. 1, Ii,j is the input from external sources
and Yk ( 1 ≤ k ≤ 4 ) is the input from adjacent
neurons. Fi,j and Li,j are feeding input and linking
input of the neuron Ni,j , respectively. In the
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modulation Þeld, the internal activation U is

θi , j ← θi , j + Yi , j (TBh − TAh )

calculated by

U i , j = Fi , j (1 + βi , j L)

Where

(5)

(8)

TAh and TBh are two constant values,

and the speciÞcation of them is given in the next
section.
RESULTS AND DISCUSSION
From Fig.2, we can see that the defects have
been segmented from the background image by
CNN and PCNN method, and are shown as dark
area. Comparing the Fig.2(b) and Fig.2(c), we can
see clearly, the PCNN method won a better
performance than CNN, which is less effected by

Fig.1 The structural model of the pulse coupled neuron Ni,j

Where

βi , j is

the linking strength. In the pulse

the noise. However, in the image of course mark
image, the defect segmented by PCNN is less clear

θi , j ,if

than the CNN does, although the noise is decreased,

Ui,j is greater than θi , j , the neuron produces a spike,

speed of PCNN is faster than CNN as shown in

generator, Ui,j is compared with threshold

which is worth further studying. Also the processing
TABLE I.

and its threshold is immediately raised to prevent it
from Þring again. The output Yi,j is represented by

U i , j > θi , j

⎧1,
Yi , j = ⎨
⎩0,

otherwise

CONCLUSIONS
Segmentation is quite necessary and important
during the detection of weft knitted fabric defect.

(6)

The PCNN and CNN method both can give

When the PCNN is applied to thinning an m×n

effective result to segment the defect image from

binary image, it is a single layer two-dimensional

background.

array of laterally linked PCNs. Each pixel

performance of PCNN method is better than CNN,

corresponds to a unique neuron and each neuron is

and the processing speed is faster. As shown in this

connected with its surrounding neurons. And the

paper, the PCNN-based algorithm is proved to be

linking input is calculated by

applied in detection of weft knitted fabric defects,

Li , j =

∑Y

k∈Nih, j

k

= Yi , j −1 + Yi −1, j + Yi , j +1 + Yi +1, j

proved

the

enhanced algorithm, the whole testing processing
can be used in textile detection instead of human
beings.

Ni,j . (The four neighbors of neuron Ni,j are neurons:
Ni,j-1, Ni-1,j, Ni,j+1 and Ni+1,j ). Furthermore, it should

≡ 0 , if its corresponding neuron

is outside of the input image. That is, Yp ,q

≡ 0 , if

p>m or p<1 or q>n or q<1. Threshold

θi , j

initialized by

experiment

and if combining this method with other image

(7)
h
Where N i , j is the 4-neighbor Þeld of the neuron

be noted that Yp ,q

The

is

TAh and updated by
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processing for medical diagnosis using CNN[J],

TABLE.I Processing speed

Type

of

Defect

Nuclear Instruments & Methods in Physics

CNN method

PCNN

(s)

method (s)

Hole
Dropped

49.218

1.342

9.235

1.498

12.464

1.451

77.152

1.077

stitch(L)
Dropped
stitch(S)
Course mark

Research Section A, 2003,497:174-178.
[9] Lifeng Shang, Zhang Yi, Luping Ji. Constrained
ZIP code segmentation by a PCNN-based thinning
algorithm. Neurocomputing, 2008, 7: 1-8.

Dropped stitch(S) means the dropped stitch with short
distance; Dropped stitch (L) means the dropped stitch
with long distance
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Abstract
Hyperbranched poly(ester-amide) and polypropylene blends were prepared by melt mixing. The thermal and
mechanical properties of the blends were characterized by dynamic mechanical thermal analysis(DMA),
thermogravimetric analysis(TGA) and tensile testing. The results from thermal analysis indicated that the
thermal stability of the blends was obviously improved, in comparison with pure polypropylene.The
investigation on the mechanical properties showed that the tensile strength could be obviously increased by
adding 5wt% (by weight) hyperbranched poly(ester-amide) to the polypropylene matrix. The DMA results
showed that the glass transition temperature decreased when the PS2550 content was higher.
INTRODUCTION
Hyperbranched polymers are highly branched
macromolecules with three-dimensional dentritic
architecture, a high density of functional end groups
and inherently low viscosity[1,2]. The highly
branched structure and numerous end groups in
hyperbranched polymers generate the improved
solubility and compatibility with other polymers，
and reduce the melt viscosity as well as crystallinity.
Hyperbranched polymer was first coined by Kim and
Webster[3,4]. Hyperbranched polymers are generally
produced by polycondensation reactions. An example
is the product of Hybrane PS 2550，which is built
up
from
phthalic
anhydride
and
diisopropanolamine，with 50% of the hydroxyl end
groups being esterified with straric acid(Fig. 1).
In this paper, PS2550/PP blends were prepared by
melt mixing by adding 1wt%(by weight)，3wt%，
5wt%，7wt% PS2550. We characterized thermal and
mechanical properties of the blends by dynamic
mechanical analysis(DMA) , thermo gravimetric
analysis(TGA) and tensile testing.
APPROACH
MATERIMALS

FIGURE 1. Hybrane PS2550(partially stearate-modified).

Hyperbranched poly(ester-amide): Hybrane
PS2550(supported by DSM Dutch), Mn=2500g/mol.

Polypropylene: PP(prepared by our laborary),
MI=40g/10min.
BLEND PREPARATION
The PS2550/PP melt blends were obtained by using a
TSE-18A co-rotating twin-screw extruder(Nanjing,
China). Polypropylene and PS2550 were fed together
under the screw speed at 120rpm，with PS2550 of
1wt%(by weight)，3wt%，5wt%，7wt%，and the
extruding temperature at various zones was
between180-220℃. The extrudates passed through a
cooling water bath and were finally pelletized，and
then dried in common drying oven for 24h at 80℃.
MECHANICAL PROPERTIES
Mechanical properties(Tensile strength，tensile
modulus and elongation at break) were measured
using a WDW 3020 Universal Tester(Changchun，
China) at a crosshead speed of 50mm/min for the
virgin PP and PS2550/PP blends. Five samples were
tested for each property and the average values were
reported here.
DYNAMICAL MECHANICAL ANALYSIS
Specimen of pure PP and PS2550/PP blends were
subjected to Q800 dynamic mechanical analyzer
(TA，USA). The measurements were carried out in
three point bending mode of the equipment and
corresponding viscoelastic properties were
determined as a function of temperature. The
temperature range used was from -100℃ to 150℃
with the heating rate of 3℃/min under liquid
nitrogen flow.
THERMO GRAVIMETRIC ANALYSIS
The thermal stability was measured using 209F1
thermo gravimetric analyzer(Netzsch，USA). The
samples were heated from 40℃ to 600℃ at the
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heating rate of 10℃/min under an inert atmosphere
of nitrogen(20ml/min).
350

RESULTS AND DISCUSSION
MECHAMICAL PROPERTIES

Ultimate elongation(%)

300

TableⅠ Mechanical properties of PS2550/PP blends
Blends
Tensile strength Tensile modulus Elongation
(wt%)
(MPa)
(MPa)
at break(%)
Virgin PP
36.83
0.375
369.6
PS2550/PP-1%
37.34
0.37
156.95
PS2550/PP-3%
37.81
0.346
18.12
PS2550/PP-5%
38.28
0.38
18.06
PS2550/PP-7%
34.47
0.48
24.86

38.0
Tensile strength(MPa)

200
150
100
50
0

0

1

2

3
4
PS2550(%)
(c)

5

6

7

FIGURE 2. Mechanical characteristics such as (a)tensile
strength，(b)tensile modulus，(c)ultimate elongation at break of
different PS2550 content.

38.5

37.5

shown in Table Ⅰ and Fig. 2.Tensile strength
increased when the content of PS2550 was 1% to 5%,
the improvement was 3.94% when the content of
PS2550 is 5% and the decrease was 6.41% when the
content of PS2550 was 7%.This may due to PS2550
was small molecular polymer according to
polypropylene, and worked as plasticizer. PS2550
improved the plasticity of polypropylene molecules,
increased the orientation of the chain segments,
which improved the tensile strength.When the
addition of PS2550 is higher, this would increase the
phase gap among the polymers.Furthermore, with the
increasement of the dispersed phase, it would cause
stress concentration for maldistribution and led to the
decrease of the tensile strength.Tensile modulus
decreased when the addition of PS2550 was 1% to
3%, the decrease was 7.73% when the addition of
PS2550 was 3% and the improvement is 28% when
the addition of PS2550 was 7%. When the addition
of PS2550 is 1%, the fracture is a malleable one and
a brittle one when the addition of PS2550 is 3%、5%
and 7%.

37.0
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35.5
35.0
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0
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4
PS2550(%)
(a)
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7

0.48
0.46
Tensile modulus(GPa)

250

0.44
0.42
0.40
0.38
0.36
0.34

0

1

2

3
4
PS2550(%)
( b)

5

6

7

The effect of PS2550 in PP on tensile strength,
tensile modulus and ultimate elongation at break was

DYNAMICAL MECHANICAL ANALYSIS
Fig. 3 depicted the storage modulus and tan δ curves
as a function of temperature for the pure PP and the
PS2550/PP blends with 1(by weight), 3, 5 and 7 wt%
of PS2550. Higher values of the storage modulus
over the entire range of temperatures from -100 to
150℃ were observed after addition of PS2550 to PP.
The increase in stiffness of the blends suggested
strong reinforcement effects imparted by the PS2550.
On the tanδ curve of the pure PP (Fig.4), two clearly
distinguished relaxations can be observed at 30.10℃
(β-transition) and 89.79℃(α-transition).The weak
low-temperature γ-relaxation originates from the
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PS2550 somehow affected the molecular motions
responsible for this transition.

6000

THERMO GRAVIMETRIC ANALYSIS
PP
PS2550/PP-1%
PS2550/PP-3%
PS2550/PP-5%
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FIGURE 4. Thermogravimetric analysis of HBP/PP blends

0.10
PP
PS2550/PP-1%
PS2550/PP-3%
PS2550/PP-5%
PS2550/PP-7%

0.08
0.06
0.04
-100

-50

0

50

100

150
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FIGURE 3. Dependence of storage modulus(a) and tanδ(b) on
the temperature of PS2550/PP blends

motion of the short segments in the amorphous
phase[5]. On the other hand, although the
higher-temperatureβ-transition is also assigned to
the amorphous fraction, longer range reorientations
are necessary for the occurrence of this transition and
it is attributed to the glass transition of the
polypropylene[5]. The β-transition is slightly
shifted towards lower temperatures, this result
implied that the cooperative motions of the PP chains,
which were necessary for the glass transition to take
place, were strongly affected by PS2550. The losses
in the blends were much higher and a decrease in the
glass transition temperature suggested improved
mobility of the chains due to a weaker intermolecular
interaction. It was well known that the presence of a
crystalline phase was necessary for the occurrence of
theα-transition. However, different molecular
motions were proposed to be responsible for this
relaxation. They include the deformation of the
amorphous layer in the vicinity of the lamellar
surfaces (inter-lamellar shear), defect diffusion
through lamellae as well as a combination of these
two motions[5-7]. Hence, the decrease in the α
-transition temperature suggested that the presence of

Thermogravimetric analysis(TGA) had been
performed to determine the thermal stability of both
pure PP and HBP/PP blends. As demonstrated in Fig.
4, all samples showed one single degradation step,
the general trend was an increase of the onset
degradation temperature(Td) with HBP adding to PP.
The increase of degradation temperature may be
attributed to a higher heterogeneous rigid region.The
enlarged area in the inset of Fig.5 showed Td
increased for all the samples, in a clear contrast with
the lower Td(315℃) value of pure PP. Td for
HBP/PP1%, HBP/PP3%, HBP/PP5%, HBP/PP7% in
this study were 425℃,424℃,426℃,425℃.
CONCLUSIONS
Blends of different PS2550 concentration were
prepared by melt blending. The tensile strength was
increased by about 4% when adding 5wt% PS2550.
DMA indicated that theβ-transition is slightly
shifted towards lower temperatures. The results of
TGA indicated that the onset degradation
temperature(Td) was obviously improved by about
110℃.
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ABSTRACT
A support vector method called support vector data description for one-class classification is introduced into
the research area of woven fabric defects detection. To validate the feasibility of the proposed method,
detection experiments have been made on defective fabric samples with various texture backgrounds.
Expected false alarm rates are obtained, and the missing rate as well as the false alarm rate can be kept at low
levels simultaneously.
Key words: woven fabric; defects detection; support vector method; one-class classification
INTRODUCTION

higher (maybe infinite) inner product space or in

Fabric defect detection belongs to the category of

other words feature space firstly, and then there

one-class classification, whose aim is to identify new

search for a hypersphere with minimal radius that

or unknown data that a machine learning system is

containing most of the mapped training data, a new

not aware of during training. The traditional

data is recognized as normal if being subjected to

two-class SVMs (Support Vector Machines) have

the same mapping it lies inside the hyperspere,

[1-3]

for the

otherwise it is recognized as novel. Several key

detection of several sorts of fabric defects. Training

variables such as radius and center of the

of this kind of SVM needs a considerable amount of

hypersphere are involved in the searching of the

not only normal fabric images but also corresponding

hypersphere. Besides, some slack variables should

defective ones. It is obviously unreasonable to apply

be introduced to allow a small proportion of the

a two-class classifier to a one-class classification

training data to lie out of the hyperspere such that

problem, as in that case, firstly sufficient defective

robustness of the recognition system is strengthened.

fabric samples cannot be guaranteed and secondly

The following is the mathematical expression of

effective detection of the sort of defects untrained or

SVDD [4-5].

been adopted by several researchers

the sort of defects trained but with different
appearance cannot be guaranteed too. To effectively

Consider

(SVDD), which is custom-tailored for one-class

total

In one word, the fundamental principle of SVDD is
to map the original normal training data both

nonlinearly and implicitly into a potentially much

dataset

number

of

training

samples.

Mapping

Φ : X → F nonlinearly maps data of input space
X into an inner product space F with much

classification [4-5].
Brief Introduction to SVDD

training

X = {x1 , x2 ,L xl } ∈  N , where l ∈ N is the

solve this problem, this paper employs a support
vector method called support vector data description

a

higher dimension with the inner product between
each two mapped data can be calculated via a
simple

kernel

κ : κ ( x, y ) = Φ ( x)Φ ( y )

function
. For example, a

frequently used one is the Gaussian RBF kernel
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with SV, then the discriminant function for a sample

function:

data x to be tested is
2

κ ( x, y ) = exp(−γ x − y ) , γ > 0

(1)
2

f ( x) = sgn(r 2 − Φ ( x) − c ) =

Introduction of the kernel function makes it possible

sgn(r 2 − ∑ i , j∈SV α iα jκ ( xi , x j ) +

for mapping Φ to be implicit and the users don’t
have

to

learn

its

specific

expression.

Let

2∑ i∈SV α iκ ( xi , x) − κ ( x, x))

r ∈  denotes radius of the hypersphere,
c ∈ F center of the hypersphere and

ξ = {ξ1 , ξ 2 ,L , ξ l } ∈  l
the

problem

of

x is recognized as normal in the case of f ( x) = 1 ,

slack variables, then

searching

for

an

optimal

(4)

otherwise it is recognized as abnormal.

hypersphere in the feature space is reduced into the

EXPERIMENTS AND RESULTS DISCUSSION

following optimization problem:

The following two indices are defined for algorithm

For

evaluation: FAR, the false alarm rate which defines

v ∈ (0,1) ,

as percentage of number of normal samples
wrongly recognized as defective ones for the actual

min r ,c ,ξ
subject to

r2 +

1
ξ
vl

total number of normal samples; and MR, the
1

missing rate which defines as percentage of
defective samples wrongly recognized as normal

Φ ( xi ) − c ≤ r 2 + ξi ,

ones for the actual total number of defective
samples. Note that there are two kinds of FAR,

ξi ≥ 0 , i = 1,L , l .

namely, the estimated FAR during training stage

(2)

and the Actual FAR during test stage.
Gaussian kernel function (See Equation 1) is

And its dual problem is

minα

∑

ubject to

∑α

ij

i

α i α jκ ( xi , x j ) − ∑ i α iκ ( xi , xi ) s
i

= 1 , 0 ≤ αi ≤

1
,
vl

i = 1,Kl ,

adopted in this research. As for the optimization of
SVDD parameters, namely v and γ , v is
predetermined according to users expectation on the
false alarm rate and on this basis γ is determined
in the light of the cross validation method[6]. The
best γ value minimizes the false alarm rate of the

(3)

cross validation test.
Fractal dimension is capable of characterizing

where

α = {α1 ,Kα l }

are

the

Lagrange

multipliers introduced.
For the optimal solution

roughness and complexity of the textures. The more
rough the image texture is, the higher the
corresponding fractal dimension will be, vice versa.

α

of the dual problem,

fact is that the great majority of

αi

are zero. The

training data xi corresponding to non-zero

αi

are called support vectors.
Denote the set of subscripts of the support vectors

It is therefore applicable to employ fractal
dimension in the practice of textures classification
or

recognition.

But

single

fractal

feature

characterizes the inherent self-similarity of images
textures from a global point of view and ignores the
local

information.

A

direct

result

of

this

disadvantage is that different textures may be
possessed of a same or nearly same fractal
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dimension. To overcome this limitation, four
box-dimension fractal features

[7]

have been

the proposed scheme.
Table 2

A Summary of the Detection Results

extracted and adopted in this research to distinguish
between normal textures and defective ones.
Six datasets corresponding respectively to six solid
color woven fabrics of different texture background
are involved in the detection experiments, see Table
1 for detail. All images processed here are 256*256
pixels with a gray level of 256, acquired by digital
video camera under the upper-light condition.
During the process, each image is further divided
into 64 non-overlapping sub-images of 32*32 pixels
with each sub-image being viewed as one sample.
Each sub-image is preprocessed by histogram
equalization. Softmax normalization method

[8]

is

employed for normalization of the original feature
vectors.
Table 1 A general View of the Construction of
the Experimental Samples

CONCLUSIONS AND FUTURE WORK
This research made a trial of applying support
vector data description, a typical and advanced
one-class classification support vector method, to
the task of fabric defects detection. Parameters
optimization has been discussed. Experiments
performed upon several datasets with different
fabric texture background and various kinds of
defects indicate satisfactory results, which are (1)
the actual false alarm rate is very close to the
estimated one and (2) actual false alarm rate and
missing

rate

can

be

kept

at

low

levels

Detection results under three expected FAR for each

simultaneously.

dataset are listed in Table 2, from which it can be

Though false alarm rate can be controlled

seen that each Actual FAR is in agreement by and

effectively in advance, missing rate cannot be

large with the corresponding estimated one. These

predicted beforehand. This is the common difficulty

results denote that by dint of cross validation

all one-class classification problems have to face. A

method and SVDD model, detector is capable of

possible way to solving this difficulty is to generate

controlling the actual FAR effectively. Of course, a

artificial outlier data

certain amount of samples is an important premise

will lay emphasis.

[9]

, on which our future work

for the algorithm to go right. Another conclusion
drawn from Table 2 is that each actual FAR and its

REFERENCES

corresponding MR can be controlled under low

[1] Kumar A., Shen Helen C. “Texture inspection for

levels simultaneously, proving the effectiveness of

defects using neural networks and support vector

- 674 -

machines”. IEEE International Conference on Image
Processing, 2002, 3(3): 353-356.
[2] Zhen H., et al.. “Texture Defect Detection Using
Support Vector Machines with Adaptive Gabor
Wavelet Features”. Seventh IEEE Workshops on
Application of Computer Vision
(WACV/MOTION'05), 2005, V1: 275-280.
[3] Karras D.A. “Improved Defect Detection in
Textile Visual Inspection Using Wavelet Analysis
and Support Vector Machines”. International Journal
on Graphics, Vision and Image Processing, 2005, 4
(5): 41-47.
[4] Tax D.M.J. and Duin R.P.W. “Support Vector
Domain Description”. Pattern Recognition Letters,
1999, 20: 1191-1199.
[5] Tax D.M.J. and Duin R.P.W. “Support Vector
Data Description”. Machine Learning, 2004, 54:
45-66.
[6] Müller K.R., Mika S., Rätsch G., et al. “An
Introduction to Kernel-Based Learning Algorithms”.
IEEE Transactions on Neural Networks, 2001, 12(2):
181-201.
[7] Bu H.G., Huang X.B. “A novel multiple fractal
features extraction framework and its application to
the detection of fabric defects”. The Journal of the
Textile Institute, 2008, 99(5): 489-497.
[8] (Written by) Theodoridis S. and Koutroumbas K.,
(Translated into Chinese by) LI Jing-jiao, et al.
“Pattern Recognition”, second Edition. Publishing
House of Electronics Industry, Beijing, 2004:
107-115.
[9] Tax D.M.J. and Duin R.P.W. “Uniform Object
Generation for Optimizing One-class Classifiers”.
Journal of Machine Learning Research, 2001, 2(22):
155~173.

- 675 -

An Autonomous Evaluating Method for Cotton Fiber
Maturity Based on Gray Scale Image
Zong Ya-ning*
School of Textile, Zhongyuan University of Technology, Henan Province, China,
Zongxuz@Yahoo.com.cn
ABSTRACT
Image analysis presents a quick, reliable, unbiased technique for determining cotton fiber maturity. This
research entails an autonomous method for measuring maturity accurately and efficiently. The system uses a
motorized microscope to grab sequential images of fibers. To characterize and quantify cotton maturity, we
measure lumen width and cell wall thickness from longitudinal views and obtain the maturity coefficient, which
needs a special method. We used the gray-scale information of cotton fiber’ s longitudinal views to discern
lumen and cell wall. The experiments show that the maturity coefficient data are repeatable and consistent with
the data from manual methods.
OBJECTIVE
Maturity is one of the determinants in evaluating
cotton quality, which can affect many properties of
cotton fibers, such as strength, elastic resilience,
dyeing evenness, spinning performance, etc[1].
Developing a method to measure has been a subject
of considerable interest. The experimental methods
of testing cotton maturity can be classified into
direct and indirect approaches. One widely used
method is air-flow method, from which the
Macronaire value can be obtained [2]. This method
can work fast and largely. But the air discharge is
associated with both the cotton maturity and fiber
fineness. The direct method can measure cotton
fiber maturity alone. To quantify cotton fiber
maturity, many researchers measured the cotton
cross-sectional or longitudinal characteristics
[3,4,5,6,7]. The cross-sectional slide is not easy and
convenient. Due to the inherent variability of
cotton, reliable results must be based on the
measurements of a large number of fibers.
The traditional image processing procedure is as
following: first, the image is enhanced its contrast
and denoised; second, the binary images of the
original gray scale image is obtained by using the
thresholding method; then the edge tracing method
is used to get the object boundary in the binary
image. In the traditional image processing
procedure, only the edge information is used to
obtain morphological character, the gray scale
information, which contains much more details of
the fiber, is discarded, so a little useful information
is utilized. In this paper, an autonomous method for
measuring cotton fiber maturity reliably and
efficiently from microscopic images of cotton
fibers is introduced. The gray scale is used to
discern the cotton fiber lumen and its cell wall.
INTRODUCTION
Cotton maturity is defined with respect to the wall
thickness of the fibers. It is not easy to measure the
fiber thickness. Longitudinal views of fibers may
be a better choice. Thibodeaux and Evans use an
- 676 -

image analyzer to measure projected widths of a
fiber along its length and to assess maturity based
on a principle that the ratio of the maximum width
to the minimum width is related to the degree of
development of the secondary wall of each fiber[7].
This method avoids the difficult procedure of cross
sectioning cotton fibers.
The principle of our method is similar to above
method, but it is little different. The ratio of the
lumen width to the cell wall thickness is used for
cotton maturity testing, based on Chinese
standard[8]. The ratio a/b (RA) is measured from
longitudinal image, such as Figure 1, where a is the
lumen width and b is cell width of one sides. The
data in Table Ⅰ show the relation between the ratio
and the maturity coefficient (MC).

Figure 1. The lumen width and the cell wall thickness
of a cotton fiber
Table Ⅰ. The relation between the ratio a/b and
coefficient
MC
0.00
0.25
0.50
0.75
RA
30-33
21-13
12-9
8-6
MC
1.50
1.75
2.00
2.25
RA
3
2.5
2
1.5
MC
3.00
3.25
3.50
3.75
RA
0.50
0.33
0.20
0.00

the maturity
1.00
5
2.50
1.0
4.00

1.25
4
2.75
0.75
5.00

The lumen is not
seen.

APPROACH
To take longitudinal measurements, cotton fibers
are mounted parallel to the long dimension of a
glass microscope slide with their one end glued to
the slide. The slides is placed on a light microscope
and imaged by a CCD camera. For obtaining
images automatically, the slides will be placed on

an automated microscope system in the future. So
we can study a lot of cotton fibers.
Method to decide position for longitudinal
measuring
Figure 2 is a gray image of a cotton fiber. Although
fibers are mounted parallel to one slide side, they
are often curved for their convolution. To measure
the width, we first obtain their middle axis. The
contour of cotton fibers is smooth and has no acute
change. The angle formed by the elongated line of
the two opposite sides is below 90°, so the pixel
length is same if the boundary is 8-connection. The
middle axis can be got as follows. First we get one
point at one side, and then find the other point on
the opposite side. The Euclidean Distance between
the two points is minimal. Then tracing the edges
simultaneously at the same pixel interval, calculate
the middle point of the edge point pairs. The
calculated point is on the middle axis. The middle
axis is obtained by connecting these calculated
points.

little brighter and the lumen boundary is little
darker because of the fiber light refraction. The
gray change between the fiber’s cell wall and
lumen is enough to discern them. When scanning,
the gray scale of every pixel on the scanning line
can be obtained. Figure 4 shows the gray scale
curve of the line I. The difference curve of the gray
scale, which is calculated from Eq. (1), is also
shown in Figure 4.

△G=Gi-Gi-5

（1）

From the curve, the lumen and wall can be easily
distinguished. When the △ G value is changed
from positive to negative, this means lumen edge.
When the △G value is changed from negative to
positive, this means fiber edge. The distance
between two points on lumen edges is lumen width.
The distance between the point on fiber edge and
the point on lumen edge is the cell wall thickness.
Because we can get two cell wall thicknesses, the
average data is used.
40
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Figure 4. The gray scale and its difference curve
of line I in Figure 2.
Figure 2. A longitudinal image of cotton fiber
WALL THICKNESS (μm )

RESULTS AND DISCUSSION
The sample A and B were taken from a selected
raw cotton sample. The Micronaire value of
Sample A was 3.6, the value of Sample B was 3.3.
Sample A is normal mature and Sample B is
immature. Based on the Chinese standard, we only
measure the middle segments.
Measuring Area

Figure 3. The fiber width curve in Figure 1.

Suppose the current pixel of the middle axis is 0(x0,
y0). The transverse scanning follows a normal
direction to this point until it meets an edge pixel
1(x1, y1) on one edge of the fiber and the other edge
pixel 2(x2, y2). The distance between the two edge
pixels is a local measure of the fiber width. If the
transverse scanning is conducted along the middle
axis, the curve of the fiber width can be obtained,
which like a wave curve and shows in Figure 3.
The wave crest shows the measuring position.
Method to measuring width of lumen and cell
wall
In the image, the area covered by fibers has lower
scales than the unblocked area. The cell wall is
- 677 -

Figure 5. An illustratio of fiber bundles.

Figure 6 and Figure 7 shows the distributions of
Sample A and B projected fiber width. The
distribution of projected fiber widths of Sample B
has a greater range than that of Sample A, because
the cell wall of the immature fiber was thinner, lay
flatter, and had a larger projected width than the
thicker cell wall of Sample A. Immature fibers also
showed a great variation in folding and twisting.
The Plot of Sample A had a narrow range, a higher
peak and a lower standard deviation.
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Figure 8 and Figure 9 show the distributions of the
ratio between Sample A and B max projected fiber
width and their minimum. As the above reason,
when the thin immature fibers was measured
standing on edge, its minimum projected width was
less than mature fibers. So the ratio between the
immature fiber’s max projected width and its
minimum is bigger than that of the mature fiber.
Figure10 shows the distributions of ratio a/b of
Sample A and Sample B. Because the cell wall of
immature fibers was thinner and the lumen of them
was wider, the ratio a/b value is bigger than that of
mature fibers.
Figure 11 shows the distributions of maturity
coefficients based on Table I, which is consistent
with ratio a/b.
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FIGURE 7. Distributions of fiber mean widths of Sample B.
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Figure 11. Distributions of maturity coefficients of Sample A
and B.

We tested the repeatability of the data generated
from the software by repeatedly scanning the same
sample slides under the silimar conditions. We use
the coefficient of variance (CV) of the data from
multiple tests to evaluate the repeatability. Table Ⅱ
gives the data of sample slides that was scanned
four times. The CV of the data from different tests
is under 6.5%, which demonstrates a good
consistency of the data. Because we could not
focus the fiber at the same focal panel and start the
scanning at the same place, the change of them
results in the data change. This may be solved in
the following study. The other reason is the
inherent variations of fibers.

6

TABLE Ⅱ Repeatability test
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Test
1
2
3
4
Average
CV,%
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FIGURE 8. Distributions of ratio of max width to minimal
width of Sample A.
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4

MATURITY COEFFICIENT

Sample A
2.28
2.32
2.25
2.21
2.27
4.7

Sample B
1.6
1.7
1.55
1.64
1.62
6.3

To decide our method accuracy, we also measure
the same samples by using manual method, the
number of which is about 200. The comparison of
two methods shows in Table Ⅲ. For immature man
tend to overstate the ratio between lumen width and
cell wall thickness, which leads to small maturity
coefficients. Our method is correct and accurate.
TABLE Ⅲ Comparison of maturity coefficient using auto
method and manual method
Test Method
Auto
Manual
Difference

Sample A
2.27
2.31
+0.04

Sample B
1.62
1.57
-0.05

CONCLUSIONS
We have approached an autonomous method for
measuring maturity accurately and efficiently,
which is based on gray scale image. The gray scale
is used to describe the fiber morphological
character. The technology developed in this paper
may be used to study the fine character of other
fibers.
The transverse scan of cotton fiber longitudinal
view can obtain the width of cotton fiber, the
lumen width and wall thickness simultaneously.
The fiber width curve crest shows the measuring
position. The cotton lumen and wall can be
separated by the difference curve of the gray scale
at this position. The cotton fiber’s lumen width
and wall thickness can be easily calculated. We
also tested our autonomous method by using
repeated test and manual method.
FUTURE WORK
We will measure more samples to perfect our
methods. Improvements are needed in the sampling
techniques. We want to establishing a maturity
distribution for a specific cotton and correlating
this distribution with existing procedures. We want
to establish a wholly equipment and standard
methods for measuring maturity in the future.
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ABSTRACT
Animal fibers’ diameter is an important criterion to judge the commercial value of these fibers. In this paper, the
measuring method of animal fibers’ diameter based on auto-focus technology for optical microscope is studied.
First, the best focus criteria are decided based on the focusing curve. Second, the practical focusing procedure is
analyzed, and the relativity between locations of focal planes of different visual fields is used to decide the prelocation of focusing procedure, which shortens the focus distance. And the improved focusing tactic quickens
focusing speed. Finally a fast measuring method depending on longitudinal characters of animal fibers is
introduced. This method can be used to measure diameter of circular or non-circular cross section.
fibers have different focal plane in the same view
field

INTRODUCTION
In the wool industry, the fiber diameter is one of
the most important parameters for both the
processor and the user of the final product.
Traditional techniques to measure individual fibers’
diameter are both time-consuming and expensive.
A lot of methods to measure animal fiber diameter
is studied by international researchers, the
successful one of which is OFDA [1]. OFDA uses
image analysis to measure diameter, but which is
too expensive to Chinese industry. The measuring
principal in domestic research is to make use of
linear longitudinal contour, all of which are short
segment measuring.
C.A.Glasbey measured the distribution of cashmere
fibers diameter, and they use the Becker line to
correct the error for off-focus[2]. Fei Yu-zhong use
random scan to automotive measure[3]; Dong Yugang use two-point or one-point to manually
measure; Chen Hai-feng use the least distance to
measure based on fiber border；Cai Ge measures
diameter based on auto-reorganization[4]. From
above introduction the method based on image
analysis is widely studied in China and foreign
country, the trend of which is from manual to auto
measure. From the published article, there is little
article to study how to obtain the image automotive.

The photographing system is the hardware base of
automotive measuring-diameter system. The
automotive microscope is equipped with stepping
motor on three directions (X, Y, Z). The digitized
camera is mounted on the microscope. The
controlling module, which accepts the instruction
from image working station, drives the automotive
stage moving on the preset route and the focusing
motor on the preset distance and instructed
direction. The automotive photographing software
has main functions of adjusting microscope,
microscope image pre-processing and autofocusing

FIGURE 1. Structure of automotive photographing system
of microscopically image

THEOREM OF AUTO-FOCUSING
The blurring reason of scenery through lens is the
basis of auto-focusing research. The object can be
thought as a two-dimensional distribution of point
source of light. The image of such an object is a
summation of spatially distributed PSF points. A
lens system can be thought as a linear system with
shift variance, this means that the image can be
described as a convolution of the object with PSF
of the optical system.

The procedure using image to measure animal fiber
diameter is: first the animal fiber is cut to
0.2~0.4mm，then the segments is separated on a
microscope slide; Then the image captured with a
CCD camera through a light microscope. The
diameter is measured after recognized the fibers.
APPROACH
Equipment
The photographing system based on auto-focusing
technology solves the image source of the
automotive testing system. The focus depth
decreases with the multiple increasing. The objects
on the same view field are often on the different
focal plane, especially in the longitudinal
microscopic image. The concocted or crossing
- 680 -

A fast method can be used in the middle of
fiducially pairs. Points among the pairs can de
divided into parts, then the middle point of every
can be figured out. The Euclidean Distance
between the middle points is the diameters.
RESULTS AND DISCUSSION
CHOICE OF FOCUSING CRITERIA
The focusing criteria can be designed on spatial
domain and frequency domain from the focusing
theorem. But the focusing criteria on frequency
domain need Fourier transform to image, which
results in so much calculating. In practice, the
focusing criteria on space domain are mainly used.

FIGURE 2. PSF analysis of a circular aperture.

For a lens with a circular aperture of diameter a in
narrow-band incoherent light having center
wavelength λ, the PSF [5] is

⎡ J [π [r / r0 ]] ⎤
h( r ) = ⎢ 2 1
⎥
⎣ π [r / r0 ] ⎦

2

The focusing criteria should have the characteristic
of unbiasedness, uniqueness, single meanings, antinoise performance and simplicity. The commonly
used criteriaes are the sum of the absolute of value
of gray difference (SMD), the gray scale variance,
the Tengrad operator, the Lapal operator and the
gray scale entropy [6, 7].

(1)

Where the constant r0 , a dimensional scale
factor ，that is r0 = λ d i / a ， di is the distance
between focal plane and image plane. J1 ( x) is the

To decide focusing criteria, from the location far
off focal plane, we obtain an image every 0.2μm to
simulate the auto-focus procedure. The above six
focusing criteria is used to calculate the value to get
the focusing curve. The most suitable focusing
criteria are obtained for the animal fibers.

first-order Bessel function of the first kind. r is
radial distance measured from the optical axis of
the image plane, that is r =

x i2 + y i2 。

The lens system is equal to a lowpass filter. The
cutoff frequency is different on different off-focus
situations. The cutoff frequency increase when the
image plane moves to focal plane. From spatial
domain, the point source turns into a spot of some
size on the image plane to influence each other.
From frequency domain, the loss of high frequency
makes the details of image blurring.

The focusing curve is obtained after the calculating
focusing value is normalized with Gauss algorithm.
The discussion is as follows:
(1) The curve of the gray scale variance changes
mildly and have no distinct extremism; the curve of
the gray scale entropy have extremism, but the
curve doesn’t have uniqueness.

ALGORITHM OF MEASURING DIAMETER
Animal fiber’s longitudinal shape likes strip, and
the border basically likes parallel line. So we put
forward a fast method to measure the diameters,
which takes full use of the contour characters.

(2) The curve of SMD and Tengrad operator meet
with unbiasedness, uniqueness, single meanings. Its
change is obvious, especially in the extremism
position. It is convenient for searching the position
for it has no breaking point.

Figure 3 simulates the longitudinal image. It must
be the corresponding point Z2 to the point Z1 for
diameter measurement. Deepened on geometrical
relation ，If ∠B Z1 Z2＝∠D Z2 Z1， the length of
Z1Z2 is the diameter through this point.. The point
pair Z1Z2 is called a fiducially pair.

(3) The curve of Lapal operator changes sharper
than the curve of SMD and Tengrad operator,
especially obvious in the extremism position,
which is convenient for searching the position.
Lapal operator is very precise near the focal plane.
But It may have local extremism far off focal plane.
(4) The curve of SMD is similar to the one of
Tengrad operator, and its simplicity is better than
the Tengrad operator. It also is calculated faster
than Lapal operator.

FIGURE 3. Imitating the animal fiber contour.

(1) Discretionarily to choose a point on either
border, on above principal, to find the
corresponding point on opposite border. The two
points is called a fiducially pair.
(2) Any fiducially point can be select as the starting
point for diameter measuring. Every a certain
number pixels, the fiducially pairs can be obtained
base the same method.
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FIGURE 4. A sequence of focusing image.

FIGURE 6. Mountain climbing focusing strategy.

MEASURING DATA
The values of Table I are the measuring data by the
above-mentioned methods.
TABLE I. Measuring data of cashmere and wool diameter
Type
Cashmere 1
Cashmere 2
Cashmere 3
Wool

Sample
Diameter Averaged
numbers
range
diameter Variance
/piece
/μm
/μm
102
9.21～20.35
14.41
2.03
101
9.85～23.12
15.20
3.01
16.12
4.53
103
9.55～27.30
7.07
108
15.19～28.35 20.17

In practical measuring process, A broad Becke line
may be appear at interface between fiber’ borders
and immerging reagent. The fiber shape is near
column, and the focus depth is shallow. The above
reasons influence the measuring precision.

FIGURE 5. Contrast of focusing curve.

Grounded on the above analysis, the SMD is
satisfied with real-time automotive focusing system
for it is calculated fast and exactly.

CONCLUSIONS
In this article, an automotive measuring system for
animal fiber is introduced, the auto focusing
technology, the key part of which is detailed
interpreted. Based on the sequence of focusing
images, the curve of different focusing criteria is
obtained, and the SMD is selected as the criteria for
animal fibers. After analyzing of the practical
focusing procedure, the focusing strategy is
improved to reduce the focusing distance and
improve the speed. Grounded on the fiber’s
longitudinal shape, the corresponding points for
diameter measuring are decided by included angels.
This method uses fiducial pairs to quicken the
measuring speed.

FOCUSING STRATEGY OF MICROSCOPIC
IMAGE
The focusing strategy of microscopic image is
commonly adopted mountain climbing strategy
(MCS), which is approached step by step [8]. The
focusing direction and position is decided by the
focusing value on the different position.
The ordinary focusing procedure starts far from
focal position, but in practice, the start point can be
fixed on the up-surface of slide to focus the first
image. The position can be supposed unchanged
for the slide is standard. By this way the deciding
number can be decreased and the focusing time is
reduced greatly.

The method measures up to the national standard,
but the measuring precision is influenced by the
Becke Line. It is needed further improved. The
method also can be used to measure other textile
fiber with smooth contour.

For the limit of microscope field view, Many an
image is needed for a sample. When the first image
is focused, the consecutive images don’t need the
same procedure. The movement in object plane has
little influence on focusing direction. It is only need
fine focal adjusting to decrease the focusing time.

FUTURE WORK
This research was an initial study of auto-focus
technology for textile fibers. Because of fibers light
refraction and fibers fineness, the focal plane needs
additive criteria for fine focusing to decided. This
must be addressed before the system is fully
automatic.
- 682 -
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ABSTRACT
In this paper, silk fibers are tested fast by CSIRO SIROLAN-TENSOR for the strength-elongation property of
the fiber bundles; the synthesis of tensile curves and the typical tensile curves are analyzed.
The influences of the gauge length to the correlative tensile parameters of the fiber bundles are investigated;
the new parameters such as end-of modulus (AM) in the fracture region were put forward. Results showed
that as the gauge length increases, the elongation of the peak value and the specific strength of the fiber
bundles present a downward trend; as the gauge length increases, the specific work of the fiber bundles, the
specific work before the peak point, the specific work after the peak point, the initial modulus and the end-of
modulus in the fracture region increase; the relationships between the end-of modulus in the fracture region
and the initial modulus of the fiber bundles are inverse correlation; the individual differences of four fibers
like polyester, wool, cotton and raw silk in descending order are polyester> wool> cotton> raw silk; the
advantages stand out when fibers of better straightness such as silks a tested for the strength test of tow fibers.
Key words: Gauge length; Raw silk; Bundle strength; Fracture zone attenuation modulus;
Tenacity-extension curve
thefiber bundles test of raw silk is a choice of
saving time and labor.

INTRODUCTION
Silk’s comprehensive mechanical properties, due to
huge rigidity , upper strength and definite ductibility

In this paper, silk fibers were tested fast by CSIRO

in the direction of long axis, overmatch the usual

SIROLAN-TENSOR for the strength elongation

synthetic fibers’[1], gaining wide attention in the

property of the fiber bundles.

[2],[3]

recent years

.People try to have a knowledge of

the relationships between the structure and the

In theory, the strength elongation property between

property of the silk protein, then build the bridge

the yarn and textile and the non-weave fabric can be

between biological macromolecules and synthenic

estimated when the yarn is twisted and the weaving

[4][5][6][7]

.Usually, the stress–strain curve of

resistance of the textile ,the different directions of

the degumming monofilament is very different,

the non-weaving fibers and the friction among

because of individual differences, especially in the

fibers are introduced. Thus, the test of the strength

polymers

[8]

aspect of the breaking elongation .In addition, it is

elongation property of the fiber bundles is more

necessary to test the strength of raw silk , because

close to the mechanical expression of the yarn,

the pre-stretching during the degumming and the

fabric

introduction of many unpredictable factors may also

preparation and the test of the test of the strength

lead to the poor reproducibility and even doing

elongation property of the fiber bundles are

damage to silk fibroin unavoidably. Actually,

convenient .It not only has rapid speed, strong

or

non-weave

fabric.

The

sampling

representativeness and firm data, but also backsteps
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the strength elongation property and distribution
[9],[10]

characteristics of single fibers

(1) The gauge and the tensile property of the fiber

.And there are
[11],[12]

partial reports in the researches of wool

bundles

.In

Figure 1-4 is the reflection of the influence of the

addition, in terms of the speed and the actual effect,

different gauge length to each index.

it is suitable to the evaluation of the fibrous
mechanical properties in commerce and industry.

During the experiment, it is difficult to attain the
zero gauge because it is bound to some distance

MATERIALS

between the grippers and it is impossible for the

Raw silk of 2.27tex made by a domestic factory,

edge of the rip to attain the right angle. Adversely,

polyester staple fibre of 1.54 dtex made by a

the minimum gauge of SIROLAN-TENSOR is

chemical fiber plant in Jiangsu, cotton of 1.37dtex

0.1mm; what’s more, it is nearly impossible for the

made by a cotton mill , wool of 4.5tex made by a

fiber to have no moving along the edge of the rip. In

domestic factory.

other words, the actual gauge length is longer than
the gauge length in name. Thereby, during the
actual test, there is a modification of 1.8mm to the

EXPERIMENTAL
Test the strength of the fiber bundles of raw silk,

gauge length in name. Especially, in terms of the

with eleven gauge lengths of 0.1、0.2、0.3、0.5、1、

test of fibers like wool with very high curls, the

2、3.2、5、10、15、20 mm, at the tensile rate of

modification listed above should be paid more

10mm/min.

attention during the sampling preparation and the

(1)

Each

length

is

tested

ten

data processing.

times ,obtaining BS，BE，BM，AM，BEnA，BEnB
separately, and getting the average value. AM is the
slope of the fracture region of the tail of the curve,

From figure 1, as the gauge length increases, the

used for the asynchrony of the fracture of the fiber

elongation of the peak value of the fiber bundles of

bundles. As AM increases, the asynchrony of the

the raw silk decreases. The line formula is

fracture of the fiber bundles increases, otherwise it

y=37.03-0.81x, and the correlation coefficient is

decreases.

R=-0.9; as the gauge length decreases, the influence

And

the

calculating

formula

is

(E-Slope/Tex)100L0

of the slip of the fibers to the breaking elongation
increases. The calculating formula of the peak

(2) Test the strength of the fiber bundles of raw silk,

elongation of the fiber bundles is

polyester, wool, cotton, with the gauge length of

BE =

3.2mm, at the tensile rate of 10mm/min. Each
length is tested ten times ,obtaining BS，BE，BM，

Δl
l0

（1）

AM，BEnA，BEnB separately, and getting the

It is known that if the slip value of the fiber bundles

average value.

⊿l is constant ,then with l0

Line density of fiber bundles of（450±100）tex,

decreases, and thus ,it is concluded that the longer

outage rate ≤1%, tensile rate of 10mm/min, auto

the gauge length, the shorter BE is.

increasing, BE

stop ≥400N, gripper distance of 0.1mm, minimum
strength＞5N, sampling intervals of 250 ms gripper

From figure 2, as the gauge length increases, the

pressure of 600Pa, temperature of （20±2）℃;

specific strength BS of the fiber bundles of the raw

relative humidity of（65±2）%

silk doesn’t have obvious rules. The calculating
formula is y=33.956-0.008x, and the correlation

The investigation of the relationship between the

coefficient is only -0.058 .Especially, in the

length gauge of the raw silk and the

situation of the small gauge length, the fluctuation

parameters

of the specific strength BS of the fiber bundles of
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the raw silk is great, and the likely reason is that in

relationship between the gauge length and the gross

the situation of the small gauge length ,the

fracture work is a direct proportion.

inconsistency of the sampling preparation of the
fiber bundles leads to the fluctuation of the specific

20

strength BS of the fiber bundles of the raw silk.
25

There is a relationship among the specific strength

30

fiber

bundles

and

the

history

of

y=37.03-0.81x
R=-0.9

BE

BS of the fiber bundles, the loading method of the
being

35

loaded ;during sampling preparation, the pretension
40

force of the fiber bundles which is gained by the
grip of the pretension force and manpower is quite

45

complex; when the air folder is closed, it may lead
-2

to the inclination of the fiber bundles though they

0

2

4

6

8

10

12

14

16

18

20

22

Gauge Length(mm)

are originally combed straightly, and it may also
lead to the accidental elongation or compression of
the fiber bundles. When the line density of the fiber
bundles is low, the pretension force is relatively

Figure 1 GL-BE

large; in addition, when the line density is high, the
distribution of the pretension force may be not quite
35.5

by manpower also differs with people, all the

35.0

factors listed above have a influence of the result of

34.5

the test of the strength of fibers. As a result, during

34.0

BS

even; the pretension force of the fiber bundles given

the test, the pretension force given to the fiber

y=33.956-0.008x
R=-0.058

33.5

bundles should be as even and moderate as possible.

33.0

With the increase of the gauge length, the specific

32.5

strength BS of the fiber bundles of the raw silk

32.0

presents a little downward trend as a whole, which

-2

can be explained by the weak section theory by
increase of the gauge length, the chance of the
increases, thereby, the decline of the strength of the

2

4

6

8

10

12

Gauge Length(mm)

Pierce. According to the theory by Pierce, with the
appearance of the weak sections of the single fibers

0

Figure 2 GL-BS

fiber bundles.
From figure 3, the relationship between the gauge
length and the gross fracture work is a direct
proportion. The line formula is y = 0.444+0.066x,
and the correlation coefficient is 0.989. The reason
is that the antiparalled β-sheet chains which array in
the direction of long axis of the silk fiber gets
relatively straighten and it does well to the increase
of the elongation, therefore, it is concluded that the
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14

16

18

20

22

wider the breaking region of the fiber bundles is,
the flatter the latter half of the tensile curve of the

2.0

fiber bundles is, thus, resulting to the larger end-of
1.5

modulus (AM) in the fracture region; The smaller

y=0.444+0.066x
R=0.989

BW

the breaking asynchrony of the fiber bundles is, the
narrower the breaking region of the fiber bundles

1.0

is, the steeper the latter half of the tensile curve of
the fiber bundles is, thus, resulting to the smaller

0.5

end-of modulus (AM) in the fracture region. figure
-2

0

2

4

6

8

10

12

14

16

18

20

22

Gauge Length(mm)

5 reflects the relationship between the gauge
length and the end-of modulus (AM) in the
fracture region; when the gauge length is small, the
influence of the fibrous degree of curls to the

Figure 3 GL-BW

breaking elongation of the fiber bundles is big,
thus ,when the gauge length is small, the

2500

fluctuation of the end-of modulus (AM) in the

2000

fracture region is big; in general, with the increase
1500

of the gauge length, the end-of modulus in the

BM

y=11.9672-1.2590x+5.5284x^2
R-Square=0.9980

fracture zone of the tensile curve of the fiber

1000

bundles increases; by the weak section theory,

500

because there is a big difference between the
0

natural fibers and with the increase of the gauge
-2

0

2

4

6

8

10

12

14

16

18

20

22

Gauge Length(mm)

length, the possibility of the appearance of the
weak section increases, thus, the differences of the
breaking elongation of each fiber increasing,

Figure 4 GL-BM

thereby

,leading

to

the

fibrous

breaking

asynchrony. So, a new referring index obtained is
Figure 4 the influence of the different gauge length

the difference of the sampling fibrous property of

on the tensile property

the fiber bundles.
Four different fibers, like polyester, wool, cotton

(2) The comparison of the end-of modulus (AM) in

and raw silk, are tested at a tensile rate of

the fracture region

10mm/min and a gauge of 3.2mm, for the
relationship of BM and AM which are reflected in

The property of the tensile curve doesn’t be paid

figure 6. From this figure, with the increase of BM,

any attention in the general research, but in fact, it is

AM decreases. The concrete explanation of it is that

very important, because each fiber among the fiber

the larger the initial modulus is, the smaller the

bundles breaks in different time, and there is a great

end-of modulus in the fracture zone is and the

relation between the shape of the curve after the

smaller breaking asynchrony of the fiber bundles.

strength peak value and the breaking asynchrony of

Thus, the breaking asynchrony of four fibers in

the fiber bundles .Therefore, end-of modulus (AM)

descending order is

in the fracture region of the tensile curve of the fiber

Polyester >Wool>Cotton>Silk

bundles is used for reflecting the breaking
asynchrony of the fiber bundles. The bigger the
breaking asynchrony of the fiber bundles is, the

From this relationship, it is extrapolated that the
individual difference among four fibers, polyester
ranks first, then wool, then cotton and silk ranks last.
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What’s more, it proves that it is advantageous for

the fiber bundles and the specific strength turn a

the fibers of comparatively well straightness such as

downward trend ,while the breaking work of the

silk to test the strength of the fiber bundles. In

fiber bundles, the breaking work before the peak

addition, the curl of wool is comparatively regular

point, the breaking work after the peak point, the

and

length

initial modulus and the end-of modulus in the

appropriately, the measuring errors caused by

fracture region increase; the relationships between

partial curls can be eliminated.

the end-of modulus in the fracture region and the

through

adjusting

the

gauge

initial modulus of the fiber bundles are inverse
correlation；the breaking asynchrony of four fibers
like polyester, wool, cotton and raw silk in

0

descending order is polyester >Wool>Cotton>Silk,

-200

AM(cN/Tex)

that is to say, the individual differences of four
-400

fibers in descending order are polyester> wool>
y = -407.004*x^(-0.233)
R^2 = 0.5565
a
-407.00385
±51.9247
±0.07677
b
-0.23318

-600

cotton> raw silk. Because the influence of curls to
the test of the strength of the fiber bundles is big,

-800

the advantages stand out when fibers of better
-1000
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straightness such as silk are tested for the strength
test of tow fibers.

Figure5 GL-AM
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Figure6 GL-AM

RESULTS AND DISCUSSION
According to the discussions listed above, the
tensile curve of the silk fiber bundles can be
roughly divided into three main parts. Three parts
are initial elastic region, deformation zone of yield,
tail fracture zone and two dividing points are yield
point（YP）
，peak point（PP）；Among them, tail
fracture zone is the most meaningful and typical. As
the gauge length increases，the peak elongation of
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ABSTRACT
Based on image processing, cluster analysis is applied in this study to identifying lyocell and cotton fibers. First
of all, two indirect parameters are established by the factor analysis. Secondly, the three-dimensional surface of
probability and the distribution map of probability density are established. Finally, according to the contour lines
and distance, the clusters of lyocell and cotton fibers in the distribution map of probability density are
segmented. The experiment showed that the accuracy of auto-identification is above 95 percent.
Key words: lyocell and cotton; three-dimensional surface of probability; the distribution map of probability
density
origin six direct parameters by the factor analysis
INTRODUCTION

[1][2] (See Fig.2). F1 and F2 are the two new

In this study, an effectual pattern recognition

indirect parameters for the recognition of fiber types.

method, cluster analysis was put forward to improve

They gained the excellent independence in the

the accuracy of auto-identification for lyocell and

Component Score Covariance Matrix.

cotton. Firstly, two indirect parameters are extracted
by

the

factor

analysis.

Secondly,

the

three-dimensional surface of probability and the
distribution map of probability density are obtained
by the sample observations of the two indirect

FIGURE 2 Component Matrix of six parameters

parameters. Finally, according to the contour lines
and distance conception, the identification for

ANALYSIS OF INDIRECT PARAMETERS

different types of fibers is achieved by the cluster

A three-dimensional space can be constructed for

analysis. The detailed procedures of this study are

indirect parameters analysis where the X and Y axes

illustrated in Fig. 1.

represent the values of F1 and F2, respectively, and
the Z axis represents the probability of the
placements of sample observations. The two
different

fibers

have

distinctively

different

probability distributions in the F1 and F2 space (See
Fig.3). Therefore, the identification or classification
of Lyocell and cotton fibers can be achieved by
separating these two connected surfaces [3] [4].
FIGURE 1 Schematic diagram of cluster analysis

FACTOR ANALYSIS
Two indirect parameters, F1 and F2 are
extracted in the form of linear combinations of the
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Probability contour lines of two types of fibers are
obtained by statistical method, which are used as
scale of distance segmentation for confirming
segmenting line. In our study, the probability
contour lines of lyocell and cotton fibers are
composed from 1 to 20 grades, (5 percent
probability as one grade).
FIGURE 3

Probability curved surfaces of lyocell and cotton in

In accordance with probability density of lyocell

three-dimensional space

and cotton fibers in the distribution map, two

For an unknown fiber sample, the two indirect

profiles, represent two types of fibers respectively,

parameters can be calculated using the F1 and F2

can be segmented into two distinct regions, but

equations, and plotted in the X-Y plane (Z=0). Then,

subsection of them are overlapped (See Fig.4). So

the point can be projected on the three-dimensional

an appropriate segmentation line (curve) need be

surfaces of probability of lyocell and cotton fibers

established for the classification.

along the Z-direction, and the corresponding

In three-dimensional curved surfaces of probability,

probability of the fiber can obtained. If the

lyocell and cotton fiber presents the obvious

probability surfaces of lyocell and cotton fibers are

upheaving performance like two peaks, which

segmented in the three-dimensional space, the two

means the profiles of two types of fibers can be

types of fibers can be definitively distinguished.

segmented based on the probability contour lines

However, the surfaces often have overlapping tails,

[4].

increasing the ambiguity of the classifications.

In this study, according to distance classification in
pattern recognition, cotton and lyocell can be

CLUSTER ANALYSIS

distinguished as followings:

The segmentation of the two probability curved

(1) On the lowest contour level (0 grade) of the

surfaces is just like seeking a valley between two

distribution

adjacent mountains (See Fig.3). In order to

segmentation line is fitted by the points, which meet

distinguish two types of fibers more easily, the

same distance to the 1 grade contour line of both

three-dimensional curved surfaces of probability are

cotton and lyocell fibers;

map

of

probability

density,

the

projected on the X-Y plane (Z=0) and the

(2) In the remaining level, intersections in

distribution map of probability density is obtained

same grade-level lines of cotton and lyocell are

(See Fig.4).

connected one by one from low to high, until certain
two intersections are in the same level.
Through the methods, the segmentation line of
the lyocell and cotton fiber are obtained, see the
green point-line in Fig.5.

FIGURE 4

The schematic diagram of probability density

distribution map
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fitting algorithm for better stabilization, but this
method is not applied in the paper.
CONCLUSIONS
This paper discussed the cluster analysis for lyocell
and cotton fiber identifications. The two indirect
parameters with independence are extracted from the
six fiber characteristic parameters by the factor
analysis.

The

probability

contour

lines

are

established by the three-dimensional probability
distribution surface and the distribution map of
FIGURE 5

the segmentation line of the lyocell and cotton fiber

probability density. The segmenting line is obtained
by the distance classifications. The experimental

EXPERIMENTS AND DISCUSSIONS

results demonstrated the method achieved the 95%

Through experiments, the cluster analysis has

accuracy in identifying lyocell and cotton fibers.

achieved an excellent identification effect with
accuracy of more than 95 percent. Experimental
results show that the new method not only can
identify lyocell and cotton fibers with high accuracy,
but also presents good stability to random
samplings.

Average

accuracy

rates

of

the

auto-identification experiment are shown in Table
1.
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ABSTRACT
Existing methods used to identify Tencel and Modal fibers are either inefficient or unstable. In this paper, a new
physical method was proposed to identify Tencel and Model fibers quickly and accurately by using the
polarized optical microscope (POM). When observed under the POM, Modal and Tencel fibers each present
characteristic colors as well as their internal structures, surface morphologies and the configurations, and thus
they can be identified quickly and correctly. In addition, with the help of high voltage electrostatic technology, a
group of cellulose fibers can be tested simultaneously within a view. This further improves the test efficiency
and makes it possible to test the blend ratio of blended cellulous fibers. The experiments have proved that it is
rather easy and fast to distinguish Tencel and Model fibers from a group of cellulous fibers using the POM
based method. Further more, this method is implemented by complete physical processes, thus it is truly
environmental friendly.
KEY WORDS
Tencel fibers; Modal fibers; fiber identification; polarized optical microscope (POM); high voltage electrostatic
technology
In this paper, a new method was proposed to
identify Tencel and Model fibers quickly and
INTRODUCTION
accurately by using the polarized optical
Regenerated cellulous fibers, mainly Tencel and
microscope (POM). When observed under the
Model fibers, developed rapidly since 1990s
POM, Tencel and Modal fibers each present
because of their excellent wearing characteristics
characteristic images and thus can be identified
and especially better mechanical properties than
quickly and correctly. In addition, with the help of
traditional cellulous fibers. In addition, the
high voltage electrostatic technology, a group of
environmental friendly production and degradation
cellulose fibers can be tested simultaneously within
processes of Tencel and Modal fibers make them
a view, which further improves the test efficiency
popular around the world. However, the wide
and makes it possible to test the blend ratio of
commercial application of various kinds of
blended cellulous fibers.
cellulous fibers challenges the traditional fiber
testing methods [1].
EXPERIMENTAL METHODS
Tencel and Model fibers, together with other kinds
Fiber Identification Based on the Polarized
of cellulous fibers like bamboo, soybean protein
Optical Microscope
Using traditional optical microscopes, a trained eye
and rayon fibers, contain the same chemical
can identify the Tencel/Modal fibers according to
components. Thus identifying each kind of these
some longitudinal and traverse characters [2-4].
fibers become rather a hard work. Usually the
But these characters are not so obvious that it
combination of the tradition methods including
commonly turns out to be a time consuming task to
microscope observing, burning, dyeing and
check fibers under microscopes especially when
chemical solubility has been used to distinguish
the objective fibers are a group of blended fibers.
different kinds of cellulose fibers [2-4]. However,
However, the polarized optical microscope can just
all these methods suffer from inefficient and
simplify the process.
unstable when treating various kinds of cellulous
fibers. And it is much more difficult or almost
The polarized optical microscope is a special kind
impossible to test the components and blend ratio
of optical microscope with extra polarizer and
of blended samples containing two or more kinds
analyzer, which make it an important investigative
of cellulous fibers with traditional methods.
tool in identifying materials with anisotropic and
Therefore, new methods are needed to correctly
birefringent properties. Different types of fibers,
due to the variance of intra-molecular and interand efficiently identify different kinds of cellulous
molecular structures and the variance of degree of
fibers, mainly Tencel and Modal fibers.
molecular orientation and crystallinity, perform
quite different birefringence, thus present various
- 693 -

colors when observed under the POM. According
to this, the POM can be used for fiber identification
[5]. In this research, the POM was used to
distinguish Tencel and Modal fibers from different
kinds of cellulous fibers.
Batch-fiber Test with the High Voltage
Electrostatic Technology
When observed under the POM, the objective fiber
shall be turned around in the view till it lies along
the direction of ± 45° off the polarizer/analyzer
when we get the brightest image of it. That means,
if more than one fiber shall be tested by the POM,
they must get paralleled. In this research, the high
voltage electrostatic technology [6] has been
adopted successfully to obtain paralleled fiber
samples for POM test.

(a)
(b)
FIGURE 2. The image of a Tencel fiber observed under the
POM with the fiber lying along the direction of (a) 45° and (b) 45° off the polarizer/analyzer respectively

The fiber samples are first cut into small and
formal pieces and then get paralleled on effect of
the high voltage electrostatic field. The paralleled
fiber samples are further fixed on glass slides and
observed under the POM so as to obtain clear fiber
images. The batch-fiber test surely improves the
efficiency of this method.

(a)
(b)
FIGURE 3. The image of a Modal fiber observed under the
POM with the fiber lying along the direction of (a) 45° and (b) 45° off the polarizer/analyzer respectively

The characteristic images of Tencel and Modal
fibers observed under the POM are clearly shown
in Fig.2 and Fig.3. It can be found that both Tencel
and Modal fibers exhibit a kind of skin-core
structure, which can be identified just by the
change of colors or the variation in color depth
throughout the fiber diameter. And it is also found
that the core structure of the Tencel fiber is much
thicker than the Modal fiber, which just coincides
with the relatively higher crystallization and more
consistent orientation of polymer molecules in
Tencel fibers than Model fibers.
Most importantly, either Tencel or Modal fibers
presents unique kind of colors when it is tested
under the POM. Tencel fibers exhibit a kind of
light blue (45°) and orange (-45°) colors (Fig.2),
while Model fibers present light yellow (45°) and
light blue (-45°) colors (Fig.3). The difference in
images, most importantly the colors, can just reflect
the difference in internal structures of Tencel and
Modal fibers. And accordingly, we can distinguish
the Tencel and Modal fibers quickly and correctly
using the POM (Fig.4).

FIGURE 1. The Polarized Optical Microscope used in this
research

The polarized optical microscope (Alphaphot-2
YS2) (see Fig.1) used in this research was offered
by College of Material Sci. & Eng. of Donghua
University. And the high voltage electrostatic
generator (DZ140VA) was offered by Shandong
Xinfeng Flocking Co., Ltd. The single
Tencel/Modal fiber (from Guangzhou Fiber
Product Testing Institute) was first tested, and then
a group of blended fibers including Modal, soybean
protein and rayon fibers (from the Textiles Testing
Lab. of Donghua University) were tested.
RESULTS AND DISCUSSION

FIGURE 4. Images of a Tencel fiber and a Model fiber observed
under the POM: left-Tencel; right-Model
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polarizer or analyzer, it is really noticeable in
Fig.5-6 that most fibers lie along the directions
within ±8° departing from the theoretical direction,
but they still present rather clear and characteristic
images. In fact, it is truly hard to arrange soft and
somewhat crimpy textile fibers to be completely
paralleled. Thus, the clear images of fiber samples
under the POM (see Fig.5-6) prove that the POM
based method can practically be used to test tens or
even hundreds of fibers at a time with the help of
the high voltage electrostatic technology.

Using this method, it is not only that the Tencel and
Model fibers can be easily distinguished from each
other, but also they can be identified amone
blended cellulous fibers. Fig. 5 shows the image of
a group of cellulous fibers tested under the POM,
where the fibers lay along the direction of 45° off
the polarizer/analyzer, and Fig.6 shows the image
of these fiber samples tested under the POM with
the fibers lying along the direction of -45° off the
polarizer/analyzer.

CONCLUSION
The experiments have proved that the polarized
optical microscope can be used to identify Tencel
and Modal fibers correctly and accurately. When
observed under the POM, Tencel and Modal fibers
present characteristic surface morphology as well
as the unique kind of colors, which make it much
easy to distinguish the fiber from other kinds of
fibers. In addition, by adopting the high voltage
electrostatic technology, a group of fiber samples
can be tested at a time under the POM when they
are paralleled in view. This greatly improves the
efficiency of this method and makes it possible to
test the blend ratio of blended cellulous fibers.

×400

FIGURE 5. Blended fiber samples observed under POM (45°).
From left to right: the 1~2 are modal fibers, the third fiber is the
soybean protein fiber, and the 4~8 are rayon fibers

The POM based method can be expanded to more
general kinds of fibers testing and identifying.
Compared with traditional approaches, this new
method has special advantages of high efficiency,
high
precision,
and
most
importantly
environmental friendly. Therefore, it shall be a
promising method for fiber testing.

×400
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FIGURE 6. Blended fiber samples observed under POM (-45°).
From left to right: the 1~3 are modal fibers, the fourth fiber is
the soybean protein fiber, and the 5~7 are rayon fibers

The distinct characteristics of each objective fibers
that can be easily discerned and compared under
the POM shall include the colors, diameters,
surface morphologies and configuration of the
fibers. It can be found in Fig.5-6 that under the
POM, we can easily distinguish the Modal fibers
from other kinds of cellulous fibers like soybean
protein fibers and rayon fibers. The characteristic
colors of modal fibers shall be the first and
important mark that promotes the identification.
Besides, compared with soybean protein and rayon
fibers, the relatively larger diameter, straighter
configuration, smoother surface, as well as the
clear skin-core structure of Modal fibers could
further confirm our determination.
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ABSTRACT
A system of automatic fabric image processing is developed to analyze knitted fabric structures. Fabric images are
captured with a CCD camera through the NI 1450. The digital images are processed by histogram equalization, smoothing,
edge tracking and FFT transform. Fabric construction parameters such as fabric density,

fabric cover are measured using

the new approach and manual methods. Results obtained with the system show good correspondence with experimental
values.

Keywords: image analysis; knitted fabric; construction parameters
than the woven fabric. Last, the dimension of the
INTRODUCTION

knitted fabric is flexible.

In recent years, the technology of image processing

So an automatic structure analysis system using

systems has been applied to inspections in the fabric

image process techniques is developed to try to

industry, for instance, fabric texture analysis, fabric

analyze knit structures. To confirm the validity of

defects, fabric fuzz and pills, etc. However,

the results, we have also made a manual structure

analyzing knitted fabric structure to measure these

analysis and compared the results from the system

parameters still mainly depends on manual work.

with the experimental values.

Moreover, the results may not be reliable due to
variations in testing methods, instruments or the

SYSTEM CONFIGURATION, IMAGE

operator’s experiment. Many researchers have

ANALYSIS AND IMAGE PROCESSING

worked on this aspect. Bugao Xu [1] used the FFT

In order to find a method for automatic structure

method to analyze the structural characteristics of

analysis of the knitted fabric parameters, we have

woven fabric. Tae Jin Kang [2] used two kinds of

developed a system consisting of a CCD camera, a

images, the transmitted and the reflected, to analyze

lighting device, and a PC as the image analyzing

weave patterns. Also he applied Gaussian filtering

device. Figure 1 shows the sketch map of the

and histogram equalization to evaluate fabric

configuration of the image analyzer system used in

construction parameters such as count, cloth cover,

this study. A BSLER A600f CCD camera captured

yarn crimp, fabric thickness, and weight per unit

fabric images. A hand-operated zoom lens was

area [3]. Jeanette M. Cardamone [4] used the image

attached to acquire magnified images. For the

histogram, the line profile and the FFT to gain the

lighting devices, a circular CCS LED lamp was used

information of fabric cover, yarn spacing, and yarn

for reflective light and a plane CCS LED lamp was

skewness.

used for transmissive light. The NI 1450 was

But most researchers focus their minds on the woven

connected to the PC by a standard CAT 5 Ethernet

fabric and the knitted fabric is not involved. For the

cable and connected to the CCD through the IEEE

reasons, fist, the twist of yarn used in the knitted

1394 cable. The program for the necessary image

fabric is low and the fuzz is serious, so it is hard to

processing and image analysis was developed using

gain the ideal digital images. Second, the

Windows XP with Microsoft Visual C++ 6.0 as a
software development tool.

construction of the knitted fabric is more complex
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of fabric density (image c, d, e, f in Figure 2).
Method of projecting detect was used to gain the
information of wale density (image g in Figure 2)
and course density (image h in Figure 2).

(a)

(b)

(c)

(d)

Fig1. Image analyzer system configuration

Because of the inherently flexible nature of knit
structures, it is crucial to select the specimen. To
capture clear images of fabric, we chose the fabric
which had been finished and combined transmissive
with reflective light to minimize the effect of fabric
color or fuzz in images. The spatial resolution of
captured images was 800 × 600 pixels and the
captured images were converted to 8bpp, 256 gray
levels, to enhance the analyzing speed.
Several techniques were used to process images for
this

study,

including

filtering,

histogram

equalization, threshold, image segmentation and
image detection. Filtering was applied to minimize

(e)

(f)

noise in the image. Histogram equalization and
threshold were used to enhance image contrast.
Image segmentation and detection were performed
to extract useful information in the specific regions.
EXPERIMENTAL WORK
Fabric density

(g)

(h)

Knitted fabric density is defined as courses and

Fig2. Automatic measurement of density in a plain knitted fabric:

wales per unit length. The image was captured using

(a) original image, (b) power spectrum, (c) filtering, (d) sharpen, (e)

the reflective light (image a in Figure 2). The Fast

histogram,(f) threshold segmentation, (g) projecting in the

Fourier Transform is useful when analyzing the

horizontal direction (h) projecting in the vertical direction

periodic structures of the image. Image b in Figure 2
shows the Fourier power spectra. From this image, a
few strong peaks characterize regular texture which
is the information of the fabric density and weak
peaks around the center characterize the irregular
texture. Then we applied the filtering, sharpen,
histogram and threshold to enhance the information

Fabric cover factor
Fabric cover is defined as the ratio of the area
occupied by yarns to the total fabric area. In a
transmissive image, yarns appear to be dark and
spaces appear to be light. In order to calculate the
fabric cover, the images were converted to black
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and white binary by selecting the adaptive value as

RC1

Rib

cotton

the threshold. The pixels that were the same or

RC2

Rib

cotton

brighter than the threshold value were converted to

RP1

Rib

polyester

white and the darker pixels to black. The ratio of the

RP2

Rib

polyester

number of black pixels to the total number of pixels

IP1

interlock

polyester

was calculated as the fabric cover factor in the

IC1

interlock

cotton

image. Figure 3 is an example of fabric cover factor

IP2

interlock

polyester

measured using this algorithm.

IC2

interlock

cotton

The results from our automatic structure analysis
system and the experimental values are compared in
Figure 4. The fabric wale density and course density
measured by this system are very close to the
experimental values. For fabric cover factor, our
results with the system correspond with the
experimental values as a rule. However, this method
(a)

is not used to the fabric which the transmissive light

(b)

can not pass through.
Experimental
Automatic fabric analysis
80

Wale density (courses/5cm)

70

(c)
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RESULTS AND DISCUSSION
Course density (wales/5cm)

In order to compare the results from the automatic
fabric processing system developed in this study
with experimental values, we made a manual
analysis of the structure of selected fabric samples.
Specifications of the samples used in this study are
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shown in Table I.
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Table I Fabric sample specifications.
Sample
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Pattern
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PC1

Plain

cotton

PP1

Plain

polyester
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Plain

polyester
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Plain

cotton
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correspond well with the experimental values.

Experimental
Automatic fabric analysis
100

REFERENCES

Fabric cover factor (%)

80

[1]Bugao Xu, Identify Fabric Structures with Fast
60

Fourier Transform Techniques [J], Textile Research
40

Journal, 1996,66:496-506
[2]Tae Jin Kang and Chang Hoon Kim, Automatic

20

Recognition of Fabric weave Patterns by Digital

0
1

2

3

4

5

6

7

8

9

10

11

12

Image Analysis [J], Textile Research Journal,

PC1 PP1 PP2 PC2 RC1 RC1 RP1 RP2 IP1 IC1 IP2 IC2

1999,69:77-83

(c)
Fig 4. Comparison of results obtained with the automatic structure

[3]Tae Jin Kang, Soo Hyun Choi and Sung Min Kim,

analysis system with experimental values: (a) wale density, (b)

Automatic Structure Analysis and Objective

course density, (c) fabric cover factor

Evaluation of Woven Fabric Using Image Analysis
[J], Textile Research Journal, 2001,71:261-270
[4]Jeanette M. Cardamone, William C. Damert, John

CONCLUSIONS
We have developed a system to measure knitted

G. Phillips, et al, Digital Image Analysis for Fabric

fabric parameters with image analysis techniques.

Assessment [J], Textile Research Journal,

Fabric construction parameters such as fabric

2002,72:906-916

density and fabric cover factor are measured
automatically by analyzing fabric images captured
by a CCD camera and preprocessed by filtering,
threshold segmentation and image detection. The
results

of

the

automatic

structure

analysis

- 700 -

Comparison on Morphological Characteristics and Tensile
Property of Some Modified Wool Fibers
Yan Cao*, Yuan Xue
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ABSTRACT
Some Physical and chemical modification technologies for wool fiber were introduced in this article. In terms of
comparison on morphological characteristics and tensile property of some modified wool fibers. The author
managed to provide some references for the development of wool product.
KEY WORDS: Modified wools; Mechanical properties; Structure; Morphology
INTRODUCTION
Some wool fiber modified technology was used to
improve the milling, felting, pilling, and urtication
of woolen fabric. Currently wool modification
technology
mainly
includes
weight
loss
modification technology, weight gain modification
technology, and the composite technology of weight
loss and weight gain modification. In order to
explore the changes of morphological and
mechanical properties of wool fiber, various types
of wool fibers were modified by the above three
methods and the mechanical properties were also
tested.

FIGURE 1. Cross section picture of SLS195

APPROACH
The four kinds of wool fibers and corresponding
modification method were shown in Tab. I. The
fiber diameter was tested by CU series fiber linear
density analyzer. The morphology of fibers was
observed by JSM5610-LV scanning electron
microscope. The tensile strength of fibers was
tested by LLY-06B electronic single fiber strength
tester.
Sample
Ordinary Wool
Ningbo Lihua SLS195
Ningbo Lihua SW195
Ningbo Lihua BL195

FIGURE 2. Cross section picture of SW195

Treatment Method
Untreated
Mercerizing
(Weight Loss)
Chloride-Resin
(Weight Loss and Weight Gain)
Basolan
(Weight Gain)

TABLE I. Samples and corresponding treatment methods

RESULTS AND DISCUSSION
The cross section of the four kinds of samples was
observed by optical micro photograph, the results
are shown in Fig. 1-4. We found that all the
samples’ cross section is circular before and after
modification.
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FIGURE 3. Cross section picture of BL195

FIGURE 8. SEM photo of ordinary wool

FIGURE 4. Cross section picture of Ordinary Wool

The length direction morphology of four samples is
shown in Fig. 5-8. The results indicate that the three
kinds of treatments destroy the wool scales in
different degrees comparing with ordinary wool.
The destroy degree sequence of modification
methods is Mercerizing > Chloride-Resin >Basolan.

The linear density test of the four kinds of samples
is shown in Tab. II. It can be seen from the table
that linear density all decreases after modification
treatments.
Sample
SLS195
SW195
BL195
Ordinary Wool

Average
Diameter (μm)
18.8
19.34
19.06
21.3

Diameter
CV (%)
19.10
19.57
19.0
19.48

Table II. wool fiber linear density test results

The mechanical properties of four samples were
shown in Tab. III. It can be seen that the breaking
strength and breaking elongation of SLS195 is
higher than that of ordinary wool. The breaking
elongation and initial modulus of SW195 is higher
than that of ordinary wool. The initial modulus of
BL195 is the highest among the four kinds of
samples.

FIGURE 5. SEM photo of SLS195

FIGURE 6. SEM photo of SW195

Sample

Breaking
Strength
(cN/dtex)

Breaking
Elongation
(%)

Initial Modulus
(cN/dtex)

SLS195

1.792

40.376

18

SW195

1.454

41.94

19.8

BL195

1.501

38.842

21

Ordinary
Wool

1.655

39.948

19

Table III. Single wool fiber strength test results

CONCLUSIONS
The destroy degree sequence of mercerized wool
scales is Mercerizing treatment> Chloride-Resin
treatment >Basolan treatment treatment. Linear
density decrease of wool fiber after being modified
by Mercerizing treatment is 12 percent, and the
tensile properties greatly improved. Small part of
the scale tip is removed as for Chloride-Resin
treated wool, its linear density reduce by about 9
percent. The breaking strength of treated wool
fibers decreases. The breaking elongation and initial
modulus increase after being modified. After
Basolan treatment, the scale tip become obtuse, and
the damage of wool fiber is less.

FIGURE 7. SEM photo of BL195
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ABSTRACT
Hypophosphite as a reducing agent and the effects of the NiSO4 concentration on the chemical composition of
the electroless copper plating on polyester fabric were investigated in this study. The results show that at a
higher NiSO4 concentration, the copper content in the coating decreases and nickel content increases slightly.
Particle sizes of Cu deposits increases with the rise of NiSO4 concentration. It was found that the deposited
copper particles were crystalline structure on the surface of polyester fiber according to X ray diffraction
analysis. Additionally, an increase in electromagnetic interference (EMI) shielding were developed with an
increase of Ni2+ in the electroless plating solution. The results contributed to the improvement in EMI shielding
effectiveness using additive nickel ions in electroless copper plating on polyester fabric.
Key words: Electroless copper plating; polyester fabric; micro-structure; electromagnetic interference shielding.
INTRODUCTION
Nowadays, electromagnetic radiation is becoming
the fourth harmful matter in addition to the noise,
water and air pollution. Electromagnetic interference
is a well-known problem in commercial and
scientific electronic instruments, antenna systems
and military electronic devices [1]. As is well known,
electromagnetic interference shielding is in critical
demand due to the increasing sensitivity and the
interference between digital devices. Human being
look for not only safety work and proper
communications,
but
also
the
healthy
electromagnetic environments particularly. It is
obvious that there is a critical need for developing
effective EMI shielding materials and their potential
applications in recent researches [2]. In general,
textiles have been coated with aluminum, copper,
silver and nickel for functional materials as well as
preventing electromagnetic interference. The
currently developed metal coating techniques include
metal foil laminating, conductive paints and lacquers,
sputter coating, vacuum deposition, flame and arc
spraying, and electroless plating [3-6].
Among them, electroless plating is probably a
preferred way to produce metal-coated textiles. The
electroless deposition method uses a catalytic redox
reaction between metal ions and dissolved reduction
agent. With remarkable advantages, such as low cost,
easy formation of a continuous and uniform coating
on both sides of substrate with complex shape,
electroless plating can be performed at any
nonconductive textile and any step of the production,
such as yarn, stock, fabric or clothing [12].

With regards to the high conductivity of copper,
electroless copper plating on fabrics has been studied
in treatment process and resultant EMI shielding
effectiveness [7-9]. The conventional process of
electroless copper deposition uses formaldehyde as
the reducing agent [10]. Nevertheless, formaldehyde
is listed as a carcinogen. Electroless copper plating
using sodium hypophosphite as the reducing agent in
place of formaldehyde is attractive because of its low
pH, low cost, and relative safety, compared with high
pH formaldehyde-based solutions [11,12]. However,
the hypophosphite-based electroless copper plating
process is complicated because copper is not a good
catalyst for the oxidation of hypophosphite resulting
in little or no plating on a pure copper surface. One
approach to catalyze the oxidation of the reducing
agent is to add nickel ions (or other metal ions) to the
plating bath, resulting in a very small amount of codeposited nickel particles in the deposit layer. The
nickel serves to catalyze the oxidation of
hypophosphite
enabling
continuous
copper
deposition [13,14]. However, the effect of additive
nickel concentration on microstructure and properties
of the electroless copper plated fabrics have not yet
been reported in the open literature.
The objective of this paper is to investigate that
copper is electroless plated on polyester fabric using
hypophosphite as a reducing agent and nickel as
mediator. Influences of additive nickel concentration
on composition, surface morphology, crystal
structure and electromagnetic interference (EMI)
shielding effectiveness of electroless copper plated
polyester fabric were studied.
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EXPERIMENTAL
Plain weave 100% polyester fabric (47×40 counts
/cm2, 84g/m2) in white color was used in the study.
All chemicals were of analytical purity.
Electroless copper plating was carried out through
multi-step processes, including pre-treatment,
sensitization, activation, electroless copper plating,
post-treatment for stopping copper reduction.
All of the fabric samples underwent pre-treatment
before electroless plating. They were washed with
5% detergent at room temperature for 20 minutes
and then rinsed thoroughly in deionised water.
Surface sensitisation was conducted by immersing
the samples into an aqueous solution that contained
10 g/L stannous chloride and 40 mL/L hydrochloric
acid (38%) at 25°C for 10 minutes. The samples
were then rinsed in deionised water and activated by
immersing them in a solution that contained 0.5 g/L
palladium chloride and 20 mL/L hydrochloric acid
(38%) at 25°C for 10 minutes. They were then rinsed
in a large volume of deionised water for more than
five minutes to prevent contamination of the plating
bath. The samples were subsequently immersed in
the electroless copper plating bath. The bath was
composed of 10g/L CuSO4·5H2O, 0.8-1.5g/L NiSO4,
20g/l Na3C6H5O7,30g/l H3BO3 and 30g/L
NaH2PO2·H2O. In the post-treatment stage, the
samples were rinsed with deionized water at 40℃ for
20 minutes and dried in an oven at 60 °C. All the
copper-plated fabrics were conditioned in accordance
to the ASTM D1776-04 before measurement.
A field emission scanning electron microscope (SEM,
JSM-6335F at 3.0 kV) was used to characterise the
surface morphology of the Cu deposits, and their
chemical composition was determined via an energy
dispersive X-ray (EDX) attached to the SEM. The
crystal structure of the deposits was investigated
using X-ray diffraction (XRD, Cu Kα radiation and a
graphite filter at 40 kV and 40 mA).
EMI shielding effectiveness (SE) was obtained
according to ASTM D 4935-99 by using a vector
network analyser (Agilent-E8363A) equipped with a
synthesised frequency source and a scattering
parameter (S-parameter) test set over a frequency
range of 10 MHz to 20 GHz.
RESULTS AND DISCUSSION
Deposit composition
Chemical composition of the electroless copper
deposits at different nickel ions concentration in the
plating bath is shown in Fig. 1. The results showed
the prominent presence of copper within the coating.
A small quantity of nickel was existed in the coating.
The deposit of electroless copper plating using
hypophosphite as the reducing agent is actually Cu–

Ni alloy. The copper content in the coatings
decreases and the amount of nickel increases slightly
with a higher NiSO4 concentration. The Cu is
preferentially deposited because its reduction
potential is greater than that of the Ni, as follows.
Phosphor is not observed in the deposits. The
phenomenon is explained that the reduction potential
of phosphor is greatly lower than that of Cu and Ni
which inhibits the reduction of hypophosphite [15].
0
Ni 2+ + 2e − → Ni [E25°C = -0.25V],

Cu2+ + 2e− →Cu [E25°C 0 = 0.340V] and
0
H 2 PO2 2 − + e → P + 2OH − [E25°C = -1.82V].

(1)
(2)
(3)

Figure 1. Elemental composition of Cu plated polyester fabrics at
different NiSO4 concentrations (a) 0.8g/L, (b) 1.0g/L, (c) 1.5g/L.

Surface morphology
The surface morphology of the Cu deposits was
investigated with SEM. The SEM micrographs of the
Cu plated polyester fibres at the different nickel ions
concentration are presented in Fig.2. It was obvious
that particles size increases at higher nickel ions
concentration. From them, it was found that
aggregated particles are formed on the substrate
which
exhibit
interesting
porous
micro–
nanostructure. The film is composed of loosely
stacked copper. With more careful observation, it can
be seen that some particles aggregate together to
form larger nanoblocks. When the concentration of
NiSO4 was 0.8g/L, the surface of copper sheet is
nanoporous structures but the size of the nanoblocks
which are composed of the aggregates is in the range
of 100–200 nm (Fig. 2a). However, when the
concentration of NiSO4 increased to 1.0g/L, more
nanoblocks were formed and the average size of the
nanoblocks which were composed of the aggregates
increased to 150–300 nm, which formed less porous
structures (Fig. 2b). When the concentration further
increased to 1.5g/L, it was found that the average
size of the nanoblocks which were composed of the
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aggregates increased. The quantity of the porous
structure decreased accordingly (Fig. 2c).
(a)

Based on the XRD results, the crystal sizes of the
coatings were determined from the broadening of the
diffraction peak by employing the Scherrer formula
as expressed by equation (4):
t=

nλ
B cos θ

(4)

where t is the crystal size, λ is the X-ray wavelength
corresponding to Cu Kα radiation (0.154056nm), θ is
the diffraction angle, B is the full width half
maximum (FWHM) of the diffraction peak at 2θ, and
n is the Scherrer constant as 0.89 [17]. According to
the Scherrer equation, the average sizes of copper
particles were 26.68nm, 27.85nm and 30.70nm with
respect to the Cu (111) main peak for 0.8g/L, 1.0g/L
and 1.5g/L NiSO4, respectively. Therefore, the
results indicate that particles grew at higher NiSO4
concentration.

(b)

(c)

Figure 2. SEM micrographs of copper plated polyester fabrics at
different NiSO4 concentration:(a) 0.8g/L; (b) 1.0g/L; and (c)
1.5g/L.

Crystal structure
Fig. 3 shows the XRD patterns of Cu plated
polyester fabric with various nickel content. The The
four major strong characteristic peaks of the copperplated polyester sample at 2θ=43.4°, 50.3° ，
74.2°and 90.1° corresponded to the crystal faces of
(111), (200), (220）and (311) of copper, respectively.
The XRD patterns identified by the PDF card of the
JADE-SCAN software revealed that the deposited
copper film exhibited a characteristic face-centred
cubic crystalline structure, implying that the copperplated polyester fabrics had a perfect conductivity
property. High Cu (111)/ Cu (200) ratios were
observed in the as-deposited samples, indicating that
the Cu films manifest the preferred (111) orientation.
The copper films with a higher (111) texture were
preferred for their higher reliability against electromigration and lower electrical resistivity [16]. The
ratio of Cu (111)/ Cu (200) is 3.06 for 0.8g/L, as
shown in Fig. 3(a). Fig. 3(b) and (c) shows that the
Cu(111)/Cu(200) ratio increases to 3.37 and 3.48 as
the NiSO4 concentration increases to 1.0g/L and
1.5g/L, respectively.

Figure 3. XRD patterns of copper-plated fabrics at different
NiSO4 concentrations: (a) 0.8g/L, (b) 1.0g/L, (c) 1.5g/L.

Shielding effectiveness
The EMI shielding effectiveness value expressed in
dB is calculated from the incident to transmitted
power ratio of the electromagnetic wave, as shown in
the Equation (5):
SE = 10 log

P1
E
= 20 log 1
P2
E2

(decibels, dB),

(5)

where P1 (E1) and P2 (E2) are the incident power
(incident electric field) and transmitted power
(transmitted electric field), respectively [18].
Fig. 5 shows the shielding effectiveness (SE) of Cu
plated fabrics with different concentrations of NiSO4
in the plating bath. This EMI shielding effectiveness
increased with higher NiSO4 concentrations due to
an increase of the weight of the deposits. The
electromagnetic shielding effectiveness of Ni-P
plated polyester fabric ranges from 35-60 dB at the
frequencies from 10MHz to 18GHz. According to
Schelkunoff’s theory, better fabric conductivity leads
to a higher level of SE. This indicates that the Cu
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plated polyester fabrics obtained in hypophosphite
bath can effectively attenuates the penetrability of
electromagnetic waves. Hence, the electroless Cu
plated fabric is practically useful for many EMI
shielding application requirements.

[2] Y. L. Yang, M. Gupta, K.L. Dudley, “Towards
cost-efficient EMI shielding materials using carbon
nanostructure-based nanocomposites”,
Nanotechnology, 18, 2007, 345701.
[3] Innovation 128, Technology Trend,
Electromagnetic Interference shielding-A Materials
Perspective, Innovation 128, S. A. Paris, 1996.
[4] J. Scholz, G. Nocke, F. Hollstein et al.,
“Investigations on fabrics coated with precious
metals using the magnetron sputter technique with
regard to their anti-microbial properties”, Surface &
Coatings Technology, 192, 2005, 252– 256.
[5] S.Q. Jiang, C.W. Kan, C.W.M. Yuen et al.,
“Electroless Nickel Plating of Polyester Fiber”,
Journal of Applied Polymer Science, 108, 2008,
2630–2637.

Figure 5. Shielding effectiveness of Cu plated fabrics with
different NiSO4 concentrations: (a) 0.8 g/L; (b) 1.0 g/L; and (c)
1.5g/L.

CONCLUSIONS
The study reported herein the investigated electroless
plating of Cu onto polyester fabric using
hypophosphite as a reducing agent.
The chemical compositions, surface morphology,
crystal structure of the Cu deposits at different NiSO4
concentrations in plating bath were analysed. The
results show that at a higher NiSO4 concentration, the
copper content in the coating decreased slightly,
whereas the nickel content slightly increased and the
phosphor is not detected. The surface morphology of
the Cu deposits shows increased sizes of aggregated
Cu particles with the rise of NiSO4 concentration.
The XRD patterns indicate that Cu plated polyester
fabrics were crystalline. In addition, there is an
increase in their EMI shielding effectiveness with an
increase in the Ni2+ concentration of the solution as a
result of the greater weight in the deposits. These
results suggest that electroless Cu plated polyester
fabric has potential applications as an EMI shielding
material.
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ABSTRACT
The objective of this research is to predict of cotton yarn quality by building a BP neural network. Training the
neural networks used HVI test results of cotton and USTER TENSOJET 4 test results of yarn. The best neural
network topology is 10-5-4. The error between the predicted values and the output values of the neural networks are
acceptable. The result showed the proposed method has the capacity to predict the cotton yarn quality.
Keywords: cotton yarn;quality prediction; artificial neural network;BP neural network
INTRODUCTION
Obviously yarn predicted from cotton fiber properties
which depended largely on the subject judgment cannot
give a stable and reliable result, and even waste time
and cost. If we predict yarn quality properties from
fiber properties, there is benefit to avoid wasting and
improve the speed of react to market change for textile
enterprises,
Artificial neural networks have received much attention
recently. It had applied to a wide range of problems
successfully. Very few instances pertaining to the
application of neural networks in the process of yarn
manufacture have been reported so far[1][2].
Artificial Neural Networks
The artificial neural networks (or ANN) is new frontier
subject which develops based on the neuroscience
research's newest achievement. Artificial neural
networks are information processing models inspired
by human brain. It simulates the structure and the
function of the human brain neural network by the
engineering technology method. It uses the massive
nonlinear parallel processor to simulate the human
brain many neurons and the crisscrossed nimble
connection simulates synapse behavior between the
human brain neuron. When Neural networks dealing
with the issue, it does not need the precise
mathematical model. By variable structure and strong
learning capability, Neural networks adapts to various
factors in the external environment gradually. And then
it revises own behavior unceasingly and achieves goal
of solving the question finally.
Essentially, the artificial neural networks are one
nonlinear and dynamic system in massively parallel.
This technology already applied in chemistry, biology,
transportation, finance, and in some industrial field,
which demonstrates the good application prospect[4].

The artificial neural networks have hundred kinds. Ten
of them are commonly used including radial basis

function, Hopfield neural network, BP neural network
and so on. Although there are difference in structure
and the performance among them, they have general
character.
Back propagation is a common method of teaching
artificial neural networks. It is iterative-gradient
algorithm that is designed to minimize the mean-square
error between the output and the actual ones[3].
The process of building neural networks
training date process
Generally, it is not affected neural networks itself by
training sample's data format, unit or range. But they
affect the neural network study speed, the study
precision and the network architecture complexity in
the practical application. Data processing decided
whether the network to solve the question successfully.
The training sample took as Test data. It achieves the
forecast the goal through training neural networks. Not
only does it achieve the accuracy in range of training
date, but also it can forecast reliable values of a
variable outside a known range. The data which are
used for training should be normalized to a certain
value range.
Training neural networks
Training network uses the specific algorithm to train
the network. The network restrained after iteration. The
precision met the need finally. After the network
training, each connection weight was determined.
The analysis of the error of Predicted and measured
values
To test the model’ accuracy in wide range need select
amount of sample date before normalized it. These data
are put into the neural networks, and calculate the
network output values according to weight of networks.
Finally, Make comparison between predicted and
measured values.
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EXPERIMENTAL
Data preparation
In our research, 45 sets of data were measured and
recorded. They are all results for 80s yarn from the
history database between 2006 and 2007 of a cotton
mill. From these 45 sets of data, 36 lots were selected
at random to serve as the learning set for the neural
network. The residual nine sets of data recorded were
used as a test set and never used during training the
neural networks.
Fiber properties were measured using the high volume
instrument (HVI) testing system manufactured by
Ulster Technologies. Micronaire （ MIC ） ,Maturity
（Mat）,upper half mean length（Len）,Uniformity
（ UNF ） ,Short fiber （ SFI ） ,Strength （ Str ） ,
（ EIG ） ,reflectance degree （ Rd ） ,yellowness
（+b）,Neps（Neps）are included. In this network,
they are adopted as input nodes. A statistical summary
of cotton fiber properties are given inTable
I．Summary statistics for fiber properties Table I. SD
and V represent standard deviation and variance
respectively in the following tables.
Table I．Summary statistics for fiber properties
Range
V
Mean
SD

Min

Max

MIC

4.10

0.09

0.01

0.40

3.85

4.26

Mat
Len

0.92
34.63
86.35
6.97
39.92
6.44
75.88
8.73

0.01
1.28
1.33
1.14
2.62
0.55
4.31
1.68

0.00
1.64
1.78
1.30
6.89
0.30
18.55
2.81

0.04
4.11
4.10
3.38
8.30
2.03
12.03
4.12

0.90
32.73
84.72
5.05
35.77
5.51
68.50
7.03

0.94
36.83
88.82
8.42
44.07
7.54
80.53
11.15
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strength（CN） of cotton yarn was measured using
USTER
TENSOJET
4.
Yarn
Unevenness
（CV%）,Neps(+140%)，Neps(+200%) were tested
by Uster Evenness Tester. Four of them are served as
output nodes. Table showed a statistical summary of
cotton yard properties. YU and YS represent yarn
unevenness and yarn strength respectively.

Table II. Summary statistics for yarn properties

YU

Mean

SD

14.22

1.28

V

Range

Min

Max

1.63

4.55

11.60

16.15

1199.07

144.01

1343.08

244.80

38.49

283.29

193.85

161.45

355.30

+140

622.59

324.08

+200

159.14

74.80

105027.
17
5595.19

YS

229.38

64.74

4191.37

Neural network Design
The Neural Network Toolbox provided within the
MATLAB programming environment was used to
build neural networks. The neural networks used three
layers, because each additional layer increases the
computational burden exponentially[5].
For the number of hidden node is obtained through
formula 1, as follows
S =

(m1 + m 2) + a

(1)
Where S denotes the number of hidden nodes, and m1
and m2 are the number of input and output neurons,
respectively, a is a constant between 1 to 9.
According to the equation, the theoretical value of
hidden layer neurons can be adjusted from 3 to 9.
Comparing the value of R with different hidden
neurons for the same prediction model, the best number
of hidden-neurons was 5. The value of the target error
was 0.01. The structure of the neural networks was
showed in Figure 1

Figure 1 The structure of the neural network

RESULTS AND DISCUSSION
The 9 predicted test sample were used to predict after
training BP neural network. Figure 3 shows the
correlation coefficient (R is the correlation coefficient)
between the predicted and test value were 0.950, for all
four output nodes. Specifically, the correlation
coefficients between the predicted and test values were
0.974(strength), 0.947(yarn unevenness), 0.951(thick
place 140%), 0.939 (thick place 200%), the
corresponding correlate between measured values and
predicted values showed in Figure 5 to Figure 8. It
could be seen the network system was able to predict
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steadily with a good coefficient of determination and
small average error.
The more comparison of various performances was
shown in Table III.
Table III. Summary statistics for predicted error

Mean
Sd
Min
Max

YU

+140

+200

Ys

0.238674

105.6666

24.01559

18.57145

0.307351

71.78137

7.868996

18.42701

0.027252

1.019256

12.44848

0.271706

1.009502

209.7188

34.67523

51.64313

Therefore, the neural network could be adopted the
cotton yarn in certain error range.
Figure 4 Predicted and measured yarn unevenness

Figure 2 Predicted and measured quality properties

Figure 3 Predicted and measured strength

Figure 5 Predicted and measured thick place 140%

Figure 6 Predicted and measured thick place 200%
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CONCLUSION
First, Artificial neural network were studied to
predict the quality of yarn. It was found the error
between the predicted and test value was small. ANN
can be as a tool to predict the quality of the cotton yarn.
Second, the prediction performance of strength can be
realized and was better than thick place (+200%).
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ABSTRACT
Based on a review on the research achievement on fabric formability, a fully new testing method for fabric
formability—heading-ball method is proposed. It can evaluate fabric formability according to its shape adapting
to a heading ball and the wrinkling degree. It can also record the stress-displacement curve of the heading ball.
Research shows that this curve is closely related to fabric’s mechanical property and can characterize fabric
formability. Finite element software ABAQUS is used to simulate heading-ball method. The simulated stressdisplacement curve is in accordance with that obtained from experiment, which demonstrates the established
constitutive equation for woven fabric is in agreement with actual case and is helpful to the development of base
cloth.
KEYWORDS: Fabric, Formability; Heading-ball method
(1.2m) and rush to the fabric. Fabric is forced to
encapsulate the surface of spherical model with the
effect of impact force generated by small steel balls
along with constraint caused by an outside encloser.
The wrinkling degree on fabric surface reflects its
formability. Since falling-ball method has some
impacting property and there is certain disparity
from actual case, on basis of this, a more
reasonable testing method for fabric formabilityheading ball method is proposed here.

1 INTRODUCTION
Fabric formability is referred to as the ability of
fabrics to form a certain shape without wrinkles [1].
In addition to sliding ability, adjusting ability of
shearing angle between yarns, tensile and bending
properties of yarns, it also depends on load
magnitude, the way load acts and load velocity
applied on fabric.

2 Research Statuses on Fabric Formability
At present, study on fabric formability is primarily
focused on aspects such as analysis on forming
principle, forming experiment and forming
simulation. The three main research approaches are
described as follows:
(1)From fabric shearing properties,
deformation mechanism is investigated.

3 Study on the experimental device and testing
method of heading ball method
3.1 Conception of the experimental device
The basic requirements of experimental device for
fabric formability can be concluded as:
(1) The samples are subjected to uniform,
controllable and random deformed constraint force;

fabric

(2) The compelled deformed force acting on
sample and deformed displacement can be
measured;

(2)From fabric drapeability, forming effect under
its own weight is investigated[2].
(3)By a hemisphere molding test, fabric is stamped
by a specially made hemisphere and is forced to
deform under a high stress, then fabric formability
can be reflected by its forming appearance over a
molded hemisphere [3,4].

(3) Discrimination is good for fabrics with different
formability.
3.2. Testing principle and process
(1) Device structure
The device as shown in Figure 1: 1 is a check ring
with 65mm diameter which is used to avoid the
steel balls to roll to the round hole at center of the
plate and keep the sample neat. 2 is a steel ball; 3 is
a plate with a round hole with 63mm diameter

A device and approach–falling-ball method. for
testing fabric formability which authors of this
paper take part in research is introduced [5]. Its
testing principle and process is: When electric
valve is triggered, a great number of small steel
balls (about 320) fall down from a certain height
- 713 -

convenient for the spherical model to pass through;
4 is a sample; 5 is a spherical model with 60mm
diameter; 6 is a force sensor, its measuring range is
100N, resolution is 0.01N.

a. Initial period b. wrinkle starts c. middle
period d. wrinkling situation of Fmax
Figure 2 Fabric wrinkling process

Figure 1 Experimental device of heading ball
method
（2）Experimental principle and process
The sample, small steel balls and check ring are put
as Figure 1. The check ring is uplifted lightly and
put aside before test. During test, the turbine
rotates and drives the lead screw to ascend. Thus
the sensor and spherical model (heading ball) move
upward slowly to head the test sample. As the
heading ball ascends, the sample coats the heading
ball surface gradually. When the heading ball
continues to move upward, wrinkles begins to
occur in fabric surface and gradually increase, as
shown in Figure 2. Fabric formability can be
judged according to its wrinkling degree, the
heading ball’s displacement and its subjected
pressure. When the heading ball begins to contact
the fabric, its arising displacement and subjected
pressure can be recorded. Besides, its
displacement-acting force curve can be plotted
according to specific needs, as shown in Figure 3

Figure 3 The displacement-action force curve
of heading ball
（3）Influence factors and experimental results
From experiment, we can find the amount of small
steel balls, heading ball size and sample size will
affect experimental results. The diameter of steel
ball is 5mm, the total weight is 5kg and the
diameter of the sample is 300mm.
The displacement-action force curve of sample 1
and 2 are shown in figure 4 and 6 respectively. And
the heading ball formed shape of five fabrics of
sample 1 and 2 are shown in figure 5 and 7
respectively. Through observation and comparison
among figure 4, 6, 5 and 7, the heading ball
displacement-action force curve and forming shape
for the same sample are accordant while for
different samples are different. It is demonstrated
that this method has good repeatability and
discrimination.
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Figure 4 The heading ball displacement-action
force curve for five fabrics of sample 1

Figure 7 The deformation of five fabric of
sample 2
The action force-displacement curve of the heading
ball can reflect fabric formability Therefore, it can
be used to characterize fabric formability which
has close relation with fabric architecture. The
relevant data of sample 1 and 2 is show in Table 1.
Table 1 The relevant data of sample 1 and 2

Sam
ple

Warp/
weft
fab
linear
ric
wea density
ve （Nden
）

Warp/we
ft
density(/1
0cm)

Fib
er
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e

Sam
ple
weig
ht
(g/m
2)

Sam
ple 1

1/4
twil
l

180/90

675/314

nyl
on

141

Sam
ple 2

pla
in

162/32
4

352/275

nyl
on

184

Figure 5 The deformation of five fabric of
sample 1

Figure 6 The heading ball displacement-action
force curve for five fabrics of sample 2

wrinkling shape can be token, shown as Figure 8.
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effect on devel
formability.

Figure 8 Schematic illustration of wrinkle
shape description

oping

fabrics

of

superior

Figure11 Stress-displacement curve at central
node 2

4 Finite element simulation of heading ball
method
Finite element software ABAQUS is used to
simulate in this paper. The simulation model of
heading ball device is shown in Figure9. Fabric
deformation in heading ball simulation is shown in
Figure 10.
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Figure 10 Fabric deformations in heading ball
simulation
Several representative points such as a central node
in fabric are selected and their stress change with
displacement is analyzed, shown in Figure 11. We
can see the stress subjected by the central node
gradually increases as the heading ball moves
upward and it is fundamentally in agreement with
experimental results. This method has positive
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ABSTRACT
Temperature response of multi-layers fabrics is the thermal performance to the heat from environmental
stimulus. Experimental analysis methods have been used to explore the effect of Multi-layers fabrics sequence
on the temperature response in unsteady-state testing. We use two-layer fabrics to test the temperature response.
The different temperature response data are analyzed, explained, and compared. Moreover, the reasons of the
different results of temperature gradient are discussed by establishing a model; both the heating surface and the
difference of inherent component thermal conductivity are the reasons of the multi-layer’s different temperature
responses; we will use two steps to explain the process of the heat transfer in unsteady-state testing.
INTRODUCTION
The main function of fabric is the heat retaining
property, which keeps the heat from transferring to
ambient air or prevents the heat flux from the
atmosphere into the human bodies. As we all know
that maintaining a constant body temperature is the
aim of the fabric, so the temperature response is a
very important factor when choosing the materials to
make our fabric.
Multi-layer fabric has been used for many years
because of its good thermophysical properties, and
many researchers did much work on the transient
temperature response of composite slabs. Lamont, S.
[1]tested the composite and got many interesting data.
The effect of thermal conductivity, slab thickness,
convection coefficients and moisture content will
change the measured temperatures. De Monte, F. [2]
measured
the
temperature
response
in
one-dimensional composite slab, and he paid
attention to the effect of the surrounding air
convection. Sugiyama, S. [3]’s modeling the
unsteady-state
methods
and
the
unsteady
dimensionless heat conduction in composite slabs
were solved numerically by using the finite element
method under the boundary conditions ,including the
contact resistance between the layers. De Monte, F.
[4]also analyzed the inherent temperature response
of the composite.
Until now, the effect of the multi-layer fabric
sequence for temperature response has never been
discussed. So in our paper, we will assemble three
different two-layer fabrics by three materials. The
unsteady-state method[5], which is more rapid and
more precise than the steady-state method, will be
used as our temperature collecting device while we
get the discrepancy temperature response by

different sequences. Heating surface will be the main
factor of the discrepancy, and we will use two steps
to explain the process of the heat transfer in
unsteady-state testing.
UNSTEADY-STATE METHOD
The principle of the unsteady-state method is shown
in Figure 2. The specimen is cut into three pieces.
The dynamic temperature field is generated by the
passage of the electrical current through a planar
electrical resistance made of thin metallic foil as the
heat source. Data acquisition module will record the
temperature to computer four times per second.
The response of the temperature T(x,τ) is measured
by a temperature sensor. Both the temperature sensor
and the heat source are placed between the cut
surfaces of the specimen and the distance between
them is x. Data acquisition module can transfer the
temperature field to computer.
The model of the method is characterized by the
temperature function[6]:
T ( x,τ ) =

2
q0
{ ( aτ )1/ 2 exp(− x ) − x erfc( x )
K
π
4aτ
2
4aτ

}

(1)

where q0 is the amount of heat supplied per unit area
of the heat source to the specimen (Wm-2), K is the
effective thermal conductivity (Wm-1k-1) ,a is the
thermal diffusivity (m2 sec-1), τ is the testing time
(sec), x is the position of the thermocouple (m) and
erfc (

x

)

4aτ
is the
T(x,τ) is the temperature field (K),
discrepancy function. Since we know the data in the
equation are from experiments, the ETC and the
thermal diffusivity can be calculated simultaneously.
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Heat source

last, we find that the heat density q0=20.6wm-2 is the
best one which the heat convection will be neglected
in the material for its low influence and can cause
temperature response, so we use q0=20.6wm- 2 in the
experiments.

Temperature sensor

X

V
I

II

III

Data acquisition
module

Computer

Specimen

FIGURE 1 The schematic diagram of unsteady-state test apparatus

EXPERIMENT METHOD
We have chosen different materials for test:
nonwoven, plain and pile knit fabric as fiber
materials which are discontinuous media (the test
parameters in TABLE I). The data of effective
thermal conductivity (ETC) come from the
measurement of the experiment[7]. For fiber material,
X is the average value of several measurements and
nonwoven is made by the process of heat bonding, so
fabric count does not exist and the hairiness is very
few. The surface of pile knit fabric is napping. The
sizes of three samples are the same size:
0.005 × 0.005m2.
TABLE I. the samples and test parameters
Sample
Thickness ETC
fabric
(mm)
count

fabric
weight
(g/m2)

X
(10-3m)

(N/10cm)
Nonwoven
Pile knit
fabric
plain

0.34
1.65

0.030
0.043

110 × 106

4.852
203.5

3.38
3.28

0.29

0.065

455 × 355

143.1

3.08

Generally, the fiber material is in sheet shape, and in
order to form the thickness up to 3.5cm, we need to
stack lots of fiber materials together to form a whole.
Due its flexibility, fiber material can be deformed by
even a small external force under a free condition, so
the material must be pressurized in order to gain a
stable thickness. The thermophysical properties of
fiber material are closely related to the external force,
because the density of material can be changed by
it[8], so the pressure must be determined by the test
requirement. The pressure P can be delivered to the
sample uniformly through the plate A. In this article
we used the same pressure of 792Pa for all samples
and didn’t make any further research on the selection
of the pressure value.

The testing program of samples and the schematic
diagram is shown in TABLE II and FIGURE 2.
Material A and B are arranged one by one, and both
of them have the same thickness. Then the
temperature response will be recorded into the
computer.

FIGURE 2 Schematic representations for transient heat
conduction analysis of a two-layer composite slab
TABLE II Testing program of samples
Sample
A
1
plain
2
Pile knit fabric
3
Nonwoven
4
Pile knitting
5
plain
6
Nonwoven

B
Pile knitting
plain
Pile knitting
Nonwoven
Nonwoven
plain

RESULTS AND DISCUSSION
Using devices introduced above in FIGURE 2, we
got the temperature field T(x, t) by unsteady-state
method.
Compare the different temperature rise
When the sample is constituted of plain and pile
knitting, as TABLE II shows that sample 2 is the
inverse structure of sample 1, the temperature
response is clear in FIGURE 3, we can see that the
two temperature rise curves are separated distinctly.
We also find that when the plain and pile knitting
contact with heat source, the plain temperature is
higher than pile knitting.

For unsteady-state method, in order to avoid the heat
convection of the fiber materials, we use different
heat density to verify the heat convection track. At
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the temperature response, but also the sequence of
the sample can. As FIGURE 6 shows, we establish a
model to explain the sequence parameter, we choose
two samples whose thermal conductivity are K1 and
K2 respectively (K1>K2). Heat transfer is divided
into two steps: the heat transfers from the heating
surface to the interface is the first step and from the
interface to the end is the second step, the same heat
flux Q acts on the left surface of the two-layer
material,
according
to
the
Fourier

1
2

Temperature gradient (K)

3.0
2.5
2.0
1.5
1.0
0.5
0.0

law,

-0.5
-50

0

50

100

150

200

250

300

350

400

Testing time(sec)

FIGURE 3 The temperature response of sample 1 and sample 2

To sum up, we can also get the same message that
the two temperature rise curves are separated
distinctly from FIGURE 4 and FIGURE 5 higher
temperature rise curve can be recorded when
nonwoven is close to the heat source for sample 3
and sample 6 respectively.
4
3

Temperature gradient (K)

2.5

2.0

1.5

ΔT =

Q × Δx
at the first step, because of
K

K1>K2, the temperature rise of interface 1 is faster
than interface 2, T1<T2. Then the second step may
change as a single-layer sample which the left
surface is T1 and T2 respectively and the right
surface are both T0. Owing to (T2- T0)> (T1- T0) and
K1>K2, according to Fourier law again

Q=

ΔT × K
that sample B transfers more heat
Δx

flux than sample A at the second step. So the higher
temperature response will appear in the temperature
sensor, and this means that sample B transfers more
heat flux into the surrounding air leading to the loss
of heat, and the decrease of the heat retaining
property. So the sequence of the multi-layer is a very
important parameter for temperature response.

1.0

0.5

0.0

-0.5
0

50

100

150

200

Testing time (sec)

FIGURE 4. The temperature response of sample 3 and sample 4
5
6

FIGURE 6 the model for the effect of temperature response

2.2
2.0

The temperature gradient of the samples is shown in
FIGURE 7 and every temperature spot in FIGURE 6
is the medium value of the 4 record values per
second which may be better to minimize the impact
of random errors. The temperature gradient of the
three difference values is T56 >T12 >T34, the thermal
conductivity discrepancy of nonwoven and plain is
the biggest.

Temperature gradient (K)

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
0

50

100
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200
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Testing time(sec)

FIGURE 5 The temperature response of sample 5 and sample 6

According to the result above, we can conclude that
not only the constituent of the multi-layers can affect
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FIGURE 7 the temperature gradient for samples (T12= Tsample2Tsample1, T34= Tsample3- Tsample4 and T56= Tsample6- Tsample5)

CONCLUSIONS
By comparing the temperature response of the 6
samples and the temperature gradient of them, we
know that the heating surface and the discrepancy of
inherent component thermal conductivity are the
main effects to the temperature change. For the
sample of component multi-layer fabric, the bigger
the thermal conductivity as the heating surface layer
is, the better the heat retaining property is. When we
choose material as the component of the composite,
we should choose the inherent component thermal
conductivity, which has a big discrepancy, to
improve the heat retaining property.
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ABSTRACT
As is a nature fiber, more and more attention paid to down because down clothing worn comfortable, light and
warmth. To use down more effectively in cold north, physicochemical property and wearing characteristics
studied in the paper. The structure performance and shape of down described briefly in the paper, at the basis of
experimental the physicochemical property and wearing characteristics were also researched and analyzed in
the paper, and their relations each other of down expounded, and the related quota and test methods of the
performance of down clothing elaborated. Finally the production performance quota which could influence the
process quality of clothing in the production of down clothing that should be attention summarized in the paper,
and best filling quantity obtained under the static condition without wind using flat-thermal meter, however
some content need to be improved in the experiment, the results still have important guiding significance on the
production of down clothing.
Key Words： Feather; physical property; chemical property; wearing characteristics
INTRODUCTION
Down is indispensable cold-protecting clothing in
winter. So it could be used and more conveniences
are brought to human life on the basis that the
performance of down should be know.
CONSTRUCTION PROPERTIES AND
MODALITIES OF DOWN FIBER

FIGURE 1. Flower-like down

Mature down could be divided into flower-like
down (See Figure 1), umbrella-like down (See
Figure 2), etc. according to modality. The fluffy
properties and warmth retention properties of down
are the best; compared with flower-like down every
performances of umbrella-like down are not better
than flower-like down. The section of down is
circular hollow, so down fiber are easy to fluff,
uneasy to stick, and the warmth retention property
is good. [1]
FIGURE 2. Umbrella-like down
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PHYSICAL PROPERTIES OF DOWN FIBER

Now the influences of humidity on fiber are

Physicomechanical property

analyzed from theoretical angle.

It can be shown compared with physicomechanical
properties of different protein fibers that tensile
property of down fiber is a little strong, the elastic
recovery rate of down fiber is worse than wool, but
better than silk, so down fabric has better wrinkle
resistance and iron-free property. The spinning
property is bad, but the issue could be solved by
increasing humidity. Flexibility of down is good,
and the softening properties and float properties of
fabric are well, so down fabric have unique style. [2]
Moisture sorption characteristics
The moisture sorption characteristics of down is

FIGURE 3. Hydroscopic constant humidity line

analyzed on the aspect of temperature and humidity
in the paper considering the wearing conditions of

It can be seen from hydroscopic constant humidity

down.

line in Figure 3, the moisture regain appears decline

(1) The influence of temperature on fiber moisture

trend with increasing of temperature when relative

sorption characteristics

humidity is low. Constant humidity lines tend to

① Experiment test

gently when relative humidity raise up. The

The moisture retention of down fiber is measured

moisture regain appears increase trend gradually

by fabric water shrinkage tester and electronic

when relative humidity is high. [3]

analysis balance in the experiment.
Other physical properties
② Results and discussions

The

rebound

elasticity,

thermal

extent

and

The experiment measures the weight grammage of

comfortable extent of down clothing are influenced

dried down and the bag on different temperatures.

directly by fluffy properties of down. And there is

The experiment also calculates the moisture

good linear relationship between fluffy degree and

retention and moisture regain of different down bag

warmth retention properties of down.

and down retention value of each sample bags.
Under normal temperature, water resistance of
It can be concluded from experiment that the

down is good, Surface tension of water must be

moisture regain of down is 8.073%, and moisture

declined to moisten down. It can be inferred that the

retention of down is 7.406%. It is close to the

surface critical tension of down fiber is low. [4]

moisture regain of down which is 8.133% at the
standard condition that t=20℃ and Φ=65%

Electrostatic could be generated by down fiber in

searched from related information.

friction wearing process, various adverse influence
are generated in using. [5]

(2) The influence of humidity on fiber moisture
sorption characteristics
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THE CHEMICAL PERFORMANCE OF

using permeating rate which is Bp, it is quantity that

DOWN FIBER

air pass through the unit area of fabric in unit time

The surface of down fiber is a layer of cell

under the condition the delivery head denoted as p

membrane composed with bimolecular layer of

maintained at both sides of fabric, the unit is

sterol and triphosphate. The inner layer of

mL/(cm2·s). The nature is flowing rapid of liquid. [7]

diaphragm is protein which is the main composition
of down fiber, called feather protein condensed with

Bp =

various amino-acid. [6]

V
AF t

(1)

Acid resistance of down is better than alkaline
resistance, chemical fixation role is played by

In the Eq. (1), V denote quantity that air pass

reductant on down, and original chemical bond

through the fabric in t seconds, the unit is mL. AF

could be re-formed.

denote the area of fabric, the unit is cm2.

Down fiber could not decompose after liquate when

Moisture vapor transmission

heating. The combustibility of down is lower than

Moisture absorbent method and evaporation method

cellulose fiber.

are used to measure the transmission quantity of
moisture vapor in fabric. Because down-proof cloth

–CO-NH- bond is weak bond of main chain of long

is high density fabric, the moisture vapor quantity is

chain molecule in feather protein molecule, it is

less, moisture absorbent method is better to

sensitive with sunlight effect. So the amido bond is

measure.

not stabilizing on the effect of ultraviolet in the
sunlight.

The warmth retention properties
Thermal insulation property is mainly measured by

The same with most protein fiber, down could also

YG606L plate thermal insulation meter at static

provide nutrient for microbe to grow and breed, so

condition, specific quota contains heat transfer

the stability of down on microorganism is not well,

coefficient, CLO value, carry-of heat quantity and

especially under the condition of wetness state and

thermal insulation rate. [7]

alkalescency environment.
(2) The result and discussion of experiment
THE WEARING CHARACTERISTICS

① Experiment result

As far as down clothing, the so-called wearing

It can be known from experiment that the quantity

characteristics of down is comfortable properties of

of thermal insulation quota of wadding is the

down clothing, which specifically contains air

quantity of thermal insulation quota filled in; the

permeability, moisture vapor transmission, water

change of the value is the change of thermal

resistance,

insulation value of filling material.

warmth

thermo-hydrosetting

retention
comfortable

properties
properties

and
of

fabric.

② The treatment and discussion of experiment data
The change curve of seven samples about heat

The air permeability

transfer coefficient, CLO value, carry-of heat

The air permeability of fabric is usually expressed

quantity and thermal insulation rate are analyzed as
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follows. (In figure 4 heat transfer coefficient is

could influence the process quality of clothing in

abbreviated as HTC, carry-of heat quantity is

the production of down clothing that should be

abbreviated as CHQ, and thermal insulation rate is

attention. There are some content needs to be

abbreviated as TIR.)

improved in the experiment. The best filling
quantity obtained under the static condition without

Chang of thermal insulation quota

wind using flat-thermal meter.

60
50
Value

HTC
CLO Value
CHQ
TIR

40
30
20
10
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CONCULDING REMARKS
The paper describe the morphological structure,
physical property and chemical property of down,
then elaborate related quota and test method of
wearing

characteristics

of

down

clothing,

summarize the production performance quota which
- 724 -

XRD/Raman studies of the structure of PAN-based
carbon fibers during heat-treatment
Cai Zetian, Yan Cheng, Shi Yanping, Wang Guangxue, Zang Peng, Pan Ding,
Wu Qilin*
State Key Lab. for Modification of Synthetic Fibers and Polymer Materials, Donghua
University, Shanghai 200051, China
wql@dhu.edu.cn

czt198511@mail.dhu.edu.cn

ABSTRACT
Raman spectroscopy has been used as a tool to monitor the micro-deformation of carbon fiber during
carbonization in this paper. Three samples, namely PAN-based pre-oxidized fiber (OC), low
temperature (800℃) heat-treated fibers (LC) and high temperature (1500℃) carbonized fibers (HC)
were investigated by Raman and XRD respectively. Raman spectra of the heat-treated fibers can be
separated as three bands (D, G and D′). The degree of disorder of the fibers can be measured by Raman
spectra parameter, such as the integrated intensity ratio in the form of R (ID/ IG) and ID/(ID+IG).In the
end, the tests revealed the disorder of the structure of the fiber at high-temperature carbonization still
holds 47.7% and the values of R decrease with the temperature increasing. In addition，through
studies of the crystallization and the orientation of carbon fiber by XRD, we find crystal size parameter
(La) and crystal thickness parameter (Lc) increase with the temperature increasing.
Keywords: Carbon fiber; Carbonization; Raman spectroscopy; X-ray diffraction
crystallite size effect and is more generally

1 INTRODUCTION
Raman

spectroscopy

has

been

a

major

attributed to a disordered carbon mode. The G

experimental technique to determine information

mode of graphite at about 1581–1585 cm-1 has

about the microstructure of various carbon

E2g symmetry and is related to the relative

materials. Tuinstra and Koenig first reported an

motion of sp2 bonded carbon atoms[2,6]. The D

empirical relationship between the crystallite

to G band intensity ratios are thus parameters to

size La obtained from X-ray diffraction (XRD)

quantify the degree of disorder in this type of

and the intensity ratio of the two major Raman

material.

bands in disordered non-graphitic carbons[1].

For XRD data of PAN-based carbons, the use of

Since then, innumerable studies on carbons

the Scherrer equation is the classical way to

using Raman spectroscopy were reported and

estimate the size of the crystallites La and crystal

several authors applied both XRD and Raman

thickness parameter (Lc)from the width of the hk

spectroscopy as complementary methods. With a

layer lines[3]. The X-ray diffraction traces

planar structure of graphite-carbon materials in

obtained with the bundles in the plane were used

general have two very strong bonds of Raman

to calculate the d002 [4], orientation and

spectra. The Raman spectrum of the first-order

crystallinity.

region (1000–1800cm-1) of the materials tested

In the present study, PAN-based carbon fibers

generally showed two main prominent peaks[2].

are

-1

The 1352–1355 cm

(D band) attributed to the

A1g mode, is rendered Raman active by a small

investigated

by

XRD

and

Raman

spectroscopy. Particular emphasis is put on the
data evaluation to obtain La and the Raman D/G
intensity
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ratio

estimating

the

structural

parameters.

gradually, and G peak increases gradually. If we
use ID and IG indicate the intensity of D and peak

2

(R= ID/ IG) respectively, we find the values of R

APPROACH

The

Raman

spectrometer

used

was

a

and ID /(ID+IG) ratio decrease gradually. Indeed,

Renishaw2000 and the monochromatic light

the values of 1/R have been postulated to be

source was an Ar+ laser (514.5 nm). The laser

indicative of the degree of graphitization of

beam, polarized parallel to the fibers axis, was

well-ordered carbon materials [5,6] and the ID

focused on the samples with the 50× objective

/(ID+IG) ratio will be adopted as a reference

onto a spot (1–2) um in diameter.

dis-order parameter[3]. Although the value of

Wide-angle X-ray diffraction (WAXD) traces

ID/(ID+IG) of HC still holds 47.7%, the values of

were obtained from bundles of parallel fibers

R and ID /(ID+IG) （listed in table 1）decrease

using nickel filtered Cu/Ka radiation, with a

gradually

wavelength of 0.154 nm. Measurements were

indicating the improvement of well-ordered

taken with the fiber bundles oriented in three

structure. From Table 1 by comparing LC and

different directions relative to the plane of the

HC, we can see that wave number is increasing

diffractmeter[5].

with increasing temperature, whether D or G

with the temperature increasing,

peak, which may indicate that the temperature
3

will take the impaction of changes of wave

RESULTS AND DISCUSSION

number.

3.1 RAMAN ANALYSIS
Fig. 1 shows the Raman spectra of pre-oxidized

OC

fiber (OC), low temperature (800℃) heat-treated
fibers (LC) and high temperature (1500℃)
carbonized fibers (HC). All curves exhibit two

1000

1500

2000

2500

3000
LC

1000

1500

2000

2500

3000
HC

1000

1500

2000

2500

3000

relatively broad Raman bands at about 1360 and
1600cm-1 corresponding to the D and G bands,
respectively. The presence of the D band in
carbon

materials

has

been

traditionally

associated to the existence of defects. In the
perfect graphite crystal, the Raman spectrum of

Raman shift/cm-1

which exhibits only the G band. It seems
obvious then that a relationship between both D

Fig. 1 Raman spectra of the PAN-based carbon fibers

and G band intensities should indicate the degree
of structural order with respect to a perfect
graphitic structure. From Fig 1 we can also see
that the relative intensity of D peak weakens
TABLE. 1Raman parameters of three samples(Positions (v) 、widths (W) )
Samples

v(D) (cm-1)

v (G)(cm-1)

W(D)(cm-1)

W(G)(cm-1)

R (ID/ IG)

ID/(ID+IG)(%)

OC

1377.21

1597.89

57.94

96.48

2.38

0.705

LC

1351.04

1593.68

6.24

3.89

1.05

0.513

HC

1362.16

1606.94

5.11

4.16

0.91

0.477

3.2 Crystal structure by XRD
From Fig.2 and Fig.3, two main peaks can be

seen appearing at approximately 2θ=26.2° and
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2θ=43.0° respectively [7]. These two peaks are

disorder in the LC fiber structure (turbostratic

corresponded to the (002) and (100) reflections

layer structure), which is consistent with the

of the Pseudo-graphitic structure, respectively.

results reflected by Raman, according to XRD

In the regions corresponding to the (002)

spectra, the parameters are listed in table 2.

reflection (Fig. 2) are used to be improved the

The X-ray diffraction patterns corresponding to

accuracy of d002 and Lc data calculation. From

the vertical bundle arrangement also exhibit

Fig. 2, some information can be got in the paper.

significant

For instant, diffraction peaks at 2θ=26° become

parameters of the (100) peak (band width at half

sharper as the temperature increasing with

intensity and peak maximum) were used to

diffraction peak at 2θ=16.7° only existing in

calculate the crystal size parameter La [8]

pre-oxidation fibers. This shows that the

according to Scherrer formula [9]

structure of pre-oxidized fibers has not been

L = k λ / β cos θ

completely transformed to that of carbon fibers.

information

from

Fig.3.

The

(1)

It means that some PAN precursor structures are

Where β is the full width at half maximum of the

partly conserved. Through carbonization, d002

diffraction peak and λ is wavelength. As a

decreases from 0.369 nm (for LC) to the 0.353

constant, K = 1.84 when we calculate La and K

nm (for HC), implying the crystal planes stack

=1when we calculate Lc.

closer. After carbonization at high temperatures,

For XRD data of disordered carbons, the use of

microcrystalline contains 4-5 graphite layers

the Scherrer equation is the classical way to

according to the Lc and d002. The (002) peak of

estimate the size of the crystallites La from the

HC carbon fiber is well defined when compared

width of the hk layer lines. Normally, La

to the LC fiber reflection which is broader and

increases

shows an appreciable asymmetry. This is an

temperature[10].

continuously

with

increasing

indication of the presence of certain amount of
TABLE .2

XRD parameters of pre-oxidation、 low and high temperature carbonized fibers

Samples

Orientation (%)

Crystallinity(%)

d002(nm)

Lc（nm）

La（nm）

OC

75.8

36.85

0.369

——

——

LC

76.1

37.11

0.358

1.13

4.20

HC

75.6

33.31

0.353

1.51

4.51

OC

OC

0
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0

LC

0
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HC

0

10

20
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0
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20

0

10

20

Two-Theta

Fig.2

XRD pattern showing the (002) peaks of three

heat-treated fibers

20

30
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LC

30

40

50

60
HC

30

40

50

60

Two-Theta

Fig.3 XRD pattern showing the (100) peaks of three
heat-treated fibers

- 727 -

of

4 CONCLUSIONS

fibres. Carbon. 1995;33:97-107.

The pre-oxidized, low-temperature heat-treated

[8]WEN Yuefang

and high temperature carbonized PAN-based

pre-oxidized polyacrylonitrile fibers. New

fibers were investigated by Raman and XRD.

Carbon Materials. 2008;23:No. 2Jun.

The results show that the crystal structure

[9]InagakiM. Texture in carbon materials. New

becomes more orderly and the crystal planes

Carbon Materials. 1999;14(2):1213.

stack closer after high temperature carbonization

[10]Iwashita N PC, Fujimoto H, Shiraishi M,

and the Raman is very usefully tool to analysis
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microstructure of the carbon fiber.
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ABSTRACT
In this study the changes of fiber length distribution in stretch-breaking process are investigated. Based on the
deduced probabilistic properties of the integral function, the mean length, length irregularity and short fiber
content after the process can be obtained in terms of the probability density function of fiber length before the
process and the distance between rollers. It can be concluded that an increase in the stretch-breaking gauge
increases the fiber mean length and length irregularity in the stretch-breaking process. Compared with the fibers
before the process, the mean length of the treated fibers becomes shorter, and the short fiber content increases
correspondingly, but the length irregularity decreases, which is significantly helpful for the yarn forming
process.
PROPOSITIONS ABOUT THE INTEGRAL
FUNCTION
The integral function is defined as:

INTRODUCTION
Stretch-breaking technique is a method based on
that if a fiber is held between the nips of two set of
rollers with faster and slower speed, respectively,
then the fiber will be strecthed and broken [1,
Figure 1]. This technique was mainly used in
continuous filaments [2], recently, it has been
developed to be applied in staple fiber such as wool
[1], ramie [3-5], because it can contribute to a high
production rate and better quality of yarn. By now,
the researches were focused on the difference of
certain properties between the fibers before and
after the process (such as fiber diameter,
mechanical properties) [1], the distribution of
breaking place [5] or the evaluation of stretchbreaking force [6].

y = f ( x) = [ x ]

(1)

which is also called the Guass function, and the
operator [x] rounds the number x to the nearest
smaller integer. Let ξ be a random variable with the
probability density function f(x), then the following
propositions could be deduced [7].
Proposition 1: for any positive G, the distribution
⎡ξ ⎤
law of ⎢ ⎥ always holds (k=0,1,2,…,n,…):
⎣G ⎦
⎛⎡ξ ⎤
⎞
P⎜⎢ ⎥ = k ⎟ =
⎝ ⎣G ⎦
⎠

( k +1) G

∫

f ( x)dx = pk

(2)

kG

Proposition 2: for the given positive constant G, ξ
can be split into:

FIGURE 1. The principle of stretch-breaking process

⎡ξ ⎤
ξ = ⎢ ⎥ G +η
⎣G ⎦

Obviously, the changes in fiber mean length, length
irregularity and short fiber content have significant
effect on the sequent process and yarn properties.
With the fact that mean length is directly depended
upon the distance between rollers (i.e., the stretchbreaking gauge), this study discussed the changes
of fiber length distribution based on the
probabilistic properties of the integral function. We
aimed to establish a relationship of fiber length
irregularity, short fiber content to the distance
between rollers, which is very important in yarn
forming process.

(3)

where the variable η is uniquely determinded, and
its probability density function fη(u) is:
∞

fη (u ) = ∑ f (u + kG )

(4)

k =0

Proof: let F(x), Fη(u) be the cumulative
distribution function of ξ and η, respectively, then
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⎛
⎞
⎡ξ ⎤
Fη (u ) = P (η < u ) = P ⎜ ξ − ⎢ ⎥ G < u ⎟
G
⎣
⎦
⎝
⎠
⎛
=P ⎜ ξ − kG < u
⎝

∞

⎡ξ ⎤

Consequently, the mean length l , the length
irregularity CVl(%), and the short fiber content
SFC1 after the process can be obtained:

⎞

U ⎢⎣ G ⎥⎦ = k ⎟
k =1

⎠

⎛⎡ξ ⎤
⎞ ⎛
= ∑ P ⎜ ⎢ ⎥ = k ⎟ ⋅ P ⎜ ξ − kG < u
G
k =1
⎝⎣ ⎦
⎠ ⎝
∞

m

l = ∑ ζ ⋅ Pζ

⎞
⎡ξ ⎤
⎢ G ⎥ = k ⎟ (5)
⎣ ⎦
⎠

k =0

m

= G ⋅ PG + η ⋅ (1 − PG ) ⋅ ∑ ( F (u + kG ) − F (kG ) )

∞

= ∑ P ( kG ≤ ξ ≤ u + kG )

(10)

k =0

k =1
∞

= ∑ ( F (u + kG ) − F (kG ) )

m

k =0

∑ (ζ − l )

CVl ( % ) =

Applying derivation on each side of the equation, it
goes:
∞

× 100

l

(11)

m ls

SFC1 = ∫ fη ( u )du = ∑ ∫ f ( u + kG )d ( u + kG )

(6)

k =0 0

0

m ls + kG

k =0

t = u + kG ∑

∫ f ( t )dt

k = 0 kG

APPLICATION TO THE STRETCHBREAKING PROCESS
To simplify the model, we assume that the fibers in
stretch-breaking are broken with a period of the
stretch-breaking gauge (denoted by G ), that is, if
the fibers with length ξ (ξ≥G) are streched and
broken into fibers with length G and the remaining
section η, otherwise, fibers go through the process
with no forces acted. Let f(l) be the probability
density function of fiber length before the process,
and F(l) be its cumulative distribution function, the
variable ζ be the treated fiber length, then ζ can be
described by {G, η}. According to the charateristic
of integral functions, the relationship among ζ, G
and η is as follows:
⎡ξ ⎤
ξ = ⎢ ⎥ G +η
⎣G ⎦

⋅ PG

k =0

ls

fη (u ) = ∑ f (u + kG )

2

(12)

m ls + kG

ls

= ∫ f ( t )dt + ∑

∫ f ( t )dt

k =1

0

kG

m ls + kG

= SFC0 + ∑
k =1

∫ f ( t )dt

kG

where SFC0 is the short fiber content before the
stretch-breaking process. We discussed the
derivative problem at point of G of the CVl(%)
function to represent the impact of stretch-breaking
gauge on fiber length irregularity:
⎛
∂CVl ( % ) ⎜⎝
=
∂G

(7)
-

(G − l )

2

(

⋅ PG + η − l
l

l′ ⋅

(G − l )

2

)

2

(

⋅ PG + η − l
l

2

⎞′
⋅ Pζ (ζ = η ) ⎟ ⋅ l
⎠
× 100

)

2

⋅ Pζ (ζ = η )

2

× 100

(13)

The distribution law Pζ of ζ can be deduced as:

where the operator “ ′ ” on the following variables
means applying derivation by the parameter G:

m ( k +1) G
⎧
⎪ Pζ (ζ = G ) = ∑ ∫ f (l )dl =PG
⎪
k =1 kG
(8)
⎨
m
⎪P ζ = η = 1 − P ⋅
) ( G ) ∑ ( F (u + kG ) − F (kG ) )
⎪⎩ ζ (
k =0

m

l ′ = PG + G ⋅ PG′ + η ′ ⋅ (1 − PG ) ⋅ ∑ ( F (u + kG ) − F (kG ) )
k =0

m

− η ⋅ PG′ ⋅ ∑ ( F (u + kG ) − F (kG ) )

⎡ξ ⎤
where m = ⎢ max ⎥ and the probability density
⎣ G ⎦
function fη(u) of η is
m

fη (u ) = ∑ f (u + kG )

k =0

m

+ η ⋅ (1 − PG ) ⋅ ∑ ( f (u + kG ) − f (kG ) ) ⋅ k
k =0

(14)
(9)

k =0
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⎛
⎡ ξ ⎤ ⎞′
⎡ξ ⎤
η′ = ⎜ξ − ⎢ ⎥ G ⎟ = − ⎢ ⎥
⎣G ⎦ ⎠
⎣G ⎦
⎝

(15)

m

PG′ = ∑ ( f ( (k + 1)G ) ⋅ (k + 1) − f ( kG ) ⋅ k )

(16)

k =1

However, Eq.(13) is so complicated that the
variation trend is not pronounced with the changes
of G.
RESULTS AND DISCUSSION
For the fibers with identical length
On the premise of the periodic stretch-breaking
process and the fibers with identical length ξ, the
fiber length is broken into {G, η} after the process.
The mean length by weight of fibers after the
process is:
⎡ξ ⎤
⎡ξ ⎤
G ⋅ ⎢ ⎥ ⋅ N ⋅ G ⋅ ρ + η ⋅ N ⋅η ⋅ ρ G 2 ⋅ ⎢ ⎥ + η 2
G⎦
⎣
⎣G ⎦
=
l =
⎡ξ ⎤
⎡ξ ⎤
⎢⎣ G ⎥⎦ ⋅ N ⋅ G ⋅ ρ + N ⋅η ⋅ ρ
⎢⎣ G ⎥⎦ ⋅ G + η

FIGURE 2. Changes of fiber length distribution in the process
TABLE I. Comparision of length measures in the process

Ramie sliver
(before)
Experimental
data (after)
Theoretical
data (after)

(17)

Mean
length/mm

Length
irregularity/%

SFC
40mm/%

108.74

49.26

3.87

80.97

28.15

4.89

83.0856

29.81

7.4789

where N is the number of fibers before the process,
ρ is the linear density. CVl(%) can be calculated as:
1
⎛⎡ξ ⎤
⎜ ⎢G ⎥ N ⋅ G − l
⎡ξ ⎤
⎝⎣ ⎦
+
N
N
⎢⎣ G ⎥⎦
l

(

CVl ( % ) =
=

⎛⎡ξ ⎤
1
⎜⎢ ⎥⋅ G −l
⎡ξ ⎤ 2
2 ⎝ ⎣G ⎦
⎢⎣ G ⎥⎦ l + l

(

)

2

(

+N⋅ η −l

) + (η − l )
2

)

2

⎞
⎟
⎠
× 100

2

⎞
⎟ × 100
⎠

(18)
FIGURE 3. Effect of G on length distribution by weight

Understandably, l = G ，CVl(%)=0.
For the fibers with different lengths
We apply the above theory to the ramie length
distirbution data [3], and the stretch-breaking
gauge G =110mm, the results are shown in Figure
2 and Table I. The effect of G on fiber length
distribution ares shown in Figure 3 and 4.

FIGURE 4. Effect of G on mean length and length variation

CONCLUSIONS
Under the assumption, it can be concluded that an
increase in stretch-breaking gauge increases the
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fiber mean length and length irregularity in the
stretch-breaking process. Compared with the fibers
before the process, the mean length of treated fiber
become shorter, and the short fiber content
increases correspondingly, but the length
irregularity decreases, which is obviously helpful
for the yarn forming process. As for the fibers with
identical length, the gauge can be set to divide the
fiber length equally to get the minimun length
irregularity.
FUTURE WORK
There is a wide range of possible breakage patterns
[8], and our future work will combine the
distribution of breaking place to discuss the
changes in fiber length distribution in an extensive
way.
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ABSTRACT
Air permeability and thermal transfer properties were investigated in this paper. Air permeability property of
different fiber assemblies was studied using a newly develped combined properties testing apparatus, while heat
transfer property was measured by a modified Kawabata Thermolabo. We mainly considered the influence of
fiber density on the two properties, owing to compression.
KEYWORDS
Air permeability, Thermal transfer, Density variation, Compression, Fiber finess
INTRODUCTION

Four types of commonly used materials are listed in

The importance of air permeability and thermal

tableⅠ. The materials are conditioned in a room

transport

with air temperature of 20℃and humidity of 65% for

properties

of

fiber

assemblies

is

indisputable and extensive work has been done,

24h.

which is commonly believed to be the determined by
material porosity: the function of fiber finess and
[1][2][3][4][5][6][7][8]

material density

TABLEⅠ. Materials are investigated

.

Fiber assemblies are often used as insulating

fiber

Down

Wool

Kapok

Acrylic

fineness

95%

20μm

19μm

3D

down

materials of quilts, winter sweaters, pillows and so
on. As we know, they are easily distorted and

Air Permeability Apparatus

compressed in actual use, inducing the change of

Our team has designed a new comprehensive testing

density, resulting in the change of their Physical

system in-situ, as shown in figure 1.

properties. In this paper, we investigated four types
of commonly used materials of the two properties. In
existing methods, apparatuses were developed to test
the property of molding textiles, while nearly no
tester for bulk fiber assemblies in nature state exists.
Here, a new tester for air permeability invited by our
team was used to evaluate the property, while the
heat transfer test part is not developed yet and a
modified KES THERMOⅡwas used to the study
instead.

FIGURE 1. Air permeability tester (1.Air pressure sensor , 2.
compress sensor, 3.The upper testing cave, 4.fiber tuber hook ,

EXPERIMENTAL

5.fiber tube , 6. The lower testing cave, 7.Vacuum pump)

Experimental Preparation
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The upper testing cave(2) is motivated by a motor in
a certain speed that can be set before testing. In this
paper we choose 0.64mm/s. Fiber assemblies put into
the fiber tube(5) are compressed by the upper testing
tube, realizing the density change of them in-situ. At
the same time, Vacuum pump(7)pump air in the flow

Where λ is thermal conductivity, Q is heat flux
measured by a heat flux sensor, δ is the thickness of
the sample between the hot and cold plate, Α is the
contacting area between the sample and plate, Τ1 is
the temperature of the hot plate: 28.7℃ and Τ2 is the
temperature of the cold plate: 18.7℃.

of 60L/min. Pressure sensors (1) sense the air
pressure of both ends of fiber assemblies and send
the digital to the computer. The pressure difference
was used to show the air permeability of fiber

RESULTS AND DISCUSSION
Air Permeability Property
Weigh 1g of the four fiber assemblies and put them

assemblies.

randomly in the fiber tube respectively. Compress the

Thermal Insulating Testing

The testing result is shown in figure 2.

fibers gradually and test them in different densities.

Warp knitted bags with the size of 6cm×6cm were
25000

control of the bag is by means of holders between the

20000

Pressure Difference (Pa)

sewed to wrap fiber assemblies. The thickness
hot and cold plates, while the area of them is limited
by the warp net itself. So different fiber densities
were obtained by putting into different weights of
fibers.The thermal conductivity of the net can be

the samples. Different height of holders were used to
adjust the thickness of the samples. A heavy load was
placed on the top of the hot plate to make sure a
fixed thickness.

5000

0 .0 0

0 .0 1

0 .0 2

0 .0 3

0 .0 4

0 .0 5

0 .0 6

0 .0 7
3

d e n sity(g /cm )

than the fiber assemblies. The thermal conductivity is
THERMOⅡ,shown in figure 2,was modified to test

10000

0

ignored as its thickness is mucher thinner smaller
much larger than that of fiber assmeblies. KES

k ap o rk
dow n
a cylic
w ool

15000

FIGURE 3. .Pressure difference of different fiber assemblies with
density variation

Air permeability of the four type of fiber assemblies
decreased with the increase of density, as the result
of compression. That is because the channel of air is
through porosity of

fiber assemblies. With the

increase of density, more space is taken by fibers, so
air permeability decreased. At low density, It can be
seen that air permeability of four type of fiber
assemblies are of little difference , as fibers occupy
little space, the influnce of fibers are neglectful. Air
permeability performance of the four fiber types are
listed in the following order:wool,acrylic,down and
kapork. It is not difficult to find that in the same
material density, kapork takes up the largest volume
as the its low fiber linear density, so kapork shows

FIGURE 2. A modified KES THERMOⅡ

the worst permeability. Then down shows worse than

The thermal conductivity of materials is calculated
from Fourier law:
λ =Q

δΑ
Τ1 − Τ2

acylic and wool fibers as the special structure of
down, which owns branches, forming a close
structure.The special structure prevents air flow

(1)

through fiber assemblies. Acylic and wool are of
close fiber linear densities and the volume they take
- 734 -

up is nearly the same, so they display very close air
permeabilty. Both the two fiber assembilies exhibit
slightly decrease of air permeability as in the whole
process the space that fibers occupied is relatively
small because of their dense linear densities. So
compress has little impact on the air permeability of
the two fiber assemblies. From the above analysis, it
can be seen that compress has more influence on
kapork and down assemblies especially kapork.

fiber volume fraction, R is fiber radius, e is fiber
emissivity, ρ v is sample density, ρ is fiber linear
density, and σ is Boltzmann constant: 5.67×10(-8).
Subsitute euqation 6 to 5 and get equation 7, which is
the model to calculate the total thermal conductivity
Rtotal of samples. Some parameters of wool and
acrylic are shown in tableⅡ.
Assuming the air is still, thermal flux can be
abtained in the following equations:
q r = εσ (Τ14 − Τ24 )

Thermal transfer property

qc = K a

Approximately, radiative heat transfer in porous
fibrous materials can be taken into account by an

(Τ1 − Τ2 )

δ

（9）

A

q = qr + qc

（10）
（11）

resistance to radiative sheat transfer, Farnworth
proposed a model for heat radiation[5]. With this
approximation, we can obtain an approximate
analytical solution of fibrous batting. Figure 4 shows
the model of thermal transfer.

Where qr is heat radiation flux, qc is heat
conductivity flux, q is total heat flux and ε is
emissivity of plates: 0.04. We can calculate heat flux
equal to 0.0898W, while the result get from
experiment is 0.18W, much greater than the calculate
result, which is the affect of convection.The input of
fiber assemblies has two functions: they prevent air
movement and provide a shield against radiant-heat
loss.

FIGURE 4. Thermal transfer model

Ra =
R

δ

=

f

Rr =
K=

（2）

(1 − f ) K a

δ
Rtotal

δ
fK

(3)
f

fδ
3
8σ Τ p R

(4)

3

= fKf + (1− f )Ka +

8σΤp R

(5)

wool and acrylic with density variation.

ρ v
f = 1 −
ρ

(6)
3

8σΤp Rρ
ρ
ρ
K = v K f + (1 − v )Ka +
ρ
ρ
ρve
Tp =

Τ1 + Τ2
2

FIGURE 5. Experimental and theoretical thermal conductivity of

fe

From figure 5, It can be seen that theoretical results
(7)

correspond with experimental results well. Thermal
conductivity decreases with the increase of material

(8)

density. At low density, fibers mainly prevent air

Where Ra is the thermal resistance of air, R f is the
thermal resistance of fibers, R r is the thermal
resistance caused by thermal radiation, K is total
thermal conductivity, K f is thermal conductivity of
fibers, K a is thermal conductivity of air, f is the

movement and thermal radiation, so thermal
conductivity decrease rapidly at first, to material
density 0.03g/cm3, the decrease is not obvious.
Experimental results at the first two points are larger
than the theoretical results. We can
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by compression. Especially, kapork is most easily

Table Ⅱ. Parameters of wool and acrylic

influnced by compression. So in actual use, kapork

e

Parameters

2

K (W/m ℃)

ρ

3

used as insulating materials of quilts, winter sweaters,

（g/cm ）

pillows is more easily influenced by compression.

Fibers
wool

0.78

0.053

1.32

Better performance lost during use, so we should

acylic

0.62

0.051

1.16

avoid compression as far as possible.
CONCLUSION
Air permeabilty and thermal transfer properties of

Thermal conductivity (W/m2? )

0.08

wool
acrylic
down
kapok

0.07

fiber assemblies are studied in this paper. Air
permeabilty decrease with the increase of material

0.06

0.05

density. Kapork shows the most obvious change and

0.04

the worst air permeabilty, then down. Wool and

0.03

acylic exhibit slightest change from the density

0.02
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.0044g/cm3 to 0.066g/cm3. Thermal conductivity

0.07

D ensity(g/cm 3)

decrease with the increase of material density of
wool, acrylic and down, while to kapork, the

FIGURE 6. Thermal conductivity with density variation

tendency first decrease then increase. Kapork shows
speculate that convection exists at first while

the best insulation at density 0.02g/cm3. The other

theretical model assumed that the air is still. Thermal

three fiber assemblies ranged in the following order:

conductivities of the four type fiber assemblies are

down, wool, acrylic. kapork is easily influenced by

listed in table Ⅲ. The property decreased with the

compression.

increase of density of wool, acylic and down. While,
to kapork, the property decreased at first and then
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ABSTRACT
We set up experimental installation and programmed “Wicking Ability Test Software” In order to
study the wicking properties of kapok more comprehensive. Through this experimental method, we
got much more accurate wicking ability data of kapok, and contrasted the wicking ability of different
materials. The unique advantage in wicking aspect is visible.
INTRODUCTION
Kapok (Ceiba pentandra) is a kind of natural

Based on the above, we set up experimental

cellulose fiber. The Cavity of Kapok fiber

installation which could facilitate the camera

account for 87% of the whole one. The fiber is

to

covered by a layer of wax which contributes to

programmed “Wicking Ability Test Software”.

its hydrophobic–oleophilic characteristics and

With the help of this software and Image

its lipophilic characteristics. Currently, kapok

processing technology, we can study the initial

is gradually be applied to the field that heat

stage of wicking much better.

shoot the process of wicking, and

insulation, sound insulation, keeping -warm
and

buoyancy

materials

and

so

on.

EXPERIMENTAL PART

Simultaneously, the Wicking ability research

1 Sample preparation

of kapok has become particularly important.

Take kapok non-woven materials, cotton
non-woven materials and viscose materials as

The traditional test method of wicking ability

samples, Sample specifications are shown in

included

Resistance

table1. Choose Edible oil, 93# gasoline as Test

method. The former one is imperfect in the

liquid. Liquid specifications are shown in

phase of data acquisition. Because that, the

table2.

Visual

method

and

time interval of data is always vary big,

simultaneity the accuracy of the data is prone
to be affected by the performance of the tester.
Resistance method is limited to a single liquid
- water, and is not applied to other liquid, like
oil. There are several of standards about
wicking ability. Standard BS3424 in Britain is
applicable for the kind of material on which
liquid diffused slowly, and the duration of test
runs 24 hours. Standard DIN53924 in Germany
is applicable for the kind of material on which
liquid diffused rapidly, and the time interval of
data is 15s. However, these Standards Could
not reflect the liquid’s change during the initial
stage of wicking.

TABLE I.
specificati

Leng

Widt

thick

Poro

Wei

Tech

on

th

h

ness

sity

ght

nolo

Sample

(cm)

(cm)

(cm)

(um)

(g)

gy

1# kapok
non-wove
n

Wat
10

5

0.089

28.0
07

0.59

materials

Wat

fiber
10

5

0.094

n

65.1
072

0.21

materials
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er
punc
hing

materials
3# viscose

punc
hing

2# cotton

non-wove

er

10

5

0.061

72.3
792

0.23

Nee
dle

punc

We use “Windows Movie Maker” (existing

hing

software) to Intercept wicking pictures from
wicking Videos at an interval of ten feet. Then,
these photos will be measured by “Wicking

TABLE II.

Ability Test Software”. As is shown in picture
relative humidity：(65±5)%

testing environment

II, find the picture you want in the picture
loading box at the right side, click the "OK"

temperature：(25±5)%

℃

Edible

：

button to load picture. You can see a level line

Liquid

oil

0.9150-0.9375

density
Kg/ M3

Gasoline 93# density：
density：0.725

Kg/ M3

2 Experimental device
In order to facilitate the camera to shoot the
process of wicking, we set up experimental
installation as is shown in picture I. The entire
process of wicking recorded by Camera will
be transferred into computers, then, calculated

and a vertical line in picture II, both lines`
position can be adjusted by pressing keys on
the keyboard (W: up S: down A: left D: right),
and these lines` position is decided by the
starting point of vertical wicking. Then, Use
the mouse to click the edge of

the rising

liquid on the picture, and click "Save Data"
button ,then the Wicking height of the certain
picture will be stored in "C: \ mumian.txt" .
Click the “re-measurement button” if you want
to re-measure the picture.

by the “Wicking Ability Test Software”.

PICTURE 2. “Wicking Ability Test Software” Interface
PICTURE 1. Experimental Installation

3 Wicking Ability Test Software
Wicking Ability Test Software: this program is
based on windows and Microsoft visual basic

4 Experimental results and analysis
4.1 Vertical wicking ability test of kapok
non-woven materials with different liquid
(Edible oil and Gasoline 93#).

6.0. Pixels in the display is conversed into an
Units of length measurement—“Ti”(0.018mm)
used

in visual basic 6.0,then,we could

establish one relationship between pixel and
the actual length. Test software can be divided

The climbing height of vertical wicking and
the rate of vertical wicking are shown as table
III. Contrast curve drawn from Table III is
shown as picture 3 ，picture 4.

into three parts, 1.picture loading, 2. Data
testing, 3.Data Storage.
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The climbing height and rate of edible oil with
kapok non-woven materials, cotton fiber
non-woven materials and viscose materials is
shown as Table IV, Table V. The contrast
curve drawn from Table IV is shown as picture
V, picture VI.

PICTURE 3. contrast curve: climbing height of different
liquid (Edible oil and Gasoline 93#) with kapok non-woven
materials

PICTURE IV. Contrast curve: The climbing height of edible
oil with kapok non-woven materials, cotton fiber non-woven
materials and viscose materials.

PICTURE 4 contrast curve: climbing rate of different liquid
(Edible oil and Gasoline 93#) with kapok non-woven
materials

As is shown in picture3 and picture4, we can
see that Vertical wicking ability of kapok
non-woven materials with Gasoline 93# is

PICTURE 5. Contrast curve: The climbing rate of edible oil

much better than that with Edible oil. The

with kapok non-woven materials, cotton fiber non-woven

initial climbing rate of Gasoline 93# is four

materials and viscose materials.

times higher than that of edible oil with kapok
non-woven materials. What caused such a

In Table I, the porosity of kapok non-woven

difference is mainly due to the different

materials is the smallest during three samples,

density and Viscosity between gasoline and

as we know, excessively porosity are not

edible oil

conducive to the wicking ability of materials
with viscous liquid. And relatively bigger

4.2 Vertical wicking ability test of kapok

porosity of viscose materials is conducive to

non-woven materials, cotton fiber non-woven

the conduction of liquids especially viscous

materials and viscose materials with edible oil.

liquid. However, in the test 4.2, vertical
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wicking ability of kapok non-woven materials
with edible oil is better than viscose,
meanwhile significantly better than cotton
fiber non-woven materials. The reasons for
this phenomenon included the following
aspects, lipophilic material – wax, big cavity,
small

diameter

of

kapok

fiber.

These

Characteristics increase the capillary number
relatively.
CONCLUSION
1 The wicking ability of gasoline 93# on
kapok non-woven materials is better than
edible oil.
2 Kapok non-woven materials` wicking ability
with edible oil is the best between kapok
non-woven materials, cotton fiber non-woven
materials and viscose materials.
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ABSTRACT
In this work, the tensile recovery properties of PTT/PET side-by-side multifil yarn are evaluated by different
drawing conditions. The recovery behaviors are being measured by regarding the pretension, gauge length, and
number of cycle as variables. Some definitions and explanations have been made according to the elastic
recovery mechanism. We find that the pretension, setting elongation, and number of cycle are more substantial
than gauge length in certain region.
INTRODUCTION
Poly(trimethylene terephthalate) (referred to as
3GT or PTT) has received much attention as a
polymer for use in textiles, packaging, flooring
and other end uses. In textiles, it is also known PTT
bicomponent (bico) multifil, composed of PET and
PTT with suitable volume ratio and proper
geometric arrangement, possesses distinct selfcrimp due to different shrinkage [1, 2]. This selfcrimp property offers the filaments, yarns, and
fabrics a desirable stretch and recovery.
A lot of researches [3, 4] have been conducted on
the PTT recovery property whereas relative few be
done on PTT/PET bico multifil yarn. In this work,
we investigate extensively the tensile and recovery
property of PTT/PET self-crimp multifil yarn with
different drawing conditions that realized by
altering the drawing parameters during the testing
and the influences are analyzed.

Figure 1. The cyclic excitation profile of elongation of n-cycle
stretch and recovery test based on the setting elongation (e, the
setting elongation; T, the period of one cycle; the time interval
of 30s between Ln and Ln+).

The results of measurements are calculated
according to equations from 1 to 3 listing below.

Rin =

Lset − Ln
∗ 100%
Lset

(1)

where:
Rin is the n-cycle immediate recovery.
Lset is the setting extension.
Ln is the immediate extension when the force
reached zero at the n-th unload cycle.

EXPERIMENTAL
Materials
PTT, PET multifil yarns of 160dtex/36f are made
from fiber-grade pellets of PTT, and PET with
intrinsic viscosity of 0.92 and 0.54, respectively.
PTT/PET bico side-by-side of 50/50 volume ratio
is made from the same pellets as those of pure ones.
The processing conditions of PET and PTT
filaments are determined such that they can
mechanically represent the counterpart in PTT/PET
bico, respectively.

Rtn =

Lset − Ln +
∗100%
Lset

(2)

where:
Rtn is the n-cycle total recovery
Ln+ is the minimum extension while the force kept
zero at the (n+1)-th load cycle.

Measurements
An Electronic Dynamometer YG061 is used to
perform tensile and recovery tests. For one-time
stretch to rupture tests, a gauge length of 250mm,
an extension rate of 500mm/min, and a pretension
of 0.01cN/dtex are applied. For recovery tests, the
setting elongation of 40% and 80%, gauge length
of 60mm, 250mm and 500mm, different number of

D pn = 100% − Rtn

(3)

where:
Dpn is the n-cycle permanent deformation.
RESULTS AND DISCUSSION
Tensile Behavior Analyses
The tensile properties of PTT and PET multifil, and
PTT/PET bico multifil are measured and the results
are shown in Figure 2. The featured difference
between them are very much obvious in the low
force region as shown in (b) of Figure 2. In the part

cycles, and different pretension with an extension
rate of 500mm/min are applied. The changes of
elongation with time are regulated, and the cyclic
excitation of elongation is depicted in Figure 1.
- 741 -

irrecoverable creeping, and the elasticity from
macromolecule
inherent
and
its
helical
conformation. Therefore, the difference becomes
small again at high pretension.

of real extension in (a), the curve of PET/PTT bico
is almost positioned in the silhouetted area between
the curve of PET and PTT, and seems more
resemble to the curve of PET multifil.

Figure 3. Effect of different pretension on recovery properties of
PET/PTT bico multifil yarn. (solid symbol for 40% setting
elongation, hollow symbol for 80% elongation)

From Figure 2, we know that, if the pretension is
high than 5cN, the crimp yarn is almost
straightened and behaves like a single component
yarn with a maximum elongation less than 40%.
For the setting elongation of 80%, the maximum
pretension applicable is about 4.5cN, above which
the yarn is already broken and the test is unable to
perform. To reserve the de-crimping region and
eliminate the slack region, the pretension of 0.16cN
is applied in all the following experiments.
The effects of different gauge length on recovery
properties of PET/PTT bico multifil yarn are
evaluated and the results are presented in Figure 4.
For all the gauge length tested from 60mm to
500mm, Rt25, Ri25, and the difference between them
are only slightly decreased. Therefore, we can say
the influence caused by the change of gauge length
is insignificant at least in the gauge length below
500mm and up to 25 cycles. The larger is the gauge
length, the slower the deformation rate, hence,
more time to creep for a fiber, which cause a slight
increase of the permanent deformation, Dp25, as
shown in Figure 4. This is more obvious in the case
of 80% setting elongation.

Figure 2. Comparison of PET/PTT bico with PET and PTT
multifil. (a) The part of real extension of individual multifil; (b)
The part of de-crimping region of PET/PTT bico multifil.

The elongations to break of all the filaments are
less than 40%, if the elongation is all happened in
the real extension region. In practice, if we
combine the extension in the negative half of
abscissa axis, i.e., the de-crimping region, to the
real extension region, then the total elongation
could reach 100% or even more, and this is unique
for PET/PTT bico multifil. Therefore, the setting
elongations up to 80% are being used in recovery
tests to avoid some unstable conditions.
Recovery Behavior Analyses
The recovery property of PET/PTT bico multifil
yarn is one of the most important properties for its
applications, and influenced by many factors. In
Figure 3, we illustrate the effect of pretension on
the result of the recovery performance of the yarn.
For 40% setting elongation, the total recovery, Rt5,
and immediate recovery, Ri5, after 5 cycles are
decreased from more than 90% to less than 70%,
which means pretension is very sensitive to the
result. The difference between Rt5 and Ri5 is
increased from around 5% to 10% with the increase
of pretension from 0 to 3.2cN, then decreased to
4.5% at 6.4cN pretension. A little bit increase of
recovery at low pretension of 0 to 0.16cN could be
explained as a helical coil behavior [5, 6] and the
overcoming of the tiny friction force between the
filaments (the cause of the hysteresis in cycling
behavior). This also is the reason why the
difference between Rt5 and Ri5 is very small for
40% setting elongation. At high pretension above
6cN, the deformation is mainly composed of

Figure 4. Effect of different gauge length on recovery properties
of PET/PTT bico multifil yarn. (solid symbol for 40% setting
elongation, hollow symbol for 80% elongation)

The effects of different number of cycle and setting
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applicable. For the integrity of the crimp removal, a
pretension of less than 0.002cN/dtex is
recommended. For all the range experiment, the
effect of gauge length is not obvious. Different
setting elongation can reach almost same recovery
result after adequate repetition cycles, suggesting
that the recovery is caused more by de-crimping
force than by delayed releasing force.

elongation on the recovery property of PTT/PET
bico multifil yarn are presented in Figure 5. For the
limitation of the instrument, 25cycles are given as
the maximum number of cycle. From 1 to 5 cycles,
the total recovery, Rt, maintains almost constant for
40% setting elongation, whereas the immediate
recovery decreases slightly. The difference
between Rt and Ri increases from 3% to 10%. The
immediate recovery usually shows a lower
value than the correspondent recovery. When the
difference becomes larger, it means that the yarns
retract more during the relaxation time, and even
can cause a slight increase in the values of total
recovery. This is why sometimes we find a more
tight and intense crimp after stretching and
releasing a bico multifil. At 15 cycles, the
difference reaches a maximum, and at 25 cycles
narrows down to about 6%.

FUTURE WORK
Some tentative work might be extended to the long
term recovery properties, which is still in
deficiency. Meanwhile, the fiber structure also
should be characterized properly and precisely to
explain some macro morphological transitions.
REFFERENCES
[1] Rwei S P, Lin Y T, and Su Y Y, Polym Eng Sci,
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Figure 5. Effect of number of cycle on recovery properties of
PET/PTT bico multifil yarn. (solid symbol for 40% elongation,
hollow symbol for 80% elongation, pretension 0.16cN)

For the setting elongation of 80%, the changing of
the curves is more severe. At first several cycles, Rt
is higher than those of 40% elongation, and the
reason is the same as above mentioned. At 25
cycles, all the curves are gathered together from
70% to 80%. This means that 40% and 80% setting
elongation can reach same result after adequate
number of cycles, and that the recovery probably is
caused more by de-crimping force than by delayed
releasing force.
CONCLUSIONS
From above analysis, the conclusions are made on
the tensile and recovery properties of PTT/PET
bico multifil yarn. In comparing with PTT, and
PET single component yarn, the low force decrimping region is mainly the cause of the high
recovery property, and account for more than 65%
of the total recovery of PTT/PET self-crimp yarn.
Generally, the immediate recovery shows a
lower value than the correspondent recovery, but
both of them are nearly equal at pretension lower
than 0.16cN, the setting elongation less than 40%,
and less than 5 cycles. The pretension will
influence the result significantly, and the trend is
the higher setting elongation the lower pretension
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of 4s.

INTRODUCTION
Natural colored cotton is a naturally pigmented
fiber that grows in shades of brown and green.

Infrared Spectroscopy analysis

This environmentally friendly cotton which

The IR spectra were obtained form FTIR-Raman

requires no dyeing is one of the most

spectrometer

development potential products in international

dispersing the sample in KBr pellet, with the IR

[1]

(Nicolet

NEXUS670)

by

textile market in the 21st century . Therefore,

wave number range of 7400 ~ 350cm-1, Raman

effective methods to identify natural colored

of the 3600 ~ 100 cm-1, accumulation of 256

cotton from dyed cotton need to be investigated.

scans , resolution ratio of 4 cm-1, spectral range

of 4000 ~ 400 cm-1.
APPROACH
Materials

Spectrophotometer analysis

Different cotton fibers and fabrics were selected

Each sample was first extracted with 5%

for the work. Wherein: (1) White cotton, (2)

sodium hydroxide at 80℃ for 1 h. The extract

Natural brown cotton, (3) Natural green cotton,

was collected and concentrated. Hydrochloric

(4) Natural brown cotton blended fabric (natural

acid and sodium hydroxide was used to adjust

brown cotton/nylon/Lycra: 52.6%/44.2%/3.2%),

the extract to pH=1，3，5，7，9，11，13，

(5) Natural green cotton blended fabric (natural

11，9，7，5，3，1 respectively. The absorbance

green cotton/nylon/Lycra: 45.2%/49.5%/4.3%),

was

(6) Dyeing cotton fabric.

spectrophotometer (722N).

Wax content in cotton

RESULTS AND DISCUSSION

A weighed amount of dry cotton packed through

Identification Method by NMR analysis

filter paper was extracted by 3:1 (v/v) benzene/

Natural

95% alcohol mixture at 95～100℃ for 6h in a

composition with white cotton, such as

Soxhlet extraction device. The filtrate was

cellulose, hemicelluloses, wax, protein, ash

evaporated to a concentrated mass of the wax

and others, most of which is cellulose [2]. The

components. The wax content in cotton was

wax content in white cotton, natural brown

calculated by Cwax(%)=mwax/mcotton×100.

cotton and natural green cotton were 4.8220%,

measured

colored

at

λ ＝ 415nm

cotton

has

the

by

similar

5.8119% and 12.3068% respectively. The
natural green cotton had more wax than others.

CPMAS-NMR analysis
The

spectra

were

recorded

on

NMR

CPMAS-NMR has been widely used in the

spectrophotometer (Bruker AV400), with the

researching structures of plant fiber materials.

MAS rotor frequency of 5000Hz, cross
polarization time of 1ms and relaxation time

Most of the compositions such as the cellulose,
hemicellulose and wax have their specific
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signals in the spectra [3].

1- The natural green cotton extracted by benzene-ethanol;

13

See Figure 1, the C CPMAS-NMR spectra of

2-The extraction of natural green cotton

natural green cotton blended fabric, natural
green cotton and white cotton were quite

Identification Method by FTIR analysis

similar. The region between 110 and 60 ppm

FTIR spectroscopy is an appropriate technique

was assigned to cellulose. Nevertheless, there

to distinguish samples and variations introduced

was another peak in natural green cotton at 33

by different treatments on the chemical structure

ppm, which was considered to be the -CH2-

of the samples.

group that came from the wax structure.

3

C-2,3,5

2

Transmittance/%

C-1

C-6

C-4

3

-CH2-

2

-CH2-

1
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Wave number /cm-1
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0

FIGURE 3. The FTIR Spectroscopy of various samples

FIGURE 1. The 13C CPMAS-NMR of various samples

1- Natural green cotton blended fabric;

1- Natural green cotton blended fabric;

2- Natural green cotton; 3- White cotton

2- Natural green cotton; 3- White cotton

Figure 3 showed the FTIR Spectroscopy of
The wax of the natural green cotton was

white cotton and natural green cotton. As shown

removed by benzene and alcohol mixture. The

in the above figure, the white cotton and natural

13

C CPMAS-NMR spectra of natural green

green cotton had similar spectra, but there were

cotton extracted by benzene-ethanol and the

two characteristic bands at 2850cm-1 and

extraction of natural green cotton were shown

1738cm-1 assigned to symmetrical stretching

in Figure 2. The peak of the natural green

vibrations of -CH2- and non-conjugated O=C in

cotton at 33 ppm was disappeared while the

natural green cotton. The -CH2- was considered

extraction had the -CH2- group. We can infer

to be come from the wax structure, while the

that the -CH2- group was a separated

non-conjugated O=C was the characteristic

component in the natural green cotton.

structure of falconoid pigment. After serious
treatments during the finish process, the
characteristic peak of natural green cotton
blended fabric had decreased, but could be seen
clearly.

2

See Figure 4, the wax and part of the pigment
of the natural green cotton was removed by
benzene

1

150

140

130

120

110

100

90

80

70

60

50

40

30

20

10

0

δ

FIGURE 2. The 13C CPMAS-NMR of various samples

and

alcohol

mixture.

The

characteristic peak of the natural green cotton
at 2850cm-1 and 1738cm-1 was disappeared,
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which was accordant with the result of NMR.

1- Natural brown cotton blended fabric; 2- Dyeing brown
cotton fabric 3- Natural green cotton blended fabric; 4Dyeing green cotton fabric

Transmittance/%

Zhao Xiangqian[4] proposed the model of
2

falconoid pigment of natural colored cotton, as
shown in the Figure 6.

1

O

7
4000

3500

3000

2500

2000

1500

1000

500

6

Wave number /cm-1

A

2
3

4

3’
4’

B

6’

5’

O

1- The natural green cotton extracted by benzene-ethanol;

FIGURE 6. The Model of falconoid

2-Natural green cotton

Identification

Method

by

Spectrophotometer
The color of the pigment extraction of natural
brown cotton, natural green cotton and their
blended

1’

C

5

FIGURE 4. The FTIR Spectroscopy of various samples

2’

1

8

fabric

was

brown

in

alkaline

There were lots of π bond in the structure of
falconoid pigment of natural colored cotton.
According to the modern chromophore theory [5],
when

the

pigment

encountered

conditions while yellow in acidic conditions.

withdrawing

Figure 5 is the absorbance curves of pigment

atmosphere density of π bond became lower,

extraction of the cotton fabric samples in

leading to the lighter color, on the other hand,

different pH environments. Absorbance can be
used to indicate the color change of the

group,

the

electron
electron

the electron donating group leading to the darker

extraction. The greater of the absorbing value

color. While the acidic group H+ was electron

meant the deeper color. With the pH value

withdrawing group, the pigment of natural

increase, the absorbance of pigment extraction

colored cotton become lighter when it in acidic

of the natural colored cotton and their blended

atmosphere. And the pigment became darker in

fabric

increased

and

the

process

was

reversible.

CONCLUSIONS

0.55
0.50
0.45

The wax content of natural green cotton was

1
2
3
4

0.40
0.35

Absorban

alkaline condition.

higher than those of others. Theδ=33 in

13

C

CPMAS-NMR Spectroscopy and wave number

0.30
0.25

of 2850cm-1 in FTIR-Raman were effective way

0.20
0.15

to identify the natural green cotton from the

0.10
0.05

dyed cotton.

0.00
0

2

4

6

8

10

12

14

pH

FIGURE 5. The absorbance of pigment extraction of the
cotton fabric samples in different pH environments

The

reversible

color

change

of

pigment

extraction in different pH environments also can
be used to identify both the natural green cotton
and the natural brown cotton from dyed cotton.
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ABSTRACT
The companies of manufacturing suits are taking more significant researches regarding the
suit-production skills. The non-adhesive attaching interlining is the key part in producing high-class
suits. Non-adhesive interlining represents that there is no adhesive between padding cloth and the
fabrics. Instead, it relies on wool canvas to set off the modeling of the suits. With this method, the
fabric’s natural quality was not conditioned by the adhesive and the fabric maintains elastic,
comfortable, firm and crisp. However, due to different degrees of shrinkage of fabrics, lining and
string, how to keep a consistent shrinkage and deforming with the fabric and trimmings under
motionless and active state? How the fabrics and the lining maintain detached while not affecting the
visual effect? These concerns relate to making of suits and also serve standards for producing same
kind of products.
This project, on basis of standard research, studies non-adhesive lining suits under non-routine state.
Contents like effects of lining change affected by wearer’s movements and different surroundings and
aesthetics of suits are also dealt with. Researches of stimulating non-routine and wearing environment,
analyzing the material designs with corresponding change, builds a basic foundation of non-adhesive
lining research.
Keywords: non-adhesive lining; contour; non-routine state; standard

1 INTRODUCTION

detached while not affecting the visual effect?

Non-adhesive interlining represents that there

These concerns relate to making of suits and

is no adhesive between padding cloth and the

also serve standards for producing same kind

fabrics. Instead, it relies on wool canvas to set

of products.

off the modeling of the suits. With this method,
the fabric’s natural quality was not conditioned

This project, on basis of standard research,

by the adhesive and the fabric maintains

studies

elastic, comfortable, firm and crisp. However,

non-routine state. Contents like effects of

due to different degrees of shrinkage of fabrics,

lining change affected by wearer’s movements

lining and string, how to keep a consistent

and different surroundings and aesthetics of

shrinkage and deforming with the fabric and

suits are also dealt with. Researches of

trimmings under motionless and active state?

stimulating

How the fabrics and the lining maintain

environment, analyzing the material designs
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non-adhesive

lining

non-routine

suits

and

under

wearing

with corresponding change, builds a basic

under the long-term stress, the contour of the

foundation of non-adhesive lining research.

suit changes.

Before all these experiments, a professional
evaluation system must be built up. So far,

3

there

3.1 Design of non-routine state

is

no

authoritative

standards

or

EXPERIMENTAL PROCEDURES

inspection requirements to evaluate the suits

Lateral Raise

made with “no-adhesive lining” technology at

According to Humanity Somatotype, the

home and abroad yet. This project, on basis of

direction

the basic principles of humanity somatotype,

waist->back axillary->lateral arm, heading to

garment structure design, clothing material,

the upper inclined place; and the direction of

aims to provide a systematic evaluation

front-axillary part is lateral waist->front

procedures, which will also lay the foundation

axillary->lateral arm, heading straight. The

of standard study into no-adhesive lining.

difference between them lies in the difference

of

back-axillary

part

is

back

between traction of the line where the sleeves
2 RESEARCH CONTENT

set in. As the photographs taken earlier show,

2.1 Factors that affect the suits’ contour and

the wrinkles vary when the angels of the

Design of Non-routine State.

lateral raise change. They mainly appear at the

Elements

that

affect

the

suits’ contour

part of lateral arm, then the axillary.

includes:
a. The chemical and physical changes of yarns,
cloth and lining caused by the changing
environment
b. The chemical and physical changes of yarns,
cloth and lining caused by the changed
micro-environment after human motion.
c. The change of elastic recovery force of cloth
and lining caused by some certain non-routine
states.
This project focuses on the third factor. Based

Flexion

on the principles of humanity somatotype we

According to Humanity Somatotype, when the

select out the postures which are High

human body bows, there will be a wrinkle line

frequency of occurrence, high traction and

appearing between the shoulder point and the

high stress possibilities. The shoulder, breast

hip point on the same side. Some little

and upper limb are mainly considered.

wrinkles indicating the moving trends also

2.2 The change of elastic recovery force of

show up along the line. And when the human

cloth and lining caused by some certain

body tosses back, the opposite wrinkle line

non-routine states.

appears.

Although the suits’ structure design is mainly
based on the vertical, static human body, but
people who wear the suits wouldn’t always
keep that posture, there will be some unusual
spread postures and some certain non-routine
postures which need to stay still for quite a
long time. Since the yarns physically change
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Convolution
According to Humanity Somatotype, when a
side of shoulder convolutes, there will be a
spiral wrinkle line appearing between the
shoulder point and the waist point on the other
side, along with little wrinkles from shoulder
point to trapeziums, and from lateral waist to
the midpoint of waist.
a. Stoop when sitting
b. Bow
c. Hand up 180°(hands up)

After the research and practical experiment,

d. Arm up 90°(arms up)

we conclude these postures which are which

e. Lateral raise 30°(both arms)

are High frequency of occurrence, high

f. Lateral raise 60°(both arms)

traction and high stress:

a.

Lateral raise 90°(both arms)

d.

Right shoulder convolute

b.

Lateral raise 120°(both arms)

e.

Left shoulder convolute

c.

Lateral raise 150°(both arms)
lining caused by gravity and traction. These

4

DESIGN OF DATA SELECTING IN

deformations are obvious in lateral raise and

ABOVE POSTURES

flexion condition, and relatively less clear in

4.1 Wrinkle Evaluation

convolution condition.

Select, record, analyze and evaluate the

4.3 The Extent of the Elastic Recovery

information of wrinkles in different state with

Test the extent of the elastic recovery of cloth

the help of image processing technology. Thus

and lining after the long-term non-routine

establish the wrinkle index system, like

postures, which mainly depends on their

wrinkle width, depth, amount, position and

physical performances. The elastic recovery

evenness. The information of cloth and lining

will ultimately cause the change of the suit’s

should be record at the same time, in order to

contour.

compare with the condition of usual lining
suit.
4.2 The Extent of the Impact of gravity

5 CONCLUSIONS

Test the extent of deformations of cloth and

The evaluation system is as follows:

Wrinkle Evaluation

The Extent of

The Extent of the

the Impact of

Elastic Recovery

gravity
Widt

Dept

Amoun

Positio

Evennes

Qualit

Tractio

Flexibilit

Elastic

h

h

t

n

s

y

n Index

y

Recover

Index
1.stoop
when
sitting
2.bow
3. Hand
up 180°
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y

4. Arm up
90°
5.Latera
l raise
30°
6.Latera
l

raise

60°
7.Latera
l

raise

90°
8.Latera
l

raise

120°
9.Latera
l

raise

150°
10.Right
shoulder
convolute
e
11.Left
shoulder
convolute
e
The establishment of this evaluation system is
just in dim light，and there are surely many
uncertain conditions waiting to be discovered.
During the research, subjective evaluation
from experts must also be taken along with
objective physically and chemically index.
This article discussed several non-routine
states when wearing suits, designed the
experimental procedures on the basis of
analysis towards those indexes, and serve the
foundation to the next step that how to execute
the actual experiments.
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ABSTRACT
Crystalline structure and thermal property of cellulose triacetate and cellulose diacetate were studied in detail. After
acetylation of cellulose, the allomorph of CTA changed and the crystallinity decreased, however, the amorphous is
dominant in CDA obtained by hydrolysis from CTA and spinning resulted in the reduction of crystallinity in CDA. TG
analysis showed that thermal stability of CTA was more than that of CDA, and the existence of acetyl could enhance
the thermal stability of cellulose acetate. DTA analysis indicated that the peaks of melting and decomposition
overlapped in CTA, however, the melting peak appeared in a lower temperature and the interval between the peaks of
melting and decomposition enlarged in CDA because of its imperfect crystallite. Glass transition in CDA was more
evident, and its Tg was higher than that in CTA.
Keywords: cellulose triacetate; cellulose diacetate; crystalline structure; thermal property
INTRODUCTION
Cellulose acetate (CA) is an important derivatives of

Synthesis and spinning of cellulose acetate

cellulose, and cellulose diacetate (CDA) is widely used

5ml of 95% acetic anhydride was added to 1g pulp

in business, where 2.5 hydroxide group in the unit of

sample with acetic acid for activation treatment for

cellulose structure are acetylated on the average. In

acetylating reaction at 50℃ for 30 min, and the amount

addition, cellulose triacetate (CTA) has numerous

of sulfuric acid catalyst was 3.0%. After acetylating,

commercial applications such as film, plastics, and

10ml of 70% acetic acid and 2.8% of 98% H2SO4 were

textile fibers [ 1 ]. CDA is usually obtained by

added and reacted at 80℃ for 2h. After acetylation or

hydrolyzation of acetylated CTA. The properties of CDA

hydrolysis reaction, 21% magnesium acetate solution

and CTA is significantly different. Obviously, the

was added to neutralize H2SO4. CTA or CDA was

differences in the properties of two kinds of cellulose

deposited by adding water to the solution, then washed

acetate are caused by the different molecular structure

and dried at 105℃. Spinning of CDA was conducted on

and crystalline structure [2]. Thermal property is an

a small dry-spinning machine. The thread-density of

important character of fiber materials, which is closely

CDA fibers was 3.70dtex.

related to the processing and application of fiber. In this
paper, we adopt many kinds of methods to characterize

Infrared spectra

the structures and thermal properties of two kinds of

FTIR spectra of fiber samples were recorded with a

cellulose acetate systematically.

Nicolet Nexus 670 FTIR spectrometer using the KBr
disc technique.100 Scans were taken with a resolution of
2 cm-1.

EXPERIMENTAL
Materials
High-grade

hardwood

dissolving

pulp

(DP:1134,

X-ray diffractometry

α-cellulose content: 98.20%) was provided by Nantong

X-ray

Acetate Fiber Co., Ltd. Acetic acid, acetic anhydride,

Rigaku-D/Max-2550PC diffractometer using Ni-filtered

sulfuric acid were of analytical reagent grade and used

Cu-Kα radiation of wavelength 0.1542 nm. The X-ray

without further purification.

unit operated at 40 kV and 30 mA. Angular scanning was
- 752 -

diffractograms

were

recorded

with

a

conducted from 5o to 50o at 2o/min.

There are three sharp diffraction peaks at 2θ angle 8-14°,
and some noticeable prominent peaks near 18° in the

Thermal analysis

diffraction curve of synthesized CTA, but these peaks are

TG and DTA of each specimen was tested by Diamond

arched, indicating that its crystallinity decreased after

TG coupled DTA analyzer. All of the tests were

acetylation, and has "two-phase" structure of crystalline

conducted on the same nitrogen flow under the heating

and amorphous phases. Besides these obvious peaks,

o

rate 10 C /min.

there are some inconspicuous diffraction peaks, as shown
in Table I. By the data in Table I, the parameters of unit

RESULTS AND DISCUSSION

cell can be evaluated, and the calculated results indicated

Infrared spectra analysis

that the crystal phase of CTA was orthogonal crystal

Infrared spectra of wood pulp, CTA and hydrolyzed CDA

system with cell parameters of a 2.46 nm, b 1.15 nm, and

are shown in Figure 1. Compared with wood pulp, the

c 1.04 nm. As is well known, cellulose I belongs to

stretching vibration peak of hydroxyl in CTA is

monoclinic crystal [5], it is obvious that acetylation

-1

significantly weakened in 3100-3750cm , and the

reaction of cellulose changed the crystalline form.

wavenumber in the maximum absorption bands rose up
from 3425cm-1 to 3480cm-1 after wood pulp acetylated.
The content of hydroxyl decreases and hydrogen bonding
reduced, which maybe the main reason for the up shift of
hydroxyl peaks [3]. The hydroxyl stretching vibration of
CDA enhanced as hydrolyzed of CTA, and its
wavenumber declined to 3465 cm-1. In the two CAs, the
absorption peaks related to acetyl groups significantly
enhanced, i.e., 1754 cm-1 attributes to carbonyl stretching
vibration, 1240 cm-1 attributes to the bond of acetyl ester,
and 1375 cm-1 and 1435 cm-1 that belongs to the
deformation of symmetric and asymmetric CH3, while
the water absorption in 1635 cm-1 is also obviously
reduced. It is clearly indicated that deacetylation

FIGURE 1 IR spectra of (a) wood pulp, (b) CTA and (c) CDA

occurred after hydrolysis of CTA from the stretching
vibration of hydroxyl in 3100-3750cm-1, and the
decrease of asymmetric plane stretching in 902 cm-1
attributed to COC and the methyl C-H bending vibration
also shows the reduction of acetyl group [4].
2.2 Crystalline structure
Acetylation of wood pulp not only changed its chemical
composition but also its crystal structure. As shown in
Figure 2, in addition to the diffraction peak of 040
crystalline plane of cellulose, which is still observed in
CTA diffraction curve, the other diffraction peaks of
cellulose disappear. Compared to the diffraction curves

FIGURE 2 X-ray diffraction curves of (a) wood pulp, (b) CTA, (c)

of wood pulp, in which the diffraction peaks are sharp.

CDA, and (d) CDA fiber

TABLE I Lattice parameter of CTA
2θ (°)
Miller indices(h,k,l)
Crystal lane spacing(nm)

8.48

10.42

13.16

17.12

18.28

21.42

22.99

25.56

26.78

34.60

001

210

310

021

012

221

030

003

013

040

1.040

0.848

0.672

0.518

0.480

0.411

0.388

0.348

0.333

0.260
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Compared with CTA, the diffraction curve of CDA after

indicating that hydrolyzation of CA and subsequent

hydrolysis is quit different, and shows a triplet.

spinning

Diffraction peak of 021 crystal plane at 2θ angle of

perfection.

indeed

significantly

reduced

crystallite

17.12° still can be observed in the diffraction curve of
CDA, but the peak intensity has greatly reduced; while

TG analysis

other two diffraction peaks at 2θ angle of 21.42° and

TG curves of wood pulp, CTA, and CDA are shown in

22.99° in the diffraction curve CDA have been difficult

Figure 3. The thermal degradation data are presented in

to be observed, presenting a very inconspicuous broad

Table III. Initial degradation temperature Ti and the

peak, in addition, other diffraction peaks of CTA can not

temperature Tp in the most speed of thermal degradation

be displayed in that of CDA, including three sharp

are significantly lower than that of CTA. There is no

diffraction peaks among 8 to 14°, which has been instead

difference between the degree of polymerization (DP) in

by a broad peak. It indicates that the hydrolysis reaction

two kinds of CA, thus the increase of acetyl group for

has destroyed orderly molecular arrangement in the

CA can enhance the thermal stability of CA. This result

crystalline areas of CA, and significantly reduces the

is identical with the research of Mei-rong etc[6], and

crystalline perfection. Spinning reduces the crystalline

they believed that nitro group can cause the degeneration

capacity of CDA further, because CDA fibers only shows

of cellulose promptly at low temperature and the

two broad diffraction peaks, indicating that amorphous

existence of acetyl enable cellulose chain to be more

structure is dominant.

stable. In our experiment, the thermal stability of two

TABLE II Crystalline properties of CTA, CDA and CDA fiber

kinds of CA were lower than its raw materials-wood pulp,

prepared from wood pulp

this phenomenon is mainly ascribed to DP in wood pulps

Sample

DP

was greater, because during the process of acetylation

Crystal size(nm)

Crystallinity
(%)

001

210

310

021

and hydrolysis, sulfuric acid will lead to the degradation

CTA

204

42.10

5.31

5.14

4.67

2.57

of cellulose chains, DP in pulp is almost over 5 times

CDA

175

39.25

3.14

2.58

1.73

1.94

higher than the two kinds of CA. However, after heating

CDA fiber

1.75

38.50

2.31

1.59

1.23

1.38

to 450 ℃, the content in residues is CTA> CDA> wood
pulp, thus the existence of acetyl increases residue

The calculated results of crystallinity and crystallite size

content after carbonization.

are as shown in Table II, from CTA to hydrolyzed CDA,

TABLE III. Thermal degradation data of wood pulp, CTA and CDA

then CDA fibers, despite there are inconspicuous

Tp

CY450*

(℃)

(℃)

(%)

CTA

344

365

16.5

23.1

CDA

327

356

13.8

18.5

Wood pulp

357

379

9.9

18.9

Sample

differences in the degree of crystallinity, the crystallite
size of every crystal plane has significantly decreased,
*t
he

( dα )p**

Ti

dt
(%/min)

yield of carbonized samples at 450 ℃；
** the largest weight loss rate in the process of thermal degradation

DTA Analysis
CTA obtained from the acetylation of wood pulp shows
an exothermic peak and endothermic peak respectively at
200℃ and 308℃, which attribute to its crystallization
and melting respectively (Figure 4). But for the
FIGURE 3 TG curves of wood pulp, CDA and CTA

hydrolyzed CDA, the DTA curve is complex. In addition
to the endothermic peak between 50℃ and 80℃,
attributing to the evaporated water, CDA shows three
endothermic peaks between the 180-235℃, 261 ℃ and
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356 ℃. It is clear that the endothermic peak at 356℃

(3) DTA analysis indicated that the peaks of melting and

belongs to the decomposition peak, although the peaks in

decomposition overlapped in CTA, however, the melting

the DTA curve of CTA was not found, mainly because

peak appeared in a lower temperature and the interval

the melting peaks (308 ℃) is near to the decomposition

between the peaks of melting and decomposition

peak (365 ℃) in CTA, the two endothermic peak overlap

enlarged in CDA because of its imperfect crystallite, on

with each other. The endothermic peak of CDA at 261℃

the other hand, glass transition in CDA was more evident,

belongs to melting peaks [7], which is much lower than

and its Tg was higher than that in CTA.

the melting peak of CTA, mainly because of imperfect
crystallites for CDA. Therefore, its melting peak
appeared at lower temperature, and the distance between
the decomposition peak and melting peak enlarged. In
the DTA curve of CDA, the endothermic peak near to
180-235℃ is likely to attribute to the glass transition, but
this peak was not obvious in CTA (the arrow marked),
and appeared at a lower temperature, mainly because the
crystallization of CTA is relatively perfect and the
increase of acetyl group reduced inter- and intramolecular actions in the amorphous area, which results in
not obvious glass transition. On the other hand,
movement freedom of molecular chain can induced the
crystallization in the process of heating. Therefore CTA
has obvious crystallization exothermic peak at 200 ℃,
but in the CDA, the crystallization exothermic peak and
the

glass

transition

overlap,

but

the

traces

of

crystallization exothermic peak (the arrow marked) was
also observed.
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FIGURE 4 DTA curves of CDA and CTA

CONCLUSIONS
(1) The structure of CTA is two-phase with the
coexistence of crystalline state and amorphous phase, but
amorphous is dominant in CDA, and spinning resulted in
the reduction of crystallinity in CDA.
(2) TG analysis showed that thermal stability of CTA
was more than that of CDA, and the existence of acetyl
could enhance the thermal stability of CA.
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ABSTRACT
A novel dynamic textile-microclimate measuring instrument was developed by modern virtual instrument
technology, which was a simulated sweating skin-microclimate-fabric system. By testing the real time
changes of temperature and relative humidity in inner and outer surfaces of fabric, it can evaluate textile’s
dynamic heat-moisture comfort properties effectively. And it was proved to have good controlling precision
and repeat accuracy by lots of experiments. The experiments of comparing different fabrics’ dynamic comfort
properties were performed. The results show that it is a reliable and simple method to evaluate fabric’s
dynamic comfort properties using this textile-microclimate instrument.
Keywords: textile-microclimate instrument; dynamic comfort property; temperature and relative humidity
INTRODUCTION

modern

virtual

instrument

technology.

This

Clothing heat-moisture transferring property is an

instrument is flexible, versatile and can better

important content in clothing comfort research,

evaluate textile’s dynamic heat-moisture comfort

which focuses on study of the heat-moisture

properties.

regulation among body, clothes and environment.
For

many

years,

lots

of

researches

were

concentrating on clothing heat-moisture transfer on
steady states

[1,2]

. While the actual dissipation of

APPROACH
The

dynamic

textile-microclimate

measuring

instrument developed in this study is shown in

heat and moisture is not always on steady states,

Figure

especially under the influence of human physiology,

skin-microclimate-fabric system. The instrument

psychology and environment, the heat-moisture

was made into cylindrical style so that heat and

transfer among body, clothes and environment is a

moisture

[3]

1,

which

can

is

transfer

a

simulated

by

one

sweating

dimension

. Nowadays many researchers

perpendicular to fabric. The whole instrument was

are gradually realizing the importance of dynamic

enwrapped by polyurethane plastic as a heat

heat-moisture transfer, and focusing on study of

insulation layer except the fabric surface was

dynamic process

[4, 5]

. But because of the

exposed to environment. The fabric was held taut in

limitation of dynamic experimental instrument and

a rubber ring and mounted over the simulated

the constraint of experimental condition, dynamic

sweating skin, which consisted of a chamois heated

testing is much difficult. There is still a need to

to a skin temperature of 33℃ and relative humidity

develop a dynamic experimental instrument to

of 100% by temperature and humidity measuring

better understand the comfort properties of textiles

and controlling system. The distance between fabric

and clothes under transient conditions.

and simulated skin can be adjusted among 5mm,

clothing dynamic comfort

10mm, 15mm and 20mm by changing different
This

study

develops

a

novel

dynamic

groove, which supported the rubber ring. The rubber

textile-microclimate measuring instrument based on

ring with fabric can insert into the instrument
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immediately to carry out dynamic experiments.

controlling precision. In addition, 10 times repeated
experiments with the same cotton fabric were
performed, which show that the limit error of
fabric’s temperature is less than 0.2562℃, and the
limit error of fabric’s humidity is less than 1.6891％.
It illustrates that this instrument has a good
reiteration.

Figure 1. Textile-microclimate measuring instrument

This instrument is used to measure textile’s surface
temperature and relative humidity in wearing
conditions that produce heavy, continued sweat.
Two couple of Pt100 temperature sensor and
polymer film (thermosetting resin) humidity sensors
employed to detect fabric surface temperature and
relative humidity were placed close to the inner and
outer surfaces of fabric. The temperature and
humidity

measuring

and

controlling

system

programmed by LabVIEW, received the voltage
changes from sensors and converted them into
temperature and relative humidity value. The valid
data of temperature and humidity are stored in chart
and Electronic Form for afterwards transfer and

Figure 2 Temperature and humidity controlling curve of simulated
skin

analysis. The hardware of this system (such as

Using this novel instrument, the experiments of

temperature and humidity sensor, data acquiring

testing temperature and humidity changes of

card, signal conditioning card) are all calibrated and

different fabrics under transient conditions in

have high precision. So the precision of this

climate chamber of (25±1)℃ and (50±2)%RH

instrument is ensured totally.

were performed. The descriptive indexes of test
fabrics are shown in Table I. Before testing, the

The reproducibility of this instrument was estimated

simulated sweating skin was heated to maintain a

by experiments with the cotton fabric under same

skin temperature of 33℃ and relative humidity of

environmental condition in climate chamber of (25

100%, and the air gap between simulated sweating

± 1) ℃ and (50 ± 2)%RH. In experiment, the

skin and the inner face of test fabric was set to

temperature and humidity controlling curve of

10mm. After fixing the temperature and humidity

simulated skin is shown in Figure 2. We can see that

sensors to fabric which was held taut in rubber ring,

the temperature and humidity of simulated skin can

turn on the temperature and humidity measuring

arrive at the set value rapidly (about 5min). The

and

fluctuation range of temperature can be controlled

immediately insert the test fabric into the instrument

within 33±0.15℃, and the variation coefficient is

from one side of it. The computer recorded and

less than 0.25％. The fluctuation range of relative

displayed the temperature and humidity changes in

humidity can be controlled within 100±2%, and

inner and outer surfaces of test fabric every 3s for

the variation coefficient is less than 0.94 ％ . It

20min.

shows simulated skin’s good stability and high
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controlling

system

in

computer

and

Table I

dissipating properties will reach dynamic balance

Descriptive indexes of test fabrics

Component

Blending

Thickness

more

Weight

quickly,

and

humans

will

feel

more

comfortable.

2

Ratio(％)

(mm)

(g/m )

Cotton

100

0.34

210

Wool

100

0.33

185

3. Ascending maximum of temperature and

Polyester

100

0.31

200

humidity in inner surface of fabric when dynamic

Polypropylene

100

0.29

195

balance is reached: This value illustrates fabric’s
abilities

of

heat-moisture

transmission

and

dissipation. The more rapid the heat-moisture

RESULTS AND DISCUSSION
The typical temperature and humidity variation
curves are given in Figure 3, which shows that there
are distinct styles and variation regularities in
different stages. In initial balance, the temperature

dissipates through fabric, the lower the temperature
and humidity reach at the balance time, and the
lower the intensity of discomfort perceived by the
wearer at that time.

and humidity in inner and outer surfaces are the
same with environment and there is no gradient
between two sides. After inserting the fabric into
instrument, with the evaporation of sweating from
simulated skin, the temperature and humidity in
microclimate increase rapidly. At the same time, the
temperature and humidity in fabric’s inner surface
and the gradient between two sides of fabric
increase rapidly too. After a while the ascending
velocity of temperature and humidity tends to
smooth. When the evaporation rate from the
simulated skin is equivalent to the diffusion rate
from fabric to environment, new dynamic balance is
achieved and the temperature and humidity
maintain in a static state.
From the dynamic curves in Figure 3 we can get

Figure 3 Typical temperature and humidity variation curves

such dynamic characteristic values as follows, to

From analyses reported above, we know that

evaluate textile’s comfort property:

temperature and relative humidity in inner surface
of fabric indicate the temperature and humidity

1. Difference of initial ascending slope between

value in microclimate between skin and fabric,

inner and outer surface of fabric: It illustrates

which is an important factor evaluating fabric’s

fabric’s heat and moisture sorption and transferring

dynamic comfort property. Figure 4 shows the

abilities upon immediate exposure to a high

comparing variation curves of temperature and

temperature and humidity microclimate. The more

humidity in inner surface of four test fabrics. From

rapid the temperature and humidity build-up in the

Figure 4 we can see that the sequence of

fabric surface, the stronger the stimulus for possible

temperature and humidity from big to small is:

sensations of discomfort is.

cotton,

wool,

polyester

and

polypropylene.

Hydrophilic fabrics such as wool, cotton have good
2. Time of reaching dynamic balance: Fabrics that

moisture absorption. So when skin sweating, they

have

absorb much moisture, resulting in rapid and

good

heat-moisture

transferring

and
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continued increase of humidity in inner surface of

[1] Ruckman J E ，Water Vapor Transfer in

fabric. While polyester and polypropylene are

Waterproof Breathable Fabrics, Part Ⅰ: Under

hydrophobic fabrics, and their binding capacity with

Steady-State Conditions，International Journal of

water molecule is smaller than hydrophilic fabrics.

Clothing Science and Technology，1997，9(1)：

They absorb less moisture, so their inner surface

10-22.

humidity is lower than hydrophilic fabrics, and

[2] Rene M R，Rene G，Hans M, Water vapor

wearer will feel much more comfortable. The

transfer and condensation effects in multilayer

temperature curves can be explained similarly to

textile combinations, Textile Research Journal，

above.

2004，74(1)：1-6.

So

hydrophobic

fabrics

are

more

comfortable than hydrophilic fabrics when skin

[3] Chen Y S, Fan J, Zhang W，Clothing Thermal

produces heavy and continued sweat.

Insulation During Sweating，Textile Research
Journal，2003，73(2)：152-157.
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Figure 4

Temperature and humidity curves in inner surface of

test fabrics

CONCLUSIONS
This study develops a dynamic textile-microclimate
measuring instrument, which is flexible, versatile,
good-repeatable, and can be used to analyze fabric’s
dynamic

heat-moisture

comfort

properties

effectively. The experiments of testing real time
changes of temperature and relative humidity in
different fabrics’ surfaces show that hydrophobic
fabrics are more comfortable than hydrophilic
fabrics under transient conditions that produce
heavy and continued sweat.
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ABSTRACT
In the present work a differential scanning calorimetry technique has been used to investigate the effect of
annealing on the thermal properties of high performance polyethylene fibers (HPPE). The fibers were annealing
under unconstrained conditions, at 70, 100, 130℃ for periods 30 min, respectively. Double-melting endotherms
are the characteristic melting behaviors of HPPE fibers. The crystalline lattice would be normalized when fiber
was heated because partial crystal exist fiber interior, so the melting temperatures are increased. The crystalline
structure transformation of high performance polyethylene was also characterized by X-ray diffraction
experiments. The characterization results showed that the pre-heat induced an increase in the crystallinity, onset
and melting temperature of HPPE fibers. Dimension of the orthorhombic structure in the 110 and 200 become
larger with the annealing temperature of HPPE fibers increasing.
Dyneema SK65, Mw: 4.5 kg mol-1, a multifilament
made by DSM Corp., Netherlands.

INTROUCTION
High performance polyethylene fibers (HPPE)
possesses many excellent characteristics, including
high strength, high modulus but with light weight,
easy processing[1]. Because of their high strength
to weight ration HPPE fibers are excellent
materials for weight-sensitive applications like
towing lines, helmet reinforcement or sails[2].
Moreover, HPPE is a typically flexible polymer
with weak heat resistance. Therefore, the effect of
thermal treatment conditions on the structure of
HPPE fibers is important for improving processing
quality.

According to the application of the fibers,
temperatures of 70, 100 and 130℃ were set as the
key points for comparison. The thermal treatment
time was 30 min.
DSC
Differential scanning calorimetry was carried out
using a Perkin-Elmer DSC 7. Thin samples
(approximately 5mg), cut from larger pieces, were
encapsulated in aluminium pans using a reference
pan of exactly the same weight because of
symmetry reasons. Samples were treated at a
temperature scanning rate of 20℃/min under
nitrogen protect with a flow rate of 20 STP ml/min.

HPPE fibers have a highly oriented and extended
chain crystalline structure with limited disordered
domains in the interfibrillar and intercrystalline
regions[3]. The fibrillated fiber structure consists
of macrofibrils and microfibrils. These disordered
domains are thought to contain physical
entanglements and other imperfections[4].

XRD
Wide angle X-ray diffraction experiments were
performed at room temperature using Powder
Diffractometer system, made by Japan Rigaku
Corp., with vertically mounted goniometer.
Nickel-filtered
Cu
Kα
radiation
with
wavelength 0.1541 nm was used and operating at
40 kV and 300mA. All XRD data were collected
from 2θ = 5–35º with a step interval of 0.02º.
The percentage of crystallinity was calculated by
the ratio to total integral intensities of crystalline
peaks to the integral intensities of amorphous and
crystalline peaks.

In this investigation differential scanning
calorimetry (DSC) is used to determine the melting
temperature of HPPE fiber. And X-ray diffraction
(XRD) is used to indicate orthorhombic structure
and amorphous content in the HPPE fibers which
are treated by heat. Both of experiments are to
investigate the effects of heat on the crystalline
structure and properties of HPPE fibers[5].
EXPERIMENTAL
Materials
High performance polyethylene fibers under
investigation are characterized as follows:

RESULTS AND DISCUSSION
In Fig.1, Wide angle X-ray diffraction of high
performance polyethylene fibers show three
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With increasing temperature of pre-heat, the three
mains peaks decrease in their intensities, with the
largest decrease in the 19.5º peak and almost
vanished at curve annealing at 130º. Common
tendency observed in this peak is that monoclinic
crystalline phase decreases and disappears
eventually as treated temperature is raised. Another
common behavior observed is that orthorhombic
crystalline phase becomes broaden and shift to
right of x-axis, with intensity reduced.

distinctly indentified peaks at theta of 19.5º, 21.5º
and 23.9º. Two shoulders at 23.1º and 24.9º are
difficult to visible for that the two distinctly high
and sharp peaks cover up both of shoulder peaks.
Though peak-separation, the two shoulder peaks
can be easily visible. The relative area and
intensities of the various peaks can be clearly
obtained.
The amorphous peaks ranging from 17º to 27º is
very wide and weak, which need to fit by manual
operation necessarily. Because the amorphous
background centers around 20º, peak enlargement
at 19.5º could be due to increases in amorphous
content as well as monoclinic form.

Annealing at high temperature increases the
crystalline dimensions of the orthorhombic
structure but diminishes transformation from
orthorhombic to hexagonal crystalline.

Intensity

Intensity (counts)

Data
fitted curve
m(001), m(002), m(201)
o(110), o(200)
non-crystalline

o

130 C
o

100 C
o

70 C
untreated
18

20

22

24

16

26

18

20

22

24

26

o

o

Theta ( )

Theta ( )

Fig.1 Deconvolution of the XRD pattern of typical HPPE fiber
powder into three different contributions: (a) non-crystalline; (b)
orthorhombic crystalline; and (c) monoclinic phases.

Fig.2 The room temperature XRD patterns of various HPPE
fibers annealing at 70, 100, 130℃

The diffraction peaks observed were the
monoclinic (001) reflection, and the orthorhombic
(110) and (200) reflections; a broad non-crystalline
halo was also observed. The predominating
crystalline form for all the samples in the
orthorhombic form, characterized by the peaks
21.5 and 23.9°[6]. Only one peak at 19.5° is a clear
evidence for the presence of the monoclinic form
and the other two monoclinic reflections are
severely overlapped with the second orthorhombic
reflection[7].

o

Endotherm up

130 C

o

100 C

o

70 C

untreated

As illustrated in Fig. 2, it is found that the fraction
of monoclinic phase decreases with increasing
annealing temperature, and the monoclinic phase is
hardly observed when the annealing temperature
reached at 130℃. It also be noted that the peak
positions of the orthorhombic (110) and (200)
reflections move to the left along the x-axis as
annealing temperature increases.

110

120

130

140
150
o
Temperature ( C)

160

Fig.3 DSC curves of the HPPE fibers annealed at
℃.

170

70, 100, 130

In Fig. 3, schematic illustration of differential
scanning calorimetry is presented. The heating
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The structure of HPPE fibers intend to stable with
increasing annealing temperature under appropriate
conditions because the folding segment transform
to extended segment and orthorhombic crystalline
transform to hexagonal crystalline.

curve for the HPPE fibers in this study is
characterized by a double fusion peak at low
annealing temperature, and the double fusion peak
becomes one narrow, sharp fusion peak in curve
which the fiber was treated at 130℃. The high
temperature melting peak disappears on annealing
the sample at 130℃.
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The first peak at low temperature corresponds to
melting of the crystals and the second peak at high
temperature corresponds to the nascent crystals.
HPPE fiber melts around 141℃ on heating rate of
20℃/min, close to the reported equilibrium melting
temperature for linear polyethylene of 141.5℃[8].
The melting temperature of the pre-heat treatment
fibers is higher than that of the reported.
The pre-heated fibers exhibits two molten peaks,
whose temperature are higher than that of untreated
HPPE fiber as well as the melting enthalpy[9]. As a
result, the melting point and heat of fusion
gradually increases with increasing pre-heat
temperature. Also the area of endothermic peak
which characterized orthorhombic crystalline
transforming to hexagonal crystalline gradually
increases.
TABLE I. Characteristic points obtained from DSC scan of
HPPE fiber treated by different temperature

Treatment
(℃)
untreated
70
100
130

Onset
(℃)
134.8
134.9
136.5
136.9

Tm1
(℃)
142.8
143.9
146.2
147.6

Tm2
(℃)
153.5
152.9
152.6
-

From TABLE I., we can see that the increase in onset
molten temperature of the pre-heated specimens is
due to the increased crystallinity as a result of the
pre-heat treatment process. These results agree
with XRD results.
CONCLUSIONS
Results of this study show that changes in the
melting behavior of the HPPE fibers can be
effective indicators of structural changes in the
crystalline phases as well as in the intercrystalline
areas.
The pre-heat treatment process leads to an
increased degree of crystallinity of the high
performance polyethylene fibers. This increase,
which is related to heat treatment temperature,
strongly affects the structure of the fiber.
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Study on Main Factors Impact on
Heat-moisture Comfort of Knitted Fabric
Jing Xiao-ning*1, Li Ya-bin1
1School of Textile, Tianjin Polytechnic University, Tianjin, China
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ABSTRACT
This article makes the heat-moisture comfort experiments of regenerated fiber fabric, such as
tencel, modal and bamboo fabric, which compare with cotton fabric. Make the analysis that the thermal
resistance of tencel and bamboo fabrics are less than cotton fabrics. For the warm-cool feeling of these
fabrics, the modal fabric is strongest and stronger than tencel fabric, the bamboo fabric is the second a
nd the cotton fabric is the lowest. The moisture transfer properties of bamboo fabric is good, which is cl
ose to the cotton in sweating condition. The water permeability of cotton is the best ,while modal and t
encel are worse than bamboo fabric.The air permeability has less effect on the types of fiber. Then, use
the SPSS software to analyze the impact factors that may affect heat-moisture comfort of knitted under
wear. In the end, we make out conclusion that the main factors which influence heat-moisture comfort
of knitted underwear are moisture absorption performance, water vapor permeability , fabric thickness,
cloth structure, tightness and the warm-coolfeeling.
Keywords: regenerated fiber;heat-moisture comfort;impact factors;principal components analysis
INTRODUCTION
Comfort is one of the most important research
field in the function science. The widely
accepted definition of comfort is: a neutral status
which can be described as a pain-free, no
discomfort feeling[1]. Heat-moisture comfort
has always been the focus of the study.
Fabric comfort evaluates and reflects whether it
can meet the physical and psychological
requirements of people from an objective point
of view[2]. Recently there are main three ways
to study the comfort of fabric: physiological
method, psychological method and physics
method. Because of the bad repeatability of
physiological method, and psychological method
is just a complement which tests for the
objective evaluation method, physics method has
always been the focus of the study[3].
Garments play a role as accommodate action in
the energy exchange through the heat-moisture
transfer process[4]. Based on clothing comfort
theory, to have good heat-moisture comfort,
fabric has to meet the following requirements[5]:
the rapid wicking or transfer of liquid water; in a
short period of time when there is a large
number of sweat gathered, the fabric should
have a certain water-retention capacity to keep
sweat from flowing; steam of sweat should
transfer quickly; fabric should dry quickly;
fabric has a good quality to keep warm and cool.
In this paper, there are some tests for the
heat-moisture comfort of regenerated fabric,

then use the SPSS software to analyze the
impact factors that may affect heat-moisture
comfort of knitted underwear, and choose
principal component analysis from the extraction
methods. Analyze the main impact factors of the
knitted underwear fabrics comfort.
EXPERIMENTAL
RESULTS
AND
ANALYSIS
The possible impact factors of knitted
underwear’s heat-moisture comfort are: moisture
regain, weight, thickness, structure, fabric
properties including (water vapor permeability,
thermal
conductivity,
air
permeability,
warm-cool feeling). The experimental data is
shown in TABLEⅠ.
TABLEⅠ. Heat-moisture Comfort Experimental Data

fabric

1
Tencel/S
pandex
（95/5）
2
Modal/Sp
andex
（95/5）
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water
vapor
perme
abilit
y
（W/
m2）
126.0

therm
air
warm-c
al
permeab
ool
condu
ility
feeling
ctivit (pa·s/m) qmax(W/
cm2)
y
(m·℃
/W)
14.56 109.5
0.117

127.7

14.81

210.1

0.121

3
Cotton/S
pandex
（95/5）
4
Cotton/T
encel
（50/50）
5
cotton/ba
mboo
（70/30）
6
cotton

147.0

14.62

100.4

0.112

132.7

12.72

220.6

0.144

151.0

15.37

104.8

0.132

151.0

15.49

110.4

0.122

Experimental results analysis of warm-cool
feeling
The warm-cool feeling of modal fabric is
stronger than tencel fabric. And tencel is better
than cotton. This is mainly because the larger
hygroscopicity. In ribbed fabric, the rank
ordering of warm-cool feeling is: tencel, bamboo,
cotton.

Experimental results analysis of thermal
conductivity
Compare with 1,2 and 3 sample, we can see that ,
the thermal properties of tencel fabric is better
than modal and cotton fabric. And the latter two
are almost equally. Modal fabric is slightly
higher. This is because in terms of fiber
morphology, tencel has a circular cross-section
and a smooth longitudinal. The die cavum air
and still air maintained by the faber itself is less.
So the thermal resistance is smaller.
The thermal resistance of tencel and bamboo are
less than cotton fabrics. This is because, tencel
and bamboo fabric don’t have the cavum and
twist of cotton. The die cavum air inside the
fiber is less. Take into account the different
blending ratio of the samples, through weight
converting , it can further compare out that the
thermal conductivity of tencel fabric is the best,
bamboo fabric is slightly worse than tencel as
well as cotton fabric.
Add 5% spandex fiber in the cotton will reduce
the thermal resistance of fabric.

The warm-cool feeling is not only related to the
fabric support surface and smoothness of fabric,
but also connects with the factors of fiber
morphology, hygroscopicity and yarn twist. It’s
the result of various factors. In the same or
similar structure of fabric, the warm-cool feeling
of modal, tencel, bamboo fabric are all strong.
This can be reasult from the morphology and
hygroscopicity of fiber.
Experimental results analysis of air
permeability
The air permeability has less effect on the types
of fiber. It mainly related to the thickness,
density and structure of fabric.
Experimental results analysis of water vapor
permeability
The moisture transfer properties of bamboo
fabric is good, which is close to the cotton in
sweating
condition.
The
water
vapor
permeability of modal and tencel are worse than
bamboo fabric, and cotton is the best.
The principal components analysis of
heat-moisture comfort
Do the factor analysis to the impact factors on
heat-moisture comfort of knitted fabric and the
extraction method is principal component
analysis. The results are shown in TABLEⅡ.

TABLEⅡ. Total Variance Explained

Component
1
2
3
4
5
6
7
8

Total
4.378
2.209
.893
.297
.222
3.17E-016
1.36E-016
-1.57E-016

Initial Eigenvalues
Extraction Sums of Squared Loadings
% of Variance Cumulative % Total % of Variance Cumulative %
54.729
54.729 4.378
54.729
54.729
27.618
82.347 2.209
27.618
82.347
11.169
93.515
3.714
97.229
2.771
100.000
3.96E-015
100.000
1.69E-015
100.000
-1.96E-015

100.000
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FIGURE 1.Scree Olot

a.Rotation converged in 3 iterations.

With the first principal component, a larger
correlation coefficient factor are weight,
thickness, yarn fineness, water vapor
permeability and moisture regain. With the
second principal component, factors of the
correlation coefficient are warm-cool feeling, air
permeability and thermal resistance.

S cree Plot
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In the Scree Plot, we can see that there are 2
factors more than 1. Therefore, through principal
components analysis we can extracted 2
principal components from 8 factors. The
contribution rate of first principal components is
54.729%. The contribution rate of second
principal components is 27.618%. The total
contribution rate is 82.347%.

At the first principal component, the coefficient
of sensible sweat transmission is negative, while
the coefficient of moisture regain, weight,
thickness and yarn fineness are positive. It
shows that sensible sweat transmission has a
negative correlation with moisture regain, gram
weight, thickness and yarn fineness. The smaller
hygroscopicity, thickness, weight and yarn
fineness are, the better water vapor permeability
will be.

TABLE Ⅲ.Component Matrix

moisture regain
weight
thickness
yarn fineness
water vapor
permeability
thermal
conductivity
air permeability
warm-cool feeling

Component
1
2
.690
.047
.894
-.399
.797
-.493
.941
-.069
-.972

-.047

-.502

-.652

.622
.001

.654
.973

Extraction Method: Principal Component Analysis.
a. 2 components extracted.

In order to analyze conveniently, do orthogonal
rotation to the coefficient matrix. So that
coefficients will rotate towards the direction near
1 and 0.
TABLE Ⅳ. Rotated Component Matrix.

Component
1
moisture regain
weight
thickness
yarn fineness
water vapor
permeability
thermal conductivity
air permeability
warm-cool feeling

2
.630
.977
.919
.906

.283
-.063
-.185
.263

-.895

-.382

-.245
.356
-.337

-.786
.829
.912

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.

We can see from the experiment that gram
weight closely reflects tightness of fabric,
thermal resistance is proportional to the
thickness of fabric, air permeability and fabric
stucture are related, sensible sweat transmission
and water vapor permeability are related.
Therefore the first principal component
represents materials hygroscopicity, moisture
permeability, thickness and fabric tightness. The
second principal components represents
warm-cool feeling, fabric structure and
thickness.

At the second principal components, the
coefficient of the thermal resistance is negative,
while the coefficient of warm-cool feeling is
positive. This indicates that it is negative
correlation between warm-cool feeling and
thermal resistance. The smaller thermal
resistance is, the better warm-cool feeling will
be. The coefficient of air permeability is positive.
It has a positive correlation with warm-cool
feeling. This means that the better of air
permeability , the colder it feels.
In conclusion, the major factors impact on
heat-moisture comfort of knitted underwear is
hygroscopicity, water vapor permeability,
thickness, fabric structure, tightness and
warm-cool feeling.
CONCLUSION
Acording to the experiments above we can
conclusion that: tencel and bamboo fabric have
less thermal resistance than cotton fabrics.
Modal fabric has cooler feeling than tencel
fabric, followed by bamboo fiber, cotton fabric
isminimum.The moisture transfer properties of b
amboo fabric is good, which is close to the cotto
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n in sweating condition. The water permeability
of cotton is the best ,while modal and tencel are
worse than bamboo fabric.The air permeability h
as less effect on the types of fiber. Then, use the
SPSS software to analyze the impact factors that
may affect heat-moisture comfort of knitted und
erwear. In the end, we make out conclusion that t
he main factors which influence heat-moisture c
omfort of knitted underwear are moisture absorp
tion performance, water vapor permeability , fab
ric thickness, cloth structure, tightness and the w
arm-coolfeeling.
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1. Introduction
Yarn

hairiness

is

an

important

testing

parameter of yarn quality. And most of yarn
hairiness testing methods is based on the
principle of optics.
A new method is developed. This paper mainly

Figure 1: the new yairiness testing method principle

introduces

1,5-yarn guide roll

a

new

yarn

hairiness

testing

2-compressed air

3-barometer 4-

method--based on the pressure loss of the

tubule 6-yarn

tubule-based air flow and the designs of the

3. Influencing Factors

device according to this method. Through the

Based of analyse, three main factors might

investigation of main influencing factors, the

influence the testing：

best processing parameters are confirmed.

(1) the basic air pressure, P0;

Through the comparison of testing results

(2) the yarns tension, F;
(3) the yarn velocity, V;
3.1 The basic air pressure, P0
The basic air pressure P0 mains the air pressure

between the traditional yarn hairiness testing and
this device, it concludes the feasibility of the
device and the rationality of this principle.

without yarn passing by the tubule which is a
fixed value. Also, P is introduced to show the air

2. Principle
The principle of new yarn hairiness testing
method--based on the pressure loss of the
tubule-based air flow is as follows (Figure 1) .:

pressure in the tubule when the yarns pass by. In
order to choose a right basic air pressure, A is
defined as follow:

When the yarns pass through the micro-circular
tubule with a certain diameter, which was filled
with previously set flow of compressed air, the
yarn hairiness will create the pressure loss in the

(1)

Where A describes the percents of pressure loss
what yarn hairiness causes.

tubule because of blocking. So the pressure loss
of the air has the corresponding relationship with
the yarn hairiness. The value of air pressure loss
is different from the traditional concept of the
number of yarn hairiness. The paper is trying to
introduce a parameter R(Pa/30cm), as the
hairness index, which means the loss pressure in
a 30cm length tubule.

Figure 2 :Value A under different basic air pressure linear fitting.

According to figure2, it shows that the lower
basic air pressure 250Pa may be a right basic air
- 767 -

pressure. But the result of the contrast
experiment of 250Pa and 1500Pa has indicated

4 Contrast Experiment

( see figure 3), that during the experiment, the

The correlation between the traditional tester and

sensitivity under basic air pressure 1500Pa is

this new tester will be found in the contrast

higher than the 250Pa.

experiment. The 100% cotton yarns, which are
sized by modified starches with 8% sizing rate,
are prepared. The yarn hairiness will be created
after passing by weaving-load simulator[1] with
three frequencies. Through the contrast of testing
results from the traditional testing device(YG
172) and this new tester, the correlation will be

Points Sample

found by figure 6.
Experimental condition:

Figure 3： Sensitivity contrast experiment

P0 (Basic air pressure):750 Pa;
Making out of the comparison, 750 Pa is a

Yarn tension, F: 10cN;

reasonable basic air pressure.

Velocity of yarn, V: 5m/min;

3.2 Tension of yarns, F
Also. the tension of yarns is an important factor.
Experiment conditions:
Cotton yarn:18.2 tex; Yarn velocity: 5 m/min;

Figure6： The correlation of results by two testers

R is introduced to avoid effecting of basic air
pressure. R is defined as follow:
R =P － P0

Figure 4： The effect of yarn tension

(1)

HR is defined as the number of above 3mm
Figure 4 shows that the yarn tension under

length yarn hairiness. The value r is the

certain condition has little effect on the result of

correlation coefficient.

testing.

5. Conclusions

3.3 Velocity of yarn, V

After the experiments, conclusions as follow are

Experiment conditions:

got:

Cotton yarn:18.2 tex; Yarn tension: 10 cN;

⑴ The velocity of yarn V, and the tension of
yarn F have little effect on the testing result
under the set condition.
⑵ The feasibility of the device and the
rationality of this principle are confirmed by the
experiments.
6. Reference

Figure 5： The effect of yarn velocity

[1] Guo Jiansheng,” Development of Rapid

Figure 5 shows that the yarn velocity under

Check and Evaluation System for Sizing” Cotton

certain condition has little effect on the result of
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INTRODUCTION
This paper presents the comfort properties [1] of
different weft knitted structures made from 100%
bamboo and bamboo-cotton blended yarns.
Bamboo fibers are well-known for their antimicrobial properties. They are now increasingly
being used for knitted fabrics. The primary
objective of this study was to evaluate and analyze
the comfort properties of single jersey, 1 x 1 rib
and interlock structures made from bamboo
blended yarns having different counts. It has been
reported [2] that yarn properties like yarn count,
yarn twist and combing process of cotton affect
different thermal comfort properties of 1×1 rib
knitted fabrics. As the twist and yarn count
increase, thermal resistance values decrease and
water vapour permeability values increase. Single
jersey fabrics have remarkably lower thermal
conductivity and thermal resistance values as well
as higher relative water vapour permeability values
than 1×1 rib and interlock fabrics [3]. However, the
comfort properties of knitted structures made from
bamboo fiber blended yarns are yet to be
investigated exhaustively.

RESULTS AND DISCUSSION
The thickness of knitted structures was maximum
for the interlock closely followed by the 1x 1 rib.
The thickness of rib fabrics was almost double as
compared to that of single jersey fabrics (Table II).
For single jersey, rib and interlock structures, it is
observed that for same yarn count, as the
proportion of bamboo fibre increases, the fabric
thickness reduces. This may be attributed to the
fact that the diameter of yarn (for similar count)
reduces as the proportion of bamboo fibre increases.
As the length of bamboo fibre was more (38 mm)
than that of cotton fibre, addition of bamboo fibre
leads to better packing of yarn structure and
thereby reduces the yarn diameter.
It is also observed that, in general, as the
proportion of bamboo fiber increases, the relative
water vapour permeability (%) increases (Table III)
and water vapour resistance (Pa.m2/s) decreases.
This could partly be attributed to the lower
diameter of bamboo blended yarns. Knitted fabrics
made from finer yarns show higher relative water
vapour permeability as expected. The airpermeability was maximum for the single-jersey
followed by 1x 1 rib and interlock structure. This
could be attributed to the higher thickness and
aerial density of the rib and interlock structure as
compared to the single jersey fabrics. The airpermeability increases as the proportion of bamboo
fibre in the yarn increases. 100% bamboo fabric is
showing much higher air permeability than its
virgin cotton counterpart in all the three knitted
structures (Table IV).

MATERIALS AND METHODS
In this work, 100% cotton, 50:50 cotton: bamboo
and 100% bamboo yarns were spun in three
different counts (20 Ne, 25 Ne and 30 Ne). For
50:50 cotton: bamboo blended yarn, blending was
done at the blowroom stage using combed cotton
sliver. The length and fineness of bamboo fibers
were 38 mm and 1.4 denier, respectively. Yarns
were spun using a modern ringframe with a twist
multiplier of 3.8 and spindle speed of 15000. From
the produced yarns, three weft knitted structures
were produced with the machine parameters as
shown in Table I.

Table II: Yarn diameter and fabric thickness
Yarn
coun
t
(Ne)

The fabric samples were wet relaxed and dried
before the testing. All the samples were tested for
their geometrical (thickness, wales per inch,
courses per inch, tightness factor etc.) and comfort
properties. The yarn diameter of was measured
using Lieca microscope. Permatest instrument was

20

25

used to measure the relative water vapour
permeability (%) and water vapour resistance
(Pa.m2/s). Air permeability was tested using
Textest instrument. For water vapour permeability
and air permeability, five readings were taken for
each sample and then averages were calculated.

30
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Blend

Yarn
diamete
r (mm)

100 % C

0.2595

Fabric thickness
(mm)
Single
1x1 Rib
jersey
0.544
0.964

50: 50 C: B

0.2420

0.486

0.898

100 % B

0.2128

0.472

0.834

100 % C

0.2255

0.512

0.836

50: 50 C: B

0.2132

0.442

0.824

100 % B

0.1920

0.424

0.78

100 % C

0.1865

0.442

0.746

50: 50 C: B

0.1992

0.378

0.686

100 % B

0.1884

0.366

0.674

Table III: Relative water vapour permeability (%)
of knitted fabrics
Yarn
count
(Ne)

20

25

30

Blend

Single

1x1

jersey

Rib

100 % C

41.96

34.72

34.98

50: 50 C: B

43.77

40.84

35.8

100 % B

44.58

37.12

37.78

100 % C

42.62

36.84

35.82

50: 50 C: B

46.06

42.4

39.75

100 % B

45.07

40.43

39.66

100 % C

45.14

43.19

37.37

50: 50 C: B

46.55

43.21

40.49

100 % B

48.13

43.53

42.96

of knitted fabrics, International Journal of
Thermal Sciences, 46, (2007) 1318-1322.
[3] Oglakcioglu, N., and Marmarali, A., Thermal
comfort properties of some knitted structures,
Fibres and Textiles in Eastern Europe, 15,
(2007) 94-96.

Interlock

CONCLUSION
The admixture of bamboo fibre improves the water
vapour permeability and air permeability of knitted
structures. For the similar yarn count, the diameter
of bamboo blended yarns was lower than the pure
cotton yarns. Therefore, the thickness of knitted
fabric reduces with the increase of bamboo fibre
proportion in the yarn. The fabrics are now being
tested for thermal conductivity and thermal
resistance.
Table IV: Air permeability (cm3/cm2.s) of knitted
fabrics
Yarn
count
(Ne)

20

25

30

Blend

Single

1x1

jersey

Rib

Interlock

100 % C

109

78

41

50: 50 C: B

126

104

49

100 % B

282

158

117

100 % C

186

100

74

50: 50 C: B

222

150

130

100 % B

435

225

199

100 % C

226

209

92

50: 50 C: B

289

173

157

100 % B

589

304

209
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The Study on Ergonomic Factors of Protective Clothing Using
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INTRODUCTION
Protective clothing systems protect the wearer from
external hazards but, unfortunately, may cause
significant negative influences on physical
performance by additional energy cost of work [1].
Protective clothing is known to impair work
performance due to its added thermal insulation,
reduced water vapour permeability, weight, bulkiness,
stiffness, and possible friction between layers of
clothes worn [1, 3, 4]. In comparison with the wellestablished problems of heat stress associated with
protective clothing, the influence from ergonomic
aspects has not received enough investigation. In the
few studies that have addressed the effects of
clothing ergonomics on wearing comfort,
measurements on bulkiness, stiffness and fit were
taken manually [1, 2, 3]. The disadvantages of
manual measuring include high cost, low accuracy,
and most importantly the physical contact changes
the garment dimensions from initial untouched status.
In this study a three-dimensional (3D) noncontact
scanning technique is applied to determine the air
gap sizes and distribution between clothing and
human body. The relationships between air gap
information and bulkiness, stiffness and fit are
developed. Applying 3D body scanning technique in
exploration of clothing ensemble, this method takes
further the analysis of ergonomic factors to the full
garment level.
APPROACH
Test garments
Five protective coveralls are selected to represent a
wide range of size, bulkiness, and stiffness. The
characteristics of test garments are summarized in
Table I.
TABLE I. Test garments

1
2
3
4
5

Coverall
DuPont™ Tychem® BR125T
DuPont™ Tychem® RS125T
DuPont™ Tyvek® TY125S
DuPont™ Summus® SU125S 00
MarvHolland
FIREWALL™
coverall (90% cotton, 10% nylon)

Size
2X
XL
LG
MD
SM

Subjects
A total of 5 healthy male volunteers, with no
pervious experience performing in protective
clothing, will be recruited for the study. All subjects
will be informed of all details of the experimental

procedures. Consents are approved prior to the
experiment by the Ethic Board of the university.
Test apparatus and procedure
3D body scanning will be conducted using a Vitus
3D whole body scanner (Human Solutions). The
scanner is connected to a computer equipped with the
ScanWorX and Anthroscan 3D measurement
software (Human Solutions), which are used for the
visualization, processing and measurements from the
scanned object. Each subject needs to be scanned for
nude (with underpants only) and for clothed
condition in standing still position and with same
posture. The two scanned images are then aligned,
and cross section views are obtained to determine air
gaps (Figure 1).

FIGURE 1. Cross section view image of air gap visualization.

The average air gap distance for each cross section
and the distribution of air gap distances along vertical
direction are determined.
Exercise protocol and subjective evaluations
The dressed subjects will be asked to complete an
exercise protocol. The exercise protocol is based on
the procedure outlined in ASTM F1154 [5] for
evaluating the comfort, fit and function of chemical
protective suits. After the completion of the exercise
protocol, a wearer acceptability scale is filled out by
each subject. This wearer acceptability scale consists
of a series of descriptive adjective sets to determine
how subjects felt and also how they perceived the fit,
bulkiness and stiffness of their clothing.
EXPECTED RESULTS
Air volume in the microclimate differs among
different clothing sizes [6]. It is expected that the
analysis of variance (ANOVA) of the results shows
mean air gap of a garment is significantly different
among the five types of coveralls (p< 0.01) and
among 5 subjects (p<0.01) (Figure 2).
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FIGURE 2. Clothing mean air gaps of five types of coverall worn
by 5 subjects (illustrated based on predicted data trend).

Bulkiness, the extra volume put on by wearing
clothing, is inherently related to air gap size.
Predictably, the regression analysis will show that the
subjective perception of bulkiness is significantly
correlated with mean air gap (Figure 3). Subjective
perception of stiffness for 5 types of coveralls is
significantly correlated with total number of nodes
detected at designated cross sections [7].

[3] Adams, P. S. and Keyserling, W. M., “The effect
of size and fabric weight of protective coveralls on
range of gross body motions”, American Industrial
Hygiene Association Journal, 56, No. 4, April 1995,
pp. 333-340.
[4] Rissanen, S., I. Jousela, J. R. Jeong and H.
Rintamaki, “Heat stress and bulkiness of chemical
protective clothing impair performance of medical
personnel in basic lifesaving tasks”, Ergonomics, 51,
No.7, July 2008, pp.1011-22.
[5] American Society for Testing and Materials
(ASTM), “ASTM F1154: Standard Practices for
Qualitatively Evaluating the Comfort, Fit, Function,
and Integrity of Chemical-Protective Suit
Ensembles”, 1999, West Conshohocken, PA: Author.
[6] Lee, Y., Hong, K. and Hong, S., “3D
quantification of microclimate volume in layered
clothing for the prediction of clothing insulation”,
Applied Ergonomics, 38, No.3, 2007, pp.349-355.
[7] Mah, T. and Song, G., “An investigation of the
assessment of fabric drape using three-dimensional
body scanning”, The Journal of Textile Institute, in
press.
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mean air gap

FIGURE 3. Subjective perception of garment bulkiness vs.
garment mean air gap (illustrated based on predicted data trend).

CONCLUSIONS
The 3-D body scanner technique can be used as a
tool for assessing the bulkiness, stiffness and overall
fit of protective coveralls. Information on the air gaps
between garment and human body obtained from 3-D
body scanning is used to characterize garment
dimensions, design feature worn by different body
shapes. A positive linear relationship is expected
between the average air gap distances and the
clothing bulkiness.
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ABSTRACT
In this paper, in-house software, TexGen, developed
at the University of Nottingham for modelling the
geometry of textile structures [1-2], is presented. The
purpose of this paper is to demonstrate the modelling
techniques, algorithms and concepts implemented in
TexGen and to show the multi-functionality of the
software when applied to commercial fabrics.
Validations for commercial fabrics show that the
accuracy of TexGen fabric geometry modelling
entirely
depends
on
input
measurements.
Applications are presented where TexGen
geometrical models are used as inputs to the standard
finite element analysis package Abaqus.
Realistic fabric geometric modelling is essential for
modelling of the mechanical and physical properties
of textiles and textile composites. Attempts to model
textile geometry were recorded as early as 1930s [3]
and have continued up to the present time [4].
Computational tools for modelling textile geometry
are available such as ScotCad, Scotweave and
TechText CAD [5], but they are still limited in terms
of their flexibility, functionality and, in some cases,
the level of validation.
TexGen is open source software under General
Public License [1]. It generates the geometry of any
textile fabric in a generic way by specifying yarn
path and yarn cross-sections independently. In this
approach, TexGen allows models to be generated
easily for any textile fabric structures e.g. woven,
knitted, knotted, non-woven (Fig.1). Various yarn
shapes such as ellipse, power ellipse and lenticular
proposed by previous researchers can be assigned to
yarns (Fig.2). One particularity of this model is that it
ensures a realistic contact surface between yarns
without interpenetration for all types of weaving. The
section shape varies along the trajectory, so that the
influence of contact between yarns on their cross
section shape can be taken into account. The shape
and size of the cross sections may change locally;
this is exploited in the functions for interference
correction, which modify the textile according to
geometric considerations to avoid penetration of
yarns (Fig.3). More specially, TexGen has automated
functions to discretise the model (Fig.4), assign
material orientations (Fig.5) and properties to
elements, create surfaces for each yarn and define
contact pairs at yarn cross-over regions (Fig.6),
define periodic boundary conditions and export the
model to external analysis software in several data
formats. The advantage of the unit cell mesh
generated by TexGen is that it ensures that the

degrees of freedom of each node lying on the
boundary of the unit cell are linked to the degrees of
freedom of a corresponding node on the opposite side
of the unit cell. This is important for application of
periodic boundary conditions to the unit cell in order
to represent the repeating nature of fabrics.
TexGen has been used by the Nottingham team as a
modelling pre-processor for textiles simulation for a
variety of applications in solid mechanics [6-7], fluid
dynamics, and thermodynamics. For example, the
mechanical properties, including tensile, compression,
bending and shear, of a polyester/cotton plain weave
fabric have been predicted using TexGen geometrical
models as inputs to the standard finite element
analysis package Abaqus. The fabric structure is
unbalanced; hence the geometries and mechanical
properties of warp yarns and weft yarns are modelled
separately (Fig.2). Yarns are considered as
orthotropic solid bodies. The orthotropic behaviour
of the yarns are described using a 3D stiffness matrix
containing nine independent constants, incorporating
a transversely isotropic material law with nonlinear
transverse and longitudinal mechanical properties
determined from experimental characterisation of
yarn compression and tension. The predictions are
validated using experimental data measured by the
Kawabata Evaluation System for Fabrics (KES-F)[8],
which are given in Figures 7-8.

Fig.1 Variety of fabric geometries generated by TexGen

(a)

(b)
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(c)

Fig.2 TexGen model for an unbalanced plain weave fabric (a),
lenticular cross-section for warp yarn (b), ellipse cross-section for
weft yarn (c)

(c)

(d)

Fig.7 Modelled deformed plain weave unit cell in tension (a),
compression (b), shear(c) and bending (d)
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Fig.3 Uneven yarn cross-sections generated by TexGen for 2/1
twill weave
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Fig.8 Experimental data verse FE predictions for tension (a),
compression (b), shear (c) and bending (d)

Fig.4 Meshed yarn in TexGen using hexahedral elements
(continuum 3 dimensional 8-node brick elements) for the yarn
main body and wedge elements (continuum 3 dimensional 6-node
tetrahedral elements,) for the corners.

Fig. 5 Assigned material orientation in elements, blue lines
represent the local fibre direction, yellow lines represent the local
transverse direction and red lines represent the local normal
direction

slave surface

master surface

Fig.6 An upper and lower surface was created for each yarn.
Corresponding upper and lower surfaces at a cross over regions
define a contact pair of surfaces using master and slave contact
techniques for finite element analysis to calculate the contact areas.

(a)

(b)
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and keff,F are the thermal conductivity of MC and
the effective thermal conductivity in the fabric,
respectively; DMC and Deff, F are mass diffusivity in
MC and effective mass diffusivity in the fabric.. C1,
C2, C3 and C4 are integration constants and are part
of the solution. T1 and ρ1 are the temperature and
water vapor concentration at the MC-fabric
interface, respectively. By continuity of
temperature, water vapor concentration, and heat
and mass fluxes on the interfaces, C1, C2, C3, C4, T1,
T2 (the temperature at the MC-fabric interface), ρ1
and ρ2(the water vapor concentration at the MCfabric interface) can be solved iteratively using
Newton-Raphson method, which in turn determine
the temperature and the water vapor concentrations,
the thermal resistance Rct and the evaporative
resistance Ret.

INTRODUCTION
For workers subjected to conditions that can
potentially break down their body thermoregulation, the performance of their protective
clothing has been recognized as of vital importance
to their occupational safety. To address this,
Havenith [1] studied the heat exchange process
between wearers and their working environments,
and illustrated the effect of relevant parameters.
Many other studies on heat and mass transfer in
protective clothing have been conducted and some
models have been established so far [2-5]. In this
work, we studied the coupled heat and mass
transfer through a single layer fabric system, with
the relevant parameters considered to be
temperature dependent. The effects of geometry,
material properties and environmental conditions
on thermal comfort are addressed. This work
provides fundamental understanding in textile
material engineering and guidelines for optimal
garment design in protective clothing.

X

1 T
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,

ρ = ρS +
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C1

∫
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1
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Fabric(lf)
MC (l1)

TS

FIGURE 1. Schematic of the heat and moisture transfer modes
in a single fabric system.

RESULTS AND DISCUSSION
Two common fabrics are tested using the
Sweating-Guarded Hotplate (SGHP), and the
experimental data are compared with our model
predictions. Fig. 2 to Fig. 4 show the results for dry
condition, where mass transfer is not considered.
With TE = 25oC, Fig. 2 gives the relation between
thermal resistance Rct of the fabric system and the
thickness of the air gap l1. Rct first increases rapidly
with l1, but then changes only slightly after l1 has
reached about 10mm. The variation of Rct with the
thickness of the fabric, however, exhibits almost
linear dependence. These results agree qualitatively
with our preliminary experimental data.

.

keff , F (T )

mass

Skin

In the fabric ( l1 ≤ x ≤ l2 ):
x = l1 −

rad

con

APPROACH
Fig. 1 shows the fabric system under consideration,
which consists of a single layer of fabric, an air gap
(Microclimate or MC) between the fabric and the
simulated human skin, and the outside environment.
The skin surface is maintained at a constant
temperature of TS. The environment is subjected to
forced convection with an air speed of v, and the
ambient temperature is given by TE. The
thicknesses of the air gap and the fabric are given
by l1 and l2-l1, respectively. We consider all the
material parameters to be functions of temperature,
with the exception of coefficients associated with
radiation (i.e., the emissivity of all surfaces). Under
steady state conditions, by integrating the standard
one-dimensional heat and mass transfer equations,
the temperature and water vapor concentration
distributions throughout the system are governed
by the following implicit equations:
In the MC ( 0 ≤ x < l1 ):
x=−

TE
conv

.

where T(x) and ρ(x) represent the distributions of
temperature and water vapor concentration; kMC
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compared with the experimental data. It has been
demonstrated that the thickness and emissivity of
the fabric can significantly affect the thermal
resistance, while the thickness of the air gap l1 has
limited influence for l1 beyond ~10mm.

thermal resistance (m2K/W)

0.25
0.2
0.15

FUTURE WORK
Wet condition will be considered next by solving
all the coupled equations given earlier. We will
also combine our work with physiological models
to predict the heat and cold stress.

0.1

0.05
0

prediction
data from SGHP
10

20
30
40
thickness of the air gap (mm)

50

FIGURE 2. Thermal resistance as a function of the thickness of
the air gap.
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Fig. 3 gives the relation between thermal resistance
Rct of the fabric system (with the air gap l1=5.5mm
fixed) and the ambient temperature. The
experimental data are in good agreement with the
prediction for TE = -20oC, 0oC, and 25oC.
thermal resistance (m2K/W)

0.24
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FIGURE 3. Thermal resistance as a function of the ambient
temperature.

thermal resistance (m2K/W)

The effect of wind speed has been predicted as
shown in Fig. 4. Rct first reduces significantly with
the increasing wind speed v, then it reduces slightly
after v has reached about 5m/s. At v ≈ 20m / s , there
is a transition from laminar flow to turbulent flow.
Our results also show that the emissivity ε has
strong effect on Rct. For example, Rct at ε = 0 can
be several times the value at ε = 1 . Porosity is
shown to have little effect on Rct.
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0.15

0.1
0

5
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15
wind speed (m/s)

20
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FIGURE 4. Thermal resistance as a function of the wind speed
at -20oC environmental temperature.

CONCLUSIONS
A mathematical model is established to examine
the coupled heat and mass transfer through a
simple clothing system. Thermal properties
associated with the geometry of the clothing system,
material properties, and environmental conditions
have been investigated. The model predictions are
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Abstract
Both phenomenon of relaxation and inverse relaxation are often produced in viscous-elastic materials
such as fabric and apparel, after cycle load were imposed on the materials and stopped and kept in the
state. In this paper, the authors depended on the focal point of inverse relaxation of apparel to
investigate the relationship between the existence of cycle load and force retraction, and the results are
summarized as bellow:
1) The existence of cycle load was not concerned in apparel, and the curves of relaxation, mix
relaxation and inverse relaxation were appeared.
2) Inverse relaxation index of apparel increase with force retraction, however, it was not clear the
difference by the existence of cycle load.
Key words：Inverse relaxation； Sewn fabric； Panty-stockings； Socks； Force retraction；Stitch
density and Sewing thread.
1. Introduction

process, on which the cycle load is imposed by

In generally, when a load is imposed on a

the up and down motion of the thread take-up

material the corresponding stress will be

lever, which leads to inverse relaxation and

produced in the inertial of the material and a

result in tightening the fabric after sewing.

strain will be bought about with the distortion of

In this research work, we examined the

the material. The stress will increase with the

existences of inverse relaxation and cycle load

time, and gently decrease if the load is stopped

from the condition of sewn fabric, investigated

and kept in the state. This phenomenon is known

the relationship of inverse relaxation and force

as relaxation, and on the contrary to which

retraction and compared the behavior of sewn

[1]

recently some researchers have found that the

fabric by altering stitch density, and argued that

stress increase gradually after the load is stopped

the tightening ratio of the sewing thread is the

which is called as inverse relaxation and

main factor for changing the structure of the

analyzed in their research work.

sewn fabric under the same stitch density, which

The phenomenon of relaxation and inverse

were investigated under the different thread

relaxation would come into being in the

tightening ratio.

processes of weaving and sewing. Once a loom

commercial panty-stockings and socks in the

stopped running while making a fabric a fault

relaxation with the same method.

called filling bar

[2] [3]

And also we examined

would be caused on the

fabric by relaxation due to the cycle load

2. Test of Inverse Relaxation

imposed on the warp yarn by beating up is
stopped and kept in the state. The needle thread
is also subject to dynamic loading in sewing
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The typical curves of relaxation and inverse

proportion can be calculated by following

relaxation are respectively shown in Fig.1 (a)

formula [4]:

and (b) [6], from which it is known that the stress
A

W1

C

W3

A

Load

W1

C

Load

W3
W2

Time

0

0

10min.

B
Time

10min.

(b) A typical inverse relaxation curves

(a) A typical inverse relaxation

Force Retraction (%) ＝ (W1－W2) / W1×100
decreases or increases with time.
Fig.1 Typical curve of relaxation and inverse relaxation

3. Experimental Method for Sewn Fabrics

It is can be seen in Fig.1 (a) that the stress

3.1. Experimental Material

increases from 0 to A firstly while the sample

The sewing thread for the present experiment is

fabric is stretched, then the tensile tester is

commercial polyester yarn and the sample fabric

stopped at A and at the same time the

is commercial wool flannel, the specifications of

phenomenon of relaxation is produced. In Fig. 1

sewing thread and the fabrics are respectively

(b) the stress increases from 0 to A like as that in

summarized in Table 1 and Table 2.

Fig.1 (a), then the load is recovered back and
stopped at B, and the stress increases again with
time the phenomenon of inverse relaxation is
brought out. If the load at A, B and C are
considered as W1, W2, and W3 respectively, the
index R of inverse relaxation can be calculated
by following formula [6]:
R (%) = (W3－W1) / W1×100
R (%) = (W3－W2) / W1×100

3.2. Sewing Condition
The sample fabrics were cut by 7×5cm (warp ×

The results calculated are the proportion of

weft) fabric strips and the experiment was

the stress in the sample fabric increasing or
decreasing with time after the load is stopped,

performed by sewing two plies of the fabric
strip. The seam is located on the place of 2cm

the negative values are relaxation results

from the upper ends of the strips and then cutting

and

the sewn strips along the dotted lines forward to

the

positive

values

are

inverse

relaxation results.

the seam about 5mm from lower end making the

Force Retraction indicates the recovery ratio of

strip to 3cm width as showing Fig.1.

the load from A to B in Fig.1.and the
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measurement of relaxation the maximum load
cut

imposed on the sample sewn fabric by tensile
tester is 25N with 33mm/min stretch speed, and

2cm

seam

then the load was recovered to pointed load and
stopped for 10 minutes, the repetitive time was

5cm

20 in the case of imposing cycle load on the

3cm

sewn fabric and sewing thread as showing in
Table 3. The index R of inverse relaxation was

5cm

calculated from the relaxation curve.

Fig.2 Experimental sample dimensions for cutting and
sewing

Table 3 Measuring Condition
Sewn Fabric

Fabric

The sewing machine used for the present

Thread

experiment is JYANOME NEW HOME type

Repetitive

624, which was adjusted by the method

Load(33% of

illustrated as previously reported

[5]

, the sample

fabric strips were sewn by lock stitch (ISO-301)

25N

50N

2N

25, 20, 15,

50, 40, 30,

2, 5, 1,

10, 5N

20, 10N

0.5,

Breaking Load)
Stopped Load

with 4 kinds of stitch count 2.5 /cm, 3.9 /cm, 8.5
/cm and10 /cm, the seam balance and tightening
ratio were adjusted.
3.3.

0.25N
Gauge Length
Cross-head

Measurement of Strength-Elongation

The measurement was performed by using
Toyou Precision Machine type VE-1-D tensile
tester with 20mm/min of elongation speed until
breaking the sample strip under the conditioned

Sewing

Speed

６cm

６cm

* 20
†30

６cm
* 10

50

†20

(mm/min)
Chart Speed

60

20

60

(mm/min)

atmosphere.

*No cycle load; †Cycle load

3.4. Tightening Ratio

3-5. Results and Discussion

The fabric strips were sewn with sewing thread
that marked with 6.1cm interval, and then

3-5-1 Force-Extension Curve

measure the mark interval appeared on the sewn

The force- extension curves of sewn fabric for 4

fabric to calculate the thread consumption of the

levels of stitch density are showing in Fig.3, and

seam. The tightening ratio was calculated by the

the loop strength curves of sewing thread are

that conform to

also showing in the same graph. In order to

JIS B 9056 industry sewing machine tightness

investigate the initial mechanical properties of

test method (stopped in September 1997).

sewn fabric from the curves 25N load was

In this research work we have paid attention to

imposed on the sewn fabric in this experiment.

the whole relaxation behavior caused by the
load imposed on the sewn sample fabric, which

The larger the stitch density is, the more close to

was wrote as force, for that the sample fabric

thread are, and both stretch and strength

sewn in the present experiment was only one

increased. The breaking strengths are almost

kind of fabric and the thickness formed with

same for 8.5/cm and 10/cm stitch density, and

fabric and sewn part was not uniform. In the

loop breaking strength of sewing thread was 16N

method previously reported

[5]

the curve of sewn fabric the curves of sewing

and breaking stretch was about 19%.
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Fig.3 Force-extension curves of sewn fabric for different
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Fig.4 Typical relaxation and inverse relaxation

stitch densities

curves of sewn fabric

3-5-2 Curve of Relaxation
140

As typical measurement results, the curves of

120
Residual Force(%)

Relaxation and Residual Force of sewn fabric for
stitch density 3.9/cm with no cycle load are
respectively shown in Fig.4 and Fig.5, in which
a simple relaxation curve of sewn sample fabric

Force
Retraction(%)

100

0
20
40
60
80

80
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40
20
0

is shown for that the sewn fabric was extended

0

200

until the load increased to 25N and then stopped,
and mix relaxation curves, which increased
initially and then decreased immediately,

400

600

Time(sec.)

Fig.5 Typical residual force curves of sewn fabrics

are

shown for that the sewn fabric were extended

3-5-3 The Relationship of Inverse Relaxation

until the load increased to 25N and then

Index and Force Retraction

immediately

10N

The relationship of inverse relaxation index and

respectively, and a inverse relaxation curve is

force retraction is shown in Fig.6, and it can be

shown for that the load decreased to 5N, and

seen from which that the inverse relaxation

furthermore the same curves are shown for stitch

index is the smallest when Force Retraction is

density 2.5/cm, 8.5/cm and 10/cm.

0% for the sample of stitch density 2.5/cm and it

recovered

to

15N

and

[2]

Residual force , which take the initial force as

increases with Force Retraction increasing, and

standard, expresses all stress in relaxation

furthermore the inverse relaxation index of sewn

relatively, and it was clearly decided by the

fabric for stitch density 10/cm and 8.5/cm is near

difference of curves of

relaxation and inverse

to that of sample fabric since the construction of

relaxation. In other words, if Force Retraction is

the sewn fabric with sparse stitch density is

small the curve is a general stress relaxation

similar to that of sample fabric compared with

curve; if it is between 40～60% the curve is a

other sewn fabric.

mix relaxation curve; if it is over 80% the curve
Inverse Relaxation Index(%)

is inverse relaxation, and they all have the
tendency of decreasing with time.
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Fig. 6 The relationship of inverse relaxation index and force
retraction
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times that were too few.
3-5-4 Effect of the Existence of Cycle Loading

In the case of stitch density 8.5/cm, the

and Tightening Ratio on Force Retraction

tightening ratio of the sample sewn fabric was in
the rang of 43%～58%, which could be divided
into two groups of higher tightening ratio 55%～
58% and lower tightening ratio 43%～45%, and
the results are shown in the graph of inverse
relaxation and force retraction. From the graph it
is can be seen that the Force Retraction is 0%,
that is to say although some differences can be
seen for the existence of cycle load in the case of
relaxation, the difference can not been clearly
seen for tightening ratio and cycle load in any
cases.

Fig.7 Effect of inverse relaxation index on force
retraction

The sewn fabrics with all kinds of stitch density
were extended until the load increased to 25N

4. Experimental Method for Socks and
Panty-Stockings
4-1. Experimental Material

and recovered for 20 cycles, and then the
relaxation and inverse relaxation were measured

Panty-Stockings are made from Nylon100% and

on the sewn fabric by the same way as described

Socks are made from Cotton, Nylon and

in 3.3. The relationship of inverse relaxation

Polyurethane. Both samples are knitting-fabrics

index and force retraction for stitch density

but Panty-stocking is very thin one.

8.5/cm is shown in Fig.7 and the tightening ratio

Table４ Socks and Panty-Stocking

is also shown in the same graph. Force

Yarn

Retraction and cycle load were analyzed as two

Count(tex)

primary factors and the results of dispersion

Panty-S

analyze clearly shown that the correlation

tocking

coefficient of Force Retraction and inverse

s

relaxation index was in1% significant level for

Socks

Weight(g/㎡)

Thickness(mm)

2.4

51

0.41

30

580

2.25

any stitch density, and there was no correlation
with the existence of cycle load. The same
experiment of cycle load with sewn fabric was

The measurement was performed on the constant

performed in the same way for 5000 times, and

rate tensile tester with 100%/min speed by

the experiment was compared and examined

Golabe Method and the sample was cut with

with the theory by using viscous-elastic model

4.5cm of width of holding and 5cm of length.

by J.Webster

[7] [8]

. They clearly pointed out that

the behavior of sewn fabric was a viscous-elastic

4-2. Results and Discussion

one. However, that the distinction of inverse
relaxation index caused by cycle load in the

4-2-1 Force-Extension Curve

range of this experiment was not appeared for
the sake of the number of cycle load was only 20
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inverse relaxation which are showing in Fig.9.

Fig.9 Relaxation and Inverse Relaxation Curves of
Fig.8

Force-extension curves of panty-stockings and socks.

Panty-stockings and Socks in Wale direction.

The force-extension curves of panty-stockings

4-2-3

and socks for the directions of wale and course

Index and Force Retraction

Relationship of Inverse Relaxation

are shown in Fig.8. It would be known that the
direction of course is easy to expand by
comparing the directions of wale and course,
moreover, the mostly easy to expand is in the
direction of course of socks by comparing with
panty-stocking direction of course of socks.
4-2-2 Curve of Relaxation
From

Fig

8,

relaxation

experiment

was

performed under the condition of a constant

Fig.10

Relationship between Inverse Relaxation Index

and Forceretraction.

expansion. The tensile force at 100% extension
is showing in Table 5.

4-2-4 Effect of Inverse Relaxation on the
Existence of Cycle Loading

Table 5 Tensile Force at 100% Extension
Panty-Stockings

Socks

Wale

4N

７Ｎ

Course

2,5N

２Ｎ

Table 6 Effect of Inverse Relaxation on the Existence of
Cycle Loading

Socks

Panty-Stockings

The relaxation experiment pulled to the power at
the

expansion

by

100%,

returned

to

predetermined at once force retraction(0%~80%)

Parent

afterwards, stopped, and recorded easing and the

sample

reverse-easing power. Fig.9 showed it.

by

predetermined

100%,
force

directly
retraction

retuned

Cource

Wale

3.43%

2.5%

5.50%

6%

3.75

3.75

5.5

6

ce

After 10
times

The sample was extended to the tensile force at
extension

Cour

Wale

cyclic

to

(0%~80%),

stopped, and recorded the date of relaxation and

According to Table 6, the data of relaxation after
10 times cyclic and parent sample was compared,
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as a result it was not a clear difference of the
repetition in wale and the direction of course of

inverse relaxation were appeared.
2.

It was not found the correlation between

pant-stockings, and there is a difference in the

tightening ratio and inverse relaxation index

direction of wale and course by the repetition,

for sewn fabrics.

and the reverse relaxation index after 10 times

3.

It was confirmed that inverse relaxation

cyclic (I.R.I.) has grown with the sample was

increase with force retraction, however, it

extended and relaxed repeatedly for Socks.That

was not clear the difference by the existence

is to know that inverse relaxation would be lager

of cycle load for panty-stockings and socks.

after extended and relaxed repeatedly for Socks
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ABSTRACT
Ultrasonic agitation has been shown to provide
significant improvement in the removal of
grease and soil in conventional non-ionic
detergent wool scouring. However, it has been
found that when the wool fibre is subjected to
ultrasonic scouring at a frequency of 35-45 kHz
it undergoes some modification of the fibre
scales. For the successful adoption of ultrasonics
in the cleaning of wool it is important that the
cleaning process has no significant impact on
fibre properties. Here we report more extensive

studies that have searched for reduced strength
or abrasion resistance of the fibres after
ultrasonic treatment. After scouring, at three
different pH conditions, single fibres were
assessed for tensile strength, fibre scale structure
changes and bending abrasion fatigue. Although
ultrasonic agitation of the scouring bath causes
micro-cracking of the scale structure and some
rounding of the scale tip no significant changes
to the tensile or bending abrasion properties of
the
fibre
were
observed.

Keywords: Ultrasound; scouring; wool; fibre; bending abrasion
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INTRODUCTION
Most textile composites being brittle absorb the
impact energy in elastic deformation and through
damage mechanisms, amongst them delamination is
considered as major failure mode [1]. Incorporation
of fibres in the z-direction through the use of 3D
structures and hybridization of high performance
fibres in preforming are reported to be efficient ways
to improve the impact performance of the textile
composites. Multilayer woven interlocked fabrics are
distinctive class of 3D preforms, woven by selective
interlacement and floats of yarns, which have been
least explored to achieve interlocking of fabric layers
during the weaving stage [2]. They provide the
advantage of cost effective preform manufacture with
control over layer interlocking density based on
weave variations.
Structure-property relation in terms of factor or index
using both interlacement and float becomes critical
especially for fabrics with multilayered structures, for
which structural factors have not been applied yet.
An attempt has been made to study the consequence
of interlacement variations in multilayer woven
structures on the impact behaviour of composites
reinforced with them. Nine different multilayer
interlocked woven structures with varying
interlacements have been developed to study the
influence of interlacement. Interlacement Index (I)
has been used to explain the influence of
interlacements in the multilayer woven fabric in our
earlier communication [3]. Interlacement index is the
ratio of number of interlacements in the given weave
repeat to that of maximum possible contact field in
the design. Further, damage area maps have been
developed based on the post impacted specimen
image analyses, to analyse the influence of
interlacement on impact behaviour of the composite
materials.
MATERIALS AND METHODS

The 2-ply and 3-ply fabric samples were woven on 4
harness, flexible rapier automatic loom (Dornier), at
400 rpm with 24 ends/cm and 12 picks/cm setting. 5
meter length each of 4 varieties of Nylon 2-Ply fabrics
(N2P1-4) and 5 varieties of 3-ply fabrics (N3P1-5) were
woven for the present studies using high tenacity
Nylon-6 filament yarn (96Tex, fibre diameter 27.2 µm).
The graphical representation of the line diagrams of 2ply and 3-ply multilayer woven structures are
represented in the Figure 1. Multi-layer structures N2P1,
N2P2, N2P3, N3P1, N3P2 and N3P3 apart from regular
interlacing warp yarns (I), contain relatively straighter
set of warp yarns at the centre, which are referred to as
Axial yarns (A) in this article. . Nylon 6 plain woven
(half the gsm of multilayer fabric), was used as
reference sample for comparison of results of the above
mentioned multilayer samples.

Figure 1. Typical (a) 2 Ply fabric – N2P1 (b) 3 Ply
fabric – N3P1
Composites were prepared with these preforms by
hand-layup method using unsaturated polyester resin
cured for one day at ambient temperature with thickness
spacer of 1.6 mm. The physical properties of the
laminates prepared are presented in the Table 3. Fibre
volume fraction (Vf) of the composite was calculated
using the equation (1), with fibre density (σf),
composite density (σc) data from density gradient tests
along with weight (gsm) of fabric (Wf) and composite
(Wc). Void (%) was estimated by image analysis using
optical microscopy technique as per the method
suggested by Purslow [4].
RESULTS AND DISCUSSIONS
Impact result shows interesting observations with
multilayer reinforced composites. TABLE I provides
the impact test results for three levels of impact energy.
Figure 2 present the images of the composite samples
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under study subjected to impact test at the 5.6J and
24.4J impact energy levels. Figure 3 illustrates the
impact performance curves (Load-Time-Energy) for
these composite samples obtained from the
instrumented impact test at 5.6J impact energy level.

indexed N2P1 composite demonstrates maximum
impact load to failure and similarly least impact
strength is displayed by N3P5 reinforced composite
having least interlacement index (0.8333).

TABLE I. Low velocity impact test results
5.6 J
Sample
code
N2P1
N2P2
N2P3
N2P4
N3P1
N3P2
N3P3
N3P4
N3P5
NP- Control

Max
Load,
kN
1.47
1.43
1.39
1.45
1.44
1.40
1.44
1.40
1.41
1.3

Total
energy,
J
5.38
5.40
5.37
5.13
5.47
5.38
5.25
5.55
5.44
6.02

24.4 J
Max Load,
kN

Total
energy, J

2.27
2.17
2.14
2.10
2.12
1.93
1.97
1.88
1.85
1.62

11.43
10.66
10.13
10.65
10.08
10.09
11.03
10.59
10.20
10.17

NP-Control (5.6J) N3P3-Nylon (5.6J)

NP-Control (24.4J N3P3-Nylon (24.4J)
Figure 2. Images of composites impacted
Multilayered structure of the reinforcement has
significant influence on the impact performance of
the composites under investigation, with all the
multilayered composite samples performing better
than the 2 layered control specimen at different
impact energy levels. From the impact load-time
curves it can be seen that the 2ply NP-control sample
has failed catastrophically, while all multilayer
woven interlock reinforced composites exhibit impact
damage tolerance at lower impact energy (5.6J).
N2P1 and N2P2 composite samples have shown
higher impact strength with maximum impact load
for failure at 24.5J impact energy level. N2P1 and
N3P3 samples have demonstrated higher impact
resistance through absorption of maximum impact
energy at 24.5J impact level. A plot of interlacement
index with maximum impact load to failure of
multilayer textile composites under investigation,
infers that impact strength of these composite
materials increase with increased interlacements in
the woven reinforcement. Higher interlacement

Figure 3. Impact plot of 5.6J on 2ply multilayered
composite specimens.
CONCLUSIONS
Multilayer structures have significant influence on the
impact behaviour of composites reinforced with them.
Interlacements in the multilayer reinforcement has been
represented by the Interlacement index (I), to correlate
the multilayer woven reinforcement geometry on the
composites impact performance. Higher interlacement
index of the reinforcement results in better impact
strength of the composite. Further damage area analyses
through image processing has been successively tried to
understand the influence of interlacement on impact
performance of the multilayer reinforced composites.
Increased interlacements in the multilayer structure
cause lower fibre failure regions and higher interfacial
failure regions in the composites, which are due to
better dissipation of load in the multilayer structure
through interlacement points.
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INTRODUCTION
Knitted therapeutic medical compression stocking
are designed for the prevention of venous disease
and embolism. The graduated compression
stocking is made from courses of crimped
bicomponent yarn and inlay courses containing
elastane yarn. Young ladies who wear compression
stockings are looking for very flexible and air
permeable item with a smooth touch and as
transparent as possible for some patients. Our paper
is focusing on transparency parameter which has
not been investigated sufficiently.

《Warp yam》
《Weft yam》

FIGURE 1. Knitted structure of compression stockings

APPROACH
Transparency is difficult to assess since graduated
compression is applied to different segment of the
leg. The early approach is subjective, based on
human perception of stocking appearance. Another
approach was to stretch a stocking on a tensile
machine, and then to obtain a spectral transmission
characteristic thanks to spectrocophotometer
apparatus [1]. Our approach is to measure some
colorimetric parameters of the stocking in most
realistic conditions, using a mannequin leg
(wooden Hohenstein leg) [2], at the calf part where
the stocking has a much larger stretch than that at
the ankle and where the stocking is the most seen.
Reflective spectral characteristics of the incident
light, measured in different conditions, are used in
determining a digital transparency value. Six
commercial stockings of the market have been
measured and compared thanks to the proposed
method.

Table 1 presents the structure parameters of the 6
studied stockings.
TABLE I. Stockings characteristics

Stocking
Compression
class
size
Warp Yarn
count (tex)
Weft yarn
count (tex)
Number of
weft yarn/cm
% elongation
(length)
Number of
weft yarn/cm
after
elongation
Number of
warp
yarn/cm
% elongation
(width)
Number of
needles
number of
warp
yarn/cm
after
elongation

RESULTS AND DISCUSSION
Materials and Methods
The studied stockings were all belonging to
compression class II (stockings are classified into 4
classes depending on the pressure exerted at the
ankle; I being the weakest and IV the strongest).
Some of the stockings were specially designed with
variation of construction supposed to improve
transparency. Stockings, all black, are composed of
polyamide/elastane filaments and manufactured in
tubular length of different diameters see figure 1.

A

B

C

D

E

F

2

2

2

2

2

2

2L

2N

2N

2L

3L

3L

4,85

3,94

5,16

4,61

5,59

36,3

36,4

51,6

57,4

62,4

25,5

27,5

21,5

22

21,5

106,3

90,5

124,1

132,9

66,7

46,1

12,4

13,4

12,3

9,23

13,2

13,1

16,98

19,7

17,7

17,9

16,8

69,81

80

63,64

66,6
7

56

360

394

420

390

420

10

10,9

10,8

10,8

10,8

In our study we have firstly placed a deep black
colored stripe of fabric on the back of the calf,
where maximum contour is crossed by the back
central line. A spectral analysis of the reflected
luminous flux is done in order to obtain a spectral
reflection characteristic. Measurements have been
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This formulae was aimed to use only the luminance
(colorimetric parameter L*) and not the
chromaticity (colorimetric parameters a*, b*).
Table 3 presents the obtained results.

done thanks to DATACOLOR microflash V4.0
spectrocolorimeter. The reflectance curve of black
stripe was recorded as well as it’s colorimetric (L*,
a*, b*) values.
A white colored stripe of paper is then placed on
the same position of the leg instead of the black
stripe (see figure 2).

TABLE 3. Transparency results

The reflectance curve of the white stripe and its
colorimetric (L*, a*, b*) values were also recorded.
Black and white stripes were chosen to be as close
as possible to colorimetric parameters of black and
white references used for spectrocolorimeter
calibration (see Table 2).

b*

White stripe

92,32

2,77

-10,4

Black stripe

12,82

0,39

-0,12

Reflectance curves and colorimetric values were
recorded after placing the different stockings on the
Hohenstein leg with successively the white and the
black stripes, D65 illuminant and specular included
were chosen for measurement conditions. Five
replicates were done.
Color differences were calculated using DeltaECMC
equation using black fabric stripe as reference for
all the data. The obtained results were not pertinent.
In order to compare stockings of different colors, a
“transparency value” has also been calculated
according to the following equation:
Tv =

Lb
(%)
Lw

B

C

E

D

F

Lb/Lw (%)

24.6

24.9

26.7

28.1

28.8

34.1

CV%

1.3

1.7

0.9

1.9

1.0

1.5
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TABLE 2. Colorimetric values of black and white stripes
a*

A

CONCLUSIONS
Requirements of compression stockings are mainly
based on clinical effectiveness and acceptance of
the patient. Transparency, which is one of the key
factors for acceptance, is difficult to assess since
there is no standard or method for that purpose. A
new method based on colorimetric measurement of
stocking in realistic condition has been proposed
and was applied on some commercial black
compressive stockings. It has been obtained that
the stockings could be ranged according to a
“transparency value” and that the obtained results
were in accordance with the subjective assessments
of the textile experts and can be explained by the
structure parameters (e.g. type of yarn, yarn count).
The method is adapted to colored stockings and can
help to develop more transparent stockings.

FIGURE 2. Hohenstein leg with white stripe

L*

Stocking

(1)

- 788 -

