Opening Address by PolyU President
Prof. Hardin, distinguished guests, ladies and gentlemen
Good morning. Let me extend my warmest welcome to you all at the opening ceremony of
the Fiber Society Spring 2011 Conference. Some 200 experts and researchers from 20
countries and regions are here today to exchange ideas and information, as well as share
the latest advancements in the field of fiber science and engineering.
PolyU is proud to host this important international event. We are the sole provider of
university level education for the fashion and textiles profession in Hong Kong. Over the
years, our Institute of Textiles and Clothing has taken great strides in becoming a centre of
excellence in the field, both at the regional and the international level.
The fashion and textile industry has been playing a significant role in the social and
economic development of Hong Kong, and contributes about 38% of the total domestic
exports of the city. Today, Hong Kong is the world’s third largest clothing exporter, just
after the Chinese mainland and EU27, and, in terms of textile exports, our city is ranked
fourth in the world, just after EU27, the Chinese mainland and the USA. According to the
Pearl River Delta Economic Profile published in November 2008, the gross output of
textiles and clothing in Guangdong Province amounted to 304 billion RMB or US$45
billion. The fashion and textile industry in Hong Kong and the Pearl River Delta Region is,
however, facing serious challenges with respect to its sustainability.
To maintain and further enhance its competitiveness in the global marketplace, the textile
and clothing industry in Hong Kong is striving towards Original Design Manufacturing
with a worldwide brand label of “Made by Hong Kong”. This serves as a mark of quality
for higher-end products. The industry also aims to increase its investment on the Chinese
mainland and overseas, as well as to increase its production and trade capacity. The drive
for higher quality and increased capacity undoubtedly requires continuous innovation in
design creativity, technological development, management practice and marketing
strategy.
The challenges facing the industry is only a window into our global challenges concerning
energy, health and environmental issues. Research in fiber science can contribute to
finding solutions to many of these problems. On a personal note, I have had an interest in
fiber science since my Ph.D. study. My research work then was on thermal radiative heat
transfer through fibrous materials for aerospace applications. This Conference is no doubt
a valuable venue for me to learn of the latest innovations in the field from world-renowned
academics and scientists.
In closing, I would like to thank our sponsors, members of the International Advisory
Board and all distinguished speakers of the Conference for making the event a success.
Lastly, I wish you all an enjoyable stay in Hong Kong.
Thank you.
Prof. Timothy W. Tong
President
The Hong Kong Polytechnic University
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Welcome Message by Conference Chair
On behalf of the organizing committee, I have a great honor and pleasure to welcome you
to the Fiber Society Spring 2011 Conference held in Hong Kong from 23 to 25 May 2011.
This conference provides an excellent opportunity for research scientists, technologists,
engineers, product developers and students in academia and/or industry for intensive
exchange of knowledge and experience and scientific discussion in the area of fiber
science and engineering as well as quality control and marketing of fiber based products.
The Fiber Society Spring 2011 Conference received overwhelming responses from around
the world with paper submissions from 20 different countries and regions. Some 86 oral
and 76 posters papers are to be presented at the various sessions. I would like to take this
opportunity to thank our external reviewers for their assistance in reviewing and selecting
the Outstanding Paper Award, Outstanding Poster Paper Award and Outstanding Student
Paper Award.
I would like to express our great appreciation to all who have participated in the
conference, to the International Advising Committee for their trust and invaluable advice,
and to the Institute of Textiles and Clothing, Epro Development Limited, TAL Apparel
Limited, Graham C (Hong Kong) Limited, Cotton Incorporation and Hong Kong Research
Institute of Textiles and Apparel for their generous sponsorship to the conference. Last but
not least, I would like to thank members of the organizing committee for the dedication in
organizing the event.
Prof. Jintu Fan
DSc, Ph.D, Hon.FTI, FRSA
Conference Chair
Professor & Associate Head
Institute of Textiles and Clothing
The Hong Kong Polytechnic University
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Intelligent and Multi-Functional Textiles, Clothing and Footwear
Xiaoming Tao
Institute of Textiles and Clothing,
The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong
tctaoxm@polyu.edu.hk
development activities, recent technological innovations
and major challenges in this field. The paper the paper
examines the principles and technological developments
in
fiber-based
sensors,
actuators,
power
generation/storage, communications, data processing and
inter-connectors. Their applications and limitations are
also discussed. Finally the paper summarizes the general
progress made and the major challenges ahead.

In the last decade, intelligent multi-functional textiles,
clothing and footwear has been an exciting field of
research in major laboratories worldwide. From the
laboratory research, now it has started to become an
emerging transformative technology, which demonstrates
great potentials to play important roles and exerts
enormous impacts on the quality of life of human kind.
This paper gives an overview of research and
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Carbon Fibers, Nanotubes and Graphene
Robert J Young1
School of Materials, University of Manchester, Manchester M13 9PL, UK
Robert.Young@manchester.ac.uk

1

Raman spectroscopy has been shown to be an excellent
technique to characterize different forms of carbon – it is
even employed as a standard method of testing the quality
of diamonds. In the case of the graphite forms of carbon it
is particularly useful for both characterizing the materials
and following their deformation. Figure 2(a) shows the
Raman spectra of a series of pitch-based carbon fibers and
it can be seen that they have three characteristic bands, D,
due to defects in the material, G the basic graphitic band
and G’/2D which is essentially an overtone of the D band.
These 3 bands are seen is all graphitic forms of carbon.

INTRODUCTION
Historically, it was thought that there were only two
allotropes of carbon: graphite and diamond. The last 50
years has seen a renaissance in the growth of interest in
different forms of carbon with at least four new allotropes
being discovered; turbostratic carbon, carbon 60, carbon
nanotubes and graphene. These different forms of carbon
have led to massive leaps in technology. Turbostratic is
the main building block of carbon fibers. The interest in
these materials has led to the development of highperformance carbon fiber reinforced composites that have
now been adopted as the main structural component of the
next generation of passenger aircraft.

FIGURE 2. (a) Raman spectra of a series of pitch-based carbon fibres.
(b) Shift rate of the G’/2D Raman band with strain during the

Other allotropes such as C60, nanotubes and graphene
have led to the development of the new science of
Nanotechnology. In addition, two Nobel prizes have so
far been awarded for work upon these nanocarbons.
Hence we are at a remarkable point in our technological
development where different forms of carbon are leading
the way forward. Two of these types of carbon are in the
form of fibers – nanotubes and carbon fibers. This
presentation will review the different types of carbon and
show how knowledge gained from the study of carbon
fibers has been used to understand different forms of
nanocarbon. The relationship between the different forms
of nanocarbon is shown in Figure 1.
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FIGURE 1. Family of all graphitic forms. Graphene is the 2D building
material for carbon materials of all other dimensionalities. It can be
wrapped up into 0D C60 buckyballs, rolled into 1D nanotubes or stacked
into 3D graphite. [1]
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It was found [2] that there is a significant shift in the
position of the Raman bands in carbon fibers during
deformation and that the rate of shift (per unit strain)
depends upon the Young’s modulus of the fibers. An
example of this behavior is shown in Figure 2(b) for
pitch-based carbon fibers. The shift rate per unit stress, of
around -5 cm-1/GPa for the G’/2D band, however, is
found to be independent of fiber modulus and corresponds
to the shift produced by the direct stressing of the
graphene sheets in the fibers. This value has been found
to be a universal stress calibration for all graphite forms
of carbon [3].
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FIGURE 4. Raman spectra of mechanically-cleave flakes of graphene
showing the effect of the number of atomic layers upon the spectra.

FUTURE WORK
This presentation has given a brief demonstration of the
potential of Raman spectroscopy to both characterize at
and follow the deformation of different forms of
nanocarbon. There is clearly much more that can be done,
especially in the area of graphene.
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CARBON NANOTUBES
It can be seen from Figure 3 that carbon nanotubes have a
similar Raman spectrum to carbon fibers, with the
exception of low-frequency radial breathing modes
(RBM) due to the tubular nature of the molecules.
Moreover, it has been found that the Raman bands shift
during the deformation of the nanotubes either under
pressure or in composites [4]. It has been possible to use
the calibration for the G’/2D band shown in Figure 2(a) to

RBM
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follow stress transfer from the matrix to the nanotubes in
nanocomposites [4,5].

FIGURE 3. Raman spectrum of HiPCo single-walled carbon nanotubes.

GRAPHENE
There has been a massive recent upsurge of interest in
graphene because of it exciting electronic properties. It
has also been found that material has potentially very
impressive mechanical properties, a Young’s modulus of
1 TPa and a strength of 130 GPa, making it the strongest
material known [6]. Preliminary investigations have
shown that stress transfer takes between the graphene and
the polymer matrix in model composites [7] – Raman
spectroscopy has again been used to demonstrate this
phenomenon. Moreover, it has been found that even
though the graphene is only one atom thick, continuum
mechanics can be employed to follow stress transfer in a
method that is completely analogous to the behavior of
carbon fibers in composites.
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ABSTRACT
In the simplest class of problems, the static equilibrium
configurations of an elastic body are those which
minimize the total deformation energy of the body. More
generally, we may need to include energy contributions
due to interactions between the body and the fields
defined throughout the space containing the body
Gravitational fields are of this type and must be
considered whenever fabric drape is involved.

Two fundamental textile problems are considered in this
paper. The first encompasses free form fabric deformation
such as fabric drape meaning that the textile materials are
constrained only at their boundary and are otherwise free
to find their equilibrium positions in 3-dimensional
Euclidean space under the action of gravity. Secondly,
problems of the form fitting type are considered for which
a textile material is constrained to lie on a prescribed 3dimensional surface such as a close fitting knitted
garment or composite material preform.

In mathematical terms, the models developed here
represent a fabric as a collection of four tensor fields on a
2-dimensional manifold. The four tensor deformation
measures represent fabric membrane (tensile and shear)
strain, fabric bending or the curvature of the fabric
surface, the bending or yarns within the tangent plane to
the fabric surface, and the twisting of yarns induced by
deformation of the fabric (caused by fabric bending on the
bias). An immersion of this manifold into Euclidean 3space then defines a configuration of the fabric.

INTRODUCTION
We consider here the fundamental problem of fabric
drape by treating a woven textile material as an elastic
continuum free to deform in bending, shear and extension.
For the case of 3-dimensional formability, we treat the
example of plain-knitted fabrics by analysing their biaxial
deformation in terms of the micromechanics of knitted
structures.

The deformation energy density is constructed using the
tensor fields of the fabric (which include, for example,
experimentally determined material property tensors), the
metric for Euclidean 3-space, and the derivatives up to
second-order of the functions defining the immersion.

Free Form Problems
The particular problem to be considered here is drape of
woven fabrics. There are multiple stable solutions for
each set of boundary value problems, each solution being
a 3-dimensional fabric surface for which the total
potential energy is a local minimum. The textile material
can jump from one solution to another often referred to as
„dynamic fabric drape‟ in the textile literature. These
multiple solutions indicate that the partial differential
equations governing the static equilibrium configurations
of the fabric are nonlinear.

The mechanics of elastic fabrics are therefore developed
as a classical field theory using the calculus of variation.
For this purpose, the theory of parameter invariant
variational problems on a subspace of a Riemannian
manifold [1] was generalized to include problems
satisfying weaker invariance conditions thus enabling the
description of physical continua [2].

Various combinations of the boundary conditions can
apply for different parts of the woven fabric boundary
(especially when considering different articles of
clothing) by specifying the forces and moments at the
fabric boundary.

In graphic terms, the mathematical models can be
considered as 2-dimensional anisotropic elastic surfaces
which resist bending and stretching. It is therefore
possible to describe all conceivable mechanical responses
of any elastic textile material.

Models for Elastic Fabrics
By definition, an elastic body is one for which there exists
a deformation energy density which at any point of the
body is determined completely by the local deformation
(i.e., of the function which define the initial and final
configurations, together with many of their derivatives).

Models for Real Fabrics
If the components of the material property tensors depend
on time and environmental parameters, then in principle
we can also model inelastic phenomena such as
viscoelasticity, hysteresis (friction), ageing, humidity and
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temperature effects. Extension of the model to include
plastic or viscoelastic effects makes the solution path
dependent.

in the case of woven materials). The elastic energy
density for the knitted structure under biaxial extension is
then derived in order to predict the large-scale formability
of knitted fabrics. Some representative biaxial extension
curves for the plain-knitted structure shown in fig 1
illustrate an unusual shape for the load-extension curve of
a textile material arising from the pre-tension or prestress
(in this particular example applied in the wale direction of
the fabric).

Exact solutions to complex free form fabric deformation
problems can now only be resolved if one extends the
theory further to include dynamics (ie. the effects of
fabric momentum). During the deformation, it is possible
(without dynamics) for the fabric to make a discontinuous
jump from one state to another even though the boundary
conditions change smoothly (this is an infinite
dimensional analogue of the phenomena studied in
classical catastrophe theory). Being path dependent, the
solution becomes lost when the jump is made. The only
way to overcome this problem is to smooth out the
discontinuity by introducing dynamics, thus providing for
a path between states.

The relaxed or unstressed shape of the knitted looped
structure as encountered in knitted apparel yields the
characteristic very low initial tensile modulus. On the
other hand, the shape of the biaxially stressed or
pretensioned knitted structure yields a high tensile
modulus. This latter prestressed structure determines the
superior formability of knitted textile materials for form
fitting applications in the production of close fitting
garments and three-dimensional composite material
preforms.

FORM FITTING DEFORMATION
We consider here the problem of knitted fabric
formability because, in contrast to woven materials,
knitted fabrics have very high formability as a direct
result of their easy biaxial deformation. This ability to
form three-dimensional shapes enables knitted materials
to be utilized for a wide variety of close fitting garments
and shaped composite material preforms.

CONCLUSION
This paper represents the geometric description of a fabric
as a surface embedded in Euclidean 3-space in order to
analyse free form deformation of textile materials such as
fabric drape. Little use has previously been made of
differential geometry (4) within this field. The purpose is
to characterise free form fabric deformation by four tensor
deformation measures used to describe fabric membrane
(tensile and shear) strain, fabric bending, in–plane yarn
bending and yarn twist. This geometrical characterization
of free form fabric deformation can now be used to
construct a Langrangian describing how the strain energy
density of the fabric depends on its state of deformation.
In order to characterise form fitting deformations of
knitted structures, we evaluate the strain energy density in
terms of the knitted fabric micromechanics. We can then
treat the large 3-dimensional formability of the knitted
fabric as a function of the fabric biaxial tensile properties.
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We consider the micromechanics of knitted structures
rather than treating the fabric as an elastic continuum (as
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INTRODUCTION
Recently, novel properties have been observed when
superhydrophobic and superhydrophilic surfaces are
combined. For example, the Stenocara beetle, an insect in
the Namib Desert, has an incredible ability to capture
fresh water from air for its survival in the dry desert
environment [1]. Such a feature derives from its special
wing that has a hydrophilic-patterned superhydrophobic
surface. Materials having a similar surface feature also
exhibited a similar water-harvesting function [2]. A spider
silk has been reported to show a periodic alternation of
hydrophobic and hydrophilic surfaces along the fiberlength direction [3], which can quickly collect water from
air. It was also observed that water droplets moved in one
direction along a superhydrophobic-to-superhydrophilic
gradient surface [4]. However, all these works are based
on two dimension surfaces. The work on water transfer
through porous media induced by a gradient wettability
change has received little attention until very recently [5].

FIGURE 1. Water drops on (a) coated, and (b) pristine polyester fabrics

When the coated fabric was irradiated with UV light just
from one side at 60 ºC for 2 hours, the irradiated surface
changed its wettability significantly. Figure 2 shows the
process of dropping water on the treated fabric. On the
UV irradiated fabric surface, water just spread rapidly
along the fabric, but not moved to the opposite surface
(Figure 2a). The contact angle measurement indicated that
the directly irradiated surface changed the water contact
angle from 170 º to 39 º. Similar results were observed by
repeatedly dropping water droplets onto the UV-irradiated
side of the coated fabric.

In this study, we have developed a simple, but very
effective and versatile, method to produce wettability
gradient across the thickness of fabrics, and demonstrated
that the fabrics have the ability to spontaneously transfer
water unidirectionally through the fibrous architecture. A
plain weave polyester fabric has been used as a sample
porous membrane.
APPROACH
The coating solution was prepared by hydrolysis of
titanium
tetraisopropoxide
with
two
silanes,
tridecafluorooctyl triethoxysilane (FAS) and 3trimethoxysilylpropane thiol-1 (TMSPT). The coating
solution was applied to the fabric through a dip-coating
process. To achieve the directional water transfer effect,
one side of the coated fabric was exposed to a multiwavelength ultra-violet (UV) beam.

FIGURE 2. Photos of dropping water on the treated polyester fabric. (a)
Upper surface was UV treated, (b) down surface was UV treated.

When water was dropped onto the back side of the fabric,
which was not directly irradiated by UV light, the water
drop moved immediately across the fabric thickness and
spread on the UV irradiated front side, although a large
contact angle was maintained between the droplet and the
fabric (Figure 2b). Repeatedly dropping water on the
fabric led to the same result. These results clearly reveal
that the UV treatment renders the fabric with a directional
water-transfer effect. Because of this water transfer effect,
directly measuring the water contact angle of the opposite
fabric surface was difficult. Instead, an indirect method in
which two layers of the same treated fabric were closely
pressed together and irradiated by UV light under the
same condition was used. In this case, the water contact
angle for the front side of the second fabric layer should

RESULTS AND DISCUSSION
As illustrated in Figure 1, the coated fabric became
superhydrophobic. Water drop on the coated fabric
formed a spherical droplet that could stay on the fabric for
a long time (Figure 1a). The water contact angle
measurement revealed that the contact angle of the treated
fabric was as high as 170 º. In comparison, water drop on
the un-coated pristine polyester fabric only stayed for a
few seconds before spreading into the fibrous matrix
(Figure 1b), although the fabric itself was hydrophobic
with a water contact angle of 117 º.
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be very close to that on the back side of the first one,
which changed only from 170 º to 156 º (Figure 3) after
the UV treatment. This result indicates that the UV
treatment has very little influence on the back side of the
irradiated fabric and the back surface still maintained its
superhydrophobic feature.

angle, while the light intensity decayed along the fabric
thickness, leading to gradually reduced photo oxidation
reaction. As a result, a gradient change from
hydrophilicity to hydrophobicity across the fabric was
created.
The UV treatment time affected the wettability and
breakthrough pressure. A longer UV irradiation period led
to lower contact angles and reduced breakthrough
pressure on both the fabric sides. The changes of the
wettability also resulted in difference in water-transfer
effects. When the UV treatment was longer than 2 hours,
water was able to transfer from both fabric sides, despite
the difference in the breakthrough pressure. When the
treatment time was shorter, e.g. less than 30 minutes, the
directional water transfer became very slow, taking about
a few seconds to allow a droplet to transfer through.

Figure 3 also shows the breakthrough pressure of the
fabrics, which can be used to understand water transport
across the fabric. For the uncoated pristine polyester
fabric, only 2 cmH2O of pressure was formed when water
started to pass through the fabric, and there was no
difference between the two fabric sides. For the coated
fabric, the breakthrough pressure increased to 35 cmH2O,
and side difference was not observed either. However, for
the UV-treated fabric, the breakthrough pressure was side
dependent. On the UV-irradiated surface, a breakthrough
pressure of 25 cmH2O was measured, which is slightly
lower than the coated fabric without any UV treatment.
The breakthrough water pressure on the back side of the
UV irradiated surface was only 4 cmH 2O, which is similar
to the pristine fabric. The different breakthrough pressures
between the two fabric sides could be another indication
of the directional water-transfer effect. The changes in
wettability and breakthrough pressure due to the UV
irradiation did not happen for the uncoated pristine
polyester fabric.

CONCLUSIONS
We have demonstrated that a wettability gradient from
superhydrophobicity to hydrophilicity can enable the
fabrics to have a directional water-transport function:
water can easily transfer across the fabric from the
superhydrophobic side to the hydrophilic one, but not in
the opposite direction unless a sufficient external force is
applied. The directional water-transfer fabrics also
showed an apparent difference in the critical pressure
allowing water to break through from the two fabric sides.
The directional water transfer fabrics may find
applications in various areas especially for those that
involve fluid transport in both daily life and industry.
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FIGURE 3. Water contact angles and breakthrough pressures on the
fabrics

The chemical functionalities of the treated surface were
examined by X-ray photoelectron spectroscopy. It was
found that -COOH and -SO3H groups were formed on the
irradiated fabric surface, and the formation of the water
absorptive groups was the main reason for the surface to
become hydrophilic after the irradiation treatment.
Because of the intensity dependence, the photo oxidation
reaction on the fabric surface that received the strongest
UV light had the highest reaction yield, rendering the
surface with the largest decrease in the water contact
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INTRODUCTION
Here we report about unexpected features of
electrospinning process called Counterion condensation
[2, 3]. Electrospinnig is a process for creation of
nanofibers by application of high electric field on the
polymeric solution. This process depends on many
physical and chemical parameters which have crucial
impact on spinnability of polymer, fiber diameter as well
as on the generation of X-rays which is the main topic of
this work [4]. Several radiographic and spectral
measurements were carried for better understanding of
this unexpected phenomenon. This work has been proving
that we have to include quantum mechanical principles to
electrospinning theory [1,5].

during measurement was 25 ± 3°C, humidity 40 ± 3 %
and time of each electrospinning measurement was 5 min.

APPROACH
The first detection of X-rays produced by nanofiber
deposition was observed using radiographic film MEDIX
XBU manufactured by FOMA Czech Republic. Two
different shields of radiographic films against visible and
UV light were used: light resistant paper having the
thickness of 0.2 mm and area density 160 g m-2 and
aluminum foil with a thickness of 0.01 mm and area
density of 25 gm-2. Both materials were for five minutes
tested by exposure of Deuterium lamp, HERAEUS
D200F, 300W, providing UV light of wavelength interval
160 nm- 400 nm, i.e. 50 eV -120 eV. The syringe with a
hypodermic needle was used as a spinning electrode filled
by the fresh 12% wt. aqueous solution of poly-vinylalcohol (PVA). PVA was purchased from Novácké
chemické závody, Nováky, Slovakia, having a
predominant molecular weight of 60,000 g/mol and the
dynamic viscosity of 10.4 mPa s for 4% original aqueous
solution. Grounded bronze grid was used as a collector. It
is difficult to decide which blackening of radiographic
films was done by X-rays, due to its sensitivity for
thermal electrons and parasite effects. However it is the
only method for measurement of space distribution of
such low energetic X-rays but without information about
its energy distribution.
Therefore three independent spectral measurements were
carried out. Arrangement of electrospinnig was the same
as for radiographic experiments beyond the using of
silicon detector (Figure 1). First and second spectral
measurement were obtained by the SLP Silicon Lithiumdrifted [Si(Li)] Planar Low-Energy X-ray Detector (SLP)
produced by ORTEC. The last spectrum was obtained by
X-123 Spectrometer with Si-PIN Detector produced by
AMPTEC (Figure 2), but with 5% aqueous solution of
poly-ethylene oxide (PEO) with molecular weight of 900k
g/mol purchased from Sigma Aldrich. Beryllium windows
of both detectors were shielded agains the external
electrostatic field by grounded bronze grid where

FIGURE 1. Apparatus for studying high-energy emission from
electrospinning. Electrospinner consists of a charged hypodermic needle
(1), from which an electrospinning jet (2) is ejected and a syringe (4)
supplying the needle with polymeric solution. The detector (5) is
positioned just behind the grounded screen collector (3).

FIGURE 2. Spectrum of X-ray photons emitted from electrospinning
jets. Continuous energy spectrum of X-ray total photon counts
accumulated during 150 s, vertical scales, emitted from the PEO
electrospinning jets recorded by the unshielded Si-PIN X-Ray Detector.
The distance between the needle and the collector was adjusted on
110mm and the voltage was 30 kV.

RESULTS AND DISCUSIONS
A massive amplification of the field strength in the
vicinity of an electrospinning jet or a nanofibre is due to
the effect of “counterion condensation”, which is a wellknown effect in polyelectrolytes [2]. The condensation
appears, as discussed in [4], when the dimensionless
linear charge density q on a tiny nanofiber-like cylindrical
body exceeds its critical value. Counterions “condense” in
the immediate vicinity of the cylindrical fiber forming the
so-called Manning region having a diameter rM [6].
According to Kornev [7], the Manning region spans up to
the
maximal
dimensionless
radius
RM  rM / a  16407 for q   . A dense cloud of
couterions plays the role of a counterelectrode positioned

nanofibers were collected. The distance between Be
window and bronze grid was kept at 10 mm. Temperature
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measurement of all parameters which are responsible for
generation of X-rays.

in the immediate proximity of the oppositely charged jet.
Therefore, the field strength reaches gigantic values
between them. A dimensionless potential uM (R) imide
the Manning region has a severe “double-logarithmic”
decay [4]:

 a  2 2 2 
R
 R cos  z ln R
2
z

M
 

u M ( R )   ln 





(1)

2

where  is the dimensionless Debye-Hückel parameter,
R denotes the dimensionless radial distance from the jet
axes, i.e., R  r / a , and z is defined as z  exp( CE )
[7]. The constant C E  0.577215 . . . is Euler’s constant.
The dimensionless potential value uM (1) on the surface

FIGURE 3. Computer simulation of particle collisions in Manning zone.
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of a jet is supposed to be (3  10 V )  e /(k BT ) in our
experiments and plays the role of a boundary condition.
The drop of the dimensionless potential uM (R) with an
increasing distance from the fiber surface is enormously
rapid and the potential reaches a negligible value at a
distance shorter than the particle mean path at
atmospheric pressure. The theoretically predicted
potential drop enables electrons or ions to reach over the
short distance x  100nm a massive kinetic energy
WM  [ (a)   (a  x)]  e
(2)
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which is about 15 keV. This estimation is in broad
agreanment with the measured maximal X-ray energy in
the spectra obtained from electrospinning experiments.
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CONCLUSION
The closest vicinity of individual nanofibrous jets in our
experimental setup operates, according to our hypothesis,
as a “nanoscopic” particle accelerator acting over
unusually short distances at gigantic field strength values
restricted to the vicinity of a nanofibrous electrode.
Thanks to the space restriction of the anomalous field
strength values to distances of about 100 nm, the typical
corona is not ignited. Accelerated particles ejected outside
the jets due to the Kelvin-Thompson law collide with
other gas particles inside the Manning region, including
ions, or with other materials within their reach, giving rise
to electron- or particle-induced X-rays. The investigated
effect could find its applications in a lot of fields. For
instance: portable X-ray sources for therapeutic and
analytical purposes and the design of anomalous particle
accelerators in nuclear physics including fusion
apparatuses [8]. This investigation could provide also an
important new insight into the mechanism for generating
X-rays from lightning and long laboratory sparks.
FUTURE WORK
Some numerical model has been under the development
for several months and first result of particle-particle
collision can be seen on Figure 3. However, better
mathematical algorithm has to be implemented. Future
experiments will be focused on more precise
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(Figure 1d) of the nanofiber membrane and cast PVDF
film, shown in Figure 1b & c, confirm that
electrospinning process favors the formation of β phase
PVDF crystalline over casting.

INTRODUCTION
Miniaturization of electronic devices has raised
considerable concerns in their working sustainability. Due
to the large number, small dimension and complicated
application environments, it is almost impossible to power
these devices using conventional batteries. Self-powering
has been considered as an ideal solution to this problem.
Since 2004, piezoelectric inorganic nanowire arrays [1-3],
ZnO nanowires for instance, have been used to develop
power generators for conversion of mechanical energy
into electrical power. Although these nanogenerators have
shown great potential for powering electronic devices,
they require precisely controlled fabrication conditions.
The inorganic nanowire arrays are brittle with a very
limited strain level. The generators have to work under
very small forces to avoid damage to the nanowires
inside, consequently giving a low power output.
Moreover, the brittle inorganic nanowires are also
difficult to be integrated into flexible substrates.

FIGURE 1. (a) Electrospinning setup. (b) SEM images of electrospun
PVDF nanofibers (scale bar: 1 µm, inset scale bar: 200 nm). (c) FTIR
spectra of electrospun PVDF nanofibers and PVDF cast film. (d) XRD
patterns of electrospun PVDF nanofibers and PVDF cast film.

Piezoelectric polymers are flexible and have considerable
piezo-response to different mechanical deformations.
Recently, power generators have been prepared based on
single poly(vinylidene fluoride) (PVDF) nanofiber
prepared by a near-field electrospinning [4] and aligned
PVDF nanofibers prepared using normal electrospinning
followed by a poling treatment [5].

Upon rapidly compressing the device from one side, pulse
voltage outputs were detected. Figure 2a and b show
typical voltage and current outputs of nanofiber device
when it was subjected to a repeated impact (compression
and release) action. A pulse signal accompanied with an
opposite pulse output were created. The first signal
(referred to as “front”) was derived from the compressive
deformation of nanofibers within the membrane, while the
subsequent opposite output (referred to as “back”) was
attributed to the recovery deformation of the compressed
nanofiber due to the release of the impact force.

In this work, we demonstrate that randomly oriented
electrospun nanofiber membranes can directly generate
electrical power under mechanical deformation without
any poling treatment. The electrical outputs are dependent
on working area and working frequency, and the power
generation is stable over a long working period.
APPROACH
A homogeneous PVDF/DMF (16%, w/v) solution was
electrospun into nanofiber nonwoven mat using a
conventional electrospinning setup. The power generator
device was prepared simply by sandwiching an as-spun
PVDF nonwoven membrane between two metal foils.
RESULTS AND DISCUSSION
PVDF nanofiber membranes were prepared by an
electrospinning setup illustrated in Figure 1a. The
nanofibers have an average diameter of 183±37 nm and
show a rough surface. The Fourier Transform Infrared
(FTIR) spectrum and the X-ray diffraction (XRD) data
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capacitor to light up a commercial blue LED was about 6
minutes. When a 200 kΩ resistor was used to stabilize the
output voltage, the one-time charged capacitor could light
the LED for over 20 seconds before complete
consumption of the power, as illustrated in Figure 4d.

FIGURE 2. Voltage (a) and current (b) outputs of a nanofiber device
under a 1 Hz compressive impact, voltage (c) and current (d) outputs of
the same device with switched connection (working area, 16 cm2)

It was found that the polarity of the output was
determined by the device side that received the
compressive impact and the way to connect with the
electrochemistry working station. When the electrode that
received the compressive impact was connected to the
counter electrode, while the opposite electrode was
connected with the working electrode, a positive front
output followed by a negative back output was always
detected. However, when the connection was reversed,
the outputs reversed the polarity (Figure 2c and d).

FIGURE 4. (a) Circuit for charging a capacitor and lighting a LED
device. (b) DC voltage output rectified from 1 Hz compressive impact of
a 16 cm2 nanofiber membrane. (c) Voltage ~ charging time relationship
for a nanofiber membrane device loaded with different capacitors. (d)
Still frames captured from a video showing the continuous lighting of a
blue LED

FIGURE 3. Relationship between working area (a) and impact
frequency with the voltage output (b)

It has been found that the output voltage and current
varied with the area of the nanofiber membrane (working
area). When the working area was 16 cm2, the output
voltages were 3.88 V and -3.45 V for the front and back
outputs, respectively (Figure 3a). The respective output
voltages changed to 0.43 V and -0.44 V when the working
area was reduced to 2 cm2. Impact frequency is another
factor affecting the electrical outputs. For a nanofiber
membrane device with the working area of 2 cm2 (Figure
3b), under the compressive impact frequency of 1 Hz, the
average peak voltage output was 0.43 V. When the impact
frequency was increased to 5 Hz, the voltage output
became 1.75 V. Further increasing the frequency to 10 Hz
led to the output voltage reaching up to 6.5 V. The
frequency-dependent voltage output originates from the
influence of initial impact speed. For the impact
frequency of 1, 5, and 10 Hz, the initial impact speed is
6.8, 34 and 68 mm/s, respectively. Such a high voltage
generated by a low initial impact speed is beneficial in
harvesting electrical energy from movements of human
body.

CONCLUSIONS
We have demonstrated a novel fabrication of PVDF
nanofiber membrane-based power generating devices that
can convert mechanical energy to electrical power. This
nanofiber membrane device may provide a simple,
efficient, cost-effective and flexible solution to selfpowering of microelectronics for various purposes.
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To convert the voltage outputs to DC signals, a full wave
rectifier bridge was used (Figure 4a) and the rectified
voltage output reached 2.5 V (Figure 4b). Figure 4c lists
the voltage ~ charging time relationship of a nanofiber
device. Increasing the impact frequency increased the
charging speed. It took around 1 minute to charge a 2.2
µF capacitor to over 3 V at 1 Hz. The changing time was
shortened to 20 seconds when the working frequency
increased to 5 Hz. The time needed to charge a 33 µF
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vehicle. It is highly soluble in nonpolar organic solvents
and stable under atmospheric conditions at room
temperature. The silver concentration in dispersion was
50% and viscosity can be controlled in the range of 110
cP. Silver nanoparticles have a low sintering temperature
(from 90 to 200 oC) and can be used on inexpensive
substrates, such as paper, polyester, polyimide, cotton and
others.

ABSTRACT
The textile electrodes are used to muscles
electrostimulation during the therapy. The textile
electrodes are new product, which can replace the
traditional metal or graphite electrodes. The presented
textiles electrodes are elastic and good fitted to body
shape (legs or arms). In the paper, the method of textile
electrodes production and assessment of their conductive
properties are described.

Use of Drop on Demand (DOD) Valve Jet printing
technology
The main reported printing method of applying
conductive materials on the textile substrates is screen
printing [3,4]. It is not DOD technology and printed
pattern can be not continuous due to the mesh structure of
the screen. Therefore, the realization of textile electrodes
for electrostimulation of muscles was done with using the
DOD Valve Jet printing technology. This method allows
for precise deposition of nanoliter volumes of drops of
fluid in a wide range of viscosity. Before printing, woven
fabrics were cleaned with soap and subsequently
sonicated in baths of pure methanol and isopropanol for
20 min each and rinsed with deionized water after each
process. Residual organic contaminations were removed
using a 4 sec UV treatment, where the UV energy density
was 0.5 W/cm2. After pretreatment processes, for each
woven fabric substrate, three samples were printed with
conductive ink. The printing pattern was a square with
dimensions of 7 cm by 7 cm. After printing, the samples
were annealed in an oven at 140 oC for 10 hours.

INTRODUCTION
Electrotherapy is an important part of physical therapy,
which is used for medical purposes in various types of
electrical current stimulation. Accordingly, applied
electric current can cause a therapeutic effect of a
stimulus and analgesic like neuromuscular stimulation,
pain-killing, improvement of tissue perfusion, decreased
muscle tone, easing inflammation, accelerate the
absorption of edema, improve metabolism, tissue
regeneration etc. [1, 2]. The different kind of textile
electrodes are used to muscles electrostimulation during
the therapy. Metal or electroconductive gum are used
during electrostimulation process in therapy. In this study,
new textronic electrodes, which can replace the traditional
electrodes, were designed. To the construction of textile
electrodes printing technology and electroconductive inks,
which consist of silver nanoparticles, were used. They
are elastic and good fitted to body shape (legs or arms).
The producers of medical generator equipment
recommended that the surface resistance of electrodes of
any point on the electrode should be smaller than 300 Ω.
This is connected directly with good electroconductive
properties of printing electrodes and indirectly with ink
electroconductive properties. If the resistance is bigger,
the flow of current could cause a high temperature on the
electrode. It could be dangerous and burn the skin.

RESULTS AND DISCUSSION
Sheet resistance measured with the modified fourpoint method
The sheet resistance of the printed electrodes was
measured with the modified four-point probe. This
method allows the resistance measurement of small areas
as opposed to the standard. In this method, the sheet
resistance was defined as an average value of resistances
measured by four probes set in opposite textile electrode
corners. Results of sheet resistance measurements of
textile electrodes are presented in Table I. Measurements
were realized at ambient conditions. An ambient
temperature was 23,5 oC and relative humidity was 20%.

MATERIALS AND METHODS
Textile materials
In this study, three different cotton woven fabrics are
tested for the possible substrates of the textile electrodes
for electrostimulation of muscles. Investigations into the
conductive properties were carried out for woven fabrics
differentiated by weave type. Woven fabrics with plain,
twill and panama weave type were chosen. Since the
physical and mechanical properties of woven fabrics were
different, it was expected that it will influence on the
conductive properties of printed electrodes.

TABLE I. Sheet resistance measurement results of textile electrodes

Sample
Resistance, /
Woven fabric of plain weave
0.164
Woven fabric of twill weave
0.340
Woven fabric of panama weave
0.215
For the conductive textile electrodes it was observed that
obtained sheet resistance depends on the woven fabric
structure. Depending on weave type, it changed from

Conductive ink
Textile electrodes were realized by using a conductive
silver nanoink. This ink is based on silver nanoparticles
with average size around 10 nm and dispersed in a liquid
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Analysis of homogeneity of printed conductive layer thermographic investigations
The homogeneity of printed electrode is important factor
to consider when selecting it for electrostimulation. It was
assumed that for inhomogeneous layers there would be
local changes of sheet resistance. When current flow
through a layer, the local heat flux should be observed. In
this study, infrared photographs were made when 50 mA
DC current was flown through the conductive layer
printed on the woven fabric with plain weave. An infrared
camera Therma Cam E65 was used for the measurements.
The example of received results is present in Figure 2.

0.164 / for plain weave to 0.340 / for twill weave.
It was concluded that the parameters of structure of
woven fabric influence on the absorption conditions and
deep penetration of silver nanoink. The resulting
electrodes can be used for electrostimulation because they
have much lower sheet resistance than it is required. Also
they are flexible and comfortable.
Influence of ambient conditions on the sheet resistance
of textile electrodes
In order to determine the effect of temperature and
relative humidity on the stability in time of sheet
resistance of textile electrodes, investigation in the
climatic chamber Angelantoni Industrie UD150C type
were conducted. This effect was analyzed for three points
of temperature and humidity settings (Table I). Such
assumption of the value of these parameters is associated
with the terms of the functioning of the human body
humidity. Based on medical data [2], three extremely
values of temperature and corresponding skin humidity
were chosen.
TABLE I. Measurement conditions in chamber

Variants
I
II
III

Temperature, oC
31,7
32,3
35,4

Relative Humidity, %
25
35
60

FIGURE 2. The termogram of conductive layer under 50mA DC current

The presented thermogram shows that in stable state peak
to peak amplitude of temperature in textile electrode is
about 0.5 oC. Thus it was concluded that presented textile
electrodes have a good homogeneous properties.

During investigations of textile electrode, which had the
lowest sheet resistance (plain woven fabric) some changes
of sheet resistance in time under specified temperature
and humidity were observed (Figure 1).

CONCLUSIONS
Textile electrodes were made by digital DOD deposition
of silver nanoink on the cotton woven fabrics. Depending
on weave type, sheet resistance was from 0.164 / for
plain weave to 0.340 / for twill weave. When ambient
temperature and humidity increase it causes a small
increase of sheet resistance (0.02 /). Thermographic
investigations of silver-based textile electrodes show a
good homogenous properties.

Sheet resistance, Ohms/sq.

0,190
0,185
0,180
0,175
0,170

Variant I (T=31.7 C, H=25%)
Variant II (T=32,3 C, H=35%)
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Variant III (T=35,4 C, H=60%)
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FIGURE 1. Time dependence of sheet resistance of textile electrodes

It is seen that in the first period the sheet resistance
increases. After 1000 sec, it reaches constant value.
Comparing the sheet resistance values of electrode under
specified conditions (Figure 1) with values under normal
conditions (Table I), sheet resistance of textile electrodes
increases about 0.02 /. In viewpoint of
electrostimulation of muscles these changes are fully
acceptable.
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INTRODUCTION
Protective and functional garments, as well as many
common clothing components are, due to sweat sorption
or because of rainy climate, also used in wet state, which
affects negatively their comfort properties.

enables to determine the heat flow q [W/m2] course
passing through the fabric:
q = b (t1 – t2) / (πτ)1/2, b = (λρc)1/2 [Ws1/2/(m2K)]

Denim garments are occasionally also used in wet state,
but research reports on thermal comfort properties of
fabrics in wet state are very few [1,2]. The reason of this
situation probably depends in the fact, that common
measuring instruments mostly do not enable reliable
measurement of wet fabrics, due to long time of
measurement, during which the fabrics get dry. That is
why the instrument used in this study was the
commercial PC evaluated Alambeta thermal comfort
tester, which provide reliable non-destructive
measurement of thermal insulation and thermal contact
properties of fabrics in dry and wet state, thanks to very
short time of measurement [3].

where the term b presents thermal absorbtivity of
fabrics. The higher is thermal absorbtivity of the fabric,
the cooler is its feeling. Its level for most textiles ranges
from 20 to 800 [Ws1/2/(m2K)]
EXPERIMENTAL RESULTS
Thermal conductivity coefficient λ of steady air at 20°C
is 0,026 W/(m.K), λ of polymers ranges from 0,2 to 0,4
W/(m.K), and due to the presence of air, λ of dry
fibrous textile structures extends from 0,033 to 0,1
W/(m.K) - see in [4]. Due to relatively high thermal
conductivity of water (0,6 W/(m.K)), λ of wet fabrics
must exceed the level 0,033, as follows:

In the paper, thermal conductivity, resistance and
absorbtivity of denim fabrics of standard composition
and denim fabrics employing various yarns in weft
direction, incl. the rarely used polypropylene, were
determined. The samples made in Twill 3/1 Z with
square mass 218-236 [g.m-2] were measured under large
extension of their moisture content.
MEASURED PARAMETERS
Thermal resistance R and water vapour resistance Ret
are the most important parameters of thermophysiological comfort of fabrics and the former depends on
fabric thickness h and thermal conductivity λ as follows:
R = h/λ [m2K/W]
Thermal absorbtivity b of fabrics was in 1987
introduced by Hes [3] to characterise thermal contact
feeling during short contact of human skin with the
fabric surface. For short thermal contact time τ between
the human skin and the fabric the measured fabric can
be simplified into semi-infinite homogenous mass with
thermal capacity ρc [J/m3] and initial temperature t2.
Unsteady temperature field between the human skin
(with temperature t1) and fabric with respect to of
boundary conditions offers a relationship, which

Fig. 1 Thermal conductivity of denim fabrics made
of different weft yarns
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EVALUATION OF RESULTS
1. There is no significant difference in thermal
parameters of all denims in very dry state. Then, an
increase of thermal conductivity and thermal
absorbtivity with the increase in moisture percentage is
observed. However, the slope of change varies a lot.
Fig. 1-3 depicts that cotton and stuffer box crimped PP
(SBC) have the steepest slope. It shows that thermal
conductivity and thermal absorbtivity of denims made
of cotton and stuffer box crimped PP increases more as
compared to spun and air textured PP (ATP).
2. Increase in thermal absorbtivity brings cool feeling,
which creates a discomfort for the wearer. Results
exhibit that wet spun PP and wet air textured PP
performs better, e.g. they offer relatively dry contact
feeling even in the wet state. It means that spun PP and
air textured PP have the ability to maintain certain level
of thermal comfort even under extreme conditions.
3.There is relatively slow decrease of thermal resistance
of samples made of spun PP and air textured PP under
wet conditions, which is a an evidence that these two
denims will keep the human body warm and will reduce
the heat passage between the body heat and the
environment.

Fig. 2 Thermal absorbtivity of denim fabrics made
different weft yarns

CONCLUSION
From the presented study of thermal comfort properties
of denim fabrics in wet state follows, that increase of
fabric moisture causes the decrease of thermal
resistance of the fabrics and brings cooler thermal
contact feeling. Both phenomena present certain
thermal discomfort. It was found, that non – traditional
denim fabrics employing cotton as warp and spun PP or
air textured PP as weft provide better thermal comfort
in wet state to the users, than the traditional denim
fabrics. This unique study was carried out by means of
the computer controlled fast working ALAMBETA
tester.
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Fig. 3 Thermal Resistance of denim fabrics made
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The structural parameters of the six fabric samples are shown
in Table I. The permeability of an open structure 3D spacer
fabric, kSF, was too large to be measured by using our existing
apparatus, it was thus obtained through an indirect
measurement of the permeability of a composite comprising a
layer of targeted 3D spacer fabric and a layer of fleece fabric
F1, and then calculated based on Darcy’s Law.

OBJECTIVE
Forced ventilation in clothing caused by body movement
(‘the bellows effect’) not only induces an inplane airflow
over the fabric surface but also imposes a transverse
infiltration airflow through fabric pores and garment
openings, thus promoting convective heat and mass transfer
[1, 2, 3]. It is suggested that this effect has an equal if not
more important role in facilitating comfort than waterproof
breathable fabrics [4]. The objective of this study is to
improve understanding of how airflow over fabric surfaces
induced by the bellows effect influences the thermal and
water vapour transfer properties of fabrics having different
structures for the purpose of engineering design of new fabric
structures to improve heat and moisture transfer via forced
ventilation.

TABLE I: Fabric structures and air permeabilities
Mass
Thickness Air flow rate
(kg/m2) (m)
(l/s/m2 @ 40 Pa)
F1
0.249
3.7*10-3
18.9
F2
0.284
5.1*10-3
7.3
F3
0.342
6.1*10-3
19.9
-3
S1
0.418
4.0*10
S2
0.266
4.3*10-3
S3
0.123
10.5*10-3
-

INTRODUCTION
Three main factors influence the volume and speed of inplane
surface air flow produced by the bellows effect: fabric
structure properties such as pore size and permeability, fabric
properties such as fabric stiffness, and garment design
features such as openings and fit (affecting air spaces).
Airflow over fabric surface induced by the bellows effect
influences the convective heat and water vapour exchange
with the environment; increasing air exchange decreases
water vapour resistance, increases heat exchange and retards
the onset of condensation in clothing [5, 6]. Some studies
have shown the effect of air permeability of fabrics to be
small compared to the effect of garment openings and air gap
size [2]. However, it is still not clear how airflow over fabric
surface induced by the bellows effect changes the thermal
and water vapour transfer properties of various fabric
structures. Mid layers in a performance clothing ensemble
usually have the greatest effect on the thermal insulation
properties of the clothing. In this research, the effect of
airflow over the fabric surface, simulating the bellows effect
in garment, on the thermal and water vapour transport
properties of six mid-layer fabrics having different structural
parameters is investigated.

Specific
permeability (m2)
3.30E-11
1.76E-11
5.73E-11
4.95E-10
5.81E-10
1.60E-09

The effect of airflow on the thermal and water vapour
transfer properties of the above six fabrics were obtained by
employing modified standard test methods to include one
condition with airflow and the other condition with inhibited
airflow respectively. RCT and RET were obtained according to
ISO11092 which stipulates airflow of 1m/s over the surface
of the fabric during testing. To impair the airflow over the
fabric surface, a thin, microporous fabric having small
permeability (with low thermal and evaporative resistance)
was placed on each fabric sample. Determination of thermal
resistance (R) using single plate method according to BS4745
was conducted in two conditions; in still air and with airflow
of 1m/s over the surface of fabric sample. Determination of
water vapour permeability index (WVPI) by using dish
method based on BS7209 was conducted with each dish on a
rotating turntable. To impair airflow testing was conducted
with the turntable stationary and the testing assembly encased
to stop airflow.
RESULTS AND DISCUSSION
The results are summarised in Tables II and III. It is shown
in Table II that the thermal resistances of all fabrics were
reduced due to the airflow over the fabric surface. The
reductions of both RCT and R are much greater in spacer
fabrics (67.5% on average for RCT, and 45.9% on average for
R) than in fleece fabrics (9.8% in average for RCT and 10.1%
on average for R). The airflow over fabric surface also
reduces the water vapour resistance and increases the water
vapour permeability; it is shown in Table III that this effect is
much greater in spacer fabrics than in fleece fabrics. The
reduction of RET is 65.9% and 26.0% for spacer fleece
fabrics respectively, and the increases of the moisture vapour
permeability are 24.6% in spacer fabrics and 5.5% in fleece
fabrics.

APPROACH
Six fabrics including three 3D spacer fabrics with different
structures (S1-S3) and three double sided polyester fleece
fabrics (F1-F3) are studied. Fleece fabrics are frequently used
as mid layers in performance clothing; 3D spacer fabrics have
the advantage of greater porosity, pore size and air
permeability. The three 3D spacer fabrics include castellated
reticulated polyurethane foam [7] and channeled and double
hexagonal mesh spacers from Heathcoat Fabrics Ltd, Devon,
UK (S1-S3 respectively).
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F1
F2
F3
S1
S2
S3

TABLE II THE INFLUENCE OF AIRFLOW ON THERMAL
RESISTANCES* OF FLEECE AND SPACER FABRICS
RCT (m2*K/W) (ISO11092)
R(m2*K/W) (BS4745)
Xairflow
Xno-airflow
Xairflow
Xno-airflow
0.10
0.11
0.15
0.14
0.12
0.13
0.13
0.16
0.14
0.15
0.15
0.18
0.04
0.08
0.06
0.11
0.04
0.09
0.06
0.10
0.03
0.16
0.07
0.15

F1
F2
F3
S1
S2
S3

TABLE III THE INFLUENCE OF AIRFLOW ON MOISTURE
MANAGEMENT PROPERTIES OF FLEECE AND SPACER
FABRICS
RET (m2*Pa/W) (ISO11092)
MVPI(%) (BS7209)
Xairflow
Xno-airflow
Xairflow
Xno-airflow
12.37
12.49
91.80
88.95
14.00
14.77
88.15
84.56
16.62
18.90
87.14
79.61
9.18
13.24
86.75
84.16
6.59
12.39
128.96
87.33
5.93
26.03
105.44
86.11

Figure 1 ‘The airflow effect on fabric’ against the ratio of
specific permeabilities under with and without airflow
conditions
CONCLUSIONS
The thermal and moisture management properties of the open
structure spacer fabrics are more profoundly affected by
airflow over the fabric surface. For all fabrics investigated in
this research, RCT, R and RET were reduced due to airflow
over the fabrics surface. This reduction was greater in open
structure spacer fabrics than in fleece fabrics. ‘The airflow
effect’ is defined as the difference of a property measured
with airflow and without airflow over the fabric surface to the
property measured without airflow over the fabric surface to
characterise the airflow induced changes of fabric thermal
properties; and it is found that ‘the airflow effect on fabric’
increases with the increases of the changes of fabric specific
permeability.

We characterise the airflow-induced changes in RCT, RET, R
and WVPI by using ‘the airflow effect on fabric’, α, which is
the ratio of the difference of a property measured with
airflow and without airflow over the fabric surface to the
property measured without airflow over the fabric surface as
shown in equation 1:
(1)
Where x refers to the fabric properties RCT, RET, R and WVP
respectively.
Based on basic convection equation for surface air flow over
a porous surface [8], the forced convection heat transfer is
related to both Darcy-Brinkman parameter and Rayleigh
number, both of which are linearly proportional to specific
permeability [8]. From Darcy’s law, it is known that the flow
rate of the potential transverse air flow (q(m/s)) in the
direction of fabric thickness is linearly proportional to the
specific permeability (k(m2)) of the fabric when the hydraulic
pressure difference between two sides of the fabric is
constant, which is the case in our experiments. Therefore, the
flow rate of the transverse airflow in the direction of the
fabric thickness due to bellows action could be represented
by the fabric specific permeability, k, and this transverse
airflow corresponds to the convective heat and mass transfer
through the fabric thickness, and thus influences RCT, RET, R
and WVPI of the fabrics.
It is shown in Figure 1 that changes of RCT, RET and R
increase with the increase of the ratio of specific permeability
of the fabrics, k; both the thermal and moisture management
properties of the more air permeable spacer fabrics are more
profoundly affected by airflow over the fabric surface. This
characteristic of open structure spacer fabrics is a potential
advantage for them being used in performance clothing
where more metabolic heat produced in intense work
activities means more heat exchange is required to maintain
thermal balance. It is also noticed that the increases of WVPI
are not linearly related to the specific permeability.

FUTURE WORK
This paper is the first part of an ongoing project to fully
understand the influence of the mid layer fabric structure on
thermophysiological comfort. Currently the thermophysiological properties of the fabrics are investigated by
using a novel thermal manikin and human wearer trials.
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located in the semi-aid region of the world and relative
humidity in winter time is 70-80 % and in this case
humidity effect unaccounted-for the zoning.
Based on convection heat transfer from the clothing
surface areas calculate correlation of the clothing surface
temperature t w and environmental temperature t a is:

Climatic conditions in Mongolia differ from those in the
other countries situated in the same latitude. For the entire
territory of Mongolia is characterized by a harsh winter
with low temperature environment. Specific distinction in
the winter session our country the small amount of
rainfall throughout the country in the winter the humidity
is low and as well as a predominance of clear weather in
the winter time, the level of direct solar radiation is quite
high. In most of the country in the winter time there is a
variable wind velocity.

tw  ta  t

(1)

Here: t - the originated difference of temperature from
meteorological characteristic other than humidity.

In this condition for thermal insulation of clothing is the
main requirement, which depends on the quality of the
necessary conditions of human life. Therefore, the zoning
of the territory of Mongolia for the thermal insulation of
clothing in the winter climatic conditions is important
research work on a scientific basis of designing and
supply chain for winter clothing.

The surface temperature of the clothing is calculated at 92
weather stations and the territory of Mongolia is divided
into grid of latitudes and longitudes by 0.2 0 and was
computed t w . Calculations shown that temperature
fluctuation on the clothing surface is -4.13...-24.70C.

The objectives of this study are to examine the human
thermal climates and regional patterns of extreme thermal
stress in Mongolia using the “clo” index, that shows the
amount of clothing required to maintain comfort. Results
of this study provide useful information on human
thermal comfort, energy requirements, and tourist
industry development.

Taking into consideration of temperature influence the
territory of Mongolia is divided into four comfort zones:
- the first zone is located in the outside air
temperature -4...-10 0C (moderately cold zone),
the second -10...-15 0C (cold zone),
- the third -15...- 20 0C (severe cold zone),
- the fourth - 20...- 25 0C (rigid cold zone).

The zoning the country to according in thermal insulation
of clothing is taking into accounts the climatic
characteristics of regions. To identify the combined
effects of atmospheric conditions on the body, concentrate
on air temperature, wind velocity, solar radiation and
humidity. The basis of zoning is selected the temperature
of clothing surface based on theory of heat change.

The regional patterns for the thermal insulation of winter
clothing in Mongolia are shown in Fig. 1.

In determination of clothing surface temperature was
selected chest of human clothed body, which has high
surface temperature and heat loss intensity. External area
of clothed body was calculated based on the standard
body measurement of Mongolian men, given thickness of
layers and ease of construction of the winter garment.

FIGURE1. The regional patterns for the thermal insulation of winter
clothing in Mongolia

The environmental air temperature influenced to heat loss
from human body was choice mean temperature of
January, which satisfying of calculation of the thermal
insulation of clothing. The solar radiation is included is
depended on direct and scattered radiation. Mongolia

The results of zoning were computed in “clo” index,
which indicates the amount of the clothing comfort is
used to evaluate the human thermal climates in Mongolia.
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developed in a reduced size so as to exert garment
pressures on subject. A 10 to 20% reduction factor is
normally adopted on different body parts to ensure a
constant and adequate pressure being applied on the
wound area. Due to the lack of actual garment/scar
interface pressure measurement in hospitals, the amount
of pressure exerted by the current therapy garments and
fabrics can only be assessed subjectively based on the
experience of individual practitioners. The current study
therefore examines the fabrics currently used in the
production of pressure garments in local hospitals.

STATEMENT OF PURPOSE
This study aims to evaluate the fabric comfort and
elasticity properties for pressure therapy garments used in
the treatment of hypertrophic scars. The changes of skingarment interface pressures after repeated wear were also
examined. The results of the study provide a guideline
for optimizing the comfort and functional performance of
pressure garments.
INTRODUCTION
Scarring is part of the natural continuum of tissue repair
when a wound heals. In case of defect in the wound
healing process, an excess of wound collagen is produced
and abnormal hypertrophic scars may be formed.
Hypertrophic scar was characterised by red, rigid and
raised appearance associated with pain and itchiness. It
will lead to cosmetic disturbance and affect the daily
activities of a person if the scar is contracted causing joint
stiffness and deformities. The scar maturation process
varies from half a year to several years depending on the
severity of the injuries and complications during the
process of wound healing [1]. Literatures reported that
the incidence of hypertrophic scar on surgical and burn
scar seems to be related to the skin pigmentation among
people with different races [2-3]. Chinese people tend to
have a higher prevalence of scar formation and become
hypertrophic in terms of pigmentation, thickness and
physical symptoms such as pain and itchiness after skin
injury or surgical intervention.

APPROACH
In this study, three fabrics of various structures that are
commonly used for pressure therapy garments were
studied. A summary of fabric specifications is presented
in Table I.
TABLE I. A summary of fabric specifications
Fabric

Contents

Structure

Gauge

Thickness
(mm)

Weight
(g/m2)

I

60% nylon/
40% spandex

powernet

32

0.42

201.8

satinet

56

0.49

166.3

sleeknet

56

0.58

235.3

II
III

79% nylon/
21% spandex
62% nylon/
19% spandex /
19% cotton

Fabric tensile and comfort properties were examined in
terms of tensile strain, air permeability, smoothness,
moisture absorption, etc. As fabric tension decreases after
repeated wear and deformation erodes the effectiveness of
the pressure garment over time, the impact of fabric
tension properties on garment-skin pressures against
repeated uses was also investigated. A fabric extender
was used to simulate the repeated uses of garments for
evaluating the deterioration of fabric elasticity. The
change of fabric tension after repeated cycles of
extensions was also measured. On the basis of the three
fabrics, a series of pressure therapy gloves was tailormade for a female subject volunteer. The dimensions of
the glove pattern were reduced by adopting the standard
reduction factors of 10%, 15% and 20% respectively.
The gloves were then tried on the subject and the initial
fitting of the gloves was checked and adjusted properly.
The amount of glove-skin pressure was measured by
using Novel Pliance-X system.

Over the past decades, different treatment methods have
been suggested in treating hypertrophic scar such as
cortical sterioid injection and surgical excision [4-7].
However, various side effects were reported. Since the
1970s, pressure garments are commonly used for
hypertrophic scar treatment for burns [4, 7]. The
garments are engineered to apply adequate pressure to
various body parts with the aims of increasing the rate of
scar maturation, preventing contracture formation, and
enhancing cosmetic appearance without impairing the
circulation [8]. However, the patient compliance rate of
the continuous use of pressure gloves has not been
satisfactory. The problems associated with their use are
well-recognised, such as hot, discomfort, limited mobility,
poor fitting, obsolete functional design and appearance.
In Hong Kong, custom-made pressure garments are
generally made of firm elastic fabrics containing spandex,
in warp-knit tricot or powernet structures. Based on the
body dimensions of patients, pattern pieces were
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the increase of reduction factor in pattern development.
Nevertheless, the sleeknet structure of fabric III resulted
in the highest percentage changes of tension reduction
upon extensions, ranging from 29.4% to 49.1% in the
course direction.
Since the garment-skin interface
pressures exerted on subject are induced by fabric tension,
such high values of fabric deformation could obviously
erode the effectiveness of the pressure garment and
efficacy of the therapy treatment. The initial pressure of
the pressure therapy gloves developed by the 3 fabrics
was recorded. Results revealed that the amplitudes of
glove-skin interface pressure were greatly affected by the
use of fabrication as well as the reduction factors adopted
in pattern development.

RESULTS AND DSICUSSION
Fabric Tensile and Comfort Properties
Considering the fabrication of pressure garments, fabrics
with high air permeability and moisture vapour are
desirable as they allow the skin and scar tissue to breathe.
In this study, fabric II (satinet) has the lowest value of air
resistance, whilst fabric III (sleeknet) was less permeable
due to its markedly different fabric compositions and
thickness. Fabric III has good moisture absorption due to
its cotton component as compared against the
nylon/spandex fabrics. KES-F equipment was used to
evaluate the surface properties of fabrics. Fabrics with
high coefficient of friction and/or surface roughness are
likely to abrade the scar severely, resulting in discomfort,
scar degradation and even maceration. Fabric III has
significant lower coefficients of friction than fabrics I
(powernet) and II (satinet) in both wale and course
direction. It also has the lowest value of surface
roughness in the wale direction. The tensile properties of
the 3 fabrics upon the tensile strains of 11.1%, 17.7% and
25.5% is presented in Figure 1. Fabrics I and II have
consistently higher values of tensile loads in the wale
direction, whilst fabric III resulted in high tensile loads in
its course direction. Sleeknet therefore would presumably
be used to avoid fragile scar tissue from breaking down.
It is more desirable for the initial stages of treatment on
less stable scars. However, if a more gentle application of
pressure is needed, fabric should be cut in wale direction.

CONCLUSIONS
Even though the range of fabrics used in the development
of pressure therapy garments in Hong Kong is limited, the
correct selection of fabric properties and use of fabric
grain direction in relation to scar conditions and
amplitude of pressures are crucial. In this study, sleeknet
structure is less harsh than powernet and satinet.
However, it is less permeable and resulted in major
tension changes upon repeated uses. It is desirable for the
initial and/or interim stages of treatment that occupational
therapists could check and adjust the fitting, tension and
scar conditions more frequently. Satinet is relatively
stable in fabric tension with good air permeability. It is
used when the scar is sufficiently stable to tolerate
reasonably high and prolonged garment pressures.
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FIGURE 1. Tensile loads at strains of 11.1%, 17.7% and 25% for the 3
fabrics (I, II and III) studied.

Decay of Fabric Elasticity and Pressures
The extent of fabric tensile deformation after repeated
cycles of extensions in relation to the standard reduction
factors was measured by using the Instron Tensile Tester.
Fabric tension properties at the strains of 11.10%, 17.65%
and 25% were first measured respectively. Upon repeated
extensions, fabric specimens with 10% reduction factor
resulted in substantial tension reduction for the 3 fabrics
studied. Amongst, fabric III has the lowest values of
fabric tension reduction (3.3% to 5.6%) in its wale
direction, whilst fabrics I and II resulted in relatively high
values of tension reduction ranging from 12.7% to 36.9%.
When the reduction factor was increased to 15% and
20%, specimens generally deformed in a similar manner
upon repeated extensions. A strong linear relationship
was observed between the changes of fabric tensions and
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parameters used in the melt spinning and drawing of
fibers were reported elsewhere [6]. The melt spun
fibers were annealed continuously at temperature of
150°C using 10 cm long annealing heater. The drawn
and annealed fibers were extended annealed (EA)
using an one-meter long heater placed after the short
annealing heater. Temperature of extended annealing
was 190°C. In the two zone draw annealing set-up,
majority of the total draw ratio (TDR) was achieved
in the first zone at 95°C, and remaining part of TDR
was applied in the second zone at 100°C. Annealing
was carried out at 190°C using a one meter long
heater that was placed after the third draw roll pair.
Fiber properties such as denier, tensile properties,
degree of crystallinity, molecular orientation, crystal
size, and long period were characterized using the
techniques discussed elsewhere [6]. LEO scanning
electron microscope (SEM) was used to study the
internal structure of the draw-annealed fibers by
careful sectioning the fiber longitudinally.

ABSTRACT
Polyphenylene sulfide (PPS) is an important
engineering thermoplastic polymer (ETP), being used
in the form of fibrous material in the caustic
environments such as filters in coal-fired boilers, in
paper and chemical industries. The present study was
conducted to elucidate the processes-structureproperties relationship in melt spun PPS fibers using
multi-zone drawing and annealing. Fibers possessing
tenacities around 6 gpd are obtained under optimum
material and process conditions. A model for the
fiber structure is proposed based on the
morphological studies.
INTRODUCTION
It has been shown that increasing the number of draw
zones enhances the drawability of fibers, and thereby
improves their tensile properties [1, 2]. Under
optimum conditions, drawing and annealing of
industrially manufactured as-spun fibers produced
PPS fibers with initial modulus equal to 8 GPa and
the failure stress around 700 MPa [3,4].
Birefringence achieved was close to its intrinsic value
of 0.333 [3]. Crystalline orientation factor (fc) was
reported to be increasing to 0.982 and 0.986 with
zone drawing and zone annealing, respectively [4].
Steam assisted multi-zone drawing and annealing of
melt spun fibers produced from Fortron® PPS led to
fiber tenacity close to 60 cN/tex (6 gpd) with
elongation to break around 18% [5]. Young’s
modulus achieved was around 400-450 cN/tex at 0.52% extension. Tenacities close to 5 gpd were
obtained in melt spun PPS fibers upon one zone
drawing and annealing [6]. Findings from a detailed
investigation of the process-structure-properties
relationship in multi-zone drawn and annealed PPS
fibers is reported herein.

RESULTS AND DISCUSSION
The order of MW was 1 < 2 < 3. Polydispersity index
of all the three grades was found to be close to 4.0.
Annealing increased the drawn fiber tenacity from 4
gpd to 5 gpd (Figure 1a) at similar level of breaking
elongation. The fiber tenacity continued to improve
upon extended annealing. Birefringence and
crystallinity were higher in DA fiber than that in only
drawn fiber (Figure 1b). Degree of crystallinity
reached a plateau in DA fiber with no further increase
in D-A-EA fiber, whereas birefringence increased in
D-A-EA fiber over DA fiber.

EXPERIMENTAL METHODS
Three variations of Fortron® linear PPS polymers
(1P, 2P and 3P) in the pellets form were used in this
study.
Fibers were melt spun using pilot scale Fourne’
single screw extruder, and 12 hole spinneret with
capillary diameter of 0.8 mm and L/D of 10.
Throughput was 12 gm/min/12 holes, and extrusion
temperature was 315°C. Drawing (D) was carried out
using SAHM drawing unit in one zone and two zone
draw set-up. The details of equipment and process

Figure 1 Influence of annealing upon properties
enhancement (Polymer 3P; take-up speed: 1750
mpm; DT: 95°C, annealing temperature: 150°C).
Tenacity and breaking elongation of 2ZD-A vs 1ZDA fibers are shown in Figure 2. On tenacity plot, the
symbols of equal to and not equal to were the results
of mean comparisons obtained using the t-test.
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Statistically no significant difference was observed
between the fiber tenacities obtained by 1ZD-A vs
2ZD-A route in the case of fibers spun from low MW
polymers i.e. 1P and 2P (Figure 2a). However, in the
case of fibers manufactured from high MW polymer
(3P), 2ZD-A fibers showed significantly higher
tenacities (Figure 2a) and lower elongation (Figure
2b) than 1ZD-A fibers.

Fiber axis

Fibril

Figure 3 SEM micrograph of two zone drawannealed fiber. (Polymer 3P, spun at 1750 mpm).
CONCLUSIONS
It has been shown that annealing the as-spun fibers
with very little drawability results into PPS fibers
with fairly good level of tenacity (~ 4.5 gpd), and
acceptable level of elongations (20-25%).
Improvements in tensile properties upon annealing
and extended annealing have been correlated with
increase in crystallinity, better crystal perfection, and
higher molecular orientation in crystalline as well as
non-crystalline regions. Two zone draw-annealed
fibers manufactured from high MW polymer, 3P
showed highest tenacities, around 6 gpd with 20%
breaking elongation. Probable structural model in
high tenacity PPS fibers is proposed.

Figure 2 Fiber properties enhancement one zone vs
two zone drawing. a) tenacity, b) elongation, (Takeup speed: 1P: 2350 mpm; 2P and 3P: 1750 mpm; DT:
95°C (1Z); 95°C /100°C (2Z), annealing temperature:
190°C).
The morphological properties of 1ZD-A and 2ZD-A
fibers are listed in Table 1. Some increase was
observed in crystal width and long period in 2ZD-A
fibers than in 1ZD-A fibers, indicating somewhat
larger crystals in 2ZD-A fibers. About 7% increase in
X-ray crystallinity with little increase in crystal size
may suggest higher taut tie chains fraction in 2ZD-A
fibers than in 1ZD-A fibers. As listed in Table 1,
fairly similar fc but some increase in fam was seen in
the case of 2ZD-A fiber than in 1ZD-A fiber.
Therefore, higher fraction of taut tie chains which are
oriented better along the fiber axis seem to be
contributing to considerable increase in fiber tenacity
and decrease in breaking elongation.
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Table 1 Morphological properties of the fibers
(Polymer 3P, other conditions same as in Figure 2)
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Production of spherical cellulose nanoparticles have been
reported by some researchers [5].

INTRODUCTION
There are many cellulosic natural sources in the world
that often have potential for production of cellulose
nanofillers. These nanostructures are usually prepared by
acid hydrolysis of cellulosic fibers. But using of mineral
acids isn’t environmental friendly and produce
byproducts. Enzymatic hydrolysis is the preferred method
as compared to acid hydrolysis [1].
In this study we used a cheap enough and
environmentally friendly process without solvents or
chemical reactants to produce cellulose nanoparticles
from cotton fibers. Enzymatic hydrolysis coupled to
ultrasonic resulted spherical cellulose nanoparticles that
using in many applications such as nanocomposites,
health care like personal hygiene products, bio medicines,
cosmetics, food, etc [2, 3].

FIGURE 1. Optical microscopy images of cotton before hydrolysis
(left); after hydrolysis (right)

APPROACH
The cotton fibers were cut short (less than 1 mm). 200 ml
of acetate buffer solution (pH=4.8, 0.05 M) were added to
1g of comminuted fibers and heated to 45◦C; then
cellusoft L enzyme was added. After 8 days, the action of
enzyme was terminated. The mixture was then transferred
into centrifuge bottles and centrifuged to separate enzyme
from the treated fibers. The resulting suspension was
submitted to an ultrasonic treatment for 15 min. This
treatment used to increase the yield of nanoparticles
production, thus a stable suspension prepared. The
structure and geometrical characteristics of the fibers
before and after the enzymatic hydrolysis were
investigated using with visual examination and ZEISS
optical microscopy. The morphology and diameter
distribution of nanoparticles were examined by a scanning
electron microscope (Tescan, model VEGAII XMU).
FTIR analysis was done by Thermo Nicolet Nexus 870 on
the freeze dried nanoparticles.

FIGURE 2. SEM images of hydrolyzed cotton after ultrasonic

Particle size distribution was determined by image
processing software (Manual Microstructure Distance
Measurement, Nahamin Pardazane Asia Co.) from SEM
images. Size distribution of nanoparticles showed that
most particles are between 50-100 nm (Figure 3).

RESULTS AND DISCUSSION
Optical microscopy images of cotton fibers, before and
after enzymatic hydrolysis, are shown in Figure 1 (a, b).
As shown, the width and length of fibers are reduced and
the extent of fine fibers is increased by enzymatic
treatment, as has been reported before [4].
Sedimentation occurs rapidly for suspension after
hydrolysis, but after ultrasonic a stable colloidal
suspension was produced.
SEM images of hydrolyzed cotton after ultrasonic are
shown in Figure 2. It indicates that the nanoparticles have
spherical shapes with sizes ranging from 30 to 500 nm.

FIGURE 3. Particle size distribution of cotton nanoparticles

Changes in structure of cotton fiber were characterized by
FTIR and are shown in Figure 4. A wide peak at 30003800 cm-1 is observed that is found for all cellulose fibers.
This has been assigned to the vibrations duo to stretching
of the OH group. The intensity and frequency of this band
are related to the intramolecular hydrogen bonding.

25

FIGURE 4. FTIR spectra of starting cotton(blue) and nanoparticles(red)

As shown in Figure 4, the absorption bands in this region
appears to weaken after hydrolysis and ultrasonic [6]. The
intensity of the bands in the region of 1000-1050 cm-1 of
the spectra of nanoparticles decreased significantly as
compared to starting cotton [6]. Reduced intensity of
these bands supports that less amorphous regions exist in
nanoparticles. The absorption patterns between 960 and
1000 cm-1 are sensitive to hydrogen bonding. Bonds in
this region become more significant with increasing
degree of polymerization [6]. It implies that the degree of
polymerization for nanoparticles has been decreased as
compared with starting cotton.

and ultrasonic have no significant effect on crystalline
structure, but the crystallinity degree of nanoparticles was
increased. This study demonstrated a quite facile and
environmentally friendly method for the production of the
nanoparticless from cotton fibers.
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The crystallinity study on cellulose I focuses on
determining the spectral ratios LOI (Lateral Order Index)
= (1430/899) and TCI (Total Crystalline Index) =
(1372/2902) cm-1 proposed by Nelson and O’Connor. LOI
increases with the crystallinity degree decrease, likewise
TCI is proportional to the crystallinity degree of the
cellulose samples [7]. With regard to Table I, it is clear that
the crystallinity degree was increased for nanoparticles.
TABLE I. FTIR Crystallinity Indices

Starting cotton
nanoparticles

LOI (1430/899)
2.91
2.33

TCI (1372/2902)
0.96
1.11

CONCLUSIONS
Cellulose nanoparticles were prepared from cotton fibers
by an enzymatic hydrolysis in combination with
sonication. SEM images showed that cellulose
nanoparticles had spherical shapes with sizes ranging
from 30 to 500 nm. Size distribution of cellulose
nanoparticles showed that most particles are between 50100 nm. FTIR results indicated that enzymatic treatment
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vacuum dried at 110oC for 6 h to remove water. The
spinning temperature was 395oC; and the channel
temperature was 250oC. The filaments were stretched at
280oC for 3.9 times. The titers were in the range of 1.23.4tex.

STATEMENT OF PURPOSE/OBJECTIVE
The objective of this article is to enhance the
modulus and tensile strength of poly(ether ether ketone)
fiber. The filaments were melt-spun using melt-blended
pellets of MWCNTs, hydroxylic MWCNTs (MWCNTsOH), carboxylic MWCNTs (MWCNTs-COOH) and
PEEK, respectively.
INTRODUCTION
PEEK is a semi-crystalline thermoplastic polymer,
with outstanding solvent resistance, thermal and chemical
stability [1], attribute to rigid benzene ring, flexible ether
bond and carbonyl of improving the intermolecular force.
It has been applied in the automobile, aerospace, chemical
industry. Its modulus and tensile strength are not high
enough, however. A lot of efforts have been devoted to
improving the mechanical properties of PEEK via
incorporation with fillers such as carbon fibers, glass
fibers [2, 3], and nanoparticles. The Young′s Modulus of
carbon nanotubes (CNTs) can reach 1 TPa [4], which is
more superior than carbon fiber. The most attractive
performance of CNTs is the tensile strength, which can
reach 63 GPa, however [5]. This is stronger than the high
strength carbon fiber; even the tensile strength of the most
poor carbon nanotubes reaches several GPa. These highly
performances make it an excellent filler to improve the
mechanical properties. Non-functional, hydroxylic and
carboxylic MWCNTs were used to improve the
mechanical properties of PEEK nanocomposite fibers.
The structures and properties of the filaments were
investigated.
APPROACH
The matrix was a commercially available semicrystalline PEEK (151G), supplied by Victrex plc, UK.
MWCNTs, hydroxyl MWCNTs and carboxylic
MWCNTs were purchased from Chengdu Organic
Chemicals Co. Ltd. The outside diameter of the nanotubes
is about 10-20 nm, length about 0.5-2 m, and purity
more than 95 wt%. The content of hydroxylic group is
3%; and the content of carboxylic group is 2%. The
PEEK and MWCNTs were vacuum dried at 110 oC for 4
h. Mixtures containing 0, 0.1, 0.5, 0.8 and 1wt% of
MWCNTs, MWCNTs-OH and MWCNTs-COOH were
obtained after mechanically mixed PEEK with various
MWCNTs. The mixtures were melt-extruded in a twin
screw extruder to form pellets. The pellets were meltspun into filaments in a piston-spinning machine after

RESULTS AND DISCUSSION
The SEM micrographs of the filament containing
various types of MWCNTs are shown in FIGURE 1.
MWCNTs were evenly dispersed in the PEEK matrix
when their content was lower than 0.8wt%; however, they
tended to aggregate when the content was 1wt%. The
hydroxylic and carboxylic MWCNTs were evenly
dispersed in the PEEK matrix even when the content was
1wt%. Functionalized MWCNTs improves their
hydrophobility and therefore the dispersibility.

(a)

(b)

(c)
(d)
FIGURE 1. SEM micrographs of PEEK/MWCNTs
(a-Cross section of fiber containing 0.8wt% MWCNTs; b-Magnified
cross section of fiber containing 0.8wt% MWCNTs; c-Magnified cross
section of fiber containing 0.8wt% hydroxyl MWCNTs; d-Magnified
cross section of fiber containing 0.8wt% carboxylic MWCNTs)

The TEM and SEM micrographs of MWCNTs and
the cross section of liquid nitrogen broken filaments are
presented in FIGURE 2-4. The diameters of MWCNTs,
MWCNTs-OH and MWCNTs-COOH are in the range of
13-16nm as showing on TEM micrographs. MWCNTs
wrapped with PEEK were pulled out from the matrix with
a diameter about 33nm. The diameters of MWCNTs-OH
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and MWCNTs-COOH wrapped with PEEK are 33-50nm
and 70-75nm, respectively.

covalence bond between MWCNTs-OH, MWCNTsCOOH and PEEK [6], respectively.
The stress-strain behaviors of the nanocomposite
fibers were investigated. The stress of the fiber increases
with the increase of the content of MWCNTs; and all
reach the highest when the content is 0.8wt%. Then it
decreases that is probably due to the uneven dispersion of
MWCNTs. The Yang’s modulus and stress of the
nanocomposite fiber containing 0.8wt% MWCNTs are
0.95GPa and 525.1MPa, respectively. They are 1.37GPa
and 635.5MPa, respectively, for fibers containing 0.8wt%
MWCNTs-OH. They are 1.69GPa and 648.1MPa,
respectively, for fibers containing 0.8wt% MWCNTsCOOH. The Young’s moduli of nanocomposite fiber are
enhanced 45% and 78% when MWCNTs-OH and
MWCNTs-COOH are used instead of MWCNTs.
Meanwhile, the stress of nanocomposite fiber are
enhanced 21% and 24% when MWCNTs-OH and
MWCNTs-COOH are used instead of MWCNTs.
Functionalized MWCNTs as filler tends to increase the
Young’s modulus and stress of nanocomposite fibers.
CONCLUSIONS
Functional groups on MWCNTs improve the
hydrophobility and the dispersibility of CNTs in PEEK
matrix. The thickness of the wrapped PEEK on MWCNTs
increases with the increase of polarity of functional
groups. The well miscibility, yhydrogen bond and the
probably covalence bond between MWCNTs-OH,
MWCNTs-COOH and PEEK, tends to increase the
Young’s modulus and stress of nanocomposite fibers,
respectively. A nanocomposite fiber with excellent
mechanical property was fabricated using 0.8wt%
carboxylic multi-walled carbon nanotubes as filler. The
Young’s modulus is 1.69GPa; and the stress is 648.1MPa.
FUTURE WORK
The structures of MWCNTs, MWCNTs-OH and
MWCNTs-COOH wrapped with PEEK need further
investigate.
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The difference of solubility
parameters (δ) between

polymers is often used to evaluate their miscibility.
Interaction between polymers includes dispersive power
(δd), dipole-dipole interaction (δp) and hydrogen bond (δh).

 2   d2   p2   h2

(1)

[1] Searle OB, Pfeiffer RH, Victrex poly(ethersulfone) (PES) and
Victrex poly(ether ether ketone) (PEEK). Polym Eng Sci. 25, 8, 1985,
pp474-476.
[2] Talbott MF, Springer GS, Berglund LA, The effect of crystallinity on
the mechanical properties of PEEK polymer and graphite fiber
reinforced PEEK. J Compos Mater, 21, 1987, pp1056-1081.
[3] Sarasua JR, Remiro PM, Pouyet J, The mechanical behavior of
PEEK short fiber composites, J Mater Sci, 30, 1995, pp3501-3508.
[4] Wong EW, Sheehan PE, Lieber CM. Nanobeam mechanics:
elasticity, strength and toughness of nanorods and nanotubes, Science,
277, 1997, pp1971-1975.
[5] Yu M, et al, Strength a breaking mechanism of multi-walled carbon
nanotubes under tensile load, Science, 287, 2000, pp637-640.
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TABLE I. Solubility parameter of different MWNTs and PEEK
δd
δp
δh
δ
△δ
PEEK
9.63
2.60
2.96
10.40
0
MWNTs

2.38

0

0

2.38

MWNTs-OH

6.15

5.14

10.02

12.83

-8.02
2.43

MWNTs-COOH

6.07

4.30

7.08

10.27

-0.13

The difference of solubility parameters (δ) between
polymers and MWCNTs-COOH is the smallest which
indicates the best miscibility (TABLE I). The difference
of diameter of MWCNTs wrapped with PEEK can be
explained by the miscibility, hydrogen bond and the
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INTRODUCTION
Titanium dioxide (TiO2) is a versatile photocatalyst. It
absorbs photon of a wavelength below 400nm and
provides electron-hole pair that reacts with adjacent
species. We have applied TiO2 nanocrystals on textiles by
post finishing, and obtained UV-proof and self-cleaning
functional fabrics from cotton and wool [1, 2]. However,
the product by post finishing is not very durable against
repeated washing. They may lose function after only
several washes. In order to obtain durable self-cleaning
textiles, here we tried to incorporate TiO2 nanocrystals
into fiber bulk by electrospinning process.

purchased from Sigma-Aldrich. PHBV (M=500,000)
containing 12% HV was supplied by Beijing
Institute
of
Microbiology,
Chinese
Academy
of
Sciences.
4,4’dihydroxydiphenylpropane (BPA) was purchased from
Shanghai Chemical Reagent Co. Ltd.. Electrospinning
device (Keto Tech Co. Ltd, Japan) was used to fabricate
PHBV microfibers. Polymer solution loaded in a 20 ml
syringe was pumped out through a steel needle (inner
diameter 1.00 mm). The distance between the needle tip
and the collecting roller was fixed at 15 cm and the
voltage applied was 25 kV for each experiment.
Parameters like the component content and the flow rate
were adjusted. To collect the fibres, a PET organza (pores
occupy 70% area) was attached to the roller as a
supporting substrate.

Electrospinning is a reliable method to obtain micro- and
nanofibers of various organic polymers and inorganic
materials, which are assembled into nonwoven mats for
designed applications such as filters, tissue engineering,
smart sensors and protective clothing. Incorporating
photocatalytic properties of TiO2 in electrospun
nanofibres has been studied by several groups. Saeed
prepared the composite fiber of TiO2/PBT, which had
smooth surface and showed improved mechanical
properties. Coarse fiber is resulted from the increase in
concentration of PBT. Hong found that precursor
hydrolysis together with calcination formed nanofibres
with “surface-residing” TiO2 instead of encapsulated
TiO2 particles, which allowed higher photocatalysis
efficiency.

PHBV/chloroform (CF) solution of 5wt% was selected for
a preliminary trial to prepare pure PHBV fiber. BPA was
added into the PHBV/CF solution to improve the
flexibility of fibers. To prepare self-cleaning microfibers,
two approached were tried:
(a) Dispersing TiO2 nanoparticles in PHBV solution. TiO2
powders (1wt% or 5wt% based on PHBV weight) were
added into 20g PHBV/ CF of 5wt%, 3wt% and 2wt%
concentrations. The solution was ultra-sonicated by a
sonic bath for 5 minutes to disperse the powder in
solution just before electrospinning.

Biodegradability is highly desired for those disposable
and biomedical nonwoven articles. Among all the
biodegradable polymers, aliphatic polyester poly(3hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is an
attractive candidate, since it is bacterially synthesized and
biocompatible. PHBV has been electrospun into
biomedical scaffolds, which provide a large surface area
for enhancing the culturing rate of cells, such as
chondrocytes derived from rabbit ears and bones
scaffolds. Although it has been electrospun into
microfibers, current PHBV fibers show quite poor
mechanical property with a very brittle behavior. To meet
the practical engineering requirements, the electrospun
nonwoven mats must have satisfying strength under
pressure and tension. Therefore, the reported PHBV fibers
are still far from practical applications. In this article, we
developed significantly toughened PHBV nonwoven mats
with additional photocatalytic function, using bisphenol A
(BPA) and TiO2 nanoparticles as additives.

(b) Dropping TIP as precursor into PHBV solution before
electrospinning and followed by a hydrothermal
treatment. Appropriate amount of TIP was dropped into
PHBV solution, to obtain final fibers with ratio of 5wt%
TiO2/PHBV. The solution turned yellow was stirred for
30 min before electrospinning. After electrospinning, the
nonwoven together with substrate was put in a stainless
steel container with deionised water. The container was
crewed tightly and put into an oven at 120 oC for
hydrothermal treatment.
The photocatalytic activity of various samples were
compared by immersing them into aqueous solutions of
methylene blue (10 g in a concentration 10 -5g/l) and
determining the degradation rate of methylene blue under
UV irradiation (with an intensity 0.530 mW/cm2
measured by UV Light Meter UVA-365 Lutron) from 4
UV lamps (Phillips TLD 18W/08, 365nm), at a shaking
speed 200 rpm. The nonwoven mat of 4.5mg together
with PET substrate was cut into 1cm squares. The
degradation of methylene blue in solution was monitored

APPROACH
TiO2 anatase nanoparticles (20-50 nm), titanium
isopropoxide (TIP, m=284), and methylene blue were
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by recording its UV absorption at 660 nm timely with a
spectrometer (Perkin Elmer UV-Vis spectrometer
Lambda 18).

escape into aqueous media during immersion and shaking.
This leakage of TiO2 into water phase can greatly
accelerate the photocatalytic reaction. In order to check
the stability of TiO2 on various substrates, their
photocatalytic activities after rinsing were further
analyzed. The test of degradation of dye was carried out
second time after rinsing and drying. The degradation rate
of dye by padded cotton was approximately decreased by
half. It confirmed the leakage of TiO2 on the fabric
surface during rinsing. The photocatalytic effects of
TiO2/PHBV fibers did not change obviously.

RESULTS AND DISCUSSION
The pure PHBV fibers electrospun from solution were
brittle and difficult to be separated from the aluminum
foil. This brittle behavior of PHBV is mainly due to its
high crystallinity and cracks within crystal region.
According to our previous success in toughening PHBV,
BPA was blended with PHBV in solution [3]. Hydrogen
bonding between BPA hydroxyl and PHBV carbonyl
groups can physically crosslink polymer chains and
effectively suppress PHBV crystallization during solution
evaporation, thusly reduce its brittleness. The fibers
electrospun from blend solution form a ductile and
integrated membrane that is easy to be separated from
substrate. Under SEM, the blend PHBV/BPA fibers are
quite smooth and homogeneous in diameter ~ 2 μm.
The effect of pump rate on fiber morphology was
evaluated for the composite TiO2/PHBV fibers. As shown
in Figure 1, the fiber diameter increases with the pump
rate, from 500 nm at 0.02 mm/min, to 2 μm at 0.05
mm/min and 3.5 μm at 0.10 mm/min. This trend is in
agreement with Doh’s result that thicker fibers containing
TiO2 were obtained at higher pump rate.
Another approach to incorporate TiO2 into PHBV fiber is
using a precursor TIP as additive together with a post
hydrothermal treatment. The differences of the fibers
treated for different time can be observed from Figure 2.
Pores and changing in fiber diameters increase with
treating time. The spheres protruding from the fibers were
confirmed as TiO2 nanocrystals by EDX method.

FIGURE 2. Absorbance change of methylene blue solutions containing
various microfibers under UV light.

CONCLUSIONS
The electrospun fibers have diameters from 150nm to
6μm. Results showed that the TiO2 surface-residing fibres
was formed from the second approach while TiO2
nanoparticles were embedded in the fibre matrix in the
other two approaches. The increase in a flow rate or a
concentration showed an increase in fiber diameter and
the parameters also affected the fiber formation by
presence of beads and pores. In the photocatalytic
degradation of methylene blue, higher the content of TiO2
and thinner the fiber showed a higher phototcatalytic
activity. Electrospun fibres showed comparable
photocatalytic activity to the cotton padded with TiO2 sol
and better durability against aqueous rinsing.

FIGURE 1. Microfibers electrospun from TIP/BPA/PHBV solution and
hydrothermally treated for various times.

Fiber samples containing 5 wt% TiO2 were compared in
photocatalytic activity. The three samples electrospun
under same parameters by different approaches showed
similar end results. In Figure 2, the absorbance fell to
nearly zero after irradiation for 69 hours. However, their
decrease rates in absorbance were much different, with
the fully hydrothermally treated composite fibers showing
fast degradation of methylene blue. Photocatalytic activity
of 17h sample was higher than that of 4h sample, due to
higher crystallinity of TiO2 in the 17h sample.
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When the composite fiber with 1wt% TiO2 was compared
with cotton padded with TiO2 sol (also 1wt% TiO2/cotton)
[1], they showed similar photocatalytic performance. It
should be noted here that TiO2 on cotton fabrics may
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developed to obtain advanced LIBs that are low
cost and outperform current technologies.

ABSTRACT
Research and development in textiles have gone
beyond the conventional applications as clothing
and furnishing materials; for example, the
convergence of textiles, nanotechnologies, and
energy science opens up the opportunity to take on
one of the major challenges in the 21st century 
energy.
This
presentation addresses
the
development of high-energy lithium-ion batteries
using electrospun nanofibers.

Charge:
e-

Power
Source
Li+

INTRODUCTION
Among the various existing energy storage
technologies, rechargeable lithium-ion batteries
(LIBs) are considered as effective solution to the
increasing need for high-energy density
electrochemical power sources. Rechargeable LIBs
offer energy densities 2-3 times and power
densities 5-6 times higher than conventional Ni-Cd
and Ni-MH batteries, and as a result, they weigh
less, take less space, and deliver more energy [1-3].
In addition to high energy and power densities,
LIBs also have other advantages, such as high
coulombic efficiency, low self-discharge, high
operating voltage, and no “memory effect” [4].

Anode Electrolyte Cathode

Discharge:
eLoad
Li+

Anode Electrolyte Cathode

FIGURE 1.: Charge (A) and discharge (B) of a lithium-ion
battery.

Recent work from our laboratory has focused on
developing novel electrospun nanofibers for LIB
applications. Depending on the material choice,
these composite nanofibers can be used as cathode
or anode materials. Compared with active powder
materials used in current LIBs, these composite
nanofibers have short-diffusion distance and highlithium diffusion coefficient due to their onedimensional structure. As a result, LIBs using these
nanofibers have excellent performance, such as
large capacity, high charge/discharge rate
capability, and extended cycle life. This
presentation focuses on a novel type of inorganic
composite nanofiber anode material prepared by
electrospinning.

Each LIB consists of an anode and a cathode
separated by an electrolyte containing dissociated
lithium salts, which enables transfer of lithium ions
between the two electrodes (Figure 1). When the
battery is being charged, an external electrical
power source injects electrons into the anode. At
the same time, the cathode gives up some of its
lithium ions, which move through the electrolyte to
the anode and remain there. During this process,
electricity is stored in the battery in the form of
chemical energy. When the battery is discharging,
lithium ions move back across the electrolyte to the
cathode, enabling the release of electrons to the
outer circuit to do the electrical work. Current
LIBs depend on using active powder materials
(such as graphite powder in the anode and LiCoO2
powder in the cathode) to store energy. However,
powder materials have long diffusion path for
lithium ions and slow electrode reaction kinetics,
and as a result, the performance of current LIBs
has not reached their potential. Therefore, new
energy-storage materials and electrodes must be

APPROACH
Among various anode materials, silicon is the most
attractive candidate for LIBs because it has a low
discharge potential and the highest known
theoretical intercalation capacity (more than 4000
mAh/g), which is more than ten times larger than
theoretical value (372 mAh/g) of graphite, the
current commercial anode material. However, the
large capacity fading and pulverization due to the
large volume changes during electrode reactions
have prevented this anode material from being
commercialized. In this presentation, we report the
fabrication and characterization of Si nanoparticleembedded carbon (Si/C) composite nanofiber
anodes
through
the
electrospinning
of
Si/polyacrylonitrile
(PAN)
nanofibers
and
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subsequent thermal treatments. The resultant
nanofiber materials can be directly used as LIB
anodes to achieve high performance without
adding any polymer binder.

Further experiments are in progress in our
laboratory to investigate in details the effect of Si
nanoparticles on the electrochemical performance
of anode nanofibers used in LIBs. In addition,
these novel Si/C nanofiber anodes have been
assembled into industry-standard 18650 cylinder
cells (Figure 5), and their performance is being
evaluated.
This work will promote the
commercialization use of these novel nanofiber
materials in the battery industry.

RESULTS AND DISCUSSION
SEM images of 15 wt% Si/PAN and corresponding
Si/C composite nanofibers are shown in Figure 1.
It is seen that the stabilizing effect of PAN allows a
relatively homogeneous distribution of Si
nanoparticles along the nanofibers. Although some
Si nanoparticles begin to agglomerate, large
clusters are still absent (Figure 2a). After thermal
treatment, Si nanoparticles still have a good
dispersion along nanofibers (Figure 2b).
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FIGURE 4. Discharge capacities of Si/C nanofibers prepared
from Si/PAN with 15% wt Si. Current density: 50 mA g-1.

(b)

FIGURE 2. SEM images of (a) 15 wt% Si/PAN and (b) the
corresponding Si/C composite nanofibers.

FIGURE 5. Photograph of industry-standard 18650 cylinder
cells containing Si/C nanofiber anodes.

CONCLUSIONS
Electrospun Si/C composite nanofibers have been
prepared for energy storage. The results
demonstrated that these composite nanofibers are
promising electrode candidates for high-energy
LIBs.

FIGURE 3. Photograph of coin cells containing Si/C nanofiber
anodes and/or LiFePO4/C nanofiber cathodes.

Si/C nanofibers were assembled in coin-type
lithium-ion cells (Figure 3), and galvanostatic
charge-discharge tests were carried out on these
cells evaluate the electrochemical performance of
Si/C nanofiber anodes in lithium-ion half cells.
Figure 4 shows a comparison between the
discharge capacities of Si/C nanofibers prepared
from Si/PAN with 15% wt Si. For comparison, the
theoretical capacity of graphite is also shown. It is
obvious that discharge capacities of Si/C
nanofibers are significantly greater than the
theoretical capacity of graphite, which is the most
commonly used anode material in commercial
LIBs. In addition, from Figure 4, it is also seen
that with increase in cycling number, the capacity
of Si/C nanofibers remains relatively constant,
indicating that these anode nanofibers have good
cycling stability.

ACKNOWLEDGMENT
This research was funded through the U.S.
National Science Foundation, the Department of
Energy, and the ERC Program of the National
Science Foundation.
REFERENCES
[1] J.M. Tarascon and M. Armand, Nature, 407,
p496–499 (2000).
[2] J.W. Long, B. Dunn, D.R. Rolison and H.S.
White, Chem. Rev. 104, p4463–4492 (2004).
[3] L. Ji and X. Zhang, Mater. Lett. 62, p21652168 (2008).
[4] Y.G. Guo, J.S. Hu and L.J. Wan, Adv. Mater.
20, p2878–2887 (2008).

32

Development of Nanofibers Before the Age of Nanotechnology:
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Retired from Donaldson
Successful commercialization requires three
components:
- Technology,
- Manufacturing, and
- Marketing.
Donaldson’s Ultra Web® nanofiber
introduced in 1981 met society’s needs for
better filtration (marketing) by sub-micron
diameter fibers (technology), using then
unknown electrospinning .
Initial research on electrospinning and early
effort on establishing polymer concentration
– solution viscosity – fiber diameter
relationship will be discussed. I will discuss
a method of reducing shots and improving
amount of fibers generated from low
viscosity polymer solutions. Related
subjects; shape of electrospun fibers and
surface roughness will also be discussed.
Additional research on modeling and
characterization will be discussed.
Research to link polymer science and
electrospinning yielded an understanding of
characteristics necessary beyond fiber sizes.
The industrial filtration application of
nanofibers requires
- Abrasion resistance,
- Load bearing capability,
- Adhesion to substrates,
- Easy release of particles, and
- Ease of manufacturing.
Donaldson now acknowledges the use of
polyamides as these materials meet above
requirements. Competitors learned the

basics of our chemistry. Consequently,
many studies on nylon electrospinning were
conducted in early 2000s.
As our understanding of the behavior of
nanofibers increased, we came to realize that
it is not just fiber sizes that control the
performance of electrospun nanofibers:
- Surface characteristics and
- Spaces in-between.
I will discuss these features.
Successful commercialization of
electrospinning beyond filtration remains
elusive. I have often been asked to predict
the future of electrospinning technology. I
will share my experience on two
applications as an illustration:
- Protective fabric, joint
development with Army’s Natick
Laboratory and
- ECM cell culture medium.
ECM, a joint invention with Mel Schindler,
focuses on creating cell culture medium
outside human body. We envisioned our
polyamide nanofiber matrix would mimic
ECM’s fibrous protein. That hypothesis was
proven to be true.
There are many researches with
considerable commercial future. Successful
implementation would require thoughtful reexamination of relationship between
chemistry, morphology, and their uses. I will
discuss these aspects.
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curvature of the fibre is changed accordingly. The
power intensity detected by a photo-detector is
changed with the alteration of the notches’ shapes.

ABSTRACT
This paper presents a polymer optical fiber (POF)
strain sensor for human respiration monitoring. The
sensor comprises a POF with notch structure
fabricated on a series of extended loops based on
flexible elastic substrate. When there is a strain
applied on the sensor, the light transmission power
changes. The sensors exhibit a large deformation up
to 21% and sensitivity about 3. The sensors show
high repeatability (less than 3%) and small hysteresis
(within 3%). The sensors were demonstrated to
acquire the respiratory signals on both chest and
abdomen of human body in lying position, which
have great potential in breath detecting in nuclear
magnetic resonance (NMR) condition.

Fig. 1 The basic structure and size of four-loops POF strain sensor

INTRODUCTION
The optical fiber sensors have certain advantages
including immunity to electromagnetic interference,
lightweight, small size, high sensitivity, large
bandwidth, and ease in signal light transmission. In
addition, the POF sensors are more flexible and biofriendly than their glass-based counterparts [1].
Fig.2 Schematic drawings of fiber optical strain measuring system

Some techniques have been applied in the POF
sensor: interference technology [2], fiber Bragg
diffraction grating (FBG) technology [3], optical
time-domain reflectometry (OTDR) [4], and power
intensity [5-7]. But few of them were used for large
repeat deformation detecting.
In this paper, a novel POF strain sensor for detecting
repeated large deformation was studied. The optical
fiber loops were notched by laser to increase the
sensitivity of the sensor. The specifications of the
strain sensors were tested. A prototype was designed
to monitor respiratory signals of human body.

Fig.3 Respiratory monitoring system based on POF strain sensor

APPROACH
The POF was shaped as four loops with the radius of
1cm and fixed on the elastic fabric which is shown in
Fig. 1. To enhance the sensitivity of the sensor, four
notches were made by laser on positions of A, B, C
and D. The notches were located on the convexity of
each position. When the sensor is stretched, the

The experimental set-up for the POF strain sensor
characterization is shown in Fig. 2. Each sensor was
tested by reciprocating strain from 0 to 21% with the
variation of 3% in three cycles, which was held 1min
at zero output point and held 30s at every strained
point. The power data was recorded per second. The
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repeatability, hysteresis and sensitivity of the sensors
can be calculated from the test results.
Respiratory monitoring system based on POF strain
sensor is shown in Fig.3. Three male volunteers aged
from 20-35 years without lung disease history were
selected for this wearing trial. The volunteers should
lie and calm down for 10 minutes before conducting
the test and keep a lying gesture during the trial test.
The belt was fixed on three subjects’ chest and
abdomen, respectively. Each position took 180
seconds.

Fig. 5 Normalized respiratory signals of three subjects by
respiratory monitoring system.
Table 2. The respiratory frequency monitored by the POF sensor in
different positions.

RESULTS AND DISCUSSIONS

The normalized calibration curves of POF sensors are
shown in Fig. 4 and the specifications are shown in
Table 1. The deformation of the sensors was up to 21%
and the sensitivity was almost 3. The sensors showed
high repeatability (less than 3%) and small hysteresis
(within 3%).So they can be integrated into a system
for respiration monitoring.

2
22.649
36.598
2.3
1.3
2.93

2

3

Chest (Hz)

0.200

0.283

0.244

Abdomen (Hz)

0.206

0.244

0.233
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Table 1. The specification of POF strain sensors.

1
14.478
23.564
1.3
0.8
2.99

1

CONCLUSIONS
In this study, the four-loop POF strain sensor was
used to detect repeated large deformation up to 21%,
with high repeatability and low hysteresis. The
sensors were integrated into a system for human
respiration monitoring. It has a promising application
of monitoring patients’ respiratory during Magnetic
Resonance Imaging (MRI).

Fig.4 Normalized calibration curves of POF sensors strained from
0% to 21%.

Sample No.
Zero output (uw)
Full scale output (uw)
Hysteresis (%)
Repeatability (%)
Sensitivity

Volunteer No.

3
11.467
18.310
2.0
2.2
2.84

The normalized respiratory signals of 3 subjects
monitored by respiration monitoring system are
shown in Fig.5. The respiratory signals were recorded
on chest and abdomen respectively in 180s. The
respiratory frequencies of three subjects were
calculated by Fourier transform and the results are
shown in Table 2. Two positions were tested in
different time, so there was a little variation in
different positions. It showed that there was a
potential of this system to monitor human respiration
in NMR condition.

35

Design of an Organic Photovoltaic Fibre Structure
Ali Demir1, Ayşe Çelik Bedeloğlu2, İsmail Borazan1, Derya Özdemir3, Kübra Tütüncü4
İstanbul Technical University, Textile Technologies and Design Faculty, Taksim, İstanbul, Türkiye
2
Dokuz Eylül University, Engineering Faculty, Buca, İzmir, Türkiye
3
Korteks A.Ş., Bursa, Türkiye
4
İstanbul Technical University, Institute of Science and Technology, Maslak, İstanbul, Türkiye
ademir@itu.edu.tr

1

STATEMENT OF PURPOSE
The aim of this study is to present a textile
fibre which will produce electricity by
photovoltaic effect. In the future,
photovoltaic fibre produced, will be used
to manufacture textile products (clothings,
tents, etc.) which will produce electricity
itself. In the study, by using various
chemical
materials
and
methods,
photovoltaic effect is developed on
polyester filaments. The photovoltaic
fibres, which are produced using easier
techniques and materials compared to
silicon based solar cells, are used to
produce
yarns
and
fabrics.
The
photovoltaic fibres can be also integrated
into fabrics or clothes.

to produce electricity by using these
photovoltaic fibres/textile structures for the
electricity requirements of small electrical
devices.
APPROACH
Preliminary studies [3-6] on developing a
fibre showing photovoltaic effect were
done previously [7-9]. In this work, by
changing
and
improving
existing
photovoltaic fibre structures with new
materials and techniques, an advanced
photovoltaic fibre structure is developed.

INTRODUCTION
Renewable energies including solar cells
attract considerable attention due to the
inevitable end of fossil fuels and due to
global warming and other environmental
problems they caused, in recent years.
Ongoing efforts focus on for reducing the
fabrication cost of solar cells and for
improving the efficiencies of existing
devices. In this respect, an organic solar
cell using organic semiconductors which
are cheaper than inorganic semiconductors
and can be synthesized with easier
processes is a promising approach owing
to its unique features including low-cost,
flexibility and lightness for solar energy
conversion. Additionally, their chemical
and physical properties can be changed or
tuned easier [1,2].

Figure 1. Schematic diagram showing the organic photovoltaic
fiber

The existing methods which are used to
produce conventional glass-based solar
cells will be modified and applied to
produce fibre based solar cell.
RESULTS AND DISCUSSION
In the work, first aim is that to get a
photovoltaic
effect
on
a
textile
fibre/filament. Organic materials which
have many advantages such as being
lightweight,
low-cost
and
graded
transparency are used in this study. Serial
production issue will be also discussed for
mass
production,
after
repeatable
manufacturing and test procedures are
developed and efficient results are taken.

People who are working, living or being
apart from the electrical grids, will be able
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CONCLUSIONS
This study will present results about
developing and measuring photovoltaic
effect on textile structures by using
different specific materials and techniques.
Photovoltaic fibres will be very useful in
both industrial and daily life, due to the
fact that they only used abundant and
limitless sunlight.

[9] Bedeloglu (Celik) A, Koeppe R, Demir
A,
Bozkurt
Y,
Sariciftci
N.
S., Development of energy generating
photovoltaic textile structures for smart
applications, 2010.

FUTURE WORK
Produced photovoltaic fibres/filaments will
be used to form larger textile structures by
weaving or knitting techniques or
integrating into a fabric.
Keywords:
Photovoltaic
photovoltaic
textile,
solar
nanocomposite material

fibre,
cell,
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can be selected between 0.4 and 100 kPa by a piston with
adjustable screw.
Each measurement was divided into three phases: (1)
acclimatization (conditioning within the sample holder
and measurements in the dry state); (2) activity (addition
of water); (3) recovery (passive drying).

INTRODUCTION
The precise study of heat and moisture transfer through
textiles is very important for the development of
thermally comfortable clothing. Objective tools have
therefore been developed over the years to address
particular aspects of textile heat and moisture transfer,
such as skin models or manikins. As the evaporative
cooling is very much dependent on the location of liquid
sweat within a garment, the liquid water transport also has
to be analysed in details.
Quantifying liquid moisture location in textiles has been
accomplished gravimetrically in different studies (e.g.
[1]), or more recently with methods to analyse the lateral
[2] and transplanar [3] wicking effects. Different newer
methods were increasingly used to localize liquid within
textiles at smaller length scales (magnetic resonance
imaging [4], neutron radiography [5], X-ray radiography
[6], or X-ray tomography [7]).
X-ray tomography has been applied to determine the
water content in different layers of multilayer clothing
ensembles [7], leading to an excellent correlation with
gravimetrically-determined values. We report new
developments in the acquisition and analysis of
tomography data on water distribution in textile systems,
especially using an in-house developed sample holder
allowing defined pressure levels to be applied to the
samples during tomography. The full three-dimensional
analysis of the data can, e.g., be projected onto horizontal
and vertical planes or slices to expose particular aspects
of water transport in the textiles. Lateral and transplanar
wicking of socks and shoe liner laminate in dependency
of pressure exerted and surface properties (hydrophilicity)
of materials and materials combinations are presented.

FIGURE 1. X-ray tomography of fabrics with sweating nozzle and
adjustable screw for defined pressure application.

Samples
For this study, we used several sock and shoe liner
laminate materials to be used in multilayer settings. The
samples exhibited very different water transport
properties (hydrophilic, hydrophobic and hygroscopic).

EXPERIMENTAL
X-ray tomography is based on a large number of onedimensional, horizontal projections of the X-ray through
the sample at different angles which yield the integrated
attenuation coefficient along the X-ray beam at a certain
angle. By processing the individual projections, a twodimensional image of a layer (or cut through the sample)
can be reconstructed, and by adding numerous layers the
three-dimensional image of the sample is obtained.
The newly-designed sample holder allows exerting
pressure (Figure 1). It is made of PMMA (plexiglass), a
material with low X-ray attenuation. The textile samples
are cut as circles with a maximum diameter of 65 mm and
laid flat on the bottom of the holder. The applied pressure

RESULTS AND DISCUSSION
Transplanar wicking
Figure 2 gives an example of vertical data analysis over
the full time span of an experiment. The upper part is a
tomogram presenting the water distribution as a function
of the distance from the sweating nozzle (y) and of the
time (x). In this case no pressure was applied and the
sample had a total thickness of 3.5 mm, comprising of 1.9
mm sock textile and 1.6 mm shoe liner laminate. In
addition to the real boundary between these two parts, an
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sample position (mm)
 skin, outside 

arbitrary one was also set in the middle of the textile, thus
defining a “skin-directed” and an outside part of the sock.
The addition of water started at time 0 (after a 20 min
acclimatization period) and ended after 60 min. The
accumulation of water was highest in the lower part of the
shoe liner laminate and in the contact layer, whereas the
liquid was effectively transported away from the bottom
of the sample. For a human this result means that the skin
would remain almost dry despite sweating.
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FIGURE 3. Lateral water transport over time in a
sock/shoe liner laminate combination under pressure. The
applied water entered the sample at position 0/0 and
spread within the material combination.
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CONCLUSION
We have shown that X-ray tomography can be
successfully used for the study of the 3-dimensional water
distribution in textiles and textile combinations. The
lateral and the transplanar wicking effects can be analysed
separately and give detailed information about the
location of water (sweat) in single fabric as well as
multilayer combinations.
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The lower part of Figure 2 shows the water content over
time. A total amount of 1.62 g of water was added during
the activity phase. In the end, approx. 1.4 g was collected
in the sample, whereas the rest has been either evaporated
or condensed at the wall of the sample holder. The skindirected part of the sock stored a little amount of water
only and transported most of it to the outside part and the
laminate.
The transplanar wicking strongly depended on the
pressure exerted. Hydrophobic materials displayed a poor
ability to wick water when no pressure was applied,
leading to a gathering of water between the material and
the sample holder near the sweating nozzle. However, for
higher pressures, the water was forced into the
hydrophobic material and quickly wicked to the laminate.
Lateral wicking
Figure 3 shows an example of lateral water transport after
10 and 30 min for a sock/shoe liner laminate combination.
The sweating nozzle was located in the middle of the
sample or at radius position 0. The water concentration in
the vicinity of the nozzle was high (red / black data
points). The water was mostly transported towards and
into the laminate.
The water concentration could be analysed in dependence
of the radius of the sample for defined measurement
times. The lateral wicking displacement showed an
excellent correlation with the square root of the time,
which is in line with different studies analysing surface
water distribution (e.g. [8])
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OBJECTIVES

1.

2.

researchers via haptic responses and quasi-objective
scales has the limitation of being subjective in nature,
lacking generalizability.

To develop quantitative metrics for fabric
tactile perception based on human bio and
neuro-feedback
To develop a protocol of metrics that
encapsulates the physical, physiological and
neurological perception of humans thereby
developing human-centered apparel designs

Clothing comfort models typically comprise physical,
physiological and psychological aspects of human
interaction with the clothing system [2]. These
aspects are essentially common for the tactile,
thermal and fit comfort components. The objective of
the present study is to deduce quantitative metrics for
tactile sensations based on physical, physiological
and neurological measurements in real-time.

INTRODUCTION

Human perception is a key component in determining
the overall comfort of any clothing ensemble. Models
pertaining to human-clothing interface demonstrate
substantial reliability only with the inclusion of
aspects of human perception. In general, perception
of clothing has been componentized as tactile,
thermal and fit comfort [1]. While the effect of each
of these components cannot be studied in complete
isolation, attempts have been made to derive
quantitative metrics to characterize and eventually
correlate them to human perception. Of the three,
tactile and thermal comfort depends vastly on the
fabric (and, other construction materials) properties
while the fit comfort heavily relies on the
constructional aspects of a clothing system.
Typically, indices such as linear, cross-sectional and
volume index that characterize clothing fit are
algebraic deductions of clothing construction in
relation to human body. On the contrary, the thermal
comfort metrics such as evaporative resistance,
thermal resistance and conductivity are few of the
widely used quantitative measurements that quantify
thermal related clothing performance that have a
direct influence on human clothing perception.
However, tactile perception lacks any general
quantitative
metrics.
Though
the
anatomical/biological foundation of tactile perception
is a well-studied science by itself and is prevailing for
several decades, quantitative metrics in relation to
clothing systems are scarcely reported. Tactile
perception of clothing comfort studied by several

METHODOLOGY

Human body consistently interacts with the
environment and receives multitude of sensory
information to be interpreted by the central nervous
system. Clothing perception too follows the same
route for information transfer via a heavily
interconnected sensory network on the skin. This
study attempts to capture few of the responses
emanating from the sensory systems in terms of
Galvanic skin response or skin conductivity (GSR)
and gross skin temperature (GST), and the
neurological system responses in terms of
Electroencephalogram (EEG) signals.
Three patterned fabric surfaces and a control fabric
with plain surface were used to generate external
stimuli at nine locations in the back of the human
torso. Four samples per fabric kind were used to
repeat the experiment across four trials. The samples
used and the locations are shown in Figures 1(a) and
(b) respectively. A total of 20 human subjects (ages
ranging between 18 and 22; 10 subjects per gender)
were studied for their GSR, GST and two pairs of
EEGs. A conditioned environment of 200 C and 65%
Relative Humidity was maintained throughout the
experiment.
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changes in the signal power compared to the baseline
measurements. Figure 3(c) shows a typical
measurement of the EEG signals and the change in
the signal power.

FIGURE 1(a) (Left) Fabric samples used to measure tactile
perception responses. The top left is the plain control fabric and
the other three are the 3D fabric surfaces. 1(b) (Right) Nine
locations at the back of the human torso where the fabric samples
were presented to generate the external stimuli

FIGURE 2 (Left) the distal and intermediate phalanges of
human finger and (Right) the scalp locations C3-C4 and T6T4 for EEG signal acquisition used in this research

A GSR sensor was fitted over the distal and
intermediate phalanges of the middle and ring fingers
(digitus médius and digitus annuláris) of the right
hand. GST was measured over the index fingers
(digitus secundus manus) of both the hands, again
over the distal and intermediate phalanges. The EEG
pairs were placed at C3-C4 and T6-T4 to measure the
differential voltage changes on the scalp surface (see
Figure). Outputs from these sensors were acquired in
real-time via a commercially available bio-feedback
system (Nexus 10; Mindmedia Inc.) and stored for
off-line analyses. The bio and neuro- responses were
acquired for 15 seconds per location of the torso
following a baseline measurement of 60 seconds. The
baseline period repeated at the pre and post response
acquisition allows us to remove subject variability of
the measurements.

FIGURE 3 (a) Typical GSR recording, (b) Mean GSR of 20
subjects over the nine locations and (c) EEG activity at the two
locations. C3-C4 has higher discrimination ability than T6-T4

RESULTS AND DISCUSSIONS
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Figure 3(b) shows the average change in the GSR at
each of the nine locations for the 20 subjects.
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channel is designed to obtain steady airflow
passing by the sample. The wind is created by an
adjustable air blower that is installed on one end of
the air channel, and the anemometer near the
sample is used to measure the real-time air velocity
around the sample.

INTRODUCTION
The bending property is one of the most important
mechanical properties of woven and knitted
fabrics. It is closely related with the wearability,
comfortability and aesthetic quality of the cloth [1].
The commonly used method to objectively
evaluate fabric bending is the KES bending test [2,
3], recycle bending test and the bending recovery
test. The indices commonly adopted to describe the
fabric bending properties are bending stiffness (B),
bending hysteresis (2HB) and wrinkle recovering
angle, etc. During the measuring process of the
above testing method, the fabric specimen is driven
to bend to a predesigned degree under redundant
external forces. However, in common use, the
fabric presents more of a free, unordered bendingrecovering process under tiny internal and external
forces than a specified process. Thus present
bending measurement methods are limited in
appropriately reflecting the practical bending
behavior of fabrics.

FIGURE 1.Experimental scheme of fabric dynamic bending
test.

In the wind, when the fabric sample gets to a
steady swing state, the digital video camera, which
points perpendicularly to the right side of the
sample, begins to capture a period of video. The
video is then transmitted and saved in the computer.
Using the software of KMPLAYER, the video is
decomposed into a serial of fabric images with an
even time interval of 1/30 seconds between two
continuous images. Thus each image records a
current bending pattern of the sample and the
dynamic bending angle θ at that moment is
measured using the image processing technology.
The dynamic bending angle θ is defined as the
deflection angle from the original unbend position
as Fig. 2 shows.

In this paper, a dynamic bending test method of the
fabric is proposed and the experimental instrument
is built up. The fabric sample, which was designed
and woven by ourselves, is hanged in a steady
homogeneously gentle wind field. The sample
swings under the gravity and wind force. A period
of the swing process is captured using a digital
video camera, and the indices that describe the
dynamic bending behavior of the fabric under wind
force are then measured using the image processing
technology. At last, the internal and external
factors that influence the fabric bending behavior
are discussed.
FABRIC DYNAMIC BENDING TEST
The experimental scheme of fabric dynamic
bending test is shown in Fig.1. The fabric sample,
with the testing size 10cm×20cm, is clamped at the
top end and the lower end drapes freely in the air
channel. The cross section and length of the air

FIGURE 2. Schematic diagram of dynamic bending angle θ.
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As we can see from the definition of the angle,
larger dynamic bending angle θ means larger
deflection from the original position. Since the
angle changes continuously in the wind, the
average dynamic angle  is calculated. It presents
the middle position or relative stationary position
of the fabric sample in the wind and it varies
according to different fabric samples and the wind
velocity. In addition, the detailed time-dynamic
bending angle curve is drawn to show the real time
bending behavior of the sample under certain wind
field.

larger wind force overcomes the gravity and drives
the sample to bend more easily.
It is also found that when the wind velocity rises
from 1.6 to 2.4 m/s, the average dynamic bending
angle increases rather slowly, whereas once the
wind velocity gets to 2.8 m/s the average angle
value rises dramatically for all the samples. This
can be explained that the woven fabric, which can
be considered as the combination of the rigid body
and viscoelastic body, behaviors differently in
small and large external forces. When the fabric
bends freely in a gentle wind with the velocity
small enough, it exhibits more of a linear and rigid
bending behavior than the soft bending
deformation. However, under larger wind force, the
fabric enters into a more soft and viscoelastic
bending phase, when it bends more easily.

FABRIC SAMPLE PREPARATION
The factors that could influence fabric bending
properties include fabric materials, yarn structures,
fabric structures, dying and finishing process, etc.
The fabric samples used in this research were not
collected from markets or cloth plants due to the
complicated disturbance from dying and finishing
processes. Instead, they were designed and woven
by ourselves. Table I shows the basic parameters of
the samples.
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dynamic bending angle(。)

Table I Fabric parameters used in this research
Warp yarn Weft yarn Warp density
Sample
(Nm)
(Nm)
(count/10cm)

50

Textile
structure

35
30
25
20
15
10
1.6m/s

5

S1

Wool, 44

Wool, 44

180/10

Plain

S2

Wool, 32

Wool, 32

134/10

Plain

S3

Wool, 36

Wool, 36

154/10

Plain

S4

Wool, 48

Wool, 48

190/10

Plain

1

1.6
m/s

2.0
m/s

2.4
m/s

2.8
m/s

S1

20

24

25

39

S2

21

23

25

35

S3

20

20

24

28

S4

23

25

28

45

Wind

2.8m/s

6

11

16

21

26

31

36

41

46

Time(1/30s)

FIGURE 3. The time-dynamic bending angle curve of the
sample S4.

Fig.3 presents a typical time-dynamic bending
angle curve of the sample S4. From the curve it is
found that when the wind velocity gets larger, see
2.0~2.4 m/s in this research, the fabric sample not
only bends with larger average bending angle, but
also exhibits larger waving amplitude and larger
waving frequency. It is explained that fibers and
yarns within the fabric move against and squeeze
and rub each other, such that they expend energy
and adjust themselves to external wind force.
When the external force is gentle enough, the selfadjustment works effectively and timely, thus the
whole fabric presents relatively slow waving. As
long as the wind force exceeds a threshold, the
fibers and yarns cannot move timely to consume
external energies, so that the whole fabric deforms
largely and quickly than before.

Table II The measured average dynamic bending angle  (°)
of the samples under different wind velocities



2.4m/s

0

RESULTS AND DISCUSSION
Four continuous wind velocity of 1.6, 2.0, 2.4 and
2.8 (m/s) were chosen to study the wind factors on
fabric bending. The length of each video is 40
seconds. The average angle θ is measured and
calculated, and the results are shown in Table II.

sample

2.0m/s

CONCLUSION
The experimental results show that the fabric
performs different dynamic bending behavior
under slightly different wind fields. This should be
the integrated results of the internal materials and

It is seen from the data that large wind velocity
results in larger average dynamic bending angles.
This coincides with our subjective observation that
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structures of yarns and fabrics, and the external
gravity and wind forces.
This method has been proved practical and
effective in evaluation of fabric dynamic bending
behavior, and it also offers an experimental support
for study of the relationship between wind force
and fabric deformations, which should be critical in
fabric design and simulation as well as in industrial
application.
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INTRODUCTION

weaving operations. Additionally, the warp yarns
were sized in order to reduce the amount of the
fiber fly generation. Therefore, the data were only
collected from the weft yarns in this study. The
main characteristics of weft yarns used in the
blanket production are as follows: The yarns are
relatively thick and has low twist factor composed
of acrylic fibers. Four different yarns, namely 210,
250, 320, and 400 tex open end and woolen yarns
have been chosen for the experimental purposes.
There were four different coefficient of twist
associated with spun yarns, namely, αtex= 23.70
(αm=75), αtex= 26.86 (αm=85), αtex= 30.02 (αm=95),
and αtex= 33.18 (αm=105) (t/cm)*sqrt(tex) twist
multiplier were used in the experiment. The yarn
counts, yarn types, and the twist levels were the
standard parameters that the factory was using in
their regular blanket productions associated with
the required weight of the end products.

The fiber fly problem is still an important task that
should be solved in the future [1, 2, 3, 4, 5]. In this
paper, the fiber fly generations during weaving
were studied emphasizing the role of fiber
properties, environmental factors, the influences of
yarn spinning parameters, and the effects of the
different parts on the weaving machines.
Fiber fly generation problem during weaving
operations is still attracting the attention of many
workers for decades for either production
efficiencies or for health reasons. In the literature,
there were many workers who made a significant
amount of contributions to the investigation of the
yarn hairiness model. Fiber fly generations are
getting close attention as the production speeds of
the machines are getting higher which results more
fiber fly generation at the working environment.
MATERIALS AND METHOD
In this study, weaving raw blanket fabrics were
chosen to compile the fiber fly generation. The
amount of the fiber fly generation for a single yarn
end is usually very low and not an easy task to
detect accurately. The study of the fiber fly
generation requires intensive measurements in
order to have an accurate test results. Therefore,
this study was performed at a commercial weaving
factory for different types of yarns due to the fact
that the data cannot be compiled at the laboratory
scale experiments. One of the weaving machines
at the textile mill was selected and modified in
order to collect the fiber fly easily for this
research.
The previous studies have shown that the yarn
speed is one of the major factors affecting the fiber
fly generation. The selected loom was working at
385 picks/min with 12.8 picks/cm. Thus, the speed
of the warp yarns was low which generates
insignificant amount of fiber flies during the

Figure 1. Picture of the Machine with Data
Collection Points
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was detected on the unwinding zone as seen in the
following figure.

RESULTS AND DISCUSSION
The elimination of the fiber fly at the working
environment is also necessary for a high efficiency
and lower defective products for today’s
competitive markets. The fiber fly is related to the
physical properties of the fiber and machine
parameters. As indicated in the paper, longer mean
length in the fiber length distribution reduces the
amount of the fiber fly generated during the
weaving operations. It was found that as the fiber
linear density increases, the amount of the fiber fly
slightly increases. The spinning type was another
important factor affecting the fiber fly generation
during the process. As found in this research, the
open end yarn is giving the least amount of the
fiber fly if compared to the woolen yarns. It was
also noticed that as the twist factor, moisture
content, and package conicity increases, the
amount of the fiber fly decreases. Furthermore, as
the loom speed increases, the amount of the fiber
fly also increases due to the fact that higher loom
speed damages the yarn surface more severely.
The fiber fly increases as the linear density of the
open end yarn increases; however, the fiber fly
amount decreases as the linear density of the
woolen yarn increases. Finally, the maximum
amount of the fiber fly was detected on the weft
selector section of the loom while the least amount
of the fiber fly was detected on the unwinding
zone.

Figure 2. Relative Fiber Fly Distribution in Each
Sector of Warping Machine
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work, new methods of achieving superhydrophobic
surfaces are reported, including the building of waterdispersible nanocomposites that consist of a silica
nanoparticle component and a silicone water repellent
component, carbon nanotubes for building a
superhydrophobic surface that can repel hot water, and
nanosctructures bio-mimicking lotus leaf. These new
methods can functionalize textiles and other substrates.
While the surface roughness bio-mimick that of the lotus
leaf provides nano- or micro-structure, the use of
fluorochemicals and silicone component reduces the
surface energy so that superior hydrophobicity can be
achieved. Among the new methods reported, one is a nonfluorochemical based system and this system is reported
in detail. The material synthesis was done through the use
of a long-chain aliphatic silane in a transesterification
with poly(ethylene glycol). This is followed by the
addition of silica nanoparticles with different surface
properties to form a nanocomposite sol. The water contact
angles (WCA) from the surfaces and textile fabrics treated
by the coating of the nanocomposite and its variations
were measured, with some samples achieving a larger
than 150º WCA. Surface morphology of the
nanocomposite treated surface was also examined using
SEM.

ABSTRACT
Textile surfaces having high degree of water repellency or
hydrophobicity are highly desirable for many
applications. Currently, to achieve hydrophobicity,
fluorochemicals are widely applied. Unfortunately,
fluorochemicals
are
extremely
persistent
and
bioaccumulative. Substances such as perfluorooctanoic
acid (PFOA) are found widely existed in the environment,
in animals, and even in human blood, which causes great
concerns to the public. Major fluorochemicals producers
will also phase out some of the products in near future.
Therefore, in order to produce ‘green’ and highly
effective hydrophobic finishes for textiles, it becomes
necessary to explore fluorochemical-free hydrophobic
materials. On the other hand, commonly used
fluorochemical-free hydrophobic materials such as
silicones are significantly inferior to fluorochemicals in
terms of degree of water repellency. In order to achieve
superhydrophobic surfaces, researchers turned to
structures, especially nano- and micro-structures, found in
nature for inspiration. Those structures including lotus
leaf, Lady’s Mantle, and desert beetle, etc. This
proceeding firstly provides a critical review of the current
state-of-the-art nano- and micro-structure fabrication
techniques, their theoretical backgrounds, their
advantages and disadvantages. Following the previous
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INTRODUCTION
The earliest mention of the use of foam dates back to a
series of patents granted to a Peter Schmid around
1906[1] and 1907[2] and continuing through 1919. The
initial studies with foam were designed for controlling
damage to sensitive silk fiber. At this time, there were
only three basic fibers used for textile fabrics that
included silk, wool and cotton.

SUMMARY
Chemical foam application was used to apply color to 3/1
twill and shirting fabrics. Three application processes
were evaluated to determine the feasibility to apply color
with foam. Although various color applications have been
investigated, particularly for tinting purposes and on
nonwoven substrates, successful dyeing of woven fabric
in a continuous or semi-continuous approach has yet to be
reported for flat textile fabrics using reactive dyes. Gaston
Systems has successfully developed a dyeing system to
apply indigo continuously on yarn as well as flat fabric.

The use of foam was later applied in systems during the
mid twentieth century for the application of rubber
coatings to textiles particularly for rubber coated belts
used in machinery. Foam application was found to be an
effective method for the application of rubberized
coatings to only one side of a textile substrate. A patent
issued to F.H. Untiedt in 193[3] (Patent No. 1,845,688)
was a patent whereby rubber was applied as a foam
coating in a one pass system to one side of a textile
substrate thereby reducing the drying time for the process.

Laboratory evaluations have demonstrated the potential to
apply reactive dyes through foam/dry/bake, foam/batch or
foam steam application. Wet pickup levels are typically in
the range of twenty eight (28) to thirty five (35) percent.
This wet pickup level is in the range to limit or prevent
migration problems. Testing results for color fastness to
accelerated home laundering and staining characteristics
indicate comparable quality results can be achieved
through foam applications when compared to
conventional processing approaches. Foam application
provides the benefit of low wet pickup allowing
opportunity for savings in energy in drying for a
foam/dry/bake process. Low wet pickup may also allow
for faster operating speeds on a continuous range.

Initial interest for chemical foam technology in
continuous production applications started to appear in
the mid 1970‟s with the introduction of two proprietary
systems[4,5]. One system was developed by United
Merchants and Manufacturing (UM&M) and the other by
Union Carbide (UC) and Gaston County Dyeing Machine
Company. These systems were granted through the
issuance of three patents: U.S. Patent 4,118,526 (UM&M)
and U.S. Patents 4,023,526 issued May 17, 1977 and
4,099,913 issued July 11, 1978 (assigned to UC). An
additional patent was granted to Gaston County Dyeing
Machine Company for the Foam Finishing Technology
(FFT) Application System under U.S. Patent 4,237,818
issued December 9, 1980. The FFT was a new innovation
for continuously and uniformly distributing foam across
the width of an open fabric while feeding the foam under
positive pressure onto the porous substrate. The „forcefeed‟ concept allowed for a control of the application to
determine the extent of chemical penetration into the
fabric structure. This innovative approach allowed
application to the face or back only of the fabric or
complete penetration throughout the fabric structure.
Exhibits at the ATME-I in 1980 highlighted the Gaston
County FFT development. At this ATME, the Edward
Kuester Machinerfabrik of West Germany introduced the
Tanns foam applicator that could be used as a retrofit for
machines using rollers. Another firm, Mitter & Co., also
of West Germany, introduced the triangular print head
foam applicator for use in the foam dyeing of carpet[6].

A foam/dry/bake process eliminates the need for
intermediate or infrared pre-drying. Foam/dry/bake
processes eliminate the need for a chemical pad step and
the steaming operation usually associated with continuous
processing of reactive dyes on flat goods. Elimination of
intermediate drying can minimize or eliminate migration
problems. Unevenness and side-center-side variations can
be experienced in steaming leading to quality issues and
shade reproducibility problems. Elimination of a steaming
operation gives a simpler approach to dyeing. Tailing
issues normally associated with either dye padding or
chemical padding steps are virtually eliminated when
using a foam application approach.
The use of a chemical foam approach for batching
operations may offer an opportunity to increase dye yield
and fixation efficiency due to a lower wet pick up
process. A lower wet pick up would imply less
opportunity for hydrolysis of the dyes with water and a
greater probability for fixation with the cellulose. Similar
to a continuous application, tailing can be virtually
eliminated using a chemical foam approach.
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improvement in abrasion resistance. Elimination of a predrying step when using foam can eliminate migration
issues and off-quality often associated with the pre-drying
step. A foam application may result in less chemical
waste compared to traditional pad application methods
related to trough disposal of chemicals[22]. A lower
residual liquor volume that remains at the end of a run for
a foam application results in less waste during a
changeover. It has been estimated that chemical
consumption can be reduced by 15-30%.

Many low wet pickup finishing techniques were
developed as a result of escalating energy costs during the
oil embargo in 1973. The development of foam
applications were evident in the early 1900‟s but did not
receive serious consideration for continuous production
uses until the 1970‟s. These were reviewed by
Balmforth[7]. Others (Baker et al) recognized that
increased production speeds could be realized[8] as well
as more efficient use of chemicals[9]. Face-to-back
uniformity experiments were conducted in an interlaboratory study to evaluate resin finishing using a
tandem nozzle (dual nozzle) version of the FFT applicator
system[10]. The Dinting Auto-foam system[11] for carpet
tiles was introduced by Burmatex of Ossett, West
Yorkshire, UK around 1984. A number of low wet pickup
applications were reviewed by the consulting editor of
Textile World in 1985[12] that included processes for
both dyeing and finishing. It was mentioned in this article
that United Merchants & Manufacturing had started work
with foam processing concepts around 1972 and by 1985
held fourteen (14) U.S. patents and corresponding foreign
patents on the processes for foam finishing, dyeing,
printing, sizing and desizing. Foam application
technology was introduced to another innovative design
in 1987 by Gaston County[13] using a manifold design
with a parabolic shaped head for delivery of foam to
substrates. This new development called CFS achieves
precise, uniform application of chemistry to open-width
substrates at wet pickup levels as low as five percent
(5%). In the parabolic design, all foam bubbles travel the
same distance from the entry point of the applicator head
to the substrate. This insures uniform foam density
throughout the applicator head and equally uniform
delivery to the substrate.

Several papers related to single-sided application of crosslinking agents using foam application written by Harper
and colleagues[23-25] provided interesting specialty
effects to fabrics for garment dyeing applications.
APPROACH
Attempts were made a number of times to apply color
using a foam application with a single head applicator.
Trials were conducted between 1998 and 2000 at Gaston
Systems using a single head foam applicator. Difficulty in
getting uniform coverage with reactive dye formulations
on both twill and plain weave fabric was associated with
thick and thin areas in yarn processing and the
consequence of uneven wetting. In 2008, additional
investigations were begun using a multiple foam head unit
available at Gaston Systems. Gaston had developed a
laboratory unit with multiple foam heads to deliver
chemistry to the fabric by this time. This modified design
has proven to be an appropriate design for application of
color uniformly to produce full dyed fabrics. The
configuration using multiple foam slots allows for
successive incremental application (SIA) of color. As an
example, a wet pick up of 32%, if divided equally
between four foam heads, will allow incremental
application of 8% at each foam head. This controlled
method of foam delivery yields more uniform application
of color and level dyeings. Successive incremental
application methodology appears to reduce and minimize
the effect of variability in wet pick up that may be the
result of fabric non-uniformity. Conventional pad
applications at higher wet pick up levels tend to mask
non-uniformity in fabrics related to yarn and fabric
construction differences. Figure 1 is a diagram of the
foam unit in our laboratory. This diagram shows six foam
head locations on the unit.

Many papers document energy conservation[14-16],
application of flame retardants[17] and durable press and
fluorochemical finishes[18], application of silicones[19]
and comparison of foam to conventional pad
application[20]. An excellent review was published
comparing low wet pickup applicators by Cotton
Incorporated in 1986[21].
Advantages of Foam Applications
Chemical foam application can be a versatile application
system for applying chemicals, dyes, finishes, back
coatings, tints and various other additives to fabrics.
Processes that can be conducted using aqueous padding
systems can be equally achieved using foam technology.
Foam applications can be used to preferentially apply
chemistry to one side of a fabric or different chemistries
to face and back of a fabric in a single pass[18]. Applying
two different chemistries simultaneously can provide dual
functionality in a simple process. Reduction of wet pick
up from a 60% to 100% range to ranges between 5% and
30% reduces drying time and costs in the range of 3757%[21]. Full saturation of a fabric may not be necessary
and placement of the chemical(s) where they are required
can offer benefits in fabric performance properties such as
less fabric strength losses in resin finishing along with an

Evaluations have been conducted to determine
preferential blow ratio as well as fabric tension entering
the foam unit. The configuration for wrap angle is
extremely important to insure the proper and sufficient
collapse of the foam upon application to the fabric. Foam
stability is important for transport purposes in order to get
the foam from the generator to the foam head (slot)
without experiencing premature collapse of the foam.
Foam stability is dependent on the characteristics of the
chemical formula.
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reference purposes. The applications shown
conducted at a wet pickup level of 36%.

were

TABLE I[26] Testing Data for Color Fastness Properties for Twill
Fabric Navy Shade – Foam/Dry/Bake
Color
Navy
Navy
Navy
Navy
Navy
Navy
control
Speed (m/min)
4.0
4.0
4.0
--4.0
4.0
Blow Ratio
20:1
20:1
30:1
--30:1
40:1
Tension (psi)
10
15
10
--15
15
2A
4.5
3.5
4.0
4.0
4.5
4.0
Washfastness
Stain on
4.0
4.0
4.0
4.5
4.0
4.0
Cotton
Stain on Nylon
4.5
4.5
4.5
4.5
4.5
4.5
Stain on Poly
4.5
4.5
4.5
4.5
4.5
4.5
COC after 3
4.0
3.5
4.0
4.0
3.5
4.0
HLTD
Dry Crock
2.5
3.0
2.0
5.0
2.5
2.5
Wet Crock
3.0
3.0
2.5
2.5
3.0
3.0

Accelerated laundering test results compare favorably
with results for a conventionally (production) dyed navy
color. Cross-staining of other fiber types gives
satisfactory results when compared to the reference fabric.
An issue and concern was recognized with the results for
dry crocking. Additional trials conducted since this work
was completed have yielded dry crocking results of four
(4) or five (5). It is suspected that in our initial work,
insufficient soaping may have contributed to the low
numbers for dry crocking. These results were from initial
work to determine tension and blow ratio conditions that
would yield sufficiently acceptable dyeing results for
work that has followed.

FIGURE 1. Multiple Head Foam Unit

RESULTS AND DISCUSSION
The intent of our laboratory work has been to develop a
compact energy and water saving approach to dyeing
woven fabric with reactive dyes. Three application
sequences have been evaluated. These include
foam/dry/bake, foam/batch and foam/steam.
Foam/Dry/Bake
Pad/dry/bake processes have been developed for reactive
dyes for some time. This approach eliminates a chemical
pad step and a steaming operation. The elimination of the
chemical pad may reduce total dissolved solids in the
wastewater stream. The elimination of a chemical pad can
help to minimize tailing and the elimination of a steaming
step can help to eliminate side-center-side shading.
Applying a dye formulation using foam technology at wet
pick up levels between 25% and 35% can reduce
migration issues in drying as well as prevent tailing. Wet
pick up levels in this range virtually prevent migration
from occurring and can minimize or eliminate surface
dyeing. Reactive dye formulations are applied by foam
followed by drying at 280-300ºF (138-149ºC). The fabric
is then baked at 350-360ºF (177-182ºC) followed by
washing (soaping) in a conventional manner.

Test results for two light/medium colors are shown in
Table II. Wet pick up for these colors was 27%. These
results, overall, show reasonably good performance
properties for the colors produced. Results in the tables
are for dyed only fabric that was not finished with any
resin or softener system.
TABLE II[27] Testing Data for Color Fastness Properties for Twill
Fabric Light/Medium Shade – Foam/Dry/Bake
Color
Beige
Green
Speed (m/min)
4.0
4.0
Blow Ratio
20:1
20:1
Tension (psi)
10
10
2A Washfastness
4.0
5.0
Stain on Cotton
4.5
4.5
Stain on Nylon
4.5
4.5
Stain on Poly
4.5
4.5
COC after 3 HLTD
4.0
3.5
Dry Crock
5.0
5.0
Wet Crock
5.0
5.0

Two reactive dye types were investigated in this work.
The reactive dye types included the Novacron® C and the
Levafix® CA types. These dyes are bi-functional and are
expected to have good fixation properties and yield good
results for wash fastness, cross-staining and crocking
properties.

Foam/Batch
A foam/batch procedure was evaluated to demonstrate the
potential to use a low wet pick up process in lieu of a
conventional pad/batch application. Advantages of using
a foam approach would include the elimination of tailing
for formulations prone to this problem. It might be
expected that applying reactive dyes by foam instead of
conventional padding could increase the yield and degree
of fixation of dyes. This has not yet been proven but may

Test data for color fastness properties of a twill fabric for
a navy color is shown in Table I. Data includes
evaluations conducted at different blow ratios and
incoming fabric tension. Test results for a conventionally
dyed production fabric are included in the table for
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be a potential area for savings in color consumption by
having an environment where there is lower probability
for hydrolysis with water and a greater probability of
reaction with the cellulose.

Foam/Steam
Laboratory trials are currently underway to evaluate a
foam/steam approach for dye application. Testing for this
application will be completed in the month.

A greater degree of fixation would potentially reduce
washing requirements thereby introducing savings in
water and energy as well as reducing the amount of color
going into the wastewater stream.

CONCLUSIONS
Chemical foam application technology is a versatile low
wet pick up application method with potential to decrease
production costs and increase efficiency. Efficiency gains
can be accomplished through the reduction of water,
energy and chemical (WEC) inputs. The use of foam
technology can be considered as a more sustainable
approach to textile wet processing. Advantages of foam
include reduced wet pick up and associated energy
savings in drying for a continuous process. Speed
increases may positively impact productivity. Foam
applications can save chemicals and dyestuffs due to a
lower volume of chemical mix compared to trough
volumes required in conventional pad applications and
reduce disposal issues at the end of a run for changeovers.
Foam applications can be expected to have a lower
environmental impact compared to conventional
processes.

Test data is shown in Table III for a formulation using
Novacron C reactive dyes. Color fastness test results for a
formula using Levafix CA reactive dyes are shown in
Table IV. Wet pick up for the green color in Table III was
35% and for the navy color 32%.
Table III[28] Test Data for Color Fastness Properties for Woven Twill
Fabric Foam/Batch – Novacron® C
Color
Green
Navy
Speed (m/min)
4.0
4.0
Blow Ratio
20:1
20:1
Tension (psi)
10
15
2A Washfastness
4.5
4.5
Stain on Cotton
4.5
3.5
Stain on Nylon
4.5
4.5
Stain on Poly
4.5
4.5
COC after 3 HLTD
3.5
4.0
Dry Crock
5.0
5.0
Wet Crock
5.0
3.5

Fabric preparation and fabric absorbency is extremely
critical and important when implementing a foam
application process. Foam application may expose fabric
imperfections more readily if not used in a manner to
accommodate these imperfections.

Wet pick up for the khaki color in Table IV was 31% and
for the Navy color 33%. Overall, color fastness test results
are satisfactory for 2A wash and staining tests. Wet
crocking is still an issue for a dark shade such as a navy
color.

A number of factors must be considered in order to realize
the benefits of using a foam approach. Foam properties
are a critical aspect for this type application. The foam
properties include density, blow ratio, half-life, bubble
size and bubble size distribution. Additional
considerations include compatibility of bath components
and solubility issues for mixes with high solids content.

Table IV[29] Test Data for Color Fastness Properties for Woven Twill
Fabric Foam/Batch – Levafix® CA
Color
Khaki
Navy
Speed (m/min)
4.5
4.8
Blow Ratio
15:1
15:1
Tension (psi)
15
15
2A Washfastness
3.5
4.0
Stain on Cotton
4.5
3.0
Stain on Nylon
3.5
4.5
Stain on Poly
4.5
4.5
COC after 3 HLTD
4.0
4.0
Dry Crock
5.0
4.5
Wet Crock
4.5
1.5

The statements, recommendations, and suggestions contained herein are
based on experiments and information believed to be reliable only with
regard to the products and or processes involved at the time. No
guarantee is made of their accuracy, however, and the information is
given without warranty as to its accuracy or reproducibility either
expressed or implied, and does not authorize use of the information for
purposes of advertisement or product endorsement or certification.
Likewise, no statement contained herein shall be construed as a
permission or recommendation for the use of any information, product,
or process that may infringe any existing patents. The use of trade
names does not constitute endorsement of any product mentioned, nor is
permission granted to use the name Cotton Incorporated or any of its
trademarks in conjunction with the products involve

Some of the variation in wet pick up from color to color
and trial to trial may be attributed, in part, to the low
liquor volumes that are being applied. The nature of how
the fabric is handled for the laboratory unit may also be
contributing to the wet pick up variations that are
experienced. One can expect that at higher liquor volumes
used on a full scale unit variations can be minimized as a
result of greater liquor volume throughput and greater
control of fabric presentation to a foam unit.
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3. RESULTS AND DISCUSSION

ABSTRACT
Chitosan and fibroin hydrolysate were used as finishing
agents for cotton fabric. Fixation of the finishing agents on
the fabric was proved by Fourier transform infrared
spectrometer (FT-IR). Scanning electron microscope
(SEM) was used to examine the fabric surface. Physical
property in term of tensile strength and water retention of
finished fabrics were determined.

Wet pick up of the fabric finished with chitosan combined
with fibroin hydrolysate was in the range of 66–74 %.
SEM images show particle deposited on cotton surface for
sample finished with the sole glyoxal (Figure 1 (b)) while
the film is absent in unfinished sample as seen in Figure 1
(a). The same evidence is found for the samples finished
with glyoxal and chitosan, with glyoxal and fibroin
hydrolysate, and chitosan combined with fibroin
hydralysate (Figure 1 (c)–(f)). The film thickness on cotton
fabrics seems to be increase with increasing of
concentration of fibroin hydrolysate. SEM images, thus,
reveal crosslinked reaction between cotton fabric and
glyoxal. In addition, they prove fixation of chitosan and
fibroin hydrolysate on cotton surface with the assistance of
glyoxal.

1. INTRODUCTION
Chitosan has been used to improve antimicrobial activity
for cotton fabric [1]. Chitosan combined with fibroin
hydrolysate was attempted to use as finishing agent in this
investigation, to study the effect of fibroin hydrolysate on
physical properties such as tensile strength, water retention
and crease resistance, of the fabrics finished with chitosan.
2. EXPERIMENTAL
2.1 Finishing of cotton fabrics
Fibroin hydrolysate solution was firstly prepared
by placing 2.5 g of silk fibroin fiber into 150 ml of 1 M
sodium hydroxide and stirring overnight. Acetic acid was
added into the resulting solution in order to neutralization.
The final volume of solution was made up to 250 ml with
distilled water, 1%w/v fibroin hydralysate solution was
received. After that, solutions of chitosan mixed with
fibroin hydrolysate of various concentrations were
prepared as follows. 20, 40, 60, 80 and 100 ml of fibroin
hydrolysate were added into 100 ml of 1.5%w/v chitosan
solution. Under mechanical stirring, 100 ml of 0.025 %w/v
glyoxal solution was added. The solution was stirred at
room temperature for 1 h. The solutions as combination of
chitosan and fibroin hydralysate of varied concentration
were received. 250 ml of finishing solutions for cotton
fabric were prepared from 100 ml of the resulting
solutions, 5 ml of 40 % v/v glyoxal, 1.2 g of magnesium
chloride, and 1 ml of 25 %v/v acetic acid. Finishing
solutions of 0, 0.08, 0.16, 0.24, 0.32 and 0.40 %w/v fibroin
hydrolysate were received. Bleached cotton fabrics was
padded through the finishing solutions using a laboratory
padder and subsequently dried and cured in a laboratory
dryer at 105 C for 4 min. The finished fabrics were rinsed
with distilled water at 60 C for 30 min prior to further
analyses.
2.2 Analyses of finished fabrics
The rinsed-finished fabrics were analyzed by
Fourier transform infrared spectrometer and Scanning
electron microscope. Values of tensile strength and water
retention of the finished fabrics were determined.

FIGURE 1. SEM images of (a) unfinished cotton fabric (b) cotton fabric
finished with the sole glyoxal, (c) glyoxal and chitosan, (d) glyoxal and
fibroin hydrolasate (e) glyoxal and chitosan combined with 0.16 %w/v
fibroin hydrolysate and (f) glyoxal and chitosan combined with 0.40
%w/v fibroin hydrolysate.

Samples finished with the sole glyoxal, glyoxal plus
chitosan, and glyoxal plus fibroin hydrolysate show similar
pattern of FT-IR spectra as seen in Figure 2.
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associates to increase in crosslinking point which could
reduce degree of chain relaxation during force applied.

FIGURE 4. Relationship between water retention value of finished cotton
fabrics and concentration of fibroin hydrolysate.
FIGURE 2. FT-IR spectra of fabrics finished with (a) glyoxal and fibroin
hydrolysate, (b) glyoxal and chitosan and (c) the sole glyoxal.

Figure 3 shows FT-IR spectra of cotton fabrics finished
with chitosan combined with fibroin hydralysate of various
concentrations. The spectra patterns of finished fabrics are
slightly different when high concentrations of fibroin
hydrolysate were used. Increase in intensity of an
absorption band at 1230 cm-1 assigned to vibration of
amide III [2], is found.
FIGURE 5. Relationship between tensile strength of finished cotton
fabrics and concentration of fibroin hydrolysate.

4. CONCLUSIONS
Fibroin hydrolysate was successfully used as finishing
agent for cotton fabrics with the combination of chitosan.
It fixed onto cotton fabric surface by assistances of glyoxal
and chitosan with the proof of SEM and FT-IR results.
Fibroin hydralysate acted as fabric moisturizer since it
could enhance WRV of cotton fabrics. However, loss in
tensile strength of finished fabrics was found when high
content of fibroin hydrolysate was used.

1230

5. FUTURE WORK
Antibacterial activity and crease resistance of the fabrics
finished with chitosan combined with fibroin hydrolysate
will be further assessed.

FIGURE 3. FT-IR spectra of cotton fabrics finished with glyoxal and
chitosan combined with fibroin hydrolysate of (a) 0.08, (b) 0.16, (c) 0.24,
(d) 0.32 and (e) 0.40 %w/v.

Figure 4 illustrates water retention behavior of finished
fabrics. The values of finished fabrics were higher than
those of unfinished, the fabric finished with chitosan and
fibroin hydrolysate of which are 157, 163 and 176%,
respectively. The values are found to gradually increase
with increasing concentration of fibroin hydrolysate in
finishing solution. Moreover, it substantially increases
when 0.4 %w/v hydrolysate was used. Relationship
between tensile strength of finished samples and
concentration of fibroin hydrolysate are shown in Figure 5.
Tensile strength of unfinished is 2.87 N which is slightly
greater than that of the fabric finished with glyoxal alone
(2.73 N). When 0.08 %w/v fibroin hydralysate was used,
tensile strength of the fabric was remarkably improved.
However, further elevation of fibroin hydralysate
concentration results in reduction of the values. This
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solution contained 3 % (o.w.f.) acid dye and 10 %
(o.w.f.) Na2SO4 with a liquid ratio of 1:50 (M:L). The
PH value of dyeing solution was adjusted to 5.8 by
acetic acid. Superfine down powder were put into
acid dyeing solution at 28 °C. The temperature of
solution was heated up to 90 °C and then kept 1 h for
adequately absorbing dye. Finally, dyed superfine
down powder was washed to remove absorptive dye.
Preparation of iPP/dyed superfine down powder
blend fibers was accomplished by using spinning
machine (Dynisco, Polymer Test, USA) at 190 ºC.
The amount of dyed superfine down powder was 0%,
1%, 3%, 5%, 8%, 10%, repectively.
The K/S of samples were measured using a
computer color matching system (Uv-visible
spectrophotometer) with illuminant D65 and 10°
standard observer condition. Relation color strengths
are calculated based on the equation of
Kubelka-Munk as follow:

The objective of this paper was to investigate the
dyeing properties of superfine down powder and to
evaluate the color strength (K/S) of iPP/dyed
superfine down powder blend fibers. Superfine down
powder showed a decrease in K/S value as compared
with down fiber. With the increase in dyed superfine
down powder content, the K/S values of iPP/dyed
superfine down powder blend fibers increased,
especially when the amount of dyed superfine down
powder was over 8%. In addition, iPP blend fibers
were incompleted when the amount of dyed superfine
down powder reached 10%.
1. INTRODUCTION
PP has wide range of applications, such as
packaging, pipes, textiles and films, however only the
isotactic PP (iPP) is normally used to fabricate textile
fibers. [1] The iPP fiber is undyeable because of
insufficient chemical affinity between iPP fiber and
dyes and high degree of crystallinity of iPP. [2] So far
the vast majority of iPP fiber is colored with
pigments. [3] Dyeable iPP fibers are commercially
available, but can not meet the requirement of apparel
application. A large amount of down fiber was sent to
landfills after usage. In fact, this is a huge waste of
time and energy sources, and pollutes the
environment greatly. In this paper, down fiber was
grounded into superfine down powder, and could be
also dyed by acid dye just as down fiber. So, it was
expected that iPP/dyed superfine down powder blend
fibers could have the same color strength as wool,
silk or down feather. The purpose of this paper was to
compare the dyeing properties of down fiber and
superfine down powder, and to determine whether the
iPP fibers could be colored with dyed superfine down
powder.
2. APPROACH
Isotactic Polypropylene (MFR = 45 g/10 min)
was obtained from Panjin Co. Ltd., China. Down
fiber of duck was purchased from Maolong-wuzhong
Down Co. Ltd., Shaoxing, China. Acid red dye-138
was obtained from Haisheng dye Co. Ltd.,
Guangzhou, China. Na2SO4 and CH2COOH were
supplied from Kedi Co. Ltd., Tianjin, China.
The dyeing of superfine down powder follows a
traditional exhaust dyeing procedure. The dyeing

K / S  1  R 2 / 2R

(1)

Where K refers to the coefficient of absorption, S is
relation to the coefficient of scattering, and R
responds to the reflectance of the dyed samples.
The optical photographs of iPP/dyed superfine
down powder blend fibers were measured by a digital
camera (SAMSUNG, L730).
3. RESULTS AND DISCUSSION
K/S values of down fiber and superfine down
powder were shown in Figure 1. With the increase in
red dye concentration, the K/S values of down fiber
and superfine down powder increased. The
interesting thing is that superfine down powder
showed a decrease in K/S value as compared with
down fiber. This was perhaps due to the theory of
light reflection, which is that the color intensity of the
surface material is reflected by not only the
absorption properties of the material but also the
refection properties
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FIGURE 3. Optical photographs of iPP/dyed superfine down
powder blend fibers with different powder content.
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FIGURE 1. Comparison of K/S value of down fiber and superfine
down powder at 90 ºC.

The K/S values of iPP/dyed superfine down
powder blend fibers with different filler contents
were shown in Figure 2, and the optical photographs
of all samples were shown in Figure 3. It could seen
clearly that the addition of dyed superfine down
powder into iPP fiber could improved the K/S values
of iPP blend fibers largely. With the increase in dyed
superfine down powder content, the K/S values of
blend iPP fibers increased. It was worth noting that
K/S values of iPP/superfine down powder blend
fibers was increased largely when the amount of dyed
superfine down powder was over 8%.
4. CONCLUSIONS
The results of this paper confirmed that iPP fibers
were colored with dyed superfine down powder. This
meant that superfine down powder could act as a
carrier, which can introduce acid dye into iPP fiber. It
was worth noting that K/S values of iPP/superfine
down powder blend fibers increased largely when the
amount of dyed superfine down powder was over 8%.
In addition, superfine down powder showed a
decrease in K/S value compared with down fiber.
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FIGURE 2. K/S values of iPP/dyed superfine down
powder blend fibers with different powder content.
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INTRODUCTION
Self-decontaminating materials are defined as substances
or objects designed and fabricated to deactivate
pathogenic microorganisms or chemical warfare agents.
Self-decontamination makes it possible for continuous
protection against toxic materials. In order to develop
destructive barriers against biological and chemical air
pollutants, protective clothing and membranes using
catalytic or enzymatic degradation have recently been
studied in various fields such as air purification system,
chemical biological defense for weapons demilitarization,
and personal protection wear [1, 2]. When engineering the
self-contaminating
protective
systems,
catalytic
performance and the structure and property of substrate
should be investigated and selected.

used to tune the catalyst location in the surface region of
the nanofiber. In this work, TiO2 nanoparticles were used
as a self-decontaminating catalyst in both monoaxial and
coaxial electrospun nanofibers to study any photocatalytic
differences due to fiber morphologies: randomly
distributed nanoparticles by monoaxial electrospinning
versus shell side embedded ones by coaxial. Further
besides the surface location, deep and continuous pores
may also make it possible to enhance movement of the
toxin from the surface of fiber. Co-continuous structures
of polymer mixtures created by interconnected blends
have been investigated and reported [9-12]. In this study,
a core/sheath structure with a higher particle
concentration in the sheath engineered by coaxial
electrospinning, and cocontinuous polymer blends in a
noble solution process by electrospinning were used to
form deep and interconnected pores in the fibers. In
particular, an organic-inorganic hybrid consisting a
polyethylene oxide (PEO) / cellulose acetate (CA)
bicomponent blend and selectively embedded MgO
particles in one component has been studied.

Nanocrystalline materials exhibit a wide array of unusual
properties and can be considered as new materials that
bridge molecular and condensed matter. One of the
unusual features is enhanced surface chemical reactivity
toward
incoming
adsorbates.
For
example,
nanocrystalline MgO, CaO, TiO2, and Al2O3 adsorb polar
organics such as aldehydes and ketones in very high
capacities and substantially outperform the activatedcarbon samples that are normally utilized for such
purposes [3]. TiO2 as a photocatalyst has been
investigated for almost four decades [4]. Photoxidation,
one of the unique features of this metal oxide, is a
mechanism suggested to define the driving force of strong
oxidation by such metal based inorganic catalysts [5].
MgO does not require light irradiation sources like
ultraviolet (UV) light, furthermore, it is reported that
MgO is very effective to decompose organophosphorus
compounds [6-7]. The metal oxide carries out a
degradation followed by the cleavage of the P-S bond or
P-O bond of organophosphates, the most typical structure
of warfare nerve agents.

EXPERIMENTAL PROCEDURES
For
TiO2-PAN
fiber,
solutions
of
N,
N
dimethylformamide (DMF) with 10 w% polyacrylonitrile
(PAN) and various weight percent titania nanoparticles
were prepared and heated. Coaxial nanofiber samples
were generated using concentric needles, inner of 24
gauge and outer of 18 gauge, with an inner/outer flow rate
ratio of 2/3 at the electric field of a 15 kV. Porous CAMgO fiber was formed with cellulose acetate (CA, Mn =
29 kg/mol) and polyethyelen oxide (PEO, Mn =30
kg/mol) solutions dissolved in acetonitrile (ACN) and
acetone mixture at a 15 wt %. Electrospinning was
performed in both coaxial and uniaxial needle at an 17 kV
and a 16 cm tip to distance. The fiber mat was then
washed with hot water to remove PEO and to form pores
and grooves in the fiber.

Fiber and fabric substrates can continually provide active
particles without a significant loss of particles for a stable
immobilized structure compared with catalyst powders or
conglomerate state. However, the reaction between a
toxic compound and active particles occurs only on the
surface or diffusible sites of the fiber. It means that fiber
morphology could enhance diffusion of chemical toxins
for better efficiency of self-decontamination. Coaxial
electrospinning has studied; while monoaxial nanofibers
exhibited the capability to support catalytic nanoparticles
and prevent their aggregation, if these nanoparticles are
located at the center of the nanofiber there is a significant
mass transfer limitation making any catalyst at the center
virtually unavailable [8]. Coaxial electrospinning can be

Fiber morphology and particle distribution were observed
using a Field Emission Scanning Electron Microscope
(FESEM) and energy dispersive X-ray analyses at a 15
keV. Sample preparation for the electron microscopy
analysis of the fiber cross-section involved embedding the
electrospun fiber mat. Elemental analysis was performed
by X-ray photoelectron spectroscopy (XPS) at an
emission angle of 0º. The self-decontamination activity of
each fiber was characterized by HPLC with concentration
decreases of toxins.
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RESULTS AND DISSCUSSION
Two types of structure were studied: core/sheath fiber and
continuous pore and grooved structure were formed in
electrospinning (Fig 1). In core/sheath approach by
coaxial spinning, higher density of nanoparticle
distribution in surface region was observed compared
with uniaxial one, which means the the probability of
interaction between TiO2 and toxin increased (Fig 2).
Besides the selective location of nanopartilces to surface,
new morphology was studied. Cocontinuous CA-PEO
blend was used to create deep pores and grooves resulting
in more diffusion of toxin forward to MgO deposited
including fiber inside.
(a)

(a)

(b)

FIGURE 3. MgO nanoparticles and methyl parathion reaction with
varying reaction times and MgO loadings characterized by (a)
decreasing methyl parathion concentration and (b) corresponding 4nitrophenol concentration increase.

CONCLUSIONS
TiO2 and MgO were investigated as self-decontaminating
catalysts on substrate fiber. Photo-oxidation mechanism
with UV energy results in strong oxidation by TiO2 and
this was demonstrated by degradation of a carbamate
pesticide. In contrast, MgO functioned through surface
destructive adsorption and thus did not require exposure
to UV radiation for self- decontamination to occur. MgO
nanoparticles in fibers resulted in the decomposition of
methyl parathion. Regarding to the effect of fiber
morphology, a core/sheath structure with a higher particle
concentration in the sheath provided more rapid initial
degradation. Besides, highly porous fiber with
interconnected long pores created using cocontinuous
polymer blends and the solvent extraction affected
chemical adsorption. A tri-component mixture
(PEO/CA/MgO) where MgO was selectively mixed with
cellulose acetate (CA) was electrospun with a miscible
solvent system in coaxial needles. SEM, XPS and electron
microprobe confirmed both longitudinal and crosssectional morphology of the fibers.

(b)

FIGURE 1. SEM image of fiber (a) containing TiO2 nanoparticles on the
surface and (b) highly grooved structure

It is observed that surface distribution density of TiO 2 on
the fiber affected initial degradation rates in
decontamination by TiO2. All fiber mats exhibited
decrease of aldicarb over time (Fig 2). In particular, it was
observed that the fiber containing higher content of TiO 2
degraded more aldicarb for both uniaxial (a) and coaxial
(b) fibers. This photocatalytic properties offer potential
for application of these fibers for protective materials.

REFERENCES
[1] Tan K., Obendorf S. K., Fabrication and Evaluation of
Electrospun Nanofibrous Antimicrobial Nylon 6
Membranes, J. Mem. Sci., 305, 2007, 287
[2] Schreuder-Gibson, H. et al., Protective Textile
Materials Based on Electrospun Nanofibers, J. Adv.
Mater. 34, 2002, 44
[3] Khaleel, A., Kapoor, P. N., Klabunde, K. J.,
NanoStruct. Materials. 11, 1999, 459
[4] Fujishima, A., Honda, K., Nature 37, 1972, 238
[5] Linsebigler, A. L., Lu, G., Yates, J. T., Chem. Rev. 95,
1995, 735
[6] Rajagopalan, R. et al., Chem. Eur.J. 8, No.11, 2002
[7] Decker, S., Klabunde K. J., J. Am. Chem. Soc. 1996,
118, 12465
[8] Herricks, T. E., et al., J. Mat. Chem. 15, 2005, 735
[9] Kalra, V., et al., Small 5, 20, 2009, 2323
[10] Tang C., et al., Polym. Eng. Sci. 48, 2008, 1296
[11] Zhang, W., et al., Biofabrication 2, 2010, 1
[12] Nguyen L., et al., Fuel Cells 10, 2010, 938

FIGURE 2. Photocatytic degradation of aldicarb by (a) uniaxial; (b)
coaxial electrospun fiber mats containing TiO2 nanoparticles

In addition to TiO2, self-decontaminating properties have
been demonstrated with MgO nanoparticles through
surface destructive adsorption. MgO presented the
decomposition of methyl parathion, a simulant of an
organophosphate warfare agent (Fig 3).
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device (Gas Tec Co., Ltd. GV-100S type) and a detector
tube. The mixture of two pure chemical substances, acetic
acid and ammonia, was used as a standard sample odor.
The gas composed of the specified concentration of acetic
acid and ammonia was inserted into the sampling bag
with the gas sampling device. After one hour, the
concentration of the sample odor was measured by using
the detector tube. The odor survival rate (OSR) was
evaluated from the concentration of the standard sample
odor according to the following equation:

INTRODUCTION
The elderly (over 65 years old) in Japan reached 20%
of the total population, that is, one in five people is the
elderly. As getting older, the ratio of the cerebrovascular
accident increases as one of three major causes of death in
Japan, and many senior citizens suffered from the
cerebrovascular accident are in need of intensive nursing
care. A hand contracture is often observed as a result of a
cerebrovascular accident. The finger joints of a contracted
hand move only a narrow range, and the patient always
grasps a hand tightly as shown in Figure 1. The palm is
thus rarely exposed to air and always moist by sweating,
causing an ill smell
and a skin disease
similar
to
an
athlete's foot in an
extreme case. A
nursing care FIGURE
good FIGURE 1. Hand contracture and grip rod
for a contracted
hand was developed
by incorporating copper-complex
]
and iron-phthalocyanine, which is known as possessing a
of grip enzyme.
rod
function of an design
oxidizing
We could expect its
deodorant and healing effect for the contracted palm if a
suitable device containing copper-complex and ironphthalocyanine is contacted to the palm skin of a
contracted hand. A grip rod was thus designed for an
immobilized hand of cerebral infarction patients.
In this study, the grip rod was subjected to the clinical
test in order to confirm its deodorant and healing effect
for the skin disease caused by hand contracture.

Here the odor concentration after one hour denotes the
concentration of the sample order substance in the gas
after one hour in the bag.
Antibacterial Property
The antibacterial property was evaluated by JIS L1902.
Yellow staphylococcus, Staphylococcus aureuss was used
for standard bacteria as a stain. The bacteria were mixed
with agar and the mixture was poured onto a sample
fabric previously set in a laboratory dish. The dish was
held in an oven at 36oC for 24 hours. The concentration of
living bacteria was evaluated immediately after the
incubation.
Clinical Test for Grip Rod
The clinical test was performed with seven elderly
persons suffering from hand contracture at Saku Central
Hospital Health Service Facility for Elderly from April to
September in 2010 and March 2011. A smell of a
contracted palm and the state of skin disease were
evaluated by six healthy clinical staffs who passed a
sensitive smell test with T&T olfactometer chemical
reagent.

EXPERIMENT
Sample
The fabric was processed by copper-complex and ironphthalocyanine as follows: The cotton knit fabric was
refined and bleached. It was cationized by a quaternary
ammonium agent, and treated with iron-phthalocyanine
tetracarboxylic acid and sodium hydroxide solution by
virtue of an ionic bond. The phthalocyanine-processed
fabric was then immersed into copper sulfate
pentahydrate in ammonia solution to form coppercomplex on the fabric.

RESULTS AND DISCUSSION
Deodorant Property of Processed Fabrics
Hand-contracted elderly smells like fermented cheese.
Smelly aliphatic acid compounds are derived from sebum,
and constitute the odor substances of contracted hands.
Thus a primary smell is thought to be due to ammonia and
aliphatic acid produced by the decomposition of sweat
and sebum secreted from the body. The deodorant effect
of the processed fabric was evaluated for two model odors,
acetic acid (a model for aliphatic acid) and ammonia (a

Deodorant Property
The deodorant effect was evaluated by means of the
aerometric method using a vacuum type gas sampling
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model for sweat smell). As shown in Fig. 2, the processed
fabric absorbed effectively both ammonia and acetic acid.
The subjective test confirmed that the deodorant effect is
due more to the absorption of acetic acid than to that of
ammonia.

before using grip rod

after using grip rod

FIGURE 3: Change of shin disease of the palm before and after using
the grip rod.

The healing of the skin progresses day by day, as the
smell improves. It would take 3 to 4 days for the skin to
recover its healthy state. The degree of strength of smell
and that of the comfort/uncomfort were evaluated
subjectively. Both the degree of strength of smell, and the
degree of comfort/uncomfort have approached to
“odorless” and “comfortable” as the skin disease heals as
the result of the deodorant effect of the processed fabric.

FIGURE 2: Time dependence of ammonia (100ppm) and
acetic acid (30ppm) concentration absorbed by the processed
fabric.

Antibacterial Property
The antibacterial property of the processed fabric was
evaluated with yellow staphylococcus. Table 1 shows the
results of the antibacterial effect of the untreated and
processed fabrics. A number of living bacteria of the
processed fabric indicates approximately 15000 times
more effective antibacterial property of the processed
fabric than the untreated fabric. When processed further
with copper ion, the efficiency increased 10 times higher
than that of the phthalocyanine-processed fabrics.

Did not touch the skinwith the
phthalocyanine-processed with
copper fabrics

FIGURE 4: Comparison of the skin disease between the parts where
the phthalocyanine -processed fabrics touches the skin and or do not
touch the skin.

TABLE1 Comparison of living bacteria before/after incubation for
various samples

Samples
Untreated
Phthalocyanine processed
Phthalocyanine- /coppercomplex- processed

Since the elderly suffering from the hand contracture
keeps the hand tightly grasped, the skin disease develops
onto the whole palm area and between fingers. The
athlete’s foot is a main cause of this skin disease. This
infectious disease is caused by Trichophyton (a kind of
true fungus ) which grows in the horny cell layer of the
skin, and the peeling skin or swollen blister is observed as
its symptom. Additionally, nail ringworm develops in the
gap between finger and nail, and is very difficult to heal.
The natural heal of the athlete’s foot is hardly expected,
because it eats skin faster than the speed of metabolism of
the skin.
In this clinical experiment of the grip rod application, it
is proved that the diseased area recovers well in 3 or 4
days before healing completely in approximately a week
by contacting directly with the processed fabric. The
healing effect of the fabric is supposed to be due to the
synergy effect of antibacterial function of the cationizing
agent and metal comples.

A number of living bacteria
No Incubation
incubation
for18hrs
7.6×106
9.6×103
6.4×103
8.0×103

Taught the skin with the
phthalocyanine-processed with
copper fabrics

5.0×102

Grip Rod Made of Processed Fabrics
Fig. 3 shows the hands of an elderly suffering from hand
contracture. The hand grip made of the processed fabric
was applied for a week and the skin condition was
examined visually. The improvement of the diseased skin
of the palm was remarkable as shown in Fig. 3. Skin has
recovered its healthy state after a week. Fig. 4 shows the
place where the grip rod did not directly contact the skin.
The skin did not show any improvement, indicating that
the direct contact with the processed fabric is prerequisite
for the effective application.
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three-dimensional fibers having any orientations in the
space. The layered two-dimensional random fibrous
media is the most common type and is studied in this
paper.

ABSTRACT
Prediction of effective diffusivity for nano and micro
fibrous porous materials is very crucial in various areas
such as fuel cells, tissue engineering, fiber reinforced
composites, and functional clothing. In this study, a novel
fractal model of effective diffusivity, as a function of
porosity, fiber radius and fractal dimension, is derived to
examine the disordered nature of pore structures and
Knudsen effects in nano and micro fibrous media. To
validate this model, we conducted an experiment of
measuring moisture diffusion rate through nonwoven
membranes made of electrospun nylon 6 nanofibers. The
prediction of the new model is highly consistent with the
experimental results.

THEORETICAL MODEL
It is found the disordered nature of pore distributions in
porous media suggests the existence of fractal geometry
[15-17]. Therefore, it is possible to define the pore
arrangements of fibrous porous media through a fractal
analysis on pore microstructures. In addition to the role
that fractal geometry plays in the quantification of porous
media, it can also be used to describe the relationship
between microstructure and varying physical processes
occurring in fibrous porous media.
A compact model of effective diffusion of fibrous media
is obtained:

INTRODUCTION
Mass diffusion in fibrous porous media is of great interest
in diversified chemical and physical applications,
including fuel cells, tissue engineering, functional
clothing, and fiber reinforced composites [1,2,3,4]. With
the increasing development of nano science and
engineering, nanofibers are considered as most promising
candidates for next generation fibrous sources of mass
diffusion. However, defining the complex and disordered
internal microstructures of fibrous media is a considerably
challenging work, not to mention predicting transport
properties of fibrous matrix with nanoscale effects.
Numerical studies have been conducted with regard to
effective diffusion through fibrous media [5-14], but
many of them focus on diffusive permeability of regularly
located array of parallel fibers, which are based on
simplified geometrical structures with over-idealized
assumptions. With the increasingly development of
computational technique, it is feasible to model or
reconstruct more complex and real fibrous media, and
solve the problems of transport properties using the
powerful numerical solvers. Nevertheless, numerical
simulation is sometimes too time-consuming to study the
extremely complicated structures, not to mention the
nanoscale influence (Knudsen effect) on the
microstructures of nanofibrous media.
Therefore, for more complicated structures especially like
fibrous porous media with wide pore distributions, a
compact model of mass diffusion is required and is also
the subject of this study. The structure of randomly
distributed fibrous porous media can be categorized into
three classes [10]: one-dimensional fibers parallel to each
other; two-dimensional fibers located in parallel planes;
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where effective diffusion coefficient Deff is expressed as
a function of bulk diffusivity Db , porosity
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r , and the fractal dimension D f ,  is mean free path
of diffusive molecules, and

Rmin and Rmax is minimum

and maximum pore radius, respectively.

EXPERIMET
The moisture diffusive permeability of nylon 6
electrospun nanofibers is measured based on inverted cup
test method, seen as in Fig. 1.

FIGURE 1. Inverted cup test instrument.
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RESULTS AND CONCLUSIONS
We predict effective diffusivities of fibrous porous media
by applying our fractal model. Experimental results of
effective diffusivities through electrospun fibrous samples
are obtained to validate our model, and two conventional
fibrous samples are also used. As seen in Fig. 2, the
diffusive permeability prediction agrees well with the
experimental data.
2.5
y=x
Conventional nonwovens
Electrospun nonwovens
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FIGURE 2. Comparison of predicted models and existing experimental
data and models.

It is further found that effective diffusivity increases with
increasing of fiber size because the resistance of Knudsen
effect is lessened when the porosity is constant, until it
tends to be a constant when fiber radius is much larger
than mean free path of molecules, seen as in Fig 3. In
addition, higher porosity of fibrous system leads to larger
diffusivity, and the increasing amplitude is more apparent
in the regimes of smaller fiber sizes when more Knudsen
effect works.

Effective diffusivity Deff/10e-5m 2/s

2.5

2

fiber radius=5x10e-9m
fiber radius=5x10e-8m
fiber radius=5x10e-7m
fiber radius=5x10e-6m
fiber radius=5x10e-5m
bulk model

1.5

1

0.5

0
0.4

0.5

0.6

0.7

0.8

0.9

1



FIGURE 3. Effect of fiber radius on effective diffusivity.
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The vibration isolation tests were conducted by an
electromagnetic shaker setup as shown in FIGURE 1
according to BS EN ISO 13753:2008. The area of the
specimens is 64 cm2 and the weight of the mass is 2.5 kg.
Two accelerometers were respectively placed on the
shaker plate and the mass. The shaker was excited by
sinusoidal signal and the profile of this sweep frequency
signal is shown in FIGURE 2.

OBJECTIVE
The aim of this work is to experimentally study the
vibration isolation performance of warp-knitted spacer
fabric and to model it by spring-mass-damper system.
INTRODUCTION
Humankind is always exposed to vibration in working,
such as using handsaws, riding in carts, holding power
tools. If the vibration is of sufficient magnitude and keeps
a long time, the hand-arm vibration syndrome may
develop [1]. In this regard, numerous kinds of antivibration gloves have been developed to protect people
from injuries in working. Most of such gloves are made
from either rubber or air bag. However, the wearing
comfort of these materials is poor due to their inferior air
and moisture permeability.
Warp-knitted Spacer fabric is three-dimensional textile
structure consisting of two separate outer fabric layers
that are joined together but kept apart by spacer yarns
which are generally made from monofilaments. A
combination of excellent transversal compressibility and
high permeability makes this kind of textile structure very
suitable for multifunctional clothing and technical
applications.
This paper aims to experimentally and theoretically study
the vibration isolation performance to evaluate the
possibility of this kind of fabrics as an alternative material
for anti-vibration gloves.
APPROACH
Three warp-knitted spacer fabrics with a typical structure
and different thickness (13.31 mm, 15.14 mm and 19.46
mm denoted by A, B and C) were used in this study. They
were produced on a KARL MAYER RD 6 N E16 doubleneedle bar Raschel machine equipped with six yarn guide
bars. The chain notation used for each bar is listed in
TABLE 1. The outer layers are made from 150D/48F
polyester multifilament and the spacer layer is made from
polyester monofilament with a diameter 0.16mm. The
threading of all the yarns is 1 full 1 empty.

FIGURE 1. Experimental setup.
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18

Displacement (mm)

TABLE I. Chain notation of the warp-knitted spacer fabric
Layers
Guide bars
Chain notation
3-3 3-3 / 1-1 1-1 / 2-2 2-2/
GB1
0-0 0-0/2-2 2-2/1-1 1-1//
Top layer
GB2
1-0 0-0 / 0-1 0-0 //
GB3
1-0 6-5 / 6-5 1-0 //
Spacer layer
GB4
6-5 1-0 / 1-0 6-5 //
GB5
0-0 1-0/ 0-0 0-1/
Bottom layer
3-3 3-3 / 1-1 1-1 / 2-2 2-2/
GB6
0-0 0-0/ 2-2 2-2/1-1 1-1//
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FIGURE 2. Sweep frequency signal.
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RESULTS AND DISCUSSION
The transmissibility results of these three warp-knitted
spacer fabrics with respect to frequency are shown in
FIGURE 3. It can be found that the transmissibility is
lower than 1 respectively at 23.3Hz, 19.8 Hz and 17.8 Hz
for sample A, B and C. Besides, sample C has the best
isolation performance among them; its transmissibility is
lower than 0.25 above 30 Hz. It also shows that the
transmissibility increases with the decrease in the
thickness of the fabrics. The results proved that warpknitted spacer fabrics are very suitable for vibration
isolation application such as anti-vibration glove to
achieve good comfort performance.
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The frequency at the highest peak is the natural frequency
of the fabric. Obviously, the desired transmissibility
occurs for the frequencies greater than the natural
frequency of the system, therefore an isolator with a small
natural frequency is desired for effective isolation.
According to FIGURE 3, the natural frequencies of the
fabrics are at 16.2 Hz, 13.3 Hz and 11.6 Hz for sample A,
B and C, respectively. This is consistent with the isolation
performance of the fabrics. In linear vibration, for natural
frequency, the stiffness k for a linear stiffness element is a
constant. However, for a nonlinear isolator, the stiffness k
is the slope of the force deflection curve and equation
may be written
𝜔𝑛 = 2𝜋𝑓𝑛 =

𝑘
=
𝑚

𝑑𝐹 𝑑𝛿
𝑚

FIGURE 4. Compressive load-displacement curves of the fabrics.

The compressive load-displacement curves of the fabrics
are shown in FIGURE 4. The specimens were tested by
INSTRON 5566 and the shape and area of specimen is the
same as that in vibration test. They were compressed at 12
mm/min with their surface placed on the circular plates
with diameter 150 mm. The static equilibrium positions of
the fabrics are all at the force 24.5 N because the weight
of the mass is 2.5 kg. According to Eq. (1), the natural
frequencies of the fabrics can be calculated and the results
are 14.4 Hz, 13.6 Hz and 11.8Hz for A, B and C,
respectively. They are close to the experimental results. If
the damping coefficient c is known, then the damping
ratio can be addressed by Eq. (2). Substituting the ωn and
ζ to Eq. (3), the transmissibility is obtained. The results
indicated that such fabric is a good candidate for vibration
isolation application due to its nonlinear loaddisplacement relationship. A small stiffness with small
natural frequency to support large force can be obtained
by proper structure design and materials selection.

(1)

where dF/dδ is the slope of the line tangent to the forcedeflection curve at the static equilibrium position. The
damping ratio is defined by
𝜁=

𝑐
2𝑚𝜔𝑛

CONCLUSIONS
Vibration isolation performance of warp-knitted spacer
fabrics were tested and analyzed. The experimental results
showed that such fabrics are very suitable for vibration
isolation. By using simple compressive test and
theoretical calculation, the transmissibility of the fabric
can also be addressed. A good isolator is easy to produce
by proper structure design and materials selection.

(2)
The transmissibility can be obtained by using vibration
theory as
𝑇𝑟 =

1 + 2𝜁𝜔/𝜔𝑛 2
1 − 𝜔/𝜔𝑛 2 2 + 2𝜁𝜔/𝜔𝑛

2

(3)

6
A
B
C

Transmissibility

5

FUTURE WORK
The future work will focus on experimental and
theoretical analysis of the vibration isolation performance
of the fabric by introducing the structure pattern and
materials of the spacer layer.
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The quality of textile and apparel goods in
general have deteriorated following the free
trades under WTO due to the obvious
concession mandated by the price and quick
response requirements. While it seems natural,
the consumers are at a cross road for choosing
either a cheap and inferior quality product or
pay more for a higher quality. Typically, the
supply chains controlled by retailers are so
strongly focused on price competition that the
quality and the driving technology force had to
take a back seat in recent years. This is not a
temporal phenomenon that can be corrected in
time. Rather, it perpetuates itself shackling the
normal production principles under an
investment for technology development. The
first stage action under a global supply chain
setup is to find a manufacturing location
where the labor and other production costs are
the lowest. The supply chains built during the
last 20 years attest that these locations are not
permanent but rather fragile under the
changing economic and political climates and
trade agreements of different kinds.
Consequently, manufacturing had to move to a
next location where the conditions were more
favorable to the retailers. This is what the
author calls a “Grasshopper Manufacturing.”
Without naming the sequence of events, the
countries that inherited manufacturing have
had upbeat economic success initially but have
gradually lost the limelight till the ending
point where the natural deaths occur as an
eventuality. The question asked is: “Who is
responsible for this?” The answer is no one
except the consumers who do not have power
to control the supply chain. Simultaneously,
modern textile and apparel products have been
diversified immensely during the same time
period. While it appears to be based on
technological breakthroughs in the textile and

apparel domains, the facts are to the contrary.
Most of the diversifications came from
diversified products and application of fiberbased products in new industries which do not
support a sustainable textile and apparel
research or product development. Typically,
many exotic uses of high-tech fiber products,
including biomedical textiles, electro-textiles,
filters and nanoscience-based anti-microbial
finishes are controlled by industries other than
textile and apparel. In terms of the supply
chains, these new products have nothing to do
with the traditional textile and apparel
industries. Their research, no matter how
complex and advanced it may be, has been
proprietary and hence foreign to the global
textile and apparel communities. The newness
of these products is often misunderstood as
“advanced products” without a home base.
This paper discusses and proposes a series of
exit strategies from the permanent shackles
that currently enslave the textile and apparel
industries to a hopeless master. It is so easy to
be entrapped by design, fashion and low costs.
These, however, makes the “grasshopper”
continuously jump from one part of the world
to another for manufacturing locations. The
proposals in this paper include 1) formation of
supply sub-chains, 2) regionalized supply
chains, 3) R&D-based manufacturing, 4)
retailer-driven, process-oriented R&D, 5)
Quality-driven R&D at proximity of consumer
markets irrespective of manufacturing.
Recognizing the fact that the supply chains are
formed “naturally” rather than created, one
can only prepare for a right combination of
environment that can foster a healthy and
lasting
global
supply
chain
where
manufacturing can be stabilized and grow with
quality and technology as the basic nutrients.
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ABSTRACT
Negotiation is a critical part of communication system in
a supply chain [1]. Indecisions due to lengthy negotiation
processes may lead to poor supply chain performance.
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Actually two styles of negotiating, competitive and
cooperative, are commonly recognized. Competitive
strategies assume a "win-lose" situation in which the
negotiating parties have opposing interests on competitive
issues like price or due date [2]. Cooperative negotiation
aims to achieve common goals or agreements on
cooperative issues like color, size, fabric hand feel.
Competitive negotiation plays an important role no matter
in on-line transaction of e-business or in supply chain
procedures. Thus, in previous research, competitive
negotiation seems to attract more attention. However,
cooperative negotiation cannot be neglected in apparel
supply chain processes as a lot of cooperative issues need
to be solved through negotiation.

k 1

…….. (2)

Function (1) minimizes the total manufacturing cost
Function (2) tries to minimize the negotiation price
Mediator agent coordinates the operation between the
supplier and the manufacturer. The supplier agent
received orders (e.g., zipper, button, etc.) from the
mediator agent. If the needed supplies are already in
stock, the orders will be satisfied. If not, the supplier
agent will assign the factory to make the related apparel
component for the orders.

Agents have been largely used to represent human being
in intelligent systems as they have the ability of selflearning and self-deducing. Thus, agents can help
automate a variety of tasks and facilitate decision making
in supply chains. Recent growing interest in autonomous
interacting software agents and their potential application
in areas such as electronic commerce or supply chain
management have given increased importance to
automated negotiation [3].

As for the supplier agent,
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So far research on how to apply agent technology on two
different negotiation modes to achieve satisfaction and
goals of bilateral negotiators seem to be limited. In order
to coordinate negotiators and reach mutual satisfaction,
the key of successful negotiation, among supply chain
members, this paper proposes the use of multi-agents
models for both competitive and cooperative negotiations.

i 1

…..…...….. (4)

Function (3) minimizes the overall production cost of the
supplier
Function (4) maximizes the total profit of the supplier
when negotiating with the manufacturer

1. Competitive negotiation model

The above models protect the profit of both suppliers and
manufacturers with the price negotiated properly.

The major issues between the manufacturer agent and the
supplier agent are focused on price and due-date. In this
model, the manufacturer is supposed to collect all the
necessary components from the suppliers and then makes
the final apparel product.
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2. Cooperative negotiation model
Focusing on cooperative issues in apparel supply chains, a
negotiation strategy based on criteria of each issue and
customer satisfaction will be presented. For example,
thickness (

hth

h

), softness (

hso ) and surface smoothness

( sm ) can be designed as the criteria for fabric hand feel.
Related mathematical model is proposed to reduce
decision delays and improve the negotiation efficiency.
Multiple criteria can be used to compute the similarity
between
two
values.
To
aggregate
the
similarities,

SimSk ( x j , y j )

, a weighted means procedure

is employed. Given a domain of values
between two values
defined as:
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, 1
, is the weight representing the importance
of the criteria functions in the computation of similarity.
In

n

the

cooperative

negotiation

model,

V i   wij  V ji ( x j )

is adopted as the utility function of
customer satisfaction so that the degree of satisfaction of
mutual proposals can be examined.
j 1

The method of using multiple criteria proves to be
effective and time-saving in reaching mutual requirements
on qualitative cooperative issues.
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departments of the ordinary category are fully contained
in all plants but it is possible that those of the special
category are only partly included (or not included) in
some of plants.

OBJECTIVE
The objectives of this study were: (1) to address the multiobjective order allocation (MOA) problem in the
production planning stage of apparel supply chain, with
the consideration of multiple plants and multiple
production departments; (2) to develop an effective
intelligent multi-objective decision-making (IMD) model,
integrating radio frequency identification (RFID)
technology and evolution strategy, to provide production
managers optimized production planning solutions so that
they can make effective and reliable production planning
decisions in a timely manner.

The manufacturer receives a group of production order,
called an order group, from the customers at a time. Each
order group consists of multiple production orders. Each
order consists of a maximum of N production processes.
Each production process of an order is assigned to only
one plant for processing. All finished products are
delivered to a distribution center for product delivery and
distribution.

INTRODUCTION
In recent years, some commercial RFID-based data
capture systems have been developed for apparel
manufacturing enterprises to obtain real-time and accurate
production data and their effectiveness has been proved
by various industrial applications and practices [1].
Although the emergence of these systems laid the
foundation for effective production decision-making, they
only focused on data collection and simple data reporting,
and could not provide decision-making solutions and
assist production managers make effective production
decisions. Decision-making on production planning in
today‟s labor-intensive apparel industries relies heavily on
production planners‟ experience and subjective
assessments, which may not be consistent under similar
conditions and is thus non-optimal.

The MOA problem addressed in this research aims at
k
finding the optimal assignment X ij of each order‟s
production process to appropriate plant and the beginning
time Bij of each process so as to minimize 3 production
objectives, including the total tardiness and the total
throughput time of all orders and the total idle time of all
production departments.
APPROACH
The IMD model is introduced and its architecture is
shown in Figure 1. The model is composed of 3
submodels, including a RFID-based production data
capture (RPDC) submodel, a heuristic data extraction and
analysis (HDEA) submodel and a novel evolution strategy
(ES) [2] -based Pareto optimization (ESPO) submodel.
The RPDC submodel is in charge of preparing and
collecting real-time production records, from each
workstation in production departments, for further data
extraction and optimization process. These production
data collected are saved into the production database
server. Based on the real-time production data collected,
the HDEA submodel then analyzes the raw data and
extracts necessary data as the input of the ESPO
submodel. The HDEA submodel is the bridge between the
RPDC and ESPO submodels. The ESPO submodel finally
makes production planning decisions by automatically
generating Pareto optimal production planning solutions
for the MOA problem investigated. In this submodel, a
faster non-dominated sorting technique [3], a selfadaptive population size adjustment method, novel
evolutionary operators and a pruning technique [4] are
integrated to generate Pareto optimal solutions (pruned
solutions) for real production planning.

The order allocation problem in the production planning
stage, with the consideration of multiple plants and
multiple production departments, has not been addressed
so far. Unfortunately, multi-plant and multi-production
department are typical features of current apparel supply
chain, which significantly increases the complexity of
production planning problems.
The manufacturing company receives various production
orders from different customers. These orders need to be
assigned to the company‟s n production plants located in
different locations, including self-owned or collaborative
plants, for production. These plants involve N
production departments numbered as 1 to N , which
perform, respectively, N types of different production
processes denoted as process type 1 to process type N .
These production departments can be classified into two
categories: ordinary category and special category. Each
category involves multiple production departments. The
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We compared the pruned solutions with the solution from
industrial practice, which assigned the 10 order groups to
plants 2, 1, 3, 2, 3, 3, 3, 2, 4, 2 respectively. The values of
3 objective functions, generated by the industrial solution,
are 3.8, 725.9 and 26 respectively. It is clear that a
solution better than the industrial one can be found from
the pruned solutions whatever objective preference is
used. For example, if objective 1 has a higher priority
than the other two objectives, solutions 1-2 are superior to
the industrial solution; if objective 3 has a higher priority
than the other two objectives, all pruned solutions are
superior to the industrial solution.
In summary, the proposed methodology can effectively
handle the investigated MOA problem by generating
Pareto optimal solutions obviously superior to the results
from industrial practice.

FIGURE 1. Architecture of the IMD model

RESULTS AND DISCUSSION
A series of simulation experiments were conducted to
evaluate the performance of the proposed IMD model.
The Pareto optimal solutions for one experiment
generated by the proposed model are shown in Figure 2 in
a three-dimensional space. There are 102 Pareto optimal
solutions in total, which is a very large set of solutions
and it is difficult for the production planner to choose an
appropriate solution for real production schedule. Based
on these solutions, the pruning process generated 8
pruned solutions as shown in Table I. In this figure, the
pruned solutions are also marked by „ ‟ points while the
Pareto optimal solutions are marked by „ ‟ points.

CONCLUSIONS
This paper investigated a production planning problem in
apparel supply chain, the MOA problem with the
consideration of multiple plants and multiple production
departments, which aims at assigning production
processes of each order to appropriate plants. A novel
IMD model, integrating RFID technology and ES-based
Pareto optimization technique, was developed to tackle
this problem. Experimental results validated the
effectiveness of the proposed model.
FUTURE WORK
Future work will focus on the improvement of the
methodology to solve MOA problems with more
production objectives and practical constraints, and on the
effects of various uncertainties on production planning,
including uncertain production orders and possible
material shortage.
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performance as well as from our qualitative research
findings.

INTRODUCTION
With the increasing complexity of cross-regional and
multi-national commerce, today’s textile and apparel
companies are embracing new ways of doing business,
which is called virtual teamworking. Virtual teams are
composed of members who work and cooperate across
spatial and temporal boundaries, cultural background,
knowledge levels, and professionalism toward a common
goal, with the mediation of various modern information
technologies [1]. The relationship of the members within
a team can be business alignments, buyer-supplier,
subsidiary companies of one group, or branches of a
single organization, etc.

The respondents are screened with the criteria of
sufficient virtual teamwork experience (people currently
working as virtual team members are preferable), and
acquaintance with several kinds of remote communication
technologies, better with higher extent of virtuality. A
total of 143 eligible responses were collected and
analyzed. The distributions of all the variables are close to
normal distribution, and the independent variables show
significant linearity with the dependent variables.
A stepwise multiple regression analysis was conducted to
estimate regression models that best predict the team
performance based on the independent factors. 11
independent variables are used to predict two aspects of
performance. The independent variables are from four
aspects of factors, i.e. training from the organization,
norms developed by the virtual team, perceived
usefulness of the IT tools for remote communication, and
perceived ease of use toward those tools. The items are
shown in table I. The dependent variables are people’s
attitude toward interruptions (include openness to
interactions and sense of responsibility toward
interruption handling) and virtual team performance
(include quality of team tasks and efficiency of team
communication).

Virtual teams are expected to play an increasingly
prominent role due to the merits of high flexibility and
efficiency in global trading events [2]. However, there are
some vexing problems in this new form of working [3,4].
Interruption amongst virtual team is one of the central
problems. Interruptions are the external events that break
the continuity of other people’s original tasks in the
process of virtual team working. Interruptions that arise
from large volumes of intensive communication would
inhibit people from concentrating on the primary task, and
consequently decrease the communication effectiveness
of virtual teams.
OBJECTIVES
This study aims at exploring the effective ways of
regulating and managing interruptions so as to facilitate
virtual collaboration. Specifically, we collect data from
questionnaire survey to confirm our previous estimates
about the factors that have significant impact on people’s
attitude on interruption management as well as virtual
team performance, and to determine the aggregate impact
of those independent variables on the performance
measures. Further, to formulate recommendations on
improving interruption handling performance within
virtual teams to better accommodate modern business
environment.

TABLE I. List of independent variables
Predictor variables
1
Preference of following procedures
2
Regular discussion on problems
3
Training on intra-team awareness
4
Training on interruption handling skills
5
Tools help increase productivity
6
Tools help interruption handling
7
User-friendliness of tools
8
Smartness of tools
9
Easy-learning of tools
10
Size of virtual team
11
Expertise of the respondent

APPROACH
First, we review the overlap between research on virtual
teams and the interruption issues under the context of
modern nomadic working and trading business
environment. Second, we integrate the literature review
and the previous research outcome, to formulate a
framework pertaining to the critical factors that impact
interruption handling strategy and virtual team
effectiveness. Third, we administer a questionnaire survey
to evaluate the framework. The survey constructs are
drawn from the existing literature on virtual work

RESULTS AND DISCUSSION
Various combinations of the predictor variables could
account for 31 percent to 39 percent of the variation in the
four performance variables analyzed. Of the four groups
of independent factors employed – the norms, training,
perceived usefulness, ease of use—the norms and ease of
use of the communication tools are the most important in
explaining the variability in performance measures. To be
specific, individual preference of following procedures
that made by the organization and perceived ease of use
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of the communicational tools are the most two important
variables in explaining variations in people’s attitude
toward treating interruptions. This finding indicates that
the two factors are crucial in determining whether team
members like to always welcome frequent interactions
with teammates, and the extent they feel responsible for
properly treating intra-team interruptions during work
time. When we look into the task quality of the teams, we
find that training on interruption handling skills and the
preference to follow procedures are the leading factors.
As for the communication efficiency of the teams, the
user-friendliness and the function of facilitating
interruption handling are the most important factors
explaining variation.

CONCLUSIONS
The multiple regression results for all the four
performance measures significantly support our previous
estimates. This research study attempts to fill the void in
the literature pertaining to interruption management in
virtual environment, and explores the important aspects of
factors that greatly impact the interruption regulation and
communication effectiveness in virtual teams.
FUTURE WORK
Our future work includes pursuing a larger sample size to
further verify and broaden the application of our current
framework, and to provide an in-depth integration of the
strategic constructs pertaining to the factors affecting the
effectiveness of interruption contingent virtual team
collaboration.

Table II shows multiple regression result of one
performance construct, i.e. team communication
efficiency. All the variables have positive effects upon the
efficiency variable. The estimated regression relationship
for communication efficiency is:
Communication efficiency= .609 + .229 (Userfriendliness of tools) + .188 (Interruption management of
tools) + .219 (perceived smartness of tools) + .136
(Regular discussion on problems) + .126 (Training on
interruption handling skills)
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User-friendliness is the predominant factor, and the first
three variables are all about usefulness and ease of use of
the tools. This finding is largely consistent with literature
claiming that user experience of the communicational
tools has great impact on user’s willingness of using the
tools in virtual working. A salient characteristic of virtual
teamworking is the necessity of information technologies.
Unlike in traditional teams where people can choose faceto-face communication, virtual team members rarely meet
face-to-face, they must rely on one or several IT tools to
interact [5]. As a result, the ease of use of these tools
significantly impacts the communication efficiency and
effectiveness in the virtual context. The norms and
training variables have relatively slight impact on the
efficiency variable.
TABLE II. Multiple regression estimates of team work efficiency
β

Standardizedβ

Partial Correlation

t

VIF
a

1.285

User-friendliness of tools

.229

.237

.259

3.133

Interruption management of tools

.188

.193

.216

2.590b

1.254

Perceived smartness of tools

.219

.233

.256

3.106a

1.267

Regular discussion on problems

.136

.167

.194

2.310b

1.183

Training on interruption handling
skills

.126

.155

.188

2.241b

1.073

a

p<.01 b p<.05
R=.626 R2=.392 F(5,137)=17.65 Adjusted R2=.370 N=143 p<.001
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1. INTRODUCTION
Colour is an important property of textile products.
Therefore, colour evaluation such as colour fastness
assessment is an essential task in textile industry. The
method of the colour fastness test has been changing from
visual assessment to instrumental assessment. On the
other hand, colour is also important as an impact factor of
fashion for consumers. In order to know consumers‟
buying interests, it is needed to research about human
sensation for colours of textile and fashion products.
My research team is paying attention to colour
emotion which influences the consumer‟s buying interests.
My team tried to express the colour emotion numerically
and to develop a few computer systems.
In this paper, we would like to introduce very briefly
our researches relating to the colour emotion and their
challenging application for further textile industry [1-10].

SHJP = [(3.2L*)2+{2.4(1-h290/360)C*}2] 1/2-180
Where,
C*
h290

(2)

: CIELAB metric chroma
: CIELAB metric hue-angle difference
from h=290

3. APPLICATION
Traditional colour systems are based on three attributes
such as hue, lightness and chroma. But our sensations are
various. Therefore, we tried develop another colour
system based on the emotions. The traditional colour
systems can also be projected with the axes of the colour
emotions.
Currently, the keyword of the application of colour
technology is „colour communication‟. The colour
communication is including colour reproduction colours
and colour management. Especially, it is the most
important to communicate colour images accurately.
While the current application of colour communications
are in the domain of colour reproduction accuracy and
colour management, it is suggested in this study the
communication of colour emotions induced by colours, in
addition to the communication of colours. With sensory
database and colour emotion equations, we envisage the
development of some useful tools for Information
Technology. Colour emotion scales obtained can be
transformed to CIELCh, CIELAB, XYZ, and RGB values
through a reverse operation as shown in Figure 1, which
can be output as colours by display devices. This colour
output can be used by applications such as product design
and development, which can then be further extended to
applications on Internet. In addition, colour emotion

2. NUMERICAL EXPRESSION
The empirical colour emotion equations have been
derived in our previous researches. These equations
predict the magnitude of human emotion induced from a
colour. The initial work on the numerical expression of
the colour emotions included 12 sensory word pairs.
The colour emotion equation was expressed with an
ellipsoid-shape equation. The shape is similar to that of
colour difference equation. A colour difference value such
as CIELAB E*ab is defined as a distance between
colorimetric coordinates of two colours. A colour
difference value is going larger with the growth of colour
difference. Colour emotion values computed by the
equations are going larger with the growth of colour
emotions as well. A visual scale for assessing a colour
emotion in the CIELAB colour space is given as Equation
1. As an example, we show „Soft-Hard‟ equation derived
by Japanese visual assessments as Equation 2. As a*0 and
b*0 in the Japanese assessments were zero for „Soft-Hard‟
emotion, C* was used in the Equation 2.

Colour Emotion
CE = f (L*, a*, b*)

L*a*b*

XYZ

RGB

CE =[{kL(L*-L*O)}2+{kA(a*-a*O)}2+{kB(b*-b*O)}2] 1/2+kM (1)

Where,
CE
: Prediction value of a colour emotion
L*
: CIELAB metric lightness
a*, b* : CIELAB a* and b*
L*O, a*O, b*O : CIELAB L*, a* and b*,
when the colour emotion is minimum
kL, kA, kB: Constants of the contribution of
CIELAB L*, a* and b*
kM
: Constant for scaling

Figure 1 A process for the projection of a colour
emotional diagram on a computer display
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From the results, colour emotion diagrams were proposed
with colour emotion axes. These diagrams and the colour
design assisted system may allow the communication of
colour emotions and their magnitude which would be
useful in the field of colour design. The instrumental
colorimetric assessment of colour emotions can be made
through the empirical colour emotion equations that were
developed.
This paper was summarized using previous journal
papers and conference papers, and its similar papers have
been published.
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Figure 2 Colour design assisted system based on
numerical expression of colour emotion (This was
developed with a research team of Dr Aran Hansuebsai
of Chulalongkorn University in Thailand [8]).
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system can be displayed on a computer monitor. Figure 2

Figure 3 Season colour suggesting system [10]
shows an example of the application to colour design
assisted system for displaying the relation between colour
emotion values and CIELAB colour system. The
computer system can work through internet as a web-site.
Another numerical expression and its application were
tried. Figure 3 shows a season colour suggesting
computer system. This system can suggest some colours
associated from one of four seasons, spring, summer,
autumn, and winter.
4. CONCLUSION
The numerical expression of colour emotions through
visual assessment of colour panels using Japanese
language colour emotion word pairs has been attempted.
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included and specular component excluded. Then, results
were expressed in CIE L* a*b*units (Table 1).

INTRODUCTION
Textile materials and clothing are known to be susceptible
to microbial attack, as these provide large surface area
and absorb moisture required for microbial growth.
Natural fibers have protein (kratin) and cellulose, etc.,
which provide basic requirements such as moisture,
oxygen, nutrients and temperature for bacterial growth
and multiplication. This often leads to objectionable
odour, dermal infection, product deterioration, allergic
responses and other related diseases [1]. In prehistoric
times, natural dyes have been used for many purpose such
as the coloring of natural fibers wool, cotton and silk as
well as fur and leather [2]. They were known for a long
time for dyeing as well as medical properties. Many of the
plants used for dye extraction were classified as
medicinal, and some of these have recently been shown to
possess remarkable antimicrobial activity. Also, different
natural dyes (Punica granatum, henna,…) are reported as
potent antimicrobial agents owing to the presence of a
large amount of tannins. The tannins exhibit antibacterial
and antifungal activity. Since, humans are commonly
exposed to these microbes in household or hospital
environments, the natural dyes can be very useful in
developing clothing for infants, elderly, infirm people to
protect them against common infections. Also, they will
be equally useful in bed linen, carpets and other home
textiles, which are major propagators of common
infections [1]. Hence, in this work, we have investigated
antifungal activity of dyed silk fabric with some natural
dyes.

FIGURE 1. Treatment with Metal Salts (Al2(SO4)3, FeSO4).

FIGURE 2. Treatment with Metal Salt (AgNO3).

FIGURE 3. Dyeing process with Natural dyes.

EXPERIMENTAL

RESULTS AND DISCUSSION

Raw silk fabric (plain woven, weight 20g/m2) was
purchased from Guilan silk factory, Iran. The
used natural dyes (Chamomile, African Saffron,
Eucalyptus) were extracted according to 4&5 references.
The metal salts powders and all the other chemicals were
analytical grade and purchased from Merck. According to
our previous work [3], all samples (20×20 cm2) were
degummed and bleached. Then, the samples were dyed by
the standard method prescribed for natural dyes (Figures
1-3) [4]. The witness and dyed samples were buried in
soil (in plastic pots) for 30 days. In duration 30 days, the
plastic pots had been placed below sunshine and they had
been rinsed with tap water, daily. Finaly, all
measurements were carried out using a datacolor Texflash
spectrophotometer interfaced to a PC using D65
illumination, 10º standard observer with UV component

Table.1 (K/S Column) shows the treated samples with
metal salts are outstanding in their ability to resistant
colour fastness against micro-organisms, because the
colour strength (K/S) of the dyeings (before and after
bury process) has changed little. Also, according to table
1, It is apparent that the reduction in colour strength
achieved for the dyeings after bury process; But it was
diversified for the different metal salts (AgNO 3,
Al2(SO4)3, FeSO4). In addition to, ∆E index indicates to
Colour Difference (CD) of the samples and when CD
increases, the dyeings resistance (against microorganisms) decreases. Thus, according to the results of the
colour strength and CD of the dyeings, the resistant colour
fastness against micro-organisms followed the orders:
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TABLE I. Colorimetric Data1.
L*

a*

b*

Before Bury process

91.32

4.54

After Bury process

88.29

6.87

AgNO3

41.15

Al2(SO4)3
FeSO4

Samples
Witness silk fabric
Chamomile

Before Bury process

After Bury process

African Saffron

Before Bury process

After Bury process

Eucalyptus

Before Bury process

After Bury process

∆E

k/s

-0.21

-

0.22

0.10

3.84

0.19

35.22

8.10

-

18.84

62.39

23.50

0.11

-

5.67

63.20

11.03

6.74

-

4.67

AgNO3

46.01

32.78

7.47

5.47

16.26

Al2(SO4)3

69.83

17.48

2.25

9.8

1.90

FeSO4

70.99

15.12

1.46

10.26

1.81

AgNO3

45.66

25.90

1.25

-

9.65

Al2(SO4)3

56.17

45.09

7.43

-

14.25

FeSO4

54.78

19.34

8.33

-

7.31

AgNO3

51.25

21.18

4.45

7.98

6.73

Al2(SO4)3

60.10

43.42

4.41

5.12

12.53

FeSO4

62.18

16.16

4.06

9.11

3.33

AgNO3

64.23

30.05

12.26

-

6.46

Al2(SO4)3

56.22

30.12

-5.29

-

7.03

FeSO4

53.26

32.16

0.25

-

12.36

AgNO3

55.05

22.81

7.49

12.62

3.95

Al2(SO4)3

68.35

19.00

3.19

18.5

3.09

FeSO4

59.71

36.56

1.79

7.96

10.13

L*, Vertical axis (lightness); a*, axis in plane normal to L*(redness-greenness quality of the colour); b*, axis in plane normal to both L*and a* (yellownessblueness quality of the colour); k/s, colour strength; ∆E, Colour Difference; ∆E=[( a*2- a*1)2 + ( b*2- b*1) + (L*2 - L*1)]1/2.

1

test. After the degumming and bleaching process, the silk
fabrics were treated with different metal salt solutions
(AgNO3, Al2(SO4)3, FeSO4). Dyeing process was carried
out on the treated samples using natural dyes
(Chamomile, African Saffron, Eucalyptus). Then, the
dyeing samples were buried in soil for 30 days. After a
duration of 30 days, colour strength (K/S) values of the
dyeings was measured. Results showed that resistance
against micro-organisms of the treated samples with
AgNO3 was better than the others.

Eucalyptus samples:
FeSO4> AgNO3> Al2(SO4)3
Chamomile samples:
AgNO3> Al2(SO4)3> FeSO4
African Saffron samples:
Al2(SO4)3> AgNO3> FeSO4
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Interestingly, in all of the treated dyeings with AgNO3
solution, the samples were protected from mildew. One
highly useful characteristic of silver is its antimicrobial
property. Silver in its pure form was known, even to the
by ancient Greeks, as a great material to keep microbes at
bay. The success of silver element against bacterial
growth is due to the damage of the plasma membrane or
bacterial enzymes. This results to a morphological
distortion of the bacterial cells, leading to impairment of
bacterial metabolism and escape of cytoplasmic substance
to the surroundings. Also, as a natural material, silver is
known to be safe to man and produce little to no allergic
reactions when tested for curing various diseases [5].
Hence, silver salts are proper for antimicrobial finishing
treatments, but they are expensive chemical agents, too!
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CONCLUSIONS
In this work, dyed silk fabric resistance using natural dyes
against micro-organisms was investigated by soil burial
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and suitable for industrial process. Chemicals, such as
sodium hydroxide and detergent usually used in the
cleaning will cause environment problem. So the bioscouring of cotton fiber by natural substance extracted
from soap nut and enzyme is a selection to reduce
environment problem.

ABSTRACT
In this research, cotton fabric was bio-scored by using
saponin which extracted from the soap nut at 60 C.
Conditions of bio-scouring with saponin were as follows:
2.0 g/L of soap nut extracted at 85 C for 60 min. Water
adsorption of scoured fabric was tested by determination
of time for sinking of fabric in water. The results showed
that sinking time of cotton fabric scoured with 9 %v/v
saponin was 1.34 min which was close to that scoured
with commercial soap (premasol jet; 1.18 min).

APPROACH
Saponin extraction and critical micelle concentration
The soap nut saponin solution was prepared by dip
crushed soap nut in distilled water with weight by volume
ratio 1: 10 at 60 C for 1 hr. The supernatant was kept and
diluted to the concentrations 0.5 to 8.0 % (v/v) with 0.5 %
interval. The critical micelle concentration (CMC) of the
extracted solution was measured at wavelength 209 nm
using distilled water as blank.

For the enzyme scouring, crude pectinase was isolated
from Colletotrichum capsici; which causes anthracnose
disease in chilli. The fungus was cultivated in modified v8 broth pH 6.5 at 30 C for 144 h gave maximum activity
of pectinase, 1.23 units/ml.

Microorganism and production media
C. capsici, isolated by our laboratory from the
anthracnose infected chilli fruit was used as source of
pectinase. The infected fruit tissue was placed on potato
dextrose agar (PDA) for 20 days at 28 C. The conidial
suspension was prepared by adding 15 ml sterilized water
to the agar plate. A sterile wire-loop was gently used to
break the conidial clumps. The suspension was collected;
the conidia were count with haemacytometer and diluted
to the 50,000 spores/ml suspension.

Conditions of bio-scouring with pectinase were enzyme
concentration at 5 g/L, pH 9.5, 65 C and 120 min. Index
whiteness of the fabric after treatment was tested, it was
increased when compared with those of unscoured but
scouring with commercial soap or soap nut. Combination
of soap nut with pectinase gave higher whiteness index
than scoured by pectinase only. Concentration of the
modified v-8 broth of 1.5 g/100 ml of solvent gave fabric
with highest index whiteness as 25.01. For tensile
strength, the fabric which was acoured with soap nut,
pectinase showed comparable strength as unscoured
fabric.

The media for fungal growth and enzyme production was
modified v-8 broth, contained, per liter, 25 g glucose, 3 g
calcium carbonate, and 100 ml vegetable juice and was
adjusted to pH 6.5

OBJECTIVE
This research aimed to optimized conditions for extracted
saponin from the soap nut and also comparative studied of
pectinase activities from C. capsici; which causes
anthracnose disease in chili by three broths. Finally bioscouring of cotton fabric using the combination of soap
nut and pectinase was determined.

Cultures were started by the addition of 10 %(v/v) conidia
suspension and were incubated at 30 °C on a rotary shaker
maintained at 110 rpm for 192 h. Every 48 h of culture,
mycelium were removed and the activities of pectinase
were assayed.

INTRODUCTION
Cotton fabric is popular and widely used because of
comfortable wearing, and durableness, moreover it can
absorb and ventilate moisture well. Cotton is cellulose
fiber that composes of the glucose units bind together via
-1, 4 linkage. Each repeated unit contained 3 hydroxyl
groups which be prominent property of clothing
production. But the raw fiber participates to the
hydrophobic parts, wax and pectin. The scouring of cotton
fabric is required for make textile more hydrophilic, soft,

Assay for pectinase
The assay was adapted from the method of Gusakov [1]
which based on the determination of viscosity of pectin
solution in the presence of the enzyme using an Ostwald
viscometer. One unit of enzyme activity was defined as
the amount of pectinase which decrease 5 % in relative
viscosity of 0.2 %(w/v) citrus pectin solution for 1 min at
37 C.
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maximum activity of pectinase, 1.23 units/ml as showed
in TABLE II.

Bio-scouring
Conditions of bio-scouring with saponin were as follows:
2.0 g/L of soap nut extracted at 85 C for 60 min. Water
adsorption of scoured fabric was tested by determination
of time for sinking of fabric in water. Conditions of bioscouring with pectinase were enzyme concentration at 5
g/L, pH 9.5, 65 C and 120 min. Index whiteness of the
fabric after treatment was tested

TABLE II. The activities of crude pectinase isolated from C. capsici
which was incubated in modified v-8 broth pH 6.5 at 30 C for 192 h on
a shaker of 110 rpm
Concentration of the
Dried weight
Time
Activity
remained sugar
pH
of mycelium
(h)
(Unit/ml)
(mg/ml)
(g)
0
0.836
6.4
0
0.04
48
0.749
6.8
0.0395
0.42
96
0.849
6.2
0.0398
0.10
144
0.771
4.9
0.0697
1.23
192
0.610
4.8
0.0032
0.40

RESULTS AND DISCUSSION
The micelles formed from the extracted saponin were
determined by spectrophotometer. The critical micelle
concentration was found at 5.5 %(v/v) dilution. The
saponin suspension with CMC has high ability of wax
cleaning so the suspension at higher concentrations were
selected for the scouring of cotton fabric

For the lysis of pectin from cotton fabric using pectinase;
were enzyme concentration at 5 g/L, pH 9.5, 65 C and
120 min. Index whiteness of the fabric after treatment was
tested

Water adsorption of scoured fabric was tested by
determination of time for sinking of fabric in water. The
results showed as TABLE I

FIGURE 1. Type captions for figures directly below the space allowed
for the materials, leaving two blank lines between the figure and the first
line of the caption. Please type captions for girures and tables in 8-point
font size.

TABLE I. The sinking time of scoured cotton fabrics by various
concentration of the extracted saponin mixed with NaOH and K2S2O8
(S) compared with commercial detergent (premasol jet) and pure
extracted ssaponin without NaOH and K2S2O8 (Soap nut)
Sinking time (min)
Conditions
1st Time
2nd Time
3rd Time
Average
Control*
2.87
3.61
2.55
3.000.55
Premasol jet
1.14
1.31
1.45
1.180.15
S 6 %v/v
1.75
2.06
2.02
1.560.17
S 7 %v/v
1.67
1.76
2.14
1.510.25
S 8 %v/v
1.60
1.70
1.64
1.380.05
S 9 %v/v
1.18
1.83
1.71
1.340.34
S 10 %v/v
1.68
1.90
1.79
1.470.11
S 11 %v/v
1.71
1.87
1.91
1.490.11
Soap nut 9 %v/v
6.27
6.36
5.96
6.110.21
Control* was scoured cotton fabrics using 0.5 g NaOH and 0.5 g K2S2O8

Type table captions above the table, leaving one blank
line between the last caption line and first line of the
table. Use Roman numerals (I, II, III, …) for numbering
of tables. Use Arabic numbers (1, 2, …) for numbering of
figures.

The sinking time of cotton fabric scoured with 9 %v/v
saponin was 1.34 min which was close to that scoured
with commercial soap (premasol jet; 1.18 min).

FUTURE WORK

References to figures and tables made in the body of your
abstract should be italicized. If you have figures, graphs,
tables, or photographs that you choose to put at the end of
your abstract, please add them in the order you would like
them to appear.
CONCLUSIONS
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Cude pectinase isolated from C. capsici was cultivated in
modified v-8 broth pH 6.5 at 30 C for 192 h at every
48 h of culture; the activities of pectinase were assayed.
The results showed that the cultivated for 144 h gave
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INTRODUCTION
Untreated cotton fabrics may wrinkle easily and are
dimensional instable. Researchers have attempted to solve
these problems by optimizing the types of crosslinking
agent or the crosslinking conditions. Despite the much
research work already carried out on easy-care cotton
fabric, majority of the studies concentrated on the
mechanical properties [1, 2] and the problem of poor
water absorbency is largely neglected. Also the drawback
of poor fabric handle is remained to be improved. To deal
with these problems and to improve the comfort related
properties, here modified DMDHEU (low formaldehyde)
were used with various softeners under either Pad-DryCuring or Pad-Dry-Moist-curing. The water absorbency,
comfort-related and mechanical properties were
measured. Three types of fabrics, viz. plant-structured,
plain and twill fabric were investigated. Earlier work [35] has demonstrated that plant-structured fabric has
significantly improved water absorbency, air permeability
and handle, so one objective of the present study was to
investigate if it can compensate for the adverse impact of
crosslinking.

RESULTS AND DISCUSSIONS
The results of the physical and mechanical properties of
various samples were listed in TABLE II and these
properties are actually a function of various factors softeners,
crosslinking
conditions
and
fabric
constructions. To determine the significance of the
differences between two sets of samples, paired t-test
were conducted.

(a)
(b)
(c)
FIGURE 1. SEM Images for various condition (X 1000)
(a) Control; (b) Moist-crosslinking; (c) Dry-crosslinking.

With regard to the effect of the crosslinking condition, the
moist-crosslinked fabrics are significantly thicker and
heavier (p<0.05). The SEM images, shown in FIGURE 1,
displayed that the moist-crosslinked fibers are swollen
with less cavity on its surface. Since it was treated near
neutrality during the crosslinking process, it created less
damage to the fiber. Therefore, its tearing strength is
significantly higher (p<0.05). However, in terms of the
comfort-related properties, the moist-crosslinked fabrics
are not as superior as the dry one. The air resistance and
shear rigidity for the dry-crosslinked fabrics is
significantly lower (p<0.05). Lower of these values
implying higher air permeability and softer hand feel
which gives the wearer a comfortable feel. FIGURE 2,
illustrating the absorption characteristic, reveals that
shorter time is required for the dry-crosslinked fabrics to
absorb 0.02 ml of water and so it can absorb sweat
immediately.

EXPERIMENTAL
All three types of fabrics were treated by the commercial
products. Fabric samples were dipped and nipped twice in
a laboratory scale padding machine at 3 kg/cm2 pressure
and 5 rpm to achieve 70 % wet pickup with freshly
prepared solutions of resin and catalyst in the presence of
different types of softeners. The formulations of the four
recipes are listed in TABLE I. After padding, the moistcrosslinked padded fabrics were dried at 90 ˚C for 1
minute so that 7+1 % of moisture was remained on the
samples. The partially dried samples were then cured in a
relatively low temperature of 32+1 ˚C for 24 hours. As for
the dry-crosslinked padded sample, it was dried at 110 ˚C
for 2 minutes and then cured at 150 ˚C for 5 minutes.
Dry-crosslinking
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Conc.
pH
Product
(g/L)
Fixapret F-ECO
80
5
MgCl2．6H20
18
Turpex ACN New
20
Ultratex FH New
20
Fixapret F-ECO
80
5
MgCl2．6H20
18
Turpex ACN New
20
Ultratex FMW
20

Time in second

TABLE I. Formulation of each recipe
Moist-crosslinking
Sr.
Conc.
Sr.
Product
pH
no
(g/L)
no
M1 Knittex FA Conc 200 1.5 D3
Knittex CAT UMP 100
Turpex ACN New
20
Ultratex FH New
20
M2 Knittex FA Conc 200 1.5 D4
Knittex CAT UMP 100
Turpex ACN New
20
Ultratex FMW
20

0
Plant Plain Tw ill Plant Plain Tw ill Plant Plain Tw ill Plant Plain Tw ill
M1
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M2

D3

D4

on tensile strength loss of finished cotton fabrics. Textile
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2. Mehta, H.U., Gupta, K.C., Bhatt, V.R., Somashekar,
T.H., Modi, C.A. and Malatesh, S. (1978) Effect of
Construction and Weave on Some Mechanical Properties
of Untreated and Resin-Treated Cotton Fabrics. Textile
Research Journal. 48 (9), 512-517.
3. Fan, J.T., Sarkar, M.K., Szeto, Y.C. and Tao, X.M.
(2007) Plant structured textile fabrics. Materials Letters.
61 (2), 561-565.
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plant structured fabrics. Fibers and Polymers. 10 (3), 343350.

FIGURE 2. Absorption property of various samples

Control

TABLE II. Perfomance characteristics of various samples.
Air resistance
Tearing
R
DCRA
Shear stiffness
strength
(KPa⋅s/m)
(˚)
G (gf/cm.deg)
(Newton)
M1 Plant
0.409+0.012 142.2+4.3
0.670+0.005
9.55+0.76
Plain
2.116+0.143 139.5+1.8
2.142+0.109
4.55+0.20
Twill
1.109+0.052 137.8+2.6
1.015+0.030
9.30+0.39
M2 Plant
0.415+0.009 127.5+2.2
0.623+0.016
10.04+0.26
Plain
2.190+0.110 148.0+1.3
2.135+0.058
4.76+0.13
Twill
1.164+0.034 140.8+0.8
0.962+0.026
10.06+0.82
D3 Plant
0.376+0.026 130.5+2.5
0.607+0.012
6.65+0.24
Plain
1.732+0.062 143.5+1.8
1.813+0.018
3.20+0.06
Twill
0.973+0.016 140.8+1.0
0.915+0.010
4.50+0.12
D4 Plant
0.384+0.018 131.0+2.6
0.567+0.008
8.21+0.09
Plain
1.746+0.081 152.5+1.5
1.737+0.028
3.45+0.11
Twill
0.974+0.068 143.5+0.5
0.837+0.042
6.69+0.04
Plant
0.319+0.018
96.7+5.9
0.738+0.006
11.21+0.33
Plain
1.623+0.064 100.2+3.8
2.322+0.020
6.36+0.19
Twill
0.938+0.063
96.8+3.0
1.163+0.014
9.24+0.34

Irrespective of the crosslinking method and fabric
construction, it can be observed that “Ultratex FMW”
gives significantly better performance in areas of shear
rigidity and tearing strength (p<0.05) since it is cationic
and in micro emulsion form. Instead, “Ultratex FH New”
is a non-ionic aqueous solution.
As for the effect of the fabric construction, this study also
demonstrated that the treated plant-structured fabric have
significantly better air permeability, lower shear rigidity
and higher tear strength (p<0.05) than the conventional
fabrics regardless of crosslinking method and softener
effect. Plant-structured fabric with two layers intersecting,
creating greater surface area to volume ratio from bottom
to top layer, could successfully facilitate the transport of
water and so its absorption time is significantly shorter
(p<0.05). With these superiorities, it could possibly
compensate for the adverse effect of the crosslinking
agent.
CONCLUSIONS
This study has investigated the effect of crosslinking
method, softener and fabric construction. Experimental
result shows that each crosslinking method has its
comparative advantages – moist-crosslinking can improve
the tearing strength whilst comfortable fabric could be
achieved by dry-crosslinking. Regardless of crosslinking
condition and fabric construction, softener Ultratex FMW
shows higher strength and softer feel. The treated plantstructured fabrics demonstrated better performance in
tearing strength and the comfort related properties which
is coincide with the previous finding.
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OBJECTIVE
The objective of this research is to develop thin flexible
insulating coatings for electrically conductive fibers (efibers). Conductive textile fibers with good flexibility,
robustness and haptics are essential for integration of
electronics into textiles1.

APPROACH
Dip coating: Plasma-metallized Polyamide 6.6 (PA6.6)
monofilament fibers (diameter: 78.5 μm) with a 200 nm
silver layer were used as starting point. Coating solutions
were prepared using a UV-curable PU dispersion8 (Bayer,
Germany), carboxymethylcellulose (CMC, (high viscosity
rheological agent) and photoinitiators. Coating solutions
of varying viscosities with CMC concentrations of 0 to
10% were prepared. Dip-coating was done on a custombuilt continuous liquid film coating machine with two
drying and one UV-curing chamber (Figure 1, left).
Coating experiments were performed using withdrawal
speeds in the range of 1.5 to 8.8 m/min. Temperature in
the drying chambers was maintained at 120°C. A UVcuring lamp with power ranging from 60 to 120 W/cm
was used.

INTRODUCTION
Technologies and processes like co-spinning fine silver
wires, use of conjugated polymers or metal coating on
yarns and textiles can be used to create electrically
conducting fibers. Recently we have developed a lowpressure plasma sputtering process to deposit a smooth
100-200 nm thin silver layer on common mono- or
multifilament yarns. The resulting plasma-metallized,
silver coated fibers are useable for e-textiles which
behave and perform like conventional textiles in terms of
robustness, flexibility and haptics, but are capable to be
used as interconnection platform for technology enabled
clothing2. To prevent corrosion and unwanted contacting
of the conductive coatings, a proper insulation is
necessary. An insulating coating using organic polymer
based materials is thus applied here using either a wet
chemical dip coating procedure or an overjacketing
extrusion technique.

Overjacketing extrusion: The uncoated polymeric
filament (diameter 50-100 μm) passes through the core of
the overjacketing crosshead extrusion die and is coated
with the polymer melt either within the die (pressure die
type, see Figure 1, right) or just after leaving the die at the
groundplate (tubing die type). After the coating process,
the coated filament is cooled in air or water. The coating
velocity (typical range for the current laboratory setup: 5
to 300 m/min) is determined by the action of the take-up
unit situated after the cooling zone.

Dip-coating (free-meniscus coating) is a simple and
inexpensive method to deposit a liquid film on the surface
of substrates like metal sheets, textile fibers etc. The film
thickness depends on multiple factors like fiber diameter,
withdrawal velocity and rheological properties of the
fluid3.
UV-curable polyurethane (PU) aqueous dispersions give
high performance thin flexible coatings which exhibit
excellent physical properties and good chemical and
mechanical resistance4. An interesting aspect about UVcurable coatings is that the uncured portions can be easily
removed while the cured coatings have excellent washing
fastness. This makes them very promising candidates for
selective inter-connects in textiles.

Figure 1: Schematic drawings of the dip coating machine (left) and the
overjacketing crosshead extrusion die (right)

Wire coating is an extrusion process in which either the
molten polymer is extruded continuously over an axially
moving wire (tubing-type die) or the wire is pulled
through the extruded molten polymer (pressure-type die)5.
It is widely used for the sheathing of electrical wires and
cables6, 7. The goal of our activities is to transfer the wire
coating technique to polymeric filaments. To achieve a
differentiation from the coating of wires, the more general
term "overjacketing extrusion" will be used for this
approach.

RESULTS AND DISCUSSIONS
The UV-curable PU dispersion applied by dip coating
gives highly flexible, elastic, transparent and thin
insulation coatings on the silver coated fibers. The PU
dispersion and the rheological agent (CMC) show a shear
thinning (pseudoplastic) behavior. The viscosity increases
exponentially with addition of CMC to the coating
solution. As expected according to the LLD theory
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(diameter: 80 μm) and PA12-based thermoplastic
elastomers (PEBA) showed that the principle of (metal)
wire coating is also applicable to the coating of polymeric
filaments. In contrast to the dip coating procedure, a
higher coating velocity leads to thinner coatings.
Processing is very delicate in terms of monofilament
guidance, melt viscosity and stability of the polymer flow.
Performing coating processes at various temperatures and
coating velocities seems to be more straightforward for
the tubing-type setup of the die than for the pressure-type
setup. These results show that overjacketing extrusion can
serve as a complementary method to dip coating, giving
the possibility to use various polymer melts and, in
addition, to achieve, e.g., thin coatings even at high
velocity, or thick coatings also at low velocity.

developed by Landau, Levich and Derjaguin for dipcoating of fibers using Newtonian fluids9, the resulting
coating thickness increases with increasing viscosity and
withdrawal speed. Nevertheless, as the coating solution
shows a very strong shear-thinning (i.e. non-Newtonian)
behavior, the LLD theory is not followed exactly3.
SEM images of the coated fibers show that the coatings
are smooth and uniform (Figure 2). The metallized PA6.6
fibers have a very rough surface, which facilitates the
adhesion of the coatings to the fiber surface. The
uniformity of the coatings can be attributed to the
homogeneity of the coating solution, the vertical withdrawal at 90° to the liquid surface with constant velocity
and to reduced interfacial tension between the fiber and
the coating liquid.

CONCLUSIONS
Conductive plasma-metallized PA6.6 fibers were
successfully dip-coated with UV-curable PU dispersions.
Good insulation and mechanical properties which are
essential for integration of these e-fibers in textiles are
obtained. By optimizing the critical parameters of dipcoating, micro- and nanoscale coatings on fibers can be
achieved. Overjacketing extrusion is a very promising
complementary method to dip coating, extending the
range to higher coating thicknesses and additional
polymer types.
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Figure 2. Cross-sectional SEM image of a PU coated PA6.6/silver fiber
showing uniformity and thickness of coating.
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Washing tests of the cured and uncured samples were
carried out using standard ECE surfactant and steel balls
(in accordance with ISO 105 C06). The coatings for
uncured PU coated fibers were washed-off easily at 60°C
in 5 mins. UV-cured PU coatings were still intact after 24
hours of washing at 60°C and for 3 hours with 10 steel
balls at 60°C. Excellent washing fastness of these UVcured PU coatings are apt for use in e-textiles.
Although these UV cured coatings have good overall
properties, there are some inherent restrictions of the dip
coating process in terms of velocity range, achievable
coating thickness, polymer types and multifilament
coating.
Overjacketing extrusion has the potential to overcome
these limitations. The first coating experiments with
overjacketing extrusion of uncoated PET monoflaments
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Wearable electronics has received increasing interest in
recent years because of its attractive applications in
communications, actuations, energy, data management,
and biological sensors for medical purposes. The
integration and design of wearable electronics into
electronic textiles are also recognized as a revolution of
the fashion world. However, to date, researchers still face
tremendous amount of challenges in developing and
advancing materials and technologies for this goal. One of
the biggest challenges remained to solve is the fabrication
of durable, flexible, stretchable, and even washable
electrode materials which are inevitable to all wearable
electronic devices.
This talk will introduce two composite electrode materials
recently developed in our laboratory. The first one is a
highly durable conductive cotton yarn which can be used
as electrical wire. The second one is a graphene
composite thin film which can be used as transparent
electrode in organic optoelectronic devices. The synthesis,
properties (especially durability), and applications of the
composite electrode materials will be presented.

Figure. Left: SEM image of a conductive
cotton. Right: Digital image of a bended
graphene based composite electrode.
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3. was followed. Next, stainless steel wire or stainless
steel conductive yarn, as counter electrode, was coated
with Pt. Finally, photo-electrodes as a warp and Pt coated
counter electrode as a weft were woven into plain, twill,
and satin types.
For dye solution, commercially available ruthenium 535
bis TBA, as referred to N-719, was dissolved in ethanol
solution (0.22mM). For Platinum solution, chlroplatinic
acid hexahydrate 0.4g was dissolved in 20ml of
isopropanol (IPA). A solid-state PVC-g-POEM graft
copolymer, prepared by literature (Roh, 2010)[2], was
dissolved in tetrahydrofuran/acetonitrile (1:1 volume %).

OBJECTIVE
This paper investigated the efficiency of solar textiles
using dye sensitized solar cell based on different types of
counter electrode materials, TiO2 deposition methods and
weave type. The purpose of this study is to develop a new
type of solar powered textiles using stainless steel wire
and stainless steel conductive yarn.
INTRODUCTION
Solar cell, photovoltaic, is one of the alternative energy
resources which can be used as portable power to run
various objects and digital devices on smart clothing.
Researchers intend to increase adaptability on smart
clothing by increasing the flexibility and efficiency of
solar cell. According to Kang & et al. (2006)[1], a flexible
solar cell using stainless sheet as substrate reached
4.2%(100mW/cm2). Dye sensitized solar cell (DSSC) has
various advantages of low cost, environmentalfriendliness, low incident light angle dependence,
flexibility, light weight, stability under real life condition,
and transparency. However, low efficiency, washability,
mechanical resilience and durability problems are not
solved yet. To increase the flexibility and adaptability to
textile materials, fiber type dye-sensitized solar cell is one
of the current key challenges. In this study the
performance and efficiency of the solar cells depending
on substrate materials and weave structure were analyzed.
This study suggested the new type of portable battery
suitable for smart clothing using various weaving
methods and materials and found out the possibility of
further development..

(a) dipping method

(b) drawing method,

FIGURE 2. Schematic of TiO2 deposition methods

FIGURE 3. Fabrication of photo-electrode on stainless steel wire.

TABLE I Physical characteristics of the stainless steel wire and
conductive yarn
Diameter
Length
Mass
Resistance
Material
Type
(mm)
(cm)
(g)
(Ω/cm)
Stainless
Wire
0.1
30
0.215
1.5
steel 314
Stainless
Spun
2
30
0.785
0.5
steel 316L Yarn

Measurement of Thickness of TiO2 and
Dye
Adsorption.
DSSC performance is strongly dependent on the thickness
of TiO2, which is directly related to the amount of dye
adsorption, leading to enhanced Jsc values. To analyze the
efficiency of DSSC, thickness and dye adsorption of TiO 2
on stainless steel wire were measured. In order to
calculate the thickness of TiO2 loaded on the wire, weight
was measured by first two steps in FIGURE 3. Density
rate of TiO2 (4.23g/cm2) and surface area of stainless
steel wire (0.942cm2) were considered when examining
the volume and thickness of TiO2 on stainless steel wire.
Followed by third step of FIGURE.3, stainless steel as
dipped in NaOH solution (dissolved in H2O and EtOH
(0.01M) for desorption which was measured by UVvisible spectrophometer (Hewlett-Packard, Hayward, CA)
at wavelengths ranging from 300nm to 800nm[3].

For photo-electrode, TiO2 (gel type, average particle size :
15 ~ 20nm) was applied on steel wires by two different
method (FIGURE 2.) and progress described in FIGURE

Measurement of Performance
Short-circuit current density (Jsc, mA), open-circuit
voltage (Voc, V) were measured by a solar simulator with

EXPERIMENT
Fabrication of Woven Solar Textiles
Stainless steel wire as photo-electrode and Pt coated
stainless steel or stainless steel conductive yarn as counter
electrode (TABLE 1.), were used to fabricate three
different weave type such as plain, twill and satin.
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an irradiance of 100mW/cm2 at AM 1.5 (by a 50-500 W
Xe Lamp (Thermo Oriel, 91193, USA). Origin 7.0
program was used for I-V curve graph. TiO2 nanoparticles, surface morphology of electrolyte around
stainless steel wire were examined by Scanning Electron
Microscope (SUPRA 55VP, NICEM, Carl Zeiss) images.
RESULTS AND DISCUSSIONS
Performance of each solar textile was analyzed depending
on the weave structures. In Figure 4 (a), I-V curve of
woven solar textiles using stainless steel wires as a photoelectrode and Pt coated stainless steel wires as a counter
electrode (SS) showed slightly different performance
related to weave structures. Satin weave shows the
highest open circuit voltage and current density, 0.192V
and 354μAcm-2, respectively. In FIGURE 4. (b), I-V
curve of woven solar textiles using stainless steel wires as
a photo-electrode and stainless steel conductive yarn as a
counter electrode (SC) exhibited different performance
depending on weave structures. Satin weave showed the
highest open circuit voltage and current density, 0.215V
and 18.8μAcm-2, respectively.

Dye Absorbance

FIGURE 7.. Satin weave made by stainless steel wires coated by
drawing method and Pt coated stainless steel wires.

0.0
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FIGURE 8.. Dye Absorbance on Stainless steel Wire

CONCLUSIONS
Solar textiles using DSSC appeared to have significant
dependence on weave structures and materials. Weave
structure of solar cells was considered to be one of good
solution of interconnection, shadowing caused by fiber
type solar cell. The highest performance of satin weave
was due to the larger surface area of photo-electrode
facing the light source that was higher by 80% than plain
or twill structure. By using drawing method, it was found
obtain fine and even TiO2 coated surface when depositing
which led to better dye absorption.

(b)
FIGURE 4. I-V curve of three basic weave structures; (a)based on
stainless steel wires & stainless steel conductive yarn as a warp and
weft(SS (b) based on stainless steel wires & stainless steel conductive
yarn as a warp and weft (SC).

Both results indicate high performance of the cells in
order of satin, twill, and plain weave.
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(b)

FIGURE 5. Surface morphology of TiO2 particles (a) and surface of
TiO2 layer on stainless steel wire coated by dipping method (b)(scale
bars 1µm)
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(b)

FIGURE 6. Surface morphology of TiO2 particles (a) and surface of
TiO2 layer on stainless steel wire coated by drawing method (b)(scale
bars 1µm)

Less cracks and defects were found on the surface of
TiO2 layer when using drawing method (FIGURE5.)
compared to dipping method (FIGURE 6.).Satin weave
structure using stainless steel wire as warp and weft using
drawing method showed best efficiency which recorded
0.583V and 29.5μA, respectively. (FIGURE 7.) An
average of volume and thickness of TiO2 on stainless
steel were 0.00301cm2 and 2.6μm, respectively. The dye
adsorption values are approximately 68.51nmol/cm2 and
0.081mg/cm2, respectively.
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Fabrication of the 3DIMA The 3DIMA preform
was manufactured on a 3D orthogonal weaving
machine. Conductive yarns were woven into the
first and second face layers in length and width
directions as the radiating patch and feeder line
with grid pattern. The 3DIMA with 0.8 mm and
0.3mm diameter copper yarns in its length and
width directions (3DIMA-1); the 3DIMA with 0.3
mm and 0.8 mm diameter copper yarns in its length
and width directions (3DIMA-2) were fabricated
respectively. The whole assembly was then
impregnated in a vinyl ester resin using vacuum
assisted resin infusion technique at ambient
temperature.

OBJECTIVE
The objective of this study is to investigate the
effect of conductive yarn configurations of a three
dimensional integrated microstrip antenna (3DIMA)
on its antenna performance. Two types of the
3DIMAs with different conductive yarn
configurations were manufactured. The results
showed that the conductive yarn configurations in
3DIMA can influence its resonant frequency, gain
property and radiation pattern property. This study
holds important potential for some composite
antennas or textile antennas to design and optimize
the antenna performance.
INTRODUCTION
Recently, a three dimensional integrated microstrip
antenna (3DIMA) structure was demonstrated by
Yao L et al. [1]. The fundamental design concept
of 3DIMA is an integrated composite structure, in
which a microstrip antenna is woven into a 3D
orthogonal composite and integrated by the yarns
in through-thickness direction (Z-yarn). The Z-yarn
in 3D orthogonal woven composites binds the
preform to hold the in-plane fibers, preventing
delamination of the composites.
Therefore,
comparing with the conformal load-bearing
antenna structures (CLAS) and the composite
smart structures (CSS) [2, 3], the 3DIMA shows
superior integrity and delamination resistance. In
this study, the effect of the conductive yarn
configuration in the microstrip antenna has been
investigated. Two types of the 3DIMAs with
different conductive yarn configurations were
designed and fabricated. Then, the antenna
performance of the 3DIMAs was tested and
compared.

FIGURE 1. Dimensions of the3DIMA (in mm)

Antenna performance tests The VSWR was
measured using an AV3618 Integration Microwave
Network Analyzer. The radiation pattern and Gain
were measured in the anechoic chamber using HP
8510C Antenna Test System. The radiation pattern
was obtained from the signal received by the
antenna rotating 360 degrees. The Gain was
calculated by comparing field values of a
Reference-Gain Horn Antenna.

DESIGN OF THE 3DIMAs
The 3DIMA was designed to operate at radar Lband with the resonant frequency of 1.5GHz. The
substrate of the 3DIMA is a 3D E-glass/vinyl ester
resin composite with a dielectric constant of 4.5
and a dielectric loss tangent of 0.02. The
dimensions of the 3DIMA are shown in Fig. 1.

RESULTS AND DISCUSSION
The tested VSWR results of the 3DIMA-1 and
3DIMA-2 are shown in Fig. 2. The VSWR values
of both 3DIMAs were lower than 1.5, which
indicates that the conductive yarn configuration of
3DIMA has slight effect on the VSWR property.
The tested resonant frequencies of the 3DIMA- 1
and 3DIMA- 2 were 1.39 GHz and 1.35 GHz. Both
of them are lower than designed resonant
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frequency of 1.5 GHz. The deviation of resonant
frequencies can be caused by many reasons, such
as the deviation of the size of the radiating patch
and the dielectric properties of substrate. In this
study, the tested results show that the different
conductive yarn configurations caused more
deviation of the resonant frequency of the 3DIMA2 than that of 3DIMA- 1.

3DIMA with 0.8 mm and 0.3mm diameter copper
yarns in its length and width directions had better
resonant frequency, gain value and radiation
property than those of the 3DIMA with 0.3 mm
and 0.8mm diameter copper yarns in its length and
width directions.

FIGURE 3. Radiation patterns, (a) 3DIMA-1and (b) 3DIMA-2
FIGURE 2. VSWR curves, (a) 3DIMA-1and (b) 3DIMA-2
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The tested radiation patterns of the two 3DIMAs
are shown in Fig.3. Both the magnitudes of the
main lobes of their radiation patterns have their
maximum near 0 degree and some side lobes in
other directions. However, the 3DIMA-1 has its
gain value of -3.7dB, which is 1.6dB higher than
that of 3DIMA-2 of -5.3dB. Moreover, the
3DIMA-2 has a larger black lobe than the 3DIMA1. It suggests that the conductive yarn
configuration of the microstrip antenna may cause
the decrease of the gain property and the big back
lobe of radiation pattern.
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STATEMENT OF PURPOSE/OBJECTIVE
Middle school stage is a critical period for a girl to grow
into an adult woman from a child. An in-depth study of
body shapes of the teenage girls can not only provide
relevant basic ergonomics data, but also make the product
design towards teenage girl more effective, comfort and
healthy. However, these are few researches related to
teenage girl’s body shapes using 3D body scanning
method in both academic and industrial communities.
Based on the 3D scan data of 155 Chinese teenage girls
aged from 13 to15 and a set of 111 anthropometric
measurements extracted from each subject, this study
aims to explore the key components for body shape
identification of the Chinese teenage girls using principal
component factor analysis. The results can provide
necessary theoretical data for further development of
related apparel sizing and anthropometric mannequins for
the Chinese teenage girls, and will assist in the
improvement of product design.

FIGURE 1. Comparisons among current sample and teenage girl's
clothing size standards of ISO, JIS and GB

INTRODUCTION
To provide the anthropometric data for school uniform
design and public facilities development, Japanese
researchers adopted 3D whole body scanner to investigate
body dimensions of teenage girls in early 1990s [1]. Body
features of Chinese teenage girls in middle schools have
changed in the recent 20 years [2]. However, the existing
clothing sizing system of Chinese minors renewed in
2009, was still revised using the manual measurements
obtained in 1987. Those measurements data are outdated,
inadequate, and unable to accurately reflect body features
of current teenage girls [3]. In this study, the 3D body
scan data of 155 teenage girls in the middle school were
randomly selected from the Chinese national minor
anthropometric database established from 2003-2008 for
analyzing principal factors and their corresponding
measurements that can be used to describe the body
shapes of Chinese teenage girls.

FIGURE 2. Key body surface points related to mannequin development
and related measurements

Since the analysis results of body shape components are
important for further garment sizing establishing &
anthropometric mannequin development (see Figure 2)
for teenage girls, 111 measurements including body
height and breast girth were identified and extracted from
the scan data according to the above research purpose.
The measurements cover: 18 height variables, 12 girth
variables, 30 width and thickness items, 14 body surface
length items, 25 body surface and axis angles, 12
calculated variables like compressed ratios and height
ratios. Furthermore, Using sample correlation matrix, the
principal component factor analysis depending on
varimax rotation was conducted to investigate the
components for classifying teenage girl body shapes.

APPROACH
Using body height and bust girth as the key
measurements, the data of 155 teenage girls (shown as red
points in Figure 1) were compared with the current minor
clothing standards from ISO, JIS and GB [4][5][6]. It was
found that the current standards can cover very few
percentage of the 155 teenage girls.
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other eight factors. Each factor were defined according to
the estimated factor loadings and communality results.
The first factor was labeled as “body build” since most of
variables with relatively high loading in factor 1 were
relevant to circumference variables, depth & width
variables, and body build indices. The second factor was
defined as "height proportion" due to including the height
related information such as bust height, body height, waist
height and other height related measurements. In the same
way, the other factors were defined as shown in TABLE I.

RESULTS AND DISCUSSION
The factor analysis result of the scree plot of initial
eigenvalues indicated that 5-19 factors might be optimal
[7], and the results revealed that ten factors seemed to be
the most ideal, which could explain 73% of total sample
variance and kept a reasonable number of factors.
TABLE I. Sample variance of the key factors and descriptors of extreme
figures of teenage girls

Factors

Factor 1: body

build

Factor 2: height
proportion
Factor 3: upper
torso shape

Factor 4: waisthip shape
Factor 5:
shoulder shape
Factor 6: upper
torso shape
Factor 7: the
breast triangle
Factor 8: body
reverse aspect
ratio
Factor 9: angle
between the
upper torso axis
and the lower
part axis
Factor 10:
slanting angle of
lower part of the
body

Descriptors of
extreme figures
(+) Fat
(-) Thin
(+) High
(-) Short
(+) Wide and long
upper torso
(-) Narrow and
short upper torso
(+) Small difference
between waist and
hip girth
(-) Large difference
between waist and
hip girth
(+) Slope shoulder
(-) Square shoulder
(+) Bowed shape
(-) Inverted bowed
shape
(+) Acute triangle
(-) Equilateral
triangle
(+) Round shape
(-) Flat shape
(+) Small angle and
strong reverse
tension
(-) Large angle and
weak reverse
tension
(+) Small
(-) Large

Cumulative
proportion of
total sample
variance (%)

CONCLUSIONS
Based on 111 anthropometric measurements of 155
teenage girls in the middle school, this study extracted 10
principal components including body build, height
proportion, body surface length and waist-hip shape etc,
to describe the body shape features of Chinese teenage
girls at middle schools through the principal component
factor analysis. The results indicated that apart from the
first two principal components are related to the whole
image of the body figure, the rest 8 components are all
correlated with contours and shapes of various body
segments and body axis.

29.5
45.3

50.8

FUTURE WORK
Depending on body shape classifications of middle school
teenage girls, further research work will focus on: 1)
establishing a new clothing sizing system; 2) developing
representative anthropometric mannequins.

56.0
60.6
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71.1

73.1

The results revealed that the body shape could be
described using ten key components related to different
body segments (see TABLE I). It can be seen that the first
factor accounts for 29.5% of the total variance, while the
second factor accounts for nearly 16% of the total
variance. These two factors account for 45.3% of the total
variance, much larger than the combined effect of the
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1

to curve her back in order to counterbalance
the weight of the abdomen [3].

INTRODUCTION
How do women manage the acquisition of
garments when their body shape is changing
radically, such as when they become pregnant?
More specifically when do future mothers are
looking for pregnant wear? This research
focused on pregnant Asian women, and their
need for new clothes as well as their
appreciation of the sizes of these maternity
clothes. Our results highlighted that beside the
bust, which changed during the first trimester
and the feet that changed during the third
trimester, the majority of the women
interviewed felt changes in their body during
the second trimester. Nevertheless most of
them stated they needed new garments as soon
as during the first trimester of their pregnancy.

Figure 1: Source: Maternal-newborn Nursing: A Familycentered Approach, page 295

Maternity Wear
Literature revealed that maternity wear is
relatively new. The importance of garment fit
wasn’t considered by the apparel industry until
recently, probably because it was not
considered as a specific market. According to
our understanding, nowadays pregnant women
fulfill this definition, as detailed by Day [6] i.e.
as a groups of homogenous people that are (1)
identifiable, (2) durable, (3) measurable (in
terms of sales volume and rate of growth), (4)
substantial to justify the allocation of resources
to serve the segments and (5) sufficiently
distinctive in the marketplace.
The first maternity dress was a cheap cotton
wrap-around housedress created in the early
1900’s [5]. Some [6] stated that is it only after
1890 that attention was put to accommodate
women's unique physiology such as maternity
and sanitary protection. Waistband of the skirt
became adjustable. Before that mother-to-be
often ended up buying clothes that were not
suitable for their needs [7]. Recently, fashion
trend helping, emphasis has been put on
pregnant women, especially celebrities. The
hips and abdomen-low rise pants, the halter
tops, and even rings and jewels for the navel
catch attention of this part of the body which
makes pregnancy more obvious. A major shift
has occurred in maternity wear; a style called
the pregnant look. Some even stated that it is
nice to show the pregnancy look [8].

LITERATURE REVIEW
Pregnancy is often divided into three unequal
trimesters, each one with its own predictable
developments for both the fetus and the
mother-to-be. The question that rises is what
type of maternity wear pregnant women are
looking for and when? Literature facilitated the
understanding of the body transformation
during these nine months of pregnancy and
their needs as for maternity clothes.
Physical changes
Most pregnant women gain weight (anywhere
from 2.5kg to 45kg) during their pregnancy [1].
Even if during the 1st trimester, the whole
metabolism changes and some women become
minutely conscious of any changes in their
body not much can be perceived from the
outside beside the breast which can increase
considerably [2]. The 2nd trimester is when
most women begin to put on weight. At the
beginning even if there is no evidence of
pregnancy it is not unusual for an enthusiastic
mother-to-be to wear maternity clothes as a
“validation” of the pregnancy [3]. During the
3rd trimester the fetus will be growing the most
rapidly, gaining up to 28g per day. Final
weight gain takes place, which is the most
weight gain throughout the pregnancy. Breasts
become full and sensitive. Contrary to the 2nd
trimester where the woman's belly would have
been very upright, during the 3rd trimester it
will drop down quite low. The woman's navel
could become convex due to her expanding
abdomen. The fetus obliges the future mother

APPROACH: Understanding this market
When comparing Asian women to Western
women one would imagine it is obvious that
sizes and body shapes are not alike. Indeed,
women’s anthropometric analysis permitted to
establish that ethnicity makes a difference in
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Garment fit appreciation was ranked on a Liker
scale of 1 (not satisfy at all) to 5 (very satisfy).
Surprisingly, a high percentage of women
were neutral, satisfied or very satisfied with
the sizes and fit offered for maternity clothes.
Although a high percentage (69%) states they
prefer to wear a one piece dress, 44% states
they are unsatisfied with the fit.

body shapes, moreover it can changes from
one geographic area to another [9]. Without
saying that women from different origins are
unique, in their body shapes, let’s say that they
can be distinctive and may be defined as a
specific target market. Many apparel brands
recognized this phenomenon and produce for
one specific body shape [13]. Consumers on
their side rapidly identify brands that fit their
body shape and size.
In this research we focused on Asian pregnant
women and interviewed more than 200 of
them asking about their needs for specific type
of clothes and the trimester they need it for.
We also investigated their satisfaction with the
sizes and fit of maternity wear available for
them on the market.

TABLE I: Sizes and Fit Appreciations
1
2
3
2%
4%
23%
Maternity Bra
2%
2%
29%
Panties
1%
6%
37%
Pants
0%
5%
41%
Blouses
2%
8%
47%
Sportswear
2%
8%
56%
swimwear
3%
41%
33%
1 piece dress
2%
4%
45%
Sleepwear
1%
15%
40%
Jeans
2%
6%
49%
Socks
CONCLUSION

RESULTS - Demographic
This study was conducted in Hong Kong in
2008-09. The sample size was 203 women.
The majority, 68%, was Hong Kong Chinese;
17% Chinese from Mainland and the rest 15%
were from other Asian nationalities.
Out of this sample 26% were pregnant during
the study; 30% were within the last 2 years;
23% were 2 to 5 years ago and of, 23% were
within the last 10 years. For the majority of
them (61%) it was their first pregnancy.
As for the age distribution 14% were in the age
range of between 20 and 25 during their
pregnancy; 26% were between 26 and 30; and
almost 30% were between 31 and 35.
Need for maternity wear
Our results show that pregnant women literally
change their wardrobe during their pregnancy.
Close to 60% even feel they needed to change
their shoe size. Besides the need for a new bra
which appeared in the 1st trimester, 40% of our
sample mentions the need for new panties and
new pants as early as in the 1st trimester. For
the other types, need seems to appear mostly
during the 2nd trimester. As for satisfaction, a
high percentage were neutral, satisfied or very
satisfied with the sizes and fit offered on the
market although one must know that a high
percentage expressed a preference for loose
fitting one piece garments (Figure I)

4
47%
46%
39%
43%
31%
26%
21%
36%
34%
32%

5
24%
21%
17%
11%
12%
8%
2%
13%
10%
11%

Pregnant women represent a sole target market.
Even if their body doesn’t change that much
during the 1st trimester, the apparel industry
should take this opportunity to fulfill the needs
of the mother-to-be by offering them trendy
maternity wear designed for each of trimesters.
FUTURE WORK Avenues and Limitation
This research investigated women’s perception
of their body shape during pregnancy and their
appreciation for maternity wear using a
convenient sample in HK. It opens the door for
studies in different geographic areas to help
designers, manufacturers and retailers as well
as for marketers to fulfill the needs of this
unique target market. The lack of clarity, as if
they were practicing activities/sports and their
needs for specific type of clothes, also opens
the door for further studies.
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FIGURE I: Percentage who felt they need to change specific
type of clothes per trimesters
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different properties: very stretchy or very rigid, depending
on their end use[1,2,3]. Fully-fashioned knitwear
construction is relatively easy because there is no need to
construct any darts and pleats in the basic block
development. The feature of fully fashioned knitwear
construction is to use relatively high self extension of
knitted fabrics. First, the existing Hungarian, British,
Japanese and Clothing Construction United Method
(CCUM) pattern construction methods were studied and
compared in terms of their suitability on knit panel
development.

ABSTRACT REQUIREMENTS
This paper is a part of our study on knit panel
construction method for fully fashioned knitwear. In this
part, we attempted to devise a method to determine the
ease allowance for different knit constructions and
garment silhouettes based on the classification developed
in our previous work. The mechanical properties of
knitted fabrics were taken as the main criteria for
classification of ease allowances for fully fashioned
knitwear. The mechanical properties of different knits
made from Mongolian cashmere and camel fibres were
studied.

2. Length and width of Back shoulder line
Plain, rib, half milano, double cross-tuck and lace knit
fabrics were produced on a 12 gauge knitting machine.
Camel yarn was used to knit the fabrics. A fashioning
frequency for a proper back shoulder line is found to be
2+1 needles in each 3 courses for plain knit jumper.
Though this fashioning frequency was the most suitable
for any size it required twice time and labour to produce
it.

INTRODUCTION
It has become essential for Mongolian cashmere and
camel fibre processors to fully utilise animal based raw
materials and produce value added end use products such
as knitwear. To produce knitwear with proper fit, it is
necessary to have information on the knit properties of
these fibres, however, very little information is available
on the properties of knits made by these fibres.
Therefore, there was a need to study knit properties
made from cashmere and camel fibres and their influence
on panel shape development for fully-fashioned knitwear.
With this aim the following research objectives were
identified:
- To measure the properties of a wide range of
knitted fabrics made from cashmere and camel
fibres and attempt to classify knit fabrics
depending the fabric characteristics and
properties
- To develop construction methods for knit panels
for fully-fashioned knitwear based on the
classification of knit types that took the
mechanical properties of knitted fabrics as the
main criteria
- To develop a software for knit panel shape
creation and product specification sheet
calculations

Figure 1. Fashioning frequency of set-in sleeve
shoulder line
In theory, the lowest fashioning angle for set-in sleeve
jumper was determined to be 37034’ however in practice
the lowest fashioning angle was found to be 35 08’ on
fabrics knitted on 12 gauge knitting machine. An
optimum width of sleeve head , is found to be 8.8-9.2 cm
for sizes 40-44, 9.2-10 cm for sizes 46-48 and 12 cm for
over sizes 50. As the width of sleeve head and the width
of shoulder line determine the fit of sleeve, these were
found empirically taking into account upperarm
circumference and height of sleeve head. Table I shows

EXPERIMENTAL
1. Construction Method
Knitted fabrics are produced on different machines with a
variety of knit stitches creating different knit
constructions and fabric types. Subsequently, they have
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build a several databases facilitating storage and access of
a large number of design datas easy. A gradation of any
product could be done fast and it will also provide an
information on yarn consumption. The software is
intended to reduce the time needed to develop knit panel
construction, create product spec sheet with desired
gradation and to increase product design efficiency. The
new pattern construction methodology namely Knit-1
(2007/324). including its software “KnitWear” MGL-2.0
(2009/150-3507) was patented in Mongolia The software
has potential to be used in design courses as well. The
software is written on Java. It will also create a customer
profile and database.

optimal width values of sleeve head for men and ladies
knitwear.
Table I. Optimal width of sleeve head
N
Width of sleeve head, cm
Size
Man’s
Woman’s
1
42-46
9.0-10.0
8.0-9.0
2
48-52
12.0-13.0
10.0-11.0
3
54-56
14.0
12.0
3. Armhole shape
Different construction methods give slightly different
armhole shapes. Though the construction methods
employed are originally for cut and sew production, exact
shapes as in basic blocks were created by fully fashioning
and the garment were compared for fit. The armhole
shapes differed
depending on garment size and
silhouettes. A proper fit was obtained after checking
them on body. The armhole shape was found to be the
most suitable experimentally.

CONCLUSIONS
In this study, , a new pattern construction methodology
“Knit-1” and a new design software “KnitWear” MGL2.0 were developed. The results are summarized as
follows:
 The newly developed methodology can provide exact
ease allowances for different garment silhouettes and
different knit constructions.
 Using the values of the ease allowances, knit panels
were constructed and gradation of the panels for
different sizes were done for three common
silhouettes namely, fitted, semi-fitted and straight
silhouettes with set-in, raglan, raglan-yoke sleeve
shapes.
 The software will enable industries to design and
construct knitwear with the most common sleeve
types (raglan, saddle and set in sleeves) to more
sophisticated garment silhouettes effectively and
efficiently.

RESULTS AND DISCUSSION
1. Construction method for fully fashioned knitwear
Knitted fabrics are produced on different machines with a
variety of knit stitches creating different knit
constructions. These fabrics have different properties:
very stretchy or very rigid etc., depending on their end
use. In this study, we determined several ease allowances
that took into account mechanical properties of knit
fabrics, garment silhouettes and fabric thickness. As a
result, a new pattern construction methodology “Knit-1”
was developed. This methodology will enable fully
fashioned knitwear manufacturers to make product
specification sheet more efficiently.
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Knitted Stretchable Interconnects for Wearable Electronics
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personal computer. The electrical resistance was recorded
when the specimen was punched by the steel ball. The
specimen is punched three-dimensionally in 50 cyclic
tests with 120% strain of the knitted substrate. The speed
of the steel ball is 300 mm/min.

INTRODUCTION
Electronics that can be conformal to movable and threedimensional curvilinear human bodies has recently
attracted broad attention. Wearable electronic devices,
such as electronic artificial skins [1, 2], personal health
assistant [3], and electronic garment [4], may contribute
to human health monitoring and activity indentifying in
real time.
In this paper, knitted stretchable interconnects have been
developed by integrating super fine enameled metal wires
into a knitted elastic fabric. The named knitted
interconnects can be three-dimensionally deformed in a
three-dimensional punch test, which is employed to
investigate the performance of the knitted interconnects
covering curvilinear movable bodies. The results suggest
that knitted interconnects can remain electrical stable
while being worn on human bodies. Therefore, knitted
stretchable interconnects are capable of connecting the
distributed electronic devices, including fabric sensors, on
different locations of human bodies.

FIGURE 1. Enameled copper wire based knitted interconnect.

MATERIALS AND FABRICATION
A super fine enameled copper wire (Shanghai Gold Ever
Super Fine Enameled Wire Co., Ltd, China) was
employed as the metal conductor. It is insulated by
polyurethane film with the thickness of several
micrometers. We have testified that enameled copper wire
based knitted interconnect can be electrical stable until
being stretched beyond an average elongation of 100% in
a three-dimensional punch test [4, 5]. Since human skins
have a mean elongation from 3% to 20%, it is quite
promising that enameled copper wire based knitted
interconnect can be worn on human bodies. For the first
step, a knitted interconnect, with horizontal and vertical
directions, was fabricated by co-knitting enameled copper
wire (with the core diameter of 50μm) together with
elastic yarn into a plain knitted substrate. As illustrated in
Figure 1, the metal wire is interlaced with the elastic
knitted fabric in course and wale directions with intarsia
pattern.

FIGURE 2. Experimental setup for three-dimensional punch test.

PERFORMANCE
1. Three-dimensional deformability
To investigate deformability of the knitted interconnect, a
three-dimensional ball-punch test method for textile
fabrics was adopted. As shown in Figure 2, a specimen
was fastened in the ring clamp, with the turning point in
the middle part, without tension. The conductor wire was
connected to a digital multimeter interfaced with a

FIGURE 3. Electrical property of knitted interconnect in punch test.
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show that knitted interconnects are promising for
wearable electronic applications.

Figure 3 presents the electrical property of the enameled
copper wire based knitted interconnect while being
cyclically punched by the steel ball. The initial resistance
was 9.5 Ohm, and it did not change when the knitted
interconnect was punched three-dimensionally with the
average substrate strain of 120%. The result indicates that
enameled copper wire based knitted interconnect is able
to be worn on curvilinear moveable human bodies.
2. Wearability
As indicated by the results, a specimen was fixed on the
knee of one subject. Figure 4 shows the relationship
between the electrical resistance and different gestures.
The initial resistance remained stable as the subject was in
different gestures, including standing, knee-bending with
different degrees, and walking. Therefore, the electrical
property of knitted interconnects is totally independent
from human activities due to the large stretchability of
knitted structure.

FIGURE 5. Knitted interconnects link sensors to form a matrix.

FIGURE 6. An example wearable application.
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FIGURE 4. Electrical property of knitted interconnect on human knees.
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WEARABLE APPLICATIONS
Knitted interconnects can physically link various
electrical devices so that transport of electrons between
the devices is possible. Figure 5 depicted a 9-sensor
matrix, in which 9 sensors can be connected by the
knitted interconnects.
Figure 6 illustrates an example of knitted interconnects
used for wearable applications. Three sensors were
connected by four knitted interconnects with a designed
pattern. The connection part between the metal wire and
the wires of the sensor was protected by a silicone paste
and woven fabric. The metal wires of the knitted
interconnects may be connected to the circuit board for
electrical monitoring.
CONCLUSION
Knitted stretchable interconnects were developed by
knitting technology using intarsia pattern. The results

94
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thermal-induced SMPs can be eliminated and their
permanent shape can be restored at a critical temperature
(referred to Ttrans). In the present study, a rectangle film is
fabricated to a coil temporary shape. This coil shape is
kept for a long time after fixing at lower temperature, e.g.
20℃. As the temperature is raised from 25℃ to 80℃, it is
observed in Figure 1 that the coil shape is relaxed before
50℃, and the coil is deployed quickly to a flat rectangle
film when the temperature is raised to above 50℃.
Finally, the original shape is recovered perfectly. Thus,
the Py-SMPUs show a typical thermal-induced SME.

1. INSTRUCTION
Shape memory polymers (SMPs) have been widely
studied in recent years. According to the stimulus, the
SMPs can be divided into thermal-induced SMPs, lightinduced SMPs, electro-active SMPs and magneticallyinduced SMPs. Aiming at expanding the applications of
SMPs, scientists are stimulated to develop multiresponsive SMPs which show the response to not only
heat or light, but also other stimulus like water,
moisture[1]. The reports of water-driven SMPs show a
clear research direction toward multi-responsive SMPs[2].
Recently, the development of supramolecular SMPs,
which are designed by incorporating the supramolecular
switch into the polymer networks of SMPs, provides
another way to achieve the multi-responsive shape
memory effects (SMEs)[3, 4]. In this paper, we will report
multi-responsive SMEs of supramolecular shape memory
polyurethane (SMPUs) based on the pyridine hydrogen
bondings.

FIGURE 1. Thermal-induced shape recovery of Py-SMPU films upon
heating from 25℃ to 80℃.

2. EXPERIMENTS
Materials used in this study were all bought from SigmaAldrich Chemical Co., St.. Pyridine containing SMPUs,
coded as Py-SMPUs, were synthesized from N, N-bis(2hydroxylethyl)
isonicotinamine
(BINA),
HDI
(hexamethylene diisocyanate) , BDO (1, 4-butanediol)
and MDI (diphenylmethane diisocyanate) according to the
procedure described in literature[3, 4]. The sample
PUPy53 was synthesized from BINA and HDI, containing
53wt% BINA content. Sample PUPy35 was synthesized
with BINA, HDI and BDO, containing 35wt% BINA
content. Sample PUPyMB35 was synthesized from BINA,
HDI, BDO and MDI, containing 35wt% BINA[5].

FIGUERE 2. Moisture-sensitive shape recovery of Py-SMPUs flower
under the condition of RH=65% and T=20℃

The shape recovery process was recorded for further
analysis according to the shape change or the length
change under the condition of heat, moisture, water and
acetic acid gas.

Figure 2 shows the moisture-sensitive shape recovery
process of flower made of Py-SMPU film. It is observed
that the shape memory flower opens the petals step by
step under the condition of RH=65% and T=20℃. A
closed flower starts to open the outside petals after being
placed in the moisture condition for 24 hours, and the
flower becomes relax as the conditioning time goes by.
After conditioning for 35 hours, the flower opens their
petals completely by themselves. As compared with the
thermal-induced shape recovery, the shape recovery is
trigged by the moisture stimulus, without external heating.

3. RESULTS AND DISCUSSIONS
SMPs are attractive because of their lower cost, excellent
processability and good recovery ability, i.e. SMPs can be
fabricated into many kinds of products easily like strips,
coils and flowers. Figure 1 presents the thermal-induced
shape recovery behavior of coils made of Py-SMPUs
upon heating. It is known that the temporary shape of the
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Similar to the moisture and water stimulus, some
chemistry gas like acetic acid gas can also be used to
trigger the shape recovery of Py-SMPUs. Table 2 shows
the results of acetic gas–sensitive SME of Py-SMPUs. It
is found that the PUPy53 is dissolved under the acetic
acid gas condition, showing no shape recovery. However,
the PUPy35 recovers its 61.9% deformed strain under 9.0
hours immersion in acetic acid gas, without dissolving.
The PUPyMD35 has a final shape recovery of 88.9%.
Similar to the water-driven SMEs, the shape recovery
results of PUPy53 is also ascribed to the damage of
physical netpoints by the acetic acid gas. This result show
that the Py-SMPUs containing stable hard segment or
physical netpoints can also show chemistry gas-sensitive
SMEs. It is therefore confirmed that a high shape
recovery requires a stable physical netpoints.

Similar to the water-driven SME, the moisture-sensitive
SME is also resulted from the decrease of glass transition
temperature (Tg) through the moisture absorption. As
compared with the previous water-driven SMPs, e.g.
MM3520 observed by Yang et al. [1], it is found that the
moisture-sensitive SME of Py-SMPU is triggered at a
very low RH, e.g. RH=65%, and a lower temperature,
e.g.. T=20 oC, while the shape recovery of MM3520 is
triggered by water. This result implies that the Py-SMPUs
should be more sensitive to the moisture than the
MM3520. This discovery is considered as a great
development of moisture-sensitive SMPs.
TABLE 1 Results of water-sensitive shape recovery behavior of samples
Samples
L0
Lr
Ts
Tr
Rr
(mm)
(mm)
(min )
(min)
(%)
PUPy53
52.0
50.0
10
20
7.7
PUPy35
50.0
39.1
50
85
44.0
PUPyMB35
58.0
35.0
60
180
79.0
L0 is the original length; Lr is the recovered length;
Ts is the start recovery immersion time; Tr is the final recovery
immersion time; Rr is the final shape recovery rate.

TABLE 2. Results of gas-sensitive shape recovery behavior of samples
Samples
L0
Lr
Ts
Tr
Rr
(mm)
(mm)
(h )
(h)
(%)
PUPy53
47.0
47.0
PUPy35
42.0
28.0
1.0
9.0
61.9
PUPyMB35
38.0
22.0
1.5
6.0
88.9
L0 is the original length; Lr is the recovered length;
Ts is the start recovery immersion time; Tr is the final recovery
immersion time; Rr is the final shape recovery rate.

It is difficult to distinguish the difference in thermalinduced SMEs since all the Py-SMPUs containing more
than 35wt% BINA content show good shape fixity and
shape recovery. The shape recovery is also high in the
moisture-sensitive SMEs. However, they have quite
different recovery time. Usually, the higher BINA content
samples show faster recovery process as they have high
moisture absorption speed. For example, the sample
PUPy53 recovers its all shape recovery within 5 minutes
while the PUPy45 needs more than 10 minutes under the
same conditions. But it should be pointed out that both the
temperature and RH influence the moisture-sensitive
SME. When the Py-SMPU is immersed in water
condition, the water-sensitive SMEs are quite different in
different Py-SMPUs. As shown in Table 1, the PUPy53
starts to recover its deformed strain after 10 mins
immersion time, and it stops after 20mins. It finally
results in only 7.7% shape recovery. PUPy35 can also
recover only 44% shape recovery within 50 mins
immersion time. However, sample PUPyMB35 which
contains also 35wt% BINA content takes more than 3
hours to recover its 79% strain. This is due to the fact that
the PUPy53 has unstable physical netpoints which is
formed through only hydrogen bondings. However, the
PUPyMB35 contains MDI-BDO hard segment, which has
strong intermolecular interactions including hydrogen
bondings, induced polar interaction and polar interactions.
When the moisture or water is absorbed into the polymer,
the pyridine hydrogen bonding both in supramolecular
switch and physical netpoints will be influenced or
destroyed. However, the MDI-BDO hard segment is
relative stable. Therefore, Py-SMPUs containing MDIBDO segment shows higher water-sensitive shape
recovery. It implies that the necessary requirements for
SMPs having water-sensitive SMEs include both good
water absorption and stable physical netpoints.

4. CONCLUSIONS
In this paper, multi-responsive SMEs of pyridine
containing polyurethanes has been investigated
systematically from the thermal-induced SMEs, moisturesensitive SMEs, water-sensitive SMEs and chemistry gassensitive SMEs. The results show that Py-SMPU
containing high BINA content shows good shape
recovery in thermal-induced SMEs and moisture-sensitive
SMEs. Py-SMPUs containing MDI-BDO segment shows
high shape recovery in water-driven SMEs and acetic acid
gas-sensitive SMEs. The stable physical netpoints and
good absorption to moisture or chemistry gas are the two
necessary conditions for achieving higher shape recovery
in moisture, water and chemistry gas.
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STATEMENT OF PURPOSE
The concentration of organic solvent plays an important
role in fiber properties and the environment, as well as the
efficiency of recycling and treatment process of waste
water. In this study, shape memory polyurethane (SMPU)
fibers prepared by wet-spinning process with various
solvent concentrations of coagulation bath were
investigated. It aims to study the influence of solvent
concentration in coagulation bath to the structural changes
and shape memory properties of wet-spun SMPU fibers.

Spinneret

Water bath

Oil bath
Wash-draw
Machine

Heat-draw
Machine

FIGURE. 1. Sketch of spinning setup
TABLE I. Sample codes
Sample
PCL-1%
Concentration
1
(V/V %)

INTRODUCTION
In this study, Poly(caprolactone diols) based Shape
memory polyurethanes (SMPU) was prepared and spun
into fibers by wet-spinning process with various solvent
concentrations of coagulation bath. The influence of
solvent concentration to the shape memory properties of
SMPU fibers was studied.

PCL-2%

PCL-4%

PCL-8%

2

4

8

The shape memory property was measured by thermal
cycle test (Figure 2). Shape fixation ratio and shape
recovery ratio were calculated using the following Eq. (1)
and Eq. (2) to describe the shape memory properties of
SMPU fibers [1] :

MATERIALS AND EXPERIMENT
SMPU solution used for fiber spinning was prepared by a
2-step method. Poly(caprolactone diols) with molecular
weight of 4000 (PCL-4000), 1,4-butanediol (BDO,), 4-4’
– Diphenylmethanediisocyanate (MDI) were used as raw
material, and N, N’-dimethylformamide (DMF) was used
as solvent of the polymer solution.

Shape fixation ratio =

 fix (n)
 100%
 max

(1)

Shape fixation ratio =

 fix (n)
 100%
 max

(2)

Concentration of the SMPU solution in DMF was
adjusted to a range of 20-30 wt% to meet the
requirements in wet spinning process. During the spinning
process (Figure 1), the SMPU solution was extruded
through 30 spinneret capillary holes horizontally in a
coagulation bath with controlled concentration of DMF.
The fiber then passed through some rollers in a washdraw machine to further remove the residual organic
solvent. Finally, the fiber was dried with hot air at a
temperature of 60oC and wound onto a paper cone. Table
I shows the sample codes of the 4 specimens in this study.
FIGURE 2. Cyclic tensile test

Thermal-gravimetric analysis was measured by Netzch
STA 449C, inferred spectrum by PerkinElmer spectrum
100 FTIR spectrometer, and shape memory properties by
an Instron 4466 equipped with a temperature controller.

where εfix is the unloaded strain after the stretching
process above the transition temperature, and εu(n) is the
unrecovered strain in the nth cycle.
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RESULTS AND DISCUSSION
Figure 3 shows the shape fixity and recovery ratios of the
SMPU fibers spun in coagulation baths with different
solvent concentrations. The shape fixity ratio increased
readily by around 26% when the solvent concentration
increased from 1% to 2%. The shape fixity ratios kept at
the range of 86-90% with the increase of solvent
concentration from 2% to 8%. On the other hand, the
shape recovery ratio remained unchanged at the range of
53-54% with the increase of solvent concentration in
coagulation baths, except the PCL-8% specimen.

FIGURE 5 FTIR spectrums of the SMPU fibers

The above result revealed that, even for the same SMPU
solution, the spinning process affects the chemical
structures and shape memory properties of the SMPU
fibers. The increments of first decomposition temperature
and urethane groups within SMPU fibers suggested that a
slow diffusion process in a high solvent concentration of
coagulation bath can enhance the chemical structure
within the fibers, and therefore provide a better shape
memory effect.

FIGURE 3 Shape memory properties of the SMPU fibers

Figure 4 shows the first derivation of TGA result. The
onset temperature of the decomposition process increased
with the increase of solvent concentrations, indicating the
strong bonding within the polymer chains increased with
the changes of solvent concentration.

CONCLUSIONS
Solvent concentration in coagulation bath plays an
important role to the shape memory properties of the
SMPU fibers. As shown above, more urethane groups
exist when fibers were spun in a high solvent
concentration, resulting in better shape memory
performance. However, as solvent concentration also
affects the fiber quality [4], the optimal concentration
must be determined based on the equipment setup and
cost-efficiency of solvent recycling.
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FIGURE 4 First deriation of TGA result of the SMPU fibers

Figure 5 shows the FTIR spectrum of the fibers. The
hydrogen and non-hydrogen bonded urethane C=O stretch
bands (1700-1710, and 1725-1735 cm-1 respectively) [2],
as well as the urethane N-H bending (1530-1535 cm-1) [3]
observed from the PCL-1% specimen were fewer than the
other 3 specimens. The weaker urethane bond suggests a
lower decomposition temperature, as observed from the
TGA result.
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ABSTRACT:
The structure formation in solvent cast stereoregular
isotactic poly(acrylonitrile) (PAN) film was discussed in
comparison with that of an atactic one. The film was
prepared by solvent-casting method from various organic
solvents including N,N-dimethylformamide (DMF). It is
shown that there exist at least two different molecular
cohesion states (type I, II), which can be detected by WAXD
(Fig. 1). The former (type I) showed sharp two rings
resembling to that of the original powder sample, while the
latter (type II) did many co-axial rings suggesting the
sample is partially crystallized. The latter structure was
strongly dependent on the extent of isotacticity (PAN), the
kind of solvents (LIQUID), and experimental factors
(CONDITIONS). These factors were studied in detail in
connection with the film preparation process .
INTRODUCTION:
One of the difficulties is the solvent removal from PAN
film. An ordinary vacuum drying at high temperatures
ensured removal of the solvent with deeply discoloration.
Boiling in a hot water (~90oC) was an alternative very
effective method to permits it rapidly. IR spectroscopy
is a useful method for tracing this process. Interestingly,
nitrile (CN) intensity rather increased in atactic PAN film,
but it was not true for isotactic one (Figs. 2 and 3). The
results were explained in terms of the presence or absence
of shrinkage of PAN film.

(A)

Figure 1. WAXD of PAN films derived
from various organic solvents.

RESULTS AND DISCUSSION:
From a detailed investigation, it was shown that the
instability of the solution is a decidedly important factor
from a molecular point of view. The instability means
the whitening (to an opaque color change) of the solution.
We can call this as “the instability of the solution.” This
process was traced by a laser-optical instrument (Fig. 4).
In this Figure, is plotted the turbidity against the time.
A transparent polymer solution turned cloudy with the
increase of time, as indicated by the drop of the turbidity.
When the extent of isotacticity of PAN was high, it occurred
rapidly, whereas when the isotacticity was low, it proceeded
gradually. When film was prepared from a part of these
solutions, quite different results were obtained.

Figure 2. Solvent removal from
atactic PAN film
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The WAXD results are given additionally to Figure 4.
When the solution was transparent, two coaxial rings were
obtained (A). When the solution became opaque, many
coaxial rings were observed (B), the extent of which was
enhanced with the increase of heating time (C). It is
possible to conclude that this opaque color change was
caused by the crystallization induced gellation, as
evidenced by WAXD. This crystallization behavior
occurred invariably after a finite particular time, when the
polymer solution was prepared at elevated temperatures.
CONCLUSION
It is possible to summarize that the molecular cohesion
state of PAN film is mainly defined by the instability of
the solution. (1) When film was prepared from a stable
solution, original structure (type I) was retained in the film.
(2) When film was prepared from a partially unstable state,
partially crystallized structure (type II) was obtained. (3)
When the film was prepared from a very unstable state,
highly crystallized structure (type II) was obtained.
In
other words, highly crystallized structure was derived
from a fully developed gel solution (see Figure 5). It is
worthwhile noting that such experimental results cannot
be obtained from an atactic sample except an isotactic one,
although the significance of the kinds of solvent used has
been emphasized in the study of atactic one.

Figure 3. Solvent removal from
isotactic PAN film

(B)

(C)

Figure 4. Turbidity change of PAN solutions during the heating process.
Sample, PAN with different isotacticities; Solvent, ethylene carbonate. (EC).
WAXD photos indicates the birth-place of the solutions.
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sheets were trimmed to fit a mould of 110mm×125mm
(Figure 1a). Random mats (RM) were produced using
chopped fibres (10mm length) using a slurry process
(Figure 1b) [5]. Composites were produced by stacking
UD and RM fibre mats sandwiched between PLA sheets
(Figure 1c), which were then hot pressed at 210°C and 38
bar (Figure 1d). Four composites were produced at 25%
fibre volume fraction: UD1 (1 thick pre-preg layer); UD2
(8 thin pre-preg layers); RM (8 layers of random mat
reinforcement) and MIX (4 thin pre-preg layers and 4
random mat layers)

INTRODUCTION
Recently, resorbable phosphate-based glass (PBG) fibre
reinforced composites have been introduced as potential
bone fracture fixation materials [1-5]. These materials
offer huge potential for use as biomaterials due to their
mechanical properties and chemical composition of the
reinforcement phase, which is comparable to that of the
inorganic phase of natural bone [2]. They are also unique
in that they are completely degradable and their solubility
can be tailor-made to suit the end application [3].
Previous work within the group has investigated
manufacture of these totally resorbable composite plates
for bone fracture fixation applications [4]. However, the
mechanical properties and degradation properties of these
plates with screw-holes have not been elucidated. In this
study, investigations into random mat (RM),
unidirectional (UD) and alternative fibre lay-up
composites, including different fibre impregnation
samples, have been considered.

Three point bend flexural tests were conducted according
to EN ISO 14125:1998 on specimens of 40x15x2 mm
(Figure 1e). Phosphate buffered saline (PBS) was used as
degradation medium and mass change of the composites
was monitored according to BS EN ISO 10993-13:2010.
Statistic analysis was performed via a one-way analysis of
variance (ANOVA), employing GraphPad Prism software
(Version 5.01).

DESIGN AND METHODS

(a)

(b)

RESULTS AND DISCUSSION
The results of the three-point flexural tests can be seen in
Figure 2.

(c)

(d)

(e)
FIGURE 1. Composite plate manufacturing: (a) Unidirectional (UD)
pre-preg; (b) 10mm chopped fibre random mat (RM); (c) PLA sheets;
(d) Schematic of composite manufacturing process; (e) PBG reinforced
composite plate (40×15×2mm) with 6, 2mm Ø screw-holes.

FIGURE 2. Mechanical properties of P50/PLA composite plates.

There was no statistical significant difference seen
between samples RM, MIX and UD1 (p>0.05). A clear
increase in properties was observed with the UD2
composite. The difference between UD2 and RM was
expected, since greater axial reinforcement is afforded.
However, the lack of improvement in the UD1 suggests
that the use of a single pre-preg layer results in a poorly
wet out system, in comparison to the 8 layers of UD2.

Phosphate based glass fibres (50P 2O5-40CaO-5Na2O5Fe2O3, in mol %) were drawn using an in-house facility
[5]. The fibres were wound onto a traversing metal drum
to obtain unidirectionally aligned (UD) fibres, which were
bound together using a PLA solution. The UD pre-preg
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Freeze fracture surfaces of the composites were
investigated by SEM analysis and the images are shown
in Figure 5. There is clear evidence in all cases of
degradation of the fibre, though the fibre remains in good
contact with the matrix in UD2, which may account for
the slightly slower mass loss seen in Figure 4.

(a)
(b)
FIGURE 3. SEM micrographs showing poor wet-out in UD1 (a) and
good wet-out in UD2 (b)

CONCLUSIONS
This study investigated the mechanical and degradation
properties of varying PBG/PLA fibre composite plates
with screw holes, using alternative fibre orientations and
fibre impregnation. It was evident that using multiple,
thinner layers of unidirectional fibre pre-preg mats
produced composites with significantly higher mechanical
properties than utilising a single thick layer of UD fibre
pre-preg mat. These thinner UD pre-preg mat composites
also had higher mechanical properties than the multi-layer
random mat composites. The mass change studies showed
that the UD2 samples had the lowest and the MIX
samples had the highest loss in mass. After 10 days
immersion in PBS, all samples revealed a plateau in the
mass change profiles.
SEM analyses illustrated the differences in fibre
orientation and fibre dispersion from the micrographs
obtained. The UD2 fracture surface revealed the shortest
fibre pull-out lengths compared to the other composite
samples investigated, which indicated a much better wetout process during production and thus a stronger
interface, which resulted in a slower degradation process
as seen from the mass change studies that were
conducted.

Additional evidence for this can be seen from the SEM
micrographs obtained (see Figure 3a and b). The
properties of RM were also quite low, an improvement in
modulus but no increase in strength suggests that fibre
lengths reduced significantly during production.

FIGURE 4. Mass change of P50/PLA composite samples in PBS
solution at 37 °C under 31 days degradation.

Composite samples were then immersed in PBS for up to
one month at 37 °C. Their mass change profiles can be
seen in Figures 4. The mass change profiles for PLA
alone were virtually identical. For the composite samples,
an initial increase in mass is seen at day 3, after which a
decrease is seen (at day 7 to negative values) suggesting
that degradation of the fibres has occurred. The profile
indicates an initial ingress of water along the fibre/matrix
interface, followed by a gradual degradation of fibre.
Sample UD2 showed the slowest rate of mass change as
compared to the other samples investigated.

(a)
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All tests of yarn and fabrics were conducted according to
international standards. Five samples of hybrid fabrics
and pure flax fabric were used as reinforcement of
composites. Five-layer composites were prepared with
Vinyl-ester resin ASHLAND G105 as a matrix by the
infusion method with pressure 0,4 bar. Laminated boards
were heated in temperature 60 0C for 5 h due to additional
resin networking.
The samples were cut out in warp direction for composite
evaluation. Mechanical properties of reinforced
composites (shown in table III) were estimated in
statistical tests according to standards EN ISO 5274 ,
EN ISO 14125.

STATEMENT OF PURPOSE/OBJECTIVE
Natural fiber-reinforced composites have drawn attention
of the research community mainly because their
economical and environmental attractiveness.
The application of natural fiber-reinforced composites has
been extended to almost all fields [1]. So far, the
shortened natural fibres were mainly used as the
reinforcement, but textile products like yarn and fabrics
can improve mechanical properties of composite in a
significant way.
The objective of the investigation is to develop a textile
material suitable for composite reinforcement based on
natural fibers i.e. flax. Pure flax fabric as well as hybrid
fabrics containing flax fibers and chemical fibres: Kevlar,
glass fibers and poliimid will be developed in order to
meet requirements related to mechanical properties of
composites.

RESULTS AND DISCUSSION
The structure of tested fabrics is diverse – the fabrics
show different density, different mass per square meter,
what reflects on their different mechanical properties
regardless of their raw material composition.
The hybrid fabrics based on 130 tex flax yarn, reinforced
by glass fibers or P84 are characterized by lower breaking
force even when their density is more than 100 threads
per 10cm. The fabric made of flax /p-aramid
KEVLAR1610 dtex, (310g/m2) presents good mechanical
properties similar to pure flax fabric. Flax fabric used for
comparison shows the highest level of breaking force due
to its high density. Additionally, the capacity of water
sorption of flax fabric is the best - the time needed for
absorption of a water drop located on the fabric surface is
the lowest. All the properties of the fabrics influenced
mechanical properties of the composites. The composite
reinforced by flax /p-aramid KEVLAR1610 dtex fabric
(310g/m2) is characterised by the best mechanical
properties. The hybrid fabric prepared with use of glass
fibers shows also high tensile strength and the highest
bending module. This means that the glass fiber and
Kevlar 1610dtex (310g/m2) improve mechanical
properties of composites. The composite reinforced by
pure flax fabrics have better mechanical properties than
the composite reinforced by fabrics made of flax/ Kevlar
(290 and 230 g/m2) and flax/P84. It is necessary to
emphasize, that the flax fabric was raw without any
chemical modification.

INTRODUCTION
The development of the composite leads to application of
natural fibres as reinforcement in order to replace the
glass fibres [2]. The properties of natural fibres
predispose them for manufacturing composites, especially
the features of flax fibres, which are the strongest
amongst all natural fibres [3]. The composites based on
natural fibres have many advatages like good mechanical
properties, lower mass due to lower flax density in
comparison to glass fiber, ability to muffling vibration as
well as its positive environmental impact.
Apart from fibres, there is a trend towards application of
fabrics made from flax fibers, which opens possibilities in
manufacturing of composites with new quality. Flax yarn
has to fulfill requirements suitable for reinforced
composite application such high tensile strength and the
structure that improves the penetration of the polymer
among fibres [4].
APPROACH
The paper presents investigation focused on development
of fabrics based on flax in terms of their usability in
practice for manufacturing composites. Pure flax yarn
prepared by flax carding spinning system from short flax
fiber was used for weaving of fabric samples. The flax
fiber was raw and not treated chemically. The
characterization of the flax yarn is shown in Table I. The
developed 100% flax fabric was compared with hybrid
fabrics reinforcement by KEVLAR, glass fibers and
poliimid P84. All the fabrics were prepared in plain
weave and with the same structure in weft and warp
directions. The properties of all the fabric samples are
presented in Table II.

CONCLUSIONS
The results of the study confirmed suitability of applying
flax fabrics as composite reinforcement. Chemically
modified flax fabric , as a result of improvement in
adhesion between fibers and matrix, can serve as valuable
reinforcement for composite, ensuring high mechanical
properties comparable to glass fibers.
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Table I. Parameters of flax yarn:

Type of yarn
sample

Yarn Linear
Mass

Breaking
Force

[Tex]
130

[N]
18,76

100% FLAX

Coefficient of
variation of
breaking force
[%]
19,30

Elongation
[%]
1,59

Coefficient of
variation of
elongation
[%]
12,13

Tenacity

Nominal
Twist

[cN/tex]
14,43

[twist/meter]
375,33

Table II. Properties of tested fabrics

[N]

Coefficient of
variation of
force
[%]

829,61
595,32
1083,10

5,28
3,84
7,91

5,53
4,46
12,31

2,74
3,43
3,77

Weft

539,94

9,62

9,10

2,95

60

Warp
Weft
Warp
Weft
Warp
Weft
Warp
Weft

1146,22
1055,31
646,20
607,98
722,25
564,64
1213,13
1352,13

9,36
1,27
6,60
4,63
6,32
2,11
0,23
8,64

8,21
6,69
7,23
6,69
6,34
4,64
22,96
9,25

1,93
0,05
9,74
0,05
6,48
3,32
2,49
2,08

105
100
120
120
120
100
142
152

Breaking
Force

Material
p-aramid KEVLAR
1610dtex/flax
100% p-aramid
KEVLAR
270 tex/flax
p-aramid KEVLAR
1610 dtex/flax
100% P84
29,5x3tex/flax
GlassEC 11
204 Z 28/flax
100% flax

Warp
Weft
Warp

Elongation
[%]

Coefficient of
Thread
Mass per
variation of
density
unit area
elongation
[%]
[No of threads/10 cm] [g/m2]
90
60
90

Speed of water
sorption
[s]

230

33,77

290

8,35-138,0
10min 25s
25min 27s

310

62,89

290

3,95 - 34,32

400

over 30min

220

4,59

Table III. Mechanical properties of composites reinforced by flax based fabrics
Fabric
Hybrid fabric Kevlar 1610dtex/flax, 230 g/m2
Hybrid fabric Kevlar 270dex/flax, 290 g/m2
Hybrid fabric Kevlar 1610dtex/flax, 310g/m2
Hybrid fabric poliimid 29,5x3tex/flax, 290 g/m2
Hybrid fabric glass 200dtex/flax, 400 g/m2
Homophase flax 220 g/m2

Tensile strength [MPa] Tensile modulus [MPa] Bendig strength [MPa]
49 ± 2
59 ± 11
110 ± 19
48 ± 6
80 ± 5
61,57± 7

4835 ± 15
4649 ± 385
6899 ± 826
4330 ± 706
6539 ± 64
4890 ± 624
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100 ± 9
67 ± 6
98 ± 20
79 ± 11
97 ± 7
70,5± 6

Bendig modulus
[MPa]
3650 ± 542
2399 ± 356
3974 ± 966
2878 ± 394
4070 ± 497
5897± 497

Anomalous Electrical Resistance of Hybrid Yarns Containing Metal
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OBJECTIVE:
The total electric resistance R is theoretically linearly
increasing function of the conductive wire length L,
because the electric conductivity K or electric resistivity r
is independent on L. It was found [1] that for yarns
containing the conductive metal fibres is dependence of
electric resistance R on L highly nonlinear. Main aim of
this contribution is creation of the simple mechanistic
model describing this anomalous length dependence.

where  is proportionality factor (specific resistivity
factor) and n is factor connected with attenuation of
electric conductivity The final model is obtained by
integration of eqn. (2) from R0 to R(L) and from zero to L.
This model has simple form



(3)
Ln 1
n 1
The resistance for zero length should be in fact equal to
zero and therefore R0 = 0. For the case of ideal conductor
is n = 0 and resistance is linear function of yarn length..
For the case of n = 1 is topical electric resistance
quadratic function of yarn length. In this case has factor 
dimension [Ω m-2]. It is simple to interpret  as resistance
at length L = 1m and therefore it is called specific
resistivity factor.

R  R( L)  R0 

INTRODUCTION
Conductive textile characteristics connected with
protection against electrostatic field were studied in
numerous publications [2-3]. Standard assumptions in
these publications is validity of basic relations known
from area of conductive metals as linear increasing of
electric resistance R with increase of conductive wire
length L. This assumption was experimentally supported
for the case of conductive filament in the work [4]. In the
internal report [1] it was found that for yarns containing
the conductive metal fibres is dependence of electric
resistance R on L highly nonlinear.

EXPERIMENTAL PART
Three yarns composed from polyester (PET) and steel
fibers were used for measurements of electrical
conductivity R. Calculated yarn fineness from direct
weighting was T = 51 tex. Composition of yarns is given
in the TABLE I.

DEPENDENCE OF RESISTANCE ON THE
LENGTH
One of the principal characteristics of materials is their
conductivity K [Ω−1m−1 or S m−1] characterizing ability to
conduct electrical current. Typical conductivity values for
polymers range from 10-14 to 10-17 [S cm-1]. In contrast,
the metals are typically around 106 [S cm-1].
The inverse of the conductivity is called resistivity r
[Ω m]. The total electric resistance R of a piece of
conductive material is proportional to the length L and is
inversely proportional to its conductivity and cross
sectional area S i.e.
L
R=
(1)
kS
The dependence of R on L is then straight line with slope
(k S )-1. In the case of hybrid yarns i.e. mixtures of
conductive materials with insulators it was found (see. fig.
3) that the electric resistance R is nonlinear convex
increasing function of yarn length L [1]. The mechanistic
model of this phenomena is based on the very simple
assumption that rate of electric resistance R change is
directly proportional to the actual yarn length. The
corresponding rate equation has the form
dR
  Ln
(2)
dL

TABLE I. Composition of samples and specific resistivity factor

Yarn type
Ruban 5%
Ruban 3%
Ruban 1%

composition
95% PES/ 5% steel
97% PES/ 3% steel
99% PES/ 1% steel

 [Ω m-2]
1.2103e+013
4.2718e+014
2.1094e+014

The yarn resistance R [Ω] at gauge lengths 0,01; 0,05;
0,1; 0,15; 0,20; 0,25 and 0,3 m were measured by the two
conductors method [1]. All measurements were repeated
10 times and for subsequent treatment the sample median
was used due to relatively big results scatter.
RESULTS AND DISCUSSION
The dependence of yarn conductivity R on the yarn length
for individual samples is shown in the FIGURE 1. The
nearly quadratic trend is clearly visible. The quadratic
model was therefore selected (see eqn (3) for n = 1) as
suitable.
The R0 = 0 was selected and parameter. was estimated
by the linear regression with minimum least squares of
residuals criterion. The simple program QUADREG in
MATLAB for parameter estimation of quadratic model
without linear term and intercept was created. The model
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curves corresponding to the model (3) with parameters 
given in the table 1 are shown in FIGURE 1.

The relatively good fit is visible for all three samples. It is
possible by direct comparing the evaluated rate constant
to select the marked drop of specific resistivity factor
between 3 and 5 % of conductive steel fibers in the yarn.
The percolation threshold is therefore probably between 3
and 5 %. For more precise characterization of percolation
threshold it will be necessary to extent range of steel
fibers concentration.

12

x 10

14

12

R [Ohm]

10

8

CONCLUSION
It was shown that dependence of electric conductivity on
the length of yarn is highly nonlinear which is in
contradiction with behaviour of metals and some
composites. For modelling of this dependence the simple
mechanistic model was proposed.
It was found that for polyester yarns with some
percentage of steel conductive fibres the quadratic model
is suitable. The calculated specific resistivity factor can be
used for prediction of percolation threshold i.e.
optimizing of these yarns composition.
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FIGURE 1 Dependence of electrical resistance on the yarn length
(points are sample medians and solid line is quadratic model see eqn (3)
for n = 1)
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INTRODUCTION
Fibrous materials have wide applications in many
different fields including filtration, fuel cells, thermal
insulation, paper products, medical science and apparel.
In most of these applications, fibrous materials serve as
media, through which air, vapor, particles, heat or
electricity pass through. It is therefore essential to
understand the transport phenomena within fibrous media
so as to optimize the transport properties of fibrous
materials for specific applications.

CHARACTERIZATION OF TRANSPORT
PROPERTIES OF FIBROUS MATERIALS
The validity of the theoretical models and the
performance of novel fibrous materials should be
validated through experimental measurements. Specific
novel instruments have been developed for these purposes.
These include the Transplanar Water Transport Tester
[12], the Sweating Guided Hotplate for subzero
conditions [13] and the sweating fabric manikin-Walter
[14].

MODELING
In this presentation, the principle mechanisms of different
transport phenomena in fibrous media as well as their
interactions are explained. The improved understanding
of the mechanisms has led to the development of a
transient model of coupled heat and moisture transfer with
thermal radiation and phase change [1, 2 and 3]. This
model was used to analyze the effects of various material
parameters on the transport properties. The model has
also been used to predict the optimum porosity [4] and
porosity distributions [5] of fibrous materials for thermal
insulation.

CONCLUSIONS
The transport phenomena in fibrous materials are
complex processes. The understanding and modeling of
these processes can lead to the optimization and
innovation of new fibrous materials. Further work is
required in this area. One of such work is the modeling
and engineering of fibrous materials with differential
transport properties [15].
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Considering the superior thermal insulation performance
of penguin downs, the geometric features of penguin
downs were analyzed and the heat transfer through
penguin downs was modeled [6]. It is understood that the
special geometric features of penguin downs are
responsible for the superior insulation.
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a range of comfort sensations, including prickle, regularly
during the trial [5]. A rating of prickle intensity was taken
and the average value reported.

ABSTRACT
Wool Comfort Meter (WCM) values have been shown to
correlate well with the average prickle rating from
subjective wearer trials. The ability of the device to
predict the prickle rating has been demonstrated using a
range of different fabrics. The consistency of the Wool
Comfort Meter value was examined over a range of
different temperature and humidity conditions. Both
temperature and humidity were shown to affect the Wool
Comfort Meter value in the range from 20°C to 30°C and
between 50% and 75% relative humidity. This has
confirmed the requirement to do prickle rating testing in a
controlled environment laboratory.

Comfort Meter
Garment Evaluation: The inside surfaces of a range of
garments used in the wearer trials were tested by the
Wool Comfort Meter. Each garment was tested two times
on the front and three times on the back panel and the
average value of the 5 replicates was given as the WCM
value. All garments were conditioned in standard
condition (65% RH, 20°C) for 24 hours prior to testing
and the tests were carried out at the same standard
condition.

INTRODUCTION
The skin irritation caused by some garments has been
shown to be a mechanical stimulation [1] of particular
nerves which lie just below the outer layer of the skin.
These can be triggered by fibres protruding from the
surface of a fabric that can apply forces as small as 75 mN
to the skin [2]. Based on this fact, the Wool Comfort
Meter [3] was developed by the CSIRO, Division of
Materials Science and Engineering, Belmont, Australia.
The device has been designed to report a value for the
skin comfort of knitted wool fabrics in which the fibre
stiffness and density distribution contribute to the skin
comfort level of a fabric.
The Wool Comfort Meter uses a recording head which
scans the surface of the fabric. The head interacts with
fibres protruding from the fabric surface and gives a value
that is related to the number and density of coarse fibres
protruding from the fabric. The Wool Comfort Meter
recording head has been set to complete ten scans per
sample. The average of all 10 scans is used as the Wool
Comfort Meter value (WCM value) which represents the
potential skin comfort performance of the sample.
The present study is a part of the ongoing effort to support
the Wool Comfort Meter as a test procedure that will
enable the prediction of a garment‟s next to skin comfort.
The current work aims to continue validation of the
correlation between the WCM value and the data from the
wearer trials carried out at DAFWA`s Garment
Laboratory in Perth, Australia [4]. In addition, the effects
of changes in the temperature and humidity of the WCM
test conditions, on the WCM value, have been
investigated.

Condition Evaluation: Six single jersey knitted fabrics,
detailed in Table I, were selected for the trial. A large
range of average fibre diameter was included in case any
humidity effect was diameter dependant. Five
(30cm×30cm) samples were prepared for each fabric. A
total of 9 combinations of humidity and temperature were
used: three different relative humidities (50%, 65%, 75%)
and three different temperatures (20°C, 25°C, 30°C).
Temperature and humidity were monitored by a Mesdan
Lab Thermo-Hydrograph Model TIT/01. Prior to each
test, samples were completely dried and conditioned for at
least 12 hours at the stable condition. The regain
percentage (R %) of each sample was calculated from dry
weight (WD) and weight of the each sample at stable
condition (WS) as shown in “Eq. (1)”. The average R% of
five samples was recorded for each fabric.
R%=100× (WS -WD)/ WD

(1)

Samples were tested on the WCM in all conditions in a
randomized order. The tests were repeated after finishing
the first series of tests to improve analytical significance.
TABLE I. Fabric specification used in condition evaluation
Fabric
Fibre composition
Mean fibre
Count
ID
diameter (μm)
Nm
1
100% wool
19.5
1/40
2
100% wool
20.5
1/40
3
100% wool
22.0
1/40
4
100% wool
23.7
1/40
5
80/20 wool/Nylon
22.5
1/23
6
80/20 wool/Nylon
27.0
1/23

Machine
gage
24
24
24
24
18
18

Statistical analysis
To study the effect of test conditions on the WCM values,
a randomized block design was applied to the data using
SPSS Statistics 17. In this design humidity and
temperature were two factors at 3 levels and the WCM
value was the dependent variable. Calculated regain was a

EXPERIMENTAL
Wearer trial
The wearer trials required female participants to wear
lightweight, knitted, long-sleeve garments next to the skin
while exposed to conditions that ranged from cool/
passive to hot/ active. The participants were asked to rate
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covariant and fabric was considered as a block variable.
Due to poor laboratory insulation the estimated errors
associated with the relative humidity and temperature
measurements were ±10% and ±5% of the measured
value, respectively.

reduced with higher humidity at the temperature of 25°C
and 30°C. However, at 20°C no trend was observed
(r2=0.02). Similarly the mean WCM value reduced with
higher temperature at 65% and 75% humidity but was
almost constant at 50% RH.
It is concluded that the mean WCM value of the fabric
tested can be affected by changes in temperature and
humidity. However, no changes in WCM value were
observed at 50%RH when temperature was changed nor
at 20°C when relative humidity was changed.

RESULTS AND DISCUSSION
Garment Evaluation: Figure 1 shows the average prickle
rating from the wearer trials plotted against the average
Wool Comfort Meter value of each fabric. The good
correlation supports previous results and indicates the
ability of the Wool Comfort Meter to predict the prickle
response of wearers.

FIGURE 2. Estimated marginal mean WCM value with changes in
humidity and temperature, the error bars indicate the standard error
FIGURE 1. Correlation between average prickle rating from wearer trial
and WCM value.Error bars shown for WCM values only [4]

CONCLUSION
The Wool Comfort Meter values are well correlated with
the wearer trial prickle rating. The mean WCM value is
affected by testing conditions. The mean WCM value was
most consistent at 50% RH and 20°C, regardless of
changes in temperature and humidity. However, as with
other textile testing, standard conditions of 65% RH and
20°C are recommended to be used in evaluation of
comfort using the Wool Comfort Meter.

Condition Evaluation: As Table II shows the block
variable (Fabric) is assumed to have an effect on reducing
error. This is confirmed below with the Sig P-value
(P<0.001). It also shows that the interaction of
temperature and humidity was significant (P<0.001).
Regain, as covariant, is a secondary variable that may
affect the relationship between the dependant variable
(WCM value) and the independent variables humidity and
temperature. However, the model shows that regain did
not have a significant effect on the WCM value.
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TABLE II. Tests of between-subjects effects in randomized block
design
Source
Model
Fabric
Humidity

Type III sum
of squares
8.607E7
1.355E7
70943.520

Mean
square

df

Sig.

15 5737959.34 2076.129 .000
5 2710951.24
2

980.886 .000

35471.76

12.835 .000
40.277 .000

Temp

222632.380

2 111316.190

Humidity * Temp

107520.780

4

26880.195

3754.550

1

3754.55

Error

257031.333

93

2763.778

Total

8.633E7
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Regain

F-value
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9.726 .000
1.358

0.274

a. R Squared = .997 (Adjusted R Squared = .997)

Esimated marginal means of temperature and humidity
alone as a main effect showed an increase in the mean
WCM value with lower temperature and humidity.
Estimated marginal means of interaction between
humidity and temperature at the evaluated regain of 10.91
has been graphed in Figure 2. The mean WCM value
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the objective-function values of the successive states are
compared. If the values meet the requirements of state
change, the new configuration is accepted; otherwise,
another configuration change is exerted on the old
configuration.
A pseudo code of the MPCA for a minimization problem
is described as follows:
Initialization
Randomly generate a solution configuration Old_Config.
Main loop
For 1 to n iterations
Generate a random perturbation on Old_Config
New_Config = Old_Config + random(0,1) *step
If f(New_Config) < f(Old_Config)
New_Config := Old_Config
do Exploration()
Else
do Scattering()
End If
End For
Exploration
For 1 to m iterations
Generate a random perturbation on Old_Config
New_Config = Old_Config + random(0,1)*step
If f(New_Config) < f(Old_Config)
New_Config := Old_Config
End If
End For
Return
Scattering
Generate a random New_Config in domain (Inf, Sup)
New_Config = Inf+(Sup-Inf)*random(0,1)
If f(New_Config) < f(Old_Config)
New_Config := Old_Config
End If
Return
In the above code, function “Exploration” performs local
search while “Scattering” performs global search.
VERIFICATION OF THE MPCA
To verify the validity, the MPCA is applied to solve the
IPTTD for single-layer textile material under low
temperature which was proposed by Xu et al. The
simulation results of the MPCA are compared with that of
HJ method.
Description of the IPTTD [3]

STATEMENT OF OBJECTIVE
A hybrid stochastic algorithm originated from the Particle
Collision Algorithm (PCA) is proposed and applied to the
solution of an Inverse Problem of Textile Thickness
Design (IPTTD). The validity of the algorithm is verified
by simulation experiments.
INTRODUCTION
Simultaneous heat and moisture transfer in fibrous
assemblies such as fabrics and battings is one of the
essential issues concerning clothing comfort and textile
design. Since 1930s, a number of researches have been
devoted to the theoretical modeling and numerical
analysis of coupled heat and moisture transfer [1,2],
belonging to the scope of direct problems.
An Inverse Problem of Textile Thickness Design (IPTTD)
was firstly proposed by Xu et al in 2010 [3,4]. So far, the
numerical optimization methods involved in their studies,
such as Hooke-Jeeves (HJ) pattern search algorithm, Cai’s
direct search algorithm and golden section method, yield
local optimal solutions. Since the process of heat and
moisture transfer in fibrous assemblies is such a
complicated mechanism that the convergence of
numerical solutions of the IPTTD could not be manifested
theoretically, it’s important to introduce globally
convergent methods.
Stochastic optimization methods, such as genetic
algorithms and simulated annealing, have been
successfully applied to solve complex optimization
problems [5]. One of the main drawbacks of these
methods is the sensitivity to free parameters such as
annealing schedule and initial temperature. Recently,
several hybrid stochastic algorithms, inspired by the
physics of nuclear particle collision reactions, were put
forward and proved to be effective in solving global
optimization problems [6].
In this paper, a stochastic algorithm originated from the
Particle Collision Algorithm (PCA) is proposed and its
validity is verified by simulation experiments with respect
to an IPTTD.
THE MODIFIED PARTICLE COLLISION
ALGORITHM (MPCA)
The MPCA inherits the essence of the PCA. It describes
stochastic processes where states evolve out of random
events and along a so-called Markov Chain. Starting from
an initial configuration, a new configuration is trialed and
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Heat and moisture transfer in a human body - textile
material - environment system can be formulated by the
following coupled ordinary differential equations
  x   r  x  p v dp

k1



RESULTS AND DISCUSSION
The simulation results of both MPCA and HJ methods are
listed in Table I.
TABLE I. Simulation results of textile thickness (cm)
EP
wool
PE
PP
No.
HJ
MPCA
HJ
MPCA
HJ
MPCA
1
0.8175
0.8171
0.7863
0.7878
0.7763
0.7769
2
0.8025
0.8025
0.7763
0.7718
0.7588
0.7630
3
0.7850
0.7855
0.7563
0.7554
0.7475
0.7468
4
0.7263
0.7265
0.6963
0.6988
0.6913
0.6943
5
0.8150
0.8146
0.7838
0.7837
0.7763
0.7746
6
0.7975
0.7974
0.7738
0.7648
0.7588
0.7581
7
0.7763
0.7753
0.7463
0.7454
0.7375
0.7370
8
0.6838
0.6830
0.6625
0.6547
0.6625
0.6490
9
0.8113
0.8114
0.7813
0.7803
0.7763
0.7662
10
0.7913
0.7983
0.7588
0.7604
0.7513
0.7507
11
0.7588
0.7602
0.7325
0.7261
0.7238
0.7240
12
0.6075
0.6253
0.5975
0.6032
0.5950
0.5969
13
0.8075
0.8074
0.7763
0.7764
0.7613
0.7676
14
0.7825
0.7806
0.7525
0.7524
0.7438
0.7438
15
0.7438
0.7442
0.7163
0.7158
0.7113
0.7076
16
0.5638
0.5585
0.5375
0.5371
0.5313
0.5312
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where  and  are porosity and effective tortuosity of
textile material respectively,  is thermal conductivity of
textile material W m-1 K-1,  is rate of (de)sorption and
condensation kg m-3 s-1,is latent heat of (de)sorption of
fibers or condensation of water vapor J kg-1, T is
temperature K, mv is mass flux of water vapor kg m-2 s-1,
pv is vapor pressure Pa, psat is saturated vapor pressure, x
is the distance from inner surface of textile material m
(x=0: inner surface of textile material, x=L: outer surface
of textile material), L is thickness of textile material m.
The IPTTD aims to determine the thickness of textile
material under given environmental conditions and
comfort indexes by means of Eq. (1) together with the
boundary condition:
T(0)=T0, T(L)=TL, mv(0)=mv,0, pv(0)=pv,0
(2)
where subscript 0 and L mean on inner or outer surface of
textile respectively.
Due to the ill-posed nature of inverse problems, the
regularized solution of the IPTTD can be formulated as
the minimum point of the following function
k

m



J  x     x    RH i0, j  x  RH 0*
2

 i  1, 2,

2

i 1 j 1

, k ; j  1, 2,

m

where  is regulation factor, RH

0



From the above results, we can see that the MPCA
proposed herein can yield correct solutions of the IPTTD.
It is also observed that HJ method diverges at an initial
thickness of 0.017m, whereas the MPCA keeps
convergent while the initial thickness is set up to 0.050m.
CONCLUSIONS
The MPCA proposed in this paper is proved to be an
effective tool in solving the IPTTD for single-layer textile
and can be further applied to more complicated cases such
as the IPTTD for multi-layer materials.
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2

(3)
0*

i, j

and RH are relative

humidity on inner surface of textile numerically derived
from the direct problem and experience value of relative
humidity in comfortable state, respectively.
Numerical Simulation Experiments
Numerical simulation experiments are carried out to solve
the above inverse problem by the MPCA. Three types of
textile materials are considered: wool, polyester (PE) and
polypropylene (PP). The simulation parameters used for
the MPCA are: L=0.010 m, local iteration step n=200, and
all the other simulation parameters are the same as those
in ref. [3].
Sixteen environmental conditions are considered in
simulation:

T1  10o C ,5o C 

T3  0o C ,5o C 

,

T2  5o C ,0o C 

,

, T4  5o C ,10o C  ; RH1  30%,45% ,

RH 2   45%,60% , RH 3  60%,75% , RH 4  75%,90% .

Experiment examples are numbered as: No. 1~4, (T1,
RH1~4); No. 5~8, (T2, RH5~8); No. 9~12, (T3, RH9~12); No.
13~16, (T4, RH13~16).
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F4SKL: PEO. An electrospinning distance of 18cm
was used along with an applied voltage of 15kV at a
pump speed of 0.03mL/min.
All successfully spun fibers are both tensile tested
and observed under SEM. In tensile testing, sample
strips of 5cm x 0.5cm were tested along the length
direction to obtain tensile stress strain curves. The
morphologies of the fibers were observed using an
SEM under high vacuum, 20kV, and at 15mm z
direction. The experimental results were analysed by
the response surface method (RSM) to obtain contour
plots to visualize the influence of the variables on
fiber diameter and to search for optimum processing
conditions.

PURPOSE
The NSERC sponsored Canadian Biomaterials and
Chemical Network is conducting exciting new
research to develop lignin-derived carbon-fiber
composites for strong, light automobile parts, carbon
aerogels for hydrogen storage, and new biobased
polymers. The aim of this paper is to introduce our
initial work toward the development of nanofiber
technology platforms to deliver this next generation
of renewable biomaterials and chemicals from lignin.
INTRODUCTION
Lignin is one of the primary components of wood,
second only to cellulose in abundance. When wood is
pulped to obtain cellulose fibers, approximately 20 %
of wood is dissolved as lignin that is currently used as
fuel in pulp mills. We believe that carbon making up
the structure of lignin can be put forth into a wider
variety of valued added applications. One possible
process is to produce carbon fibers from a lignin
solution. Previous attempts to convert softwood kraft
lignin (SKL) into micro fibers were met with limited
success resulting in very weak fibers.[1-3] It is felt
that finer fibers can be made to improve strength and
expand applications of the lignin-based fibers by
electrospinning. This paper introduces our
preliminary attempt to demonstrate the feasibility to
produce carbon nanofibers from lignin. The influence
of factors such as polymer concentration, needle inner
diameter (gauge) and thermal stabilization heating
rate and temperature on the diameter and stress strain
properties of the electrospun lignin fibers were
investigated.

RESULTS AND DISCUSSION
Figure 1 shows the morphology of the lignin fibers
processed under various conditions. Figure 2 and
Table I. show the tensile properties and the fiber
diameters. Tensile strength reaches a maximum for
each gauge at 30wt% and first decreased with gauge
and then increased. Fiber diameter tends to increase
with polymer concentration and decrease with needle
gauge. SEM results and those of the contour plots
(RSM)[5] are shown in Figure 3, indicating that the
changes in diameter are more sensitive to needle
diameter at lower F4SKL concentration. Combination
of gauge 25 and 25wt% concentration resulted in the
fiber mat with the highest tensile strength and
smallest diameter.

APPROACH
Electrospinning of lignin fibers was carried out using
needle gauges 18, 22, and 25 (corresponding to
needle inner diameter 1.270mm, 0.7176mm, and
0.5144mm) in combination with concentrations of
25wt%, 30wt% and 35wt% F4SKL.(F4=fraction 4) [4]
Spinning
solutions
were
prepared
using
dimethylformamide as solvent with a 99:1 ratio of

Figure 1 - SEM Images of electrospun lignin fibers at 4000X
magnification.
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CONCLUSIONS
F4SKL were successfully converted to nanofibers by
the electrospinning process. Processing parameters
such as needle gauge and polymer concentration as
well as thermal stabilization heating rate and
temperature were optimized. The finest (449nm) and
strongest (5.5MPa) fibers were produced using
25wt% concentration and gauge 25 needle.
This study has provided the basis for further
optimization of the properties of lignin-based
nanofibers.
Other variables such as spinning
distance, applied voltage, and volume flow rate
should also be examined. By the addition of
functional nanoparticles and by proper control of
fiber orientation during spinning and heat treatment
various structural forms will be created thus leading
to various functions. This will open up application
opportunities in electrical, filtration, water transport,
and other value added functional products for lignin
nanofibers.

Figure 2 - Average stress strain curves of eletrospun lignin fibers
Table I - SEM and Tensile Testing Results
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Figure 3 - Contour Plots of fiber diameters (nm) as a function of
needle diameter and polymer solution concentration
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Heat treatment of the samples was also carried out in
preparation for carbonization. Higher heating rates
and temperatures resulted in reduced weight loss. As
shown in Figure 4, heat treatment also resulted in an
increase in strength with an optimal rate between 5
and 39°C/min.

Figure 4 - Tensile Strength at various heating conditions
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F8Na (synthesized in the laboratory) were used in this
study. Hexamethyldisilizane (HMDS) modified Si wafers
were prepared by spin-coating a 100% solution at 5,000
r.p.m. for 20s, followed by baking at 100℃ for 5min.
Dip-pen nanolithography and subsequent imaging were
conducted using AFM (Park Systems). AFM tip was
coated with conjugated polymers by tip dipping in
1mg/mLˇ DMSO solution for 30 s. All DPN experiments
were carried out under controlled humidity and
temperature.

INTRODUCTION
With the combinatorial advantages of lightweight,
mechanical flexibility, and ease of solution processing,
conjugated polymers are ideal candidates to endow
textiles with electronic functions for flexible, wearable
electronic applications[1] such as light-emitting diodes
(LEDs), field-effect transistors (FETs), sensors, and solar
cells. To develop high performance polymer electronic
devices, it is of great importance to study the construction
and control of conjugated polymer structures in the
nanoscale, because not only electronic devices are
inherently dependent on nano-/microsized circuits but the
device performance is largely determined by molecular
organization of polymer thin film.[2]

RESULTS AND DISSCUSIONS
First of all, we demonstrated the fabrication of PNT and
F8Na nanostructures on Au and HMDS-modified SiO2
surface by DPN. As shown in Figure 2, we have obtained
PNT and F8Na nanowires on gold surface at above 70%
relative humidity (RH), and F8Na nanostructures on
HMDS modified SiO2 surface under 35-70% RH. We
observed that the width of the conjugated polymer
nanowires descreases as the the writing speed increases,
of which there exists a critical value of 0.06 and 0.2 μm/s
for PNT and F8Na, respectively. The critical value and
the width of the F8Na nanowire are larger than PNT,
indicating faster diffusion of F8Na.

Dip-pen nanolithography (DPN) has provided a versatile
tool to fabricate nanostructures with sub-50nm resolution
and high registration at the laboratory scale, which
utilizes a 'ink'-coated scanning probe tip to direct write
materials onto a surface.[3-5] (Figure 1) It has also been
demonstrated the capability to realize molecular-level
control of conjugated polymer nanostructures.[6,7] In this
presentation, we demonstrated the fabrication of
nanopatterns from two cationic and anionic conjugated
polymers via DPN and then investigated the influence of
fabrication parameters (humidity, time etc.) and surface
properties of substrates on the obtained nanostructures.

FIGURE 2. (A-C) AFM lateral force images of conjugated polymer
nanowires: (A) PNT on Au, (B) F8Na on Au, (C) F8Na on HMDS-SiO2;
(D, E) AFM topography images of F8Na nanowires on Au (D) and
HMDS-SiO2 (E).

FIGURE 1. The scheme of dip-pen nanolithography and the molecular
structures of two cationic and anionic conjugated polymers

EXPERIMENTAL

From AFM topography images (Fig. 2D & E), it can be
seen that the height of F8Na nanowires on Au and

Poly(thiophene) (PT) based cationic polymer PNT and
poly(9,9-dioctylfluorene) (F8) based anionic polymer
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HMDS-SiO2 is about 1.2 to 1.6 nm, indicating a
monolayer or a few layers of polymer chains deposited on
the substrate. The exact molecular organization needs
further study.
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D(nm)
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We further investigated the diffusion properties of the two
conjugated polymers on different surfaces through the dot
arrays obtained with controlled contact time. In a typical
DPN process, the growth of dot size D with contact time t
exhibits the form of D=b+kt1/2, where k is the parameter
related to diffusion rate at a certain condition and b
corresponds to tip/meniscus size parameter. [4] Both the
two conjugated polymers fit well with the linear
relationship of D~t1/2, as Figure 3&4 show. On Au surface,
the shorter time for F8Na pattern formation as well as a
larger k value (kF8Na=87, kPNT=47) indicate much faster
dissolution and diffusion rate of F8Na than PNT.
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CONCLUSIONS
Cationic and anionic conjugated polymer nanostructrues
were obtained via dip-pen naolithography. The deposited
polymers have hundreds of nanometers to micrometer
size with less than 2nm thickness. The feature size can be
influenced by the ink molecular nature, substrate, contact
time and humidity.
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FIGURE 4. Lateral force images of F8Na dot arrays on HMDS-SiO2
under 45%RH (left) and 60%RH (right) and plots of dot size as a
function of t1/2.
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FIGURE 3. Lateral force images of PNT (A) and F8Na (B) dot arrays on
Au under 72% RH and the corresponding plots of dot size as a function
of t1/2.

The humidity can influence F8Na nanopatterns on
HMDS-SiO2 surface, as shown in Figure 4. In higher
humidity (60%), the size of pattern is larger than that in
lower humidity (45%), which can be attributed to the
larger meniscus area formed in higher humidity. The
diffusion rate on HMDS-SiO2 surface (k60%RH=71,
k45%RH=82) is close to that on Au surface.
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INTRODUCTION
Electrospinning methods for creating nanofibers from
polymer solutions have been known for decades [1, 2].
The nozzle-less (free liquid surface) technology opened
new economically viable possibilities to produce
nanofiber layers in a mass industrial scale, and was
developed in the past decade [3]. Hundreds of
laboratories are currently active in the research of
electrospinning process, nanofiber materials, and their
applications. Nanofiber nonwoven-structured layers are
ideal for creating novel composite materials by
combining them with usual nonwovens. The most
developed application of this kind of materials is air
filtration [4]. Liquid filters and separators are being
developed intensively with very encouraging results.
Also well known are several bio-medical applications
utilizing
nanofiber
materials,
often
from
biocompatible/degradable polymers like PLA, gelatine,
collagen, chitosan.
These developing applications
include wound care, skin-, vessel-, bone- scaffolds, drug
delivery systems and many others [5].

to reach economically acceptable productivity is very high,
typically thousands. This brings into play many challenging
tasks, generally related to reliability, quality consistency, and
machine maintenance (especially cleaning).
The nozzle-less electrospinning solves most of these problems
due to its mechanical simplicity, however, the process itself is
more complex because of its spontaneous multi-jet nature.
The Lukas’ et al. [9] study focused on the process of multi-jet
generation from a free liquid surface in an electric field. They
showed that the process can be analyzed using Euler’s
equations for liquid surface waves, and derived the dispersion
law for the waves. The analysis led to an equation of spatial
period („wavelength“) – the average distance between
individual jets emerging from the liquid surface (Figure 1)
(1)
where E0 is electric field strength, γ – surface tension, and ρ is
the liquid density.

To fully explore the extraordinary number of
application opportunities of nanofibers, the availability
of reliable industrial-level production technology is
essential. This paper intends to demonstrate that the
technology has matured to this stage.

THEORETICAL BACKGROUND
The electrospinning process is an interesting and wellcharacterized physical phenomenon and has been an
attractive subject for theoretical investigations of
several groups [6-9]. Most work concentrates on the
essentials of the process – the nanofiber formation from
a liquid polymer jet in a (longitudinal) electric field. It
has been theoretically described and experimentally
proven that the dominant mechanism is whipping
elongation occurring due to bending instability [7, 8].
The efforts to scale up the electrospinning technology to
an industrial production level used to be based on
multiplication of the jets using multi-nozzle
constructions [1]. However, the number of jets needed

FIGURE 1. Free liquid surface electrospinning of
Polyvinyalcohol at 32 kV. (Courtesy of David Lukas,
Technical University of Liberec)

TECHNICAL REALIZATION
The simplest realization of the nozzle-less electrospinning
head is in Figure 2a. A rotating drum is dipped into a bath of
liquid polymer. The thin layer of polymer is carried on the
drum surface and exposed to a high voltage electric field. If
the voltage exceeds the critical value, a number of
electrospinning jets are generated. The jets are distributed
over the electrode surface with periodicity given by equation
(3). This is one of the main advantages of nozzle-less
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electrospinning: the number and location of the jets is
set up naturally in their optimal positions. Several types
of rotating electrodes for free liquid surface
electrospinning for industrial machines have been
developed (Figure 2b).

a

Production capacity of the industrial electrospinning line for
Polyamide 6 is illustrated in Figure 5.

b

FIGURE 2. Free liquid surface electrospinning from a
rotating electrode (a), and various types of spinning
electrodes (b).
The nozzle-less principle using rotating electrodes has
been developed into a commercially available industrial
scale (Figure 3).

FIGURE 5. Production capacity of the nozzle-less
electrospinning line with Polyamide 6.

CONCLUSION
High-quality low-cost production of nanofiber layers is
essential to support the enormous amount of research results
being obtained at many universities and research centers. The
described nozzle-less electrospinning technology has matured
to a level where large scale production use is common, and
can be modified for practically all known polymers soluble in
organic solvents and water, as well as for polymer melts. This
opens commercial opportunities for hundreds of ideas
developed in the academic sphere.
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accessibility. However, a graphene anode alone
provides relatively low lithium storage capacity
and has an unstable charge and discharge cycle
performance, which is a problem to overcome
before the commercialization of graphene
electrodes is feasible. Recently, several
different nano-materials, including various
carbona-ceous materials and nanometal/oxides
have been tested as templates to enhance the
lithium storage capacity and the cycling
performance of the graphene. However, because
of the high cost, inaccessibility, and the
potential nano-toxicity of these template
materials, it has proved difficult to produce
graphene-based electrode materials on a large
scale.

Carbon fibers, carbon nanotubes have been used
to create unique textile materials. We survey
that work in this paper, and describe innovative
work done in the UGA laboratories. In this
work, we used cotton fabric as a template to
create macro sheets of graphene. The cotton
fabric was dipped into a graphene derivative
suspension. The graphene-coated cotton textile
was then annealed in a quartz tube furnace
under an Argon flow. During the annealing
process, the gaps between separated graphene
sheets were “soldered” by the “glue” molecules
(aromatic molecular surfactants) to form
graphene-coated pyrolytic carbon. Because the
graphene “skin” was created on the pyrolytic
carbon by annealing, a flexible graphene coat
was created that can contribute relatively high
capacity to a lithium battery sandwich. This
occurs because of porous structure of graphene
sheets and the high surface area of the pyrolyzed
carbon with a shell-core structure. This novel,
facile, and low-cost method can be expanded to
applications of other carbon-rich materials such
as peanut shells, wood waste and other
cellulosic waste materials.

Cotton is almost pure cellulose. It is a carbonrich, cheap, and available on a large scale.
Recently, there have been reports of highly
electro-conductive cotton/carbon nanotube
composites prepared by dipping a cotton fleece
(pile) fabric into a carbon nanotube solution.
This was successful because of the flexibility of
the nanotubes and the strong binding between
the carbon nano-tubes and the cotton fibers.
Graphene also exhibits the good flexibility and
electro-conductivity that carbon nano-tubes do,
but with the added advantage of being
potentially much less expensive.

Recently, great interest has been focused on
graphene
nanocomposites
for
various
applications. Graphene is a one atom-thick
material made up of sp2-bonded carbon atoms.
Its unique properties include high electrical and
thermal conductivity, the quantum Hall effect,
massless transportation properties, and strong
mechanical properties [1-11]. Among several
possible applications, the use of graphene as an
electrode in lithium batteries is very promising
because of graphene’s relatively low-cost and

Little research has been done on the fabrication
of graphene-coated textiles, probably due to the
difficulty of preparing stable graphene solutions,
wrapping the seamless graphene layer on the
fibers, and reaggregation of graphene sheets, as
well as the complications of pre- and posttreatments. In the present work ( as shown in
119

Scheme 1), we use cotton fibers as templates
where the graphene sheets are created and
wrapped the fibers. The result is a graphene
coated pyrolytic carbon material. Because of
the core-shell structure of the graphene-coated
pyrolytic carbon, we believe that the graphenecoated pyrolytic carbon can exhibit excellent
charge/discharge per-formance, as well as
mechanical flex-ibility.
In the present work, the chemical nature,
morphology, and thermal and electrical
properties of the graphene-coated textile
nanocomposites have been studied by atomic
force microscopy (AFM), UV-Vis spectroscopy,
scanning electron micro-scopy (SEM), energydispersive X-ray spectroscopy (EDS) and
Galvanostatic charge-discharge experiments.
The primary goal of this work is to produce a
facile, low-cost method to prepare graphenecoated pyrolytic carbon materials for potential
applications in energy-storage, electronics, and
other uses.
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ABSTRACT
(for NIOSH N-series respirators), and NaCl at 32 lpm
(to correlate to other applications). Therefore, if one
of the filtration efficiencies is measured, other
efficiencies can be obtained using the correlation
charts. Filter media for other applications such as
medical facemasks using BFE, PFE, BFE can be
obtained from the correlation with NaCl at 32 lpm,
which was previously developed by the author of this
paper.

The European standards (EN 149) uses paraffin oil
(PO) as the challenging particles at a flow rate of 95
lpm to measure the performance of a respirator. US
NIOSH uses dioctyl phthalate (DOP) as the
challenging particles at a flow rate of 85 lpm to
measure the performance of the respirators of R- and
P-series, and NaCl particles at a flow rate of 85 lpm
to measure the respirators of N-series based on 42
CFR 84. The cross sectional area of a respirator is
designed to fit the contour of a human’s face outline.
The cross sectional area of a respirator is therefore
constructed to be about 170 cm2. Therefore, a flow
rate of 55 lpm is commonly used to test the
performance of a flat sheet media for a respirator.

In addition to the effect of particle size and particle
shape on the filtration efficiency, particle characters
such as oily particles or solid particles contribute to a
significant difference in FE between electrostatically
charged and uncharged media. Oily particles tend to
erase the charges while solid particles have little
effect on the charges in the electrests. Therefore, a
longer testing time by oily particles has more
degradation on the charges and hence gives a lower
FE result. Short longer testing time on uncharged
media such as uncharged meltblown fabrics or
glassfiber paper, which can not be charged, when
challenged by oily particles, does not present a
problem of a lower FE. Informative data to describe
the difference in FE among the different aerosols
between the charged and uncharged filter media at
different testing times will be presented.

Filters for other applications use different standards
for their performance testing. There are a number of
testing standards. It is exhausted to test the filter
media according to these testing standards. It is a
common practice to test the flat sheet media of a
filter for most of the applications using NaCl aerosol
at a flow rate of 32 lpm.
It is useful to develop charts that can correlate the
filtration efficiencies (FE) among the PO at 55 lpm
(for European respirators), DOP at 55 lpm (for
NIOSH R- and P-series respirators), NaCl at 55 lpm

121

Pressure Evaluation at the ankle and compliance issues with
the application of compression stockings used in the treatment
of venous disorders
Pavithra Onkaraiah, Theresa Chan*, Prof.Hu Jinlian,
Institute of Textiles and Clothing, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong
tcchant@inet.polyu.edu.hk, pavithrao@gmail.com

compression stockings. Previous researchers have
mainly concentrated on the pressure profile along
the length in one direction 4. Table I gives the
pressure magnitude as specified by different
standards.

STATEMENT OF PURPOSE
Graduated compression stockings (GCS) were
introduced in the mid of 19th century and are
widely accepted in the management of Chronic
venous disorders and venous ulcer. However, the
variability of the pressure magnitude imposed by
stocking on skin is not inclusively studied. The aim
of present study is to evaluate the skin stocking
interface pressure at ankle in GCS used in the
treatment and management of chronic venous leg
ulcer
using
Kikuhime
pressure
sensor.
Furthermore, the compliance issues with the
application of compression stockings are also
noted.

APPROACH
In this study skin-stockings interface pressure was
evaluated for commercial available compression
stockings at dorsal direction on both the legs of 20
subjects at B region (ankle region with minimum
girth). The pressure value was measured using
kikuhime pressure sensor for compression
stockings class I, II, III, and IV. Furthermore, while
the study was carried out and current problems
associated with the donning, usage and application
of compression stockings for short time was
discerned and confirmed by comments from
patients suffering from venous disorder.
The pressure values of the stockings as specified
by the manufacturer and recommended intended
functions as noted from the product brochure are
given in Table I column 3, 2 and in column 1 the
coding of the compression stockings is given.

INTRODUCTION
Compression stockings have been used for
centuries to treat varicose veins and its
complications-venous ulcers and edema by
compression therapy. Chronic venous ulcers are a
common venous disorder in legs. It is especially
true for patients suffering from chronic venous
insufficiency. Baker et al. 1 study showed that out
of 163 patients affected by Chronic Venous Ulcers,
71 ulcers were found to the lateral side, 92 on the
lateral side and in 25 patients the ulcers was on
both sides. Also, the venous ulcers were found in
84% of the patients. Moffatt et al. 2 found that rate
of occurrence was highly dependent on age and in
women with age greater than 85 years the
prevalence was 8.06 per 1000.

TABLE I. Medical functioning of compression stockings
Compression Medical functioning
German (RALclass coding
GZ 387/1)

Class I

Treatment of venous leg ulcers is costly and takes
long time to heal completely, affecting the quality
of life in patients and is one of the socio economic
problems worldwide affecting 1% of the adult
population in developed countries. Moreover, the
cost of health care in the UK is around 400 million
pounds per year.

Class II

Class III

It is well known that the ankle region is considered
to be the most critical region since it is the
penchant location to develop chronic venous leg
ulcers 3. Not much study has been conduced to
investigate and evaluate the pressure at ankle for

Class IV
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heaviness, fatigue, mild
varicosities, post
sclerotherapy and Initial
varicose during pregnancy
Post sclerotherapy, post
surgical stripping,
prophylaxis of
Thrombosis, pregnant
with previous phlebitis,
oedema, burn scar and
stasis dermatitis
Emphasized oedema from
above causes, correctiable
lymphoedema,
severe
chronic
venous
insufficiency and venous
ulcers
Primary and secondary
Lymphoedema,
elephantiasis and ulcers

18 to 21

23 to 32

34-46(strong)

49 and above
(very strong)

Table II, gives the study protocol for pressure
evaluation.
Table II Study protocol
Process
Intended purpose
Anthropometric
measurement
Static pressure
evaluation
Open
comments

designated pressure for class II (26.23 mm Hg) and
for class III (31.55 mm Hg). Although, extremely
higher pressure was noted for class IV (58.88 mm
Hg), Class I (20.63 mm Hg) stocking effectively
delivered higher pressure than the designated
pressure (17 mm Hg).
The Student independent t test was carried out to
compare the evaluated pressure readings with the
designated pressure from manufacturer for each of
the compression stockings class. The results were
significant at 95% confidence interval with p <
0.0001. In addition, wilcoxon signed rank test
showed significant difference for the median of the
measured value compared with that of the
designated pressure.

Duration

inclusion criteria 19 to 23 cm
of ankle girth
using Kikuhime sensor

10 min

study the compliance issues
and

15 min

45 min

Twenty subjects (12 men and 8 women), between
the age of 24 to 31 years volunteered for the
experiment and signed the informed consent
form.The inclusion criteria for the experiment were
that the B region of the subjects should fall within
the range of 19 to 23 cm (the stockings
measurement). The average of their BMI was noted
to be 21.3, which falls in the normal range (18.5 24.9).
Pressure sensor
Skin stockings interface pressure was measured
using Kikuhime pressure sensor (TT Medi Trade,
Denmark). The small sensor was flexible, air filled
pressure bag with a dimension of 30 × 38 mm and
is 3 mm thick. This pressure sensor works on the
principle of pneumatic air; is completely portable
which is operated by battery.
RESULTS AND DISCUSSION
Accuracy of pressure sensor
The accuracy of the reading from Kikuhime sensor
well correlated with the pressure reading from the
sphygmomanometer (see Figure 1).

FIGURE 2 Measured and specified pressure reading

class I and class IV did produce higher pressure
than standard pressure designated by the
manufacturer. However, class II and class III failed
to produce the necessary pressure. Hence, the
measured stockings pressure is variable
Current issues
The subjects were asked to share their experiences
on the application of stockings in the last 15
minutes session of the study. Comments from
subjects are listed in It was noted that the pressure
sensation was different at different direction, skin
redness at welt and higher pressure sensation at
Comments

FIGURE 1. Correlation pressure between the Kikuhime
pressure sensor and sphygmomanometer

Pressure evaluation
The designated pressure value for each of the
stockings was given in Table I; the grey band in
figure 2 represents the standard pressure range for
each class as per German standard, it should be
noted that there is no higher limit for Class IV.
The mean and the range represented by triangular
marker point and grey color band respectively. The
measured pressure values represented by square
marker point in the figure was less than the
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The stockings is small for my leg size

Number
of
subjects
20

It is not easy to apply and walk with stockings

20

The pressure at the bony surfaces (technically
the malleolus, tibia) and foot is high during
the application process
Pressure marks at the ankle, instep and the
welt region
Wrinkling at the flexing point (technically
ruck) near ankle and is not easy to correct
them
white bits developed on skin ( technically
dead cells) after taking off the stockings
Pressure sensation was high at the instep
region especially at the lateral region

16
12
8
6
3

The authors wish to thank participants who
volunteered for the experiment.

tibial crest and bunion regions.
.
Table III Comments from subjects
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FIGURE 3 Compliance issues on
compression stockings

the application

of

During the study, some photographs as shown in
Figure 3 were taken when the subjects were
wearing stockings and also soon after removing the
stockings. In addition, the photographs of patients
with varicose veins were also are taken to
complement the comments received from subjects.
Bradley 5 in his clinical review did mention these
issues with real facts and figure showing necrosis
at the tibial crest, together with malleolus, dorsum
of the foot and ankle crease.
CONCLUSIONS
Based on the results from this study it can be
concluded that it is necessary overcome the
undesirable variations and improve the compliance
level in the application of compression stockings.
And, the confronting issues with the use of
compression stockings noted correlated with
previous studies and extra care should be taken for
patients with fragile skin, stasis dermatitis, pitting
and bunion disorder.
FUTURE WORK
Fabricate shape memory fibers into stockings and
measure the pressure variation across the ankle.
ACKNOWLEDGMENT
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INTRODUCTION
Allergic skin patients increase year by year as the earth
environment gets worse. Those patients develop easily
dermatitis when the skin turns into an alkaline condition
(pH6 more). The human skin should be kept in the acidic
condition (pH 4.5-6) but skin shows an alkaline trend by
sweating. When sweat is left on skin, sweat is fermented
by bacteria and irritates skin to cause allergic response.
The clothing for an allergic patient is thus recommended
to be made of hydrophilic natural fiber such as cotton.
However, many chemical fibers, mostly polyester, are
used for sports wears and uniforms in particular, and the
allergic children are suffering from skin itching and
disorder by sweating. Polyester is hydrophobic and sweat
remains on skin. Sweat is then fermented by bacteria and
issues malodor. In this study, we apply the acidification
processing on polyester fiber to make less hydrophobic
polyester and examine its effect to reduce the skin
irritation.

Acidic PET fabric shows a good antifouling property to
remove sebum or other dirt by washing (Table 1).

Regular PET

Acidic PET

Figure 1: pH buffering characteristics
Antibacteria property
The antibacterial property was evaluated by JIS L1902.
Yellow staphylococcus, Staphylococcus aureuss was used
for standard bacteria as a stain. The acidic PET fabric was
found to suppress the bacteria growth. The fabric surface
maintained pH below 6.7, which is known as the pH
region to suppress the bacteria growth.

EXPERIMENT
Sample preparation
Acidification of polyester was performed by the
conventional cationization process. The polyester fabric
was made from the blend of regular polyester and acidic
polyester, and the fabric was partially hydrolyzed by
malic acid after alkaline reduction.

Deodorant effect
Ammonia is one of the main causes for bad smell.
Since the fabric surface is acidic, absorbed ammonia is
neutralized and loses its characteristic smell. Although the
conventional deodorant processing loses its effect by
washing, the acidic PET fabric maintains its effect even
after 50 washings.

Sample properties
The physical properties were evaluated, and the
wearing tests were performed with the fabric of acidic
polyester.

Table 1: Antifouling property of acidic PET

RESULTS AND DISCUSSION
pH buffering characteristics
The pH buffering effect was observed in the ammonia
aqueous solution (pH 9.2). The results are shown in Fig. 1,
where the fabric shows an effective buffering.
Wearing test
The wearing test has proved that the skin pH is still in
the range of healthy skin condition with acidic PET while
it increases to pH 6.5 with regular PET after 2 hours
basket ball playing.
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Hydrophilicity
The hydrophilicy of the fabric surface is improved as
confirmed by wicking, and so is the soil release property.
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it’s partitioning on the microfibrillar morphology and
kinetics of dyeing of resulting fibers is rare.

ABSTRACT
The aim of the present work was to study the role of
microstructural parameters on kinetics and dyeability of
polypropylene/ poly (butylene terephthalate)/ nanoclay
blend nanocomposite fibers. The quantitative analysis of
absorption and diffusion of dye into the hybrid samples
showed that incorporation of nanoclay in blend fibers can
play a significant role in increasing absorption rate in all
of dyeing process conditions. The sorption process was
found to be controlled by extent of melt intercalation and
partitioning of organoclay tactoids and/or platelets. The
organoclay located at the interface forms the interfacial
phase with a non-homogeneous distribution of nanoclay
along the interface and changes the interfacial tension,
which results the coalescence suppression of the droplets
and retarding the transferring dye between immiscible
polymeric phases.

APPROACH
The PP/PBT blend nanocomposites with the same blend
weight ratio (80/20, w/w) but varying in organoclay
content were considered. All the materials were dried at
100˚C in oven for 24 h to minimize the effect of moisture
before being used. Samples were prepared by the melt
intercalation process in a co-rotating twin screw extruder
equipped with spinneret. A drawing apparatus was also
employed to perform hot drawing of the fibers.
RESULTS AND DISCUSSION
The typical SEM micrograph of cross section of a blend
nanocomposite fiber is presented in the Fig. 1. It shows
that the PBT phase finely dispersed in the cross section of
multiphase spun fiber. Elongational flow at the entrance
of spinneret and elongational strain existed below the
spinneret can assist the microfibril formation. In order to
investigate the 3D morphology of fibril phase and internal
boundary layers, matrix of a blend nanocomposite fiber
removed to exhibit the microfibrillar morphology
development (Fig. 2). Although the dyeing behavior of a
microfibrillar reinforced fiber depends on its molecular
structure, but the extent of microfibril formation has
important effect on dyeability of resulting fiber. As it is
clear in these figures, microfibrillar morphology blend
fibers have boundary layers in the bulk between matrix
and fibril phase that well dispersed in all of the cross

INTRODUCTION
The fiber spinning is the most conductive method to
create fibril morphology because the elongational force
field exiting in the spinning process is more effective than
the shear force field existing in other processes. The
interface between polymer components in the blend fiber,
which can be considered as the third phase, plays a
predominant role in the improvement of dyeability of the
blend fibers [1]. Polypropylene can be dyeable by
incorporation of nanoclay particles because of its two
major forces for dye sorption, i.e. van der waals forces
and hydrophobic interactions. It was found that nanoclay
is an efficient sorbent with high capacity for both the
ionic and non-ionic dyes; in addition, nanoclay as a
sorbent can be either cationic or anionic exchanged with
simple modifications [2]. In recent years, nanoparticles
containing polymer blend have attracted great interest
from researchers, both in industry and academic, because
they often have better properties than pure polymers or
conventional composites. However, there are only a few
reports on clay-containing nanocomposites based on
polymer blends, whether miscible or immiscible [3].
Although a few research works has been devoted to study
on kinetics of blend and nanocomposite fibers, the
research reported on the role of organoclay in particular

FIGURE 1.SEM micrograph of cross section of PP/PBT/Nanoclay
(77/20/3 wt %) blend nanocomposite fiber.

126

section of fiber assisting dye to be transferred from
polypropylene matrix as initial boundary layer to nano
and micro size poly (butylenes terephthalate) fibrils. In
addition, small amount of dye can remain between phases
in these layers and by presence of organoclay in the
interface, part of dye can be fixed in the surface of nano
tactoids and/or platelets and other part penetrates into
nanocomposite fibrils i.e. poly (butylene terephthlate)
phase. The kinetics of blend nanocomposite fibers with
disperse dye is approximately defined by the Hill
equation. The rate of this process is set by slowest stage
i.e. diffusion of dye into the fiber. Dye is firstly adsorbed
on the surface of the fiber and the equilibrium occurs
between adsorbed and diffused dye inside the pores . The
dyeing rate constant (k) and diffusion coefficient (D)
calculated by using the hyperbolic Vickerstaff’s and
Hill’s equations of the blend nanocomposite fiber dyed by
disperse dye is presented in table 1. The dyeing rate
constant and diffusion coefficient increase with increasing
dyeing temperature as a result of higher polymer chains
mobility of the resulting fiber at higher temperature. It
was demonstrated that activation energy represents the
dependence of diffusion on the dyeing temperature and
also describes the energy barrier which dye should
overcome to penetrate into the polymer. While the
quantitative values of ln (D) were plotted against 1/T and
straight lines were obtained, the resulting slopes gave the
value of E/R (Fig. 3). Depending on organoclay
concentration and partitioning, effects of dyeing process
condition for overcoming the energy barrier at polymer
molecules are different. dependence of diffusion on the
dyeing temperature and also describes the energy barrier
which dye should overcome to penetrate into the polymer.
While the quantitative values of ln (D) were plotted

Table 1 Diffusion coefficient (D) and dyeing rate constants (K) of
PP/PBT/Nanoclay (77/20/3 wt %) blend nanocomposite fiber.

slopes gave the value of E/R (Fig. 3). Depending on
organoclay concentration and partitioning, effects of
dyeing
process condition for overcoming the energy
barrier at polymer molecules are different.

FIGURE 3.Values of In (D) against T-1 for PP/PBT/Nanoclay
wt %) blend nanocomposite fibers.

(77/20/3

CONCLUSIONS
The results of this investigation allow us to suggest that
the presence of organoclay can change the
thermodynamic of dye sorption because of the
microstructural modification by creating nanosites for
adsorbing, changing the surface and bulk morphology to
improve penetration or blocking the dye by nanoclay
platelets near the surface that leads to ring dyeing.
Nanoclays depending on wetting ability are confined in
one of two phases or can be located at the interface
between polymer phases. Location of majority of
nanoclay influences the dye sorption duo to changing the
microstructural properties. The final adsorption behavior
of the multiphase polymeric fibers is strongly influenced
by the interface and the size of minor phase that is
determined by the relationship between the microstructure
development and dyeing process.
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effect of temperature was characterized in a temperature
chamber attached to the Instron.

INTRODUCTION
Sensors that can be incorporated into textiles or clothing
or attached directly to the human body have attracted
many researchers’ attention recently due to their potential
applications in the detection and simulation of human
motion, personal health monitoring and rehabilitation
therapeutics [1]. These sensors represent a new type of
sensing devices as they should manifest special
performances like low modulus, large and repeated
deformability besides good sensing performances that
conventional pressure sensors cannot deliver.

RESULTS AND DISCUSSION
1. Percolation threshold
The SE/SO composite is good insulating material
inherently. After filled with nano size conductive CB
particles, the volume resistivity of them significantly
decreased about 7 orders of magnitude as demonstrated
before [3], and a percolation transition range between
0.43 and 1.85wt% can be achieve. The much lowered
percolation threshold than other reported of more than
6wt% is benefit for composite processing [4]. The
percolation phenomena can be described with different
conductive mechanisms depending on CB loading. At low
CB loading, the conductive domains are isolated and there
is no continuous conductive pathways formed; with
increase of CB loading, the space occupied by CB
aggregates increased, accompany by the distance between
them decreases to a level that permits electrons to pass
through by hopping; further CB loadings lead to physical
contact of conductive dominates and small change of
electrical resistivity. For sensing applications, the
composites with CB loading beyond percolation transition
range is more preferred for the balance between initial
resistance and sensing properties [5].

In order to achieve these requirements, silicone
elastomers (SE) filled with carbon black (CB) conductive
particles that show piezoresistive properties have been
studied for large deformation measurement [2]. However,
the high CB loading beyond percolation threshold usually
result increase of the modulus of composites. In this paper,
silicone oil was introduced into the CB/SE composites as
plasticizer to develop conductive composites with low
percolation threshold and modulus, the coupled
electromechanical property and temperature effect of the
composites were characterized for sensing applications.
APPROACH
CB, SE (with equal weight of the two parts), and SO were
weighted and blended on a three-roll miller under ambient
temperature. Then the mixture was cast into a
polytetrafluoroethylene (PTFE) mold and degassed in a

2. Coupled electromechanical properties
Fig.2 shows the dependence of relative resistance on CB
loading when compressive strain is set to be 10%. It can
be seen that the sensitivity of the composites decreased
with of CB loading.
The effect of compressive strain on relative resistance for
composite 2.5CB is demonstrated in Fig.3, with increase
of compressive strain, the resistance synchronically
increased and decreased with compressive strain up to
20%. Fig.4 shows the relationship between stress and
electrical resistance of the CB/SE/SO composites (2.5CB)
under cyclic measurements, which demonstrate the good
reproducibility of the composite under cyclic testing.

FIGURE 1 Experimental set-up for coupled electromechanical
characterization

vacuum oven for 10 minutes. Pellet shaped samples with
a diameter of 13 mm and thickness of 2 mm were
fabricated with two parallel stainless steel plates pasted at
both sides before curing to reduce the contact resistance
between them. The measuring setup for the coupled
electromechanical properties is shown in Fig.1, and the

3. Effect of temperature
Reversible temperature effect on the CB/SE/SO
composites is very important for composites sensor
performance. The effect of temperature on resistance drift
and sensing accuracy should be defined and taken into
account. Fig.5 shows the relative resistance of CB/SE/SO
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Novel CB/SE/SO composites were fabricated and studied
in the research. The results show that composite with CB
loading in the post-percolation range show low initial
resistance, suitable sensitivity and good reproducibility
and compensable temperature effect, which can be used
for compressive strain or pressure measurement.

composite (3.0CB) under cyclic temperature between 0℃
and 60℃ . The resistance hysteresis decreases with
temperature cycles. The maximum hysteresis of initial
resistance is less than 2.5% for all the cycles,
approximately 1% if excluding the first cycle, implying
that the thermal effect is reversible.

FIGURE 2. Sensitivity vs. CB loading for CB/SR/SO composites with
compressive strain of 10%

FIGURE 5 Variation of initial resistance of CB/SE/SO composite in
cyclic temperature tests
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FIGURE 3. Dependence of relative resistance on
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ABSTRACT
Objects with nano size have been developed for many
applications i.e. medicine, filtration, photonic… In this study two
areas of the nanometric materials, nano fibers, nano clays, have
merged to try to develop new products, with nano size and
combining the properties of the previous mentioned materials,
that is to say, small size pores, high specific surface, etc.
This study highlights the first obtained results and the parameters
used to be able to produce such kind of composites. Further
works are currently running in order to develop finalized
applications.
INTRODUCTION
Producing nano filament is now current in textile field. These
polymer nanofibers are of particular interest due to their
extremely high ratio of surface to weight compared to the
conventional fibrous structures. A wide range of applications ,
going from filtration to protective clothing or photonic
materials are reported. Introduction of porous materials such as
clays, zeolites or mesoporous silica is believed to be a new
promising approach to impart properties such as gas-barrier
properties, fire retardancy, … The aim of this work is to prepare
functionalized polymer nanofibers by electospinning starting
from Polyacrilonitrile (PAN) and different nanoporous
compounds having a lamellar structure (montmorillonite or
laponite) or a tridimensional one (silicalite and SBA-15
mesoporous silica).
EXPERMENTAL
The electro spinning booth of the LPMT (figure 1) [1] has been
used and nano clay selected and provided by the LMPC (fig 1)
have been used for this purpose.

FIGURE 1: LPMT Electro Spinning Booth
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The polymer used in the study is the polyacrilonitrile
(PAN) from Sigma-Aldrich - France used in solution in
Dimethylformamide (DMF) from Fisher scientific –
France.
A commercial clay (laponite, RD grade, Rockwood
Additives
Ltd)
Synthetic
Montmorillonite
[2],
mesoporous silica ( SBA-15 [3]) and silicalite [4] were
used without further treatments.
Blending procedure
In order to obtain homogenous blend, different kinds of
procedure have been developed. The first one (1) has been
the following:
- Insertion of the nanoporous materials in DMF
- Dilution of the PAN in the DMF / nanoporous materials
solution
- Mechanical stirring and solution heating
The PAN contents of all the mixture equals 12 wt%, the
nanoporous composition and content are the following:
1. Montmorillonite (1 wt%)
2. Montmorillonite (2 wt%)
3. SBA-15 (1 wt%)
4. SBA-15 (2 wt%)
5. Silicalite ((2 wt%)
These 5 solutions have been spun and the results are
shown and explained in the next paragraph.
The second procedure (2) has been developed in order to
enhance the dispersion of the nano particules. The
following steps have been unrolled:
- Insertion of the nanoporous materials in DMF
- Dispersion thanks to Ultra-turrax device (18000tr/min –
15min)
- Dilution of the PAN in the DMF / nanoporous materials
solution
- Mechanical stirring + solution heating
The choices of the rotation speed and time have been
made in relation to previous studies with carbon
nanotubes [1].
The following solution have been prepared and spun :
In this case, The PAN contents of all the mixture equals
12 wt%, the nanoporous composition and content are the
following:

1. Laponite ((2 wt%)
2 Montmorillonite (2 wt%)
3. SBA-15 (2 wt%)
The different solutions were elctronspun at different voltages (
11-26 KV) and working distances ( 17-25 cm) ( distance between
the needle tip and the collection plate).
In order to characterize the obtained nanoweb the following
techniques have been used
- SEM: Scanning Electron Microscopy coupled with EDX to
examine the structure of thenanocomposite fibers and determine
the chemical composition
- XRD: X Ray Diffraction to identify the nanoporous materals
and the change after fornmation
- AFM: Atomic Force Microscope, for the analysis of the nanoweb surface.
RESULTS AND DISCUSSION
Concerning PAN nano-web and Montmorillonite; the table
1summarizes the obtained results and the spinning conditions.

CONCLUSION
This study is in its very beginning and has allowed
producing nano-web embedding nano-clays. The trials on
the Montmorillonite have given promising results and the
insertion of zeolithe in the structure has been fruitful.
The use of the different characterization devices has
confirmed the initial observations and has highlighted the
crucial importance of the solution preparation procedures.
The future of this study will lead to apply other
characterization techniques such as DSC, in order to
observe the influence of the nano-clays on the
crystallization of the polymer. This one could act as a
germination agent as it has been found in the literature
[5]. Moreover the spectrum of applications of such
composites is very large and could be used in medical
field as well as in filtration or optical areas [6][7].
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TAB I: montmorillonite electro spinning nano web characteristics
%
Height Voltage
Flow
Diameter CV Branched
particles
cm
kV
mL/h
nm
%
Fibers
1
20
26
0.212
529
17
Yes
Yes
1
18
22
0.212
1068
57
No
No
2
10
11
10
486
43
No
Y1
2
25
15
1.06
263
19
No
Y2
2
17
11
0.707
578
22
No
Y3
2
21
27
0.212
681
18
No
Y2
Y 1: Yes a lot of pearls and bad spinnability; Y 2: Yes, few pearls; Y3: Yes, very
few pearls
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FIGURE 2: SEM images of PAN 12%wt – Montmorillonite 1% wt
naocomposites fibers

It can be easily observed that Montmorillonite in embedded in
the nanoweb on the photos b) and d) and that the
montmorillonite seems to be in aggregate shape.
EDX spectra of the nanocomposites indicates that fibers contains
mainly C, O, Si, Al and confierrls the presence of the
montmorillonite within the fibers.
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1

method consists of rotating roller, high voltage supplier
and collector electrode to spin fibers directly from the
polymer solution. High voltage is connected to the
rotating roller and collector electrode. Many Taylor cones
[5] are created on the roller surface which gives a high
spinning performance and makes the process industrially
important. Creation of Taylor cones on the surface of
roller was described by Lukas et al [6]. Spinnability of a
specific polymer solution depends on its ability to create
stable jets. If the jets break due to Rayleigh instability [3],
the life of Taylor cones is extremely short and no spinning
process occurs.

OBJECTIVE
In this study, the effect of 1,1,2,2 tetrachlorethylen (TCE)
non-solvent addition on the spinnability of polyurethane
(PU) nanofibers using roller electrospinning was
investigated. From the results, without TEAB addition
solutions couldn’t spun until 10 wt % of TCE nonsolvent. If solutions include 0.8 wt % of TEAB, all
polyurethane solutions could spun using the same process
parameters (voltage, distance of the electrodes, humidity,
etc.). As a result, TCE non-solvent addition has an
important effect on the spinning parameters such as
number of Taylor cones/m2 and spinning performance
parameters.
INTRODUCTION
The concept of using electrostatic forces to obtain nano
fibers is over many years old [1-3]. Needle
electrospinning is the most common method, hovewer
needle clogging and low throughput are still unsolved
main problems. In this study, roller electrospinning
method was used to spin polyurethane nanofibers. This
method was invented by Jirsak et al from Technical
University of Liberec [4] and commercialized by Elmarco
Co under the Nanospider trade name. Roller
electrospinning method is one of the effective method to
produce nanofibers at industrial scale that is why we
focus on this method.
APPROACH
Polyurethane (PUR, Larithane LS 1086, aliphatic
elastomer based on 2000 g/mol, linear polycarbonated
diol, isophorone diisocyanate and extended isophorone
diamine) was used as a polymer, dimethylformamide
(DMF)
was
used
as
a
solvent,
tetraethylammoniumbromide (TEAB) was used as a salt
and 1,1,2,2, tetrachlorethylen (TCE) was used as a nonsolvent. Solutions prepared at various non-solvent
concentrations such as 0-1-5-10-15-20 wt % of TCE. All
solutions include 15 wt % of PU. First group solutions
does not include TEAB, hovewer second group solutions
include 0.8 wt % TEAB salt (Table I).

FIGURE 1. Schematic diagram of Nanospider method.

Optimum process parameters (voltage, distance between
the electrodes, roller speed, humidity etc.) of the roller
electrospinning which were determined previous
experimental works were applied. The nanofibers were
collected on the polypropylene (PP) spunbond nonwoven
antistatic material. During spinning process, Taylor cones
on the surface of the roller were recorded to analyse
spinning parameters such as number of Taylor cones/m2.
Then, nano fiber properties were analyzed using a
scanning electron microscopy (SEM).

TABLE I. Polyurethane solutions and contents
PU %
TEAB %
TCE %
0
0-1-5-10-15-20
15
0.8
0-1-5-10-15-20

RESULTS AND DISCUSSION
It was possible to spin uniform and fine nano fibers with
all PU solutions except containing 0, 1 and 5 wt % of
TCE without TEAB. Therefore, it was not occur any
Taylor cone on the roller during the spinning process

Firstly, polymer solutions were prepared under the same
conditions. Then solutions were electrospun using roller
electrospinning method (Nanospider) (Figure 1). This
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using these solutions. The large number of Taylor
cones/m2 means that high spinning performance values.
According to Figure 2, the highest spinning performance
value is 1,094 g/min/m and also the highest number of
Taylor cones/m2 is approximately 38.000/m2 from the
same solution including 15 wt % of TCE with 0.8 wt of
TEAB. TEAB addition also developed spinnability of
polyurethane by roller electrospinning [7]. If solution
includes 0.8 wt of TEAB, number of Taylor cones/m2 and
spinning performance values increase dramatically. The
polarity and attractive forces between the macromolecules
of PU increase with TEAB. This is important, especially
for consistency and life of jet coming out of Taylor cone.

0 % TCE

1

5

10

15

5 % TCE

10 % TCE
15 % TCE
20 % TCE
FIGURE 4. SEM images of PU nanofiber samples produced with
various TCE concentrations (0.8 % TEAB) (10.000x).

NTC/m2 (0 % TEAB)
NCT/m2 (0.8 % TEAB)
SP (0 % TEAB)
SP (0.8 % TEAB)

CONCLUSIONS
The results indicate that TCE non-solvent addition has an
important effect on the spinnability of PU nanofibers by
roller electrospinning method. As the TCE concentration
increases number of Taylor cones/m2 and spinning
performance values increase. Especially with 0.8 wt % of
TEAB salt, spinnability increases dramatically with TCE
concentration. Except 20 wt % of TCE with 0.8 wt % of
TEAB, we could spin very fine and uniform nano fibers.

0
0

1 % TCE

20

TCE Concentration (% )

FIGURE 2. The Effect of TCE concentration on the spinning parameters
of roller electrospinning

The presence of TCE reduces PU polymer solubility in
DMF solvent so increases intermolecular attractive forces.
This leads to stronger jet and especially longer life of jet
which means more Taylor cones per area unit of spinning
surface.
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The fiber pictures obtained from SEM were given in
Figure 3 and Figure 4.
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FIGURE 3. SEM images of PU nanofiber samples produced with
various TCE concentrations (without TEAB) (10.000x).

At 20 wt % of TCE with 0.8 wt % of TEAB solution is
the worst in terms of spinning parameters and fiber
properties such as stickness (Figure 4).
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INTRODUCTION
Electrospinning is a unique technology that produces
Polymer fibers with diameters in the range of
nanometers to a few microns using an electrically
driven jet of a polymer solution or melt [1].
Electrospinning enables production of continuous
Nanofibers, nonwoven fabrics and functionalized
composite fibers and yarns as well [2].

(TFA) and a dichloro-methane (DCM) purchased
from Merck Company were used as a solvent without
further purification. The concentrations of 18%, 21%,
24%, 27% and 30% w/v PET polymeric solution in
TFA/DCM 70:30 solvent mixtures were prepared at
room temperature under constant mixing for
approximately two hours. A 488/144 (54.4 tex) PVA
multifilament yarn was used as the core.

Hollow yarns have been created to improve consumer
yarn properties, to increase the entrapped air in the
yarn, and to gain a stronger yarn for weaving process
before extracting the core fibers and producing
weightless fabric after removing the core fibers. So
far hollow yarns have been produced by conventional
systems, such as friction spinning. In hollow yarn
spinning, a PVA multifilament is used as a core in the
yarn center, and another fiber is wrapped on that
core, then the water soluble PVA is removed from
the yarn structure in using boiling water [3].

Electrospinning set-up
Figure 1 schematically illustrates the basic setup for
electrospinning. It consists of a high voltage-power
supply, two syringe needles, a conductive
hemisphere, a feeder unit and a take up unit. The
hemisphere diameter was 8 cm. The syringe needles
were located 2 cm from the half-sphere and 21 cm
from take up unit. The distance between the syringe
needles was 15 cm. Electrospinning was done
between two syringe needles, then electrospun
nanofibers collected on hemisphere surface and
twisted by rotating the hemispherical collector. In
order to produce core-sheath yarn, a PVA
multifilament yarn was fed as the core from feeder
unit to take up unit by hollow metal rod that attached
to the hemispherical collector. PET nanofibers were
twisted onto the PVA yarn as the sheath, and then
core-sheath yarn was drawn and collected on take up
roller. Hollow yarn was obtained by removing the
PVA yarn by dissolving in water at 60 °C for 24
hours.

To the best knowledge of the researcher, up Until
now, a few research projects attempted to obtain
hollow yarn by using electrospining process. In a
recent work, for example, Bhargava by a hollow
rotating metal rod with attached hollow metal
hemisphere at one end and two different polymer
solutions could electrospin a core-sheath yarn. More
by removing the inner core yarn (PVA electrospining
yarn) in boiling water, hollow nanofiber yarn could
be obtained [4].

Characterization
The morphology of hollow nanofiber yarn was
observed with scanning electron microscope (AIS2100) after gold coating. The diameter of PET
nanofibers was measured from high magnification
SEM images. A motic optical microscope B3 was
used to capture images for measuring the yarn
diameter.

In this study, by manipulation of hemisphere location
of Bhargava electrospining system and some small
changes in set-up of the pervious techniques,
polyethylene terephthalate (PET) hollow nanofiber
yarn was produced. In order to produce an optimum
hollow nanofiber yarn, the electrospining parameters
such as, the number of core yarn covering and the
concentration of PET polymeric solution in
electrospining process was investigated.

RESULTS AND DISCUSSION
Hollow yarn structure
In order to produce an optimum hollow nanofiber
yarn, the covering was done six times on the core
with concentrations of 18%, 21%, 24%, 27% and
30% w/v PET polymeric solution in TFA/DCM
70:30 solvent mixtures. In series of experiments, the

APPROACH
Materials
A kinds of poly (ethylene terephthalate) with IV
(Intrinsic viscosity) 0.64 was obtained from Shahid
Tondgooian Petrochemical Company (Bandar Imam,
Iran) in the form of chips. A trifluoroacetic acid
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applied voltage, the flow rate and the yarn twist were
kept constant at 10 kV, 0.0526 ml/h and 1851 TPM,
respectively. Figures 2(a) shows SEM image of PET
hollow nanofiber yarn spun at concentration of 30%
w/v polymeric solution. Figure 2(b) shows SEM
image of the cross-section area of PET hollow
nanofiber yarn at concentration of 18% w/v
polymeric solution.

b

FIGURE 2.(a) SEM image of PET hollow nanofiber yarn at
concentration of 30% w/v polymeric solution, (b) SEM image of
the cross-section of PET hollow nanofiber yarn at concentration of
18% w/v polymeric solution

a

b

d

e

FIGURE 3. SEM image of PET electrospun nanofibers at
concentration of a)18%, b)21%, c)24%, 27% and 30% (w/v)
TABLE I. The average diameter of PET nanofibers in different
concentrations
Polymeric solution
The ratio of inner to outer
concentration (w/v%)
average diameter (r/R)
18%
0.7969
0.7197

24%

0.5696

27%
30%

0.5669
0.5228

The efficiency of extracting the
PVA multifilament

18%

87.67

21%

74.26

24%

66.36

27%
30%

62.31
57.35

18%
21%
24%
27%
30%

286.83
471.58
526.99
604.91
858.97

20.01
22.01
17.65
22.81
17.87
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TABLE II. The ratio of inner to outer average diameter of PET
hollow nanofiber yarn
Polymeric solution
concentration (w/v %)

CV%

CONCLUSIONS
The aim of this study was to investigate the various
concentrations of polyethylene terephthalate (PET)
polymeric solution and determining the optimum
concentration of PET polymeric solution to produce
hollow nanofiber yarn. First, the electrospining
apparatus was designed to place PVA multifilament
in the core and PET nanofibers in sheath at
simultaneously, then PVA multifilament was
removed from the sheath. In order to produce an
optimum hollow nanofiber yarn, the covering was
done six times on the core. In surveying the
electrospining parameters observed that the thickness
of sheath increased with increasing concentrations of
PET polymeric solution. Results showed that in the
concentration of 18% w/v PET polymeric solution in
TFA/DCM 70:30 solvent mixtures conducted at 10
kV applied voltage with flow rate of 0.0526 ml/h, the
efficiency of extracting the PVA multifilament from
the hollow yarn is more than 85%.

c

21%

PET nanofibers
average diameter(nm)

Hollow yarn characteristics
Figure 3 shows SEM images of electrospun
nanofibers at different concentrations. Table I shows
average diameter of PET at various concentration in
the same product condition. The average diameter of
electrospun nanofibers increased with increasing of
concentration of polymeric solution. Table II shows
the ratio of inner to outer average diameter of hollow
yarn at different concentrations. Results show that
sheath thickness of hollow yarn increases with
increasing concentrations of PET polymeric solution.
Table III shows the efficiency of extracting the PVA
multifilament from the hollow yarn. Results show
that the efficiency of extracting the PVA
multifilament from PET hollow nanofiber yarn
decreases with increasing concentrations.

FIGUR
E 1. Schematic illustration of electrospinning setup to produce
hollow nanofiber yarn

a

Polymeric solution
concentration(w/v%)
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Introduction
In an active physical condition or hot and humid
environment, a huge amount of sweats were
created by human body to decrease body
temperature. A considerable number of moisture
management fabrics have been developed to
quickly disperse and remove sweat from skin.
Different techniques, such as shape and content of
fiber or yarn, knitting or weaving structure,
chemical treatment were employed. Biomimetics
inspires to fabricate plant woven structure fabrics
with improved liquid water absorption and
transport properties [1, 2, 3, and 4]. Furthermore,
the concept of plant structure has been applied to
extend to weft knitted fabrics [5 and 6]. However,
these weft knitting plant constructions do not
fully meet our requirements, in this study Raschel
warp knit technique was applied to build plant
branching structures in the transverse direction of
fabrics.

Water Transport Test (TWTT), vertical wicking
rate, water evaporation rate, one-way transport
and air resistance were employed in the project to
measure the water transport behavior of different
fabrics.

Results and discussion
Testing
Initial water
absorption rate(g/s)

Experiment
Double-needle bar Raschel warp knitting
machine (machine gauge E22) was used to
implement the principle. The two yarns are
combined together to form a two-yarn loop on
every other needle of the front needle bed for
creating the surface in contact with the skin; these
two yarns run separate to form two single-yarn
loops on every needle of the back needle bed for
creating the outer. Control structure is in normal
Rachel warp knitting construction .Two needle
guide bars used polyester (75D*2) filament.
Table 1 shows the specifications of plant fabric
and control fabric.
Index

Fabric

Plant

Control

Weight(g/m )

255

253

Thickness(mm)

1.45

1.18

2

Density

Back side

810

1947

(loop/inch2)

Face side

1620

1947

Fabric

Plant

Control

1.67

1.43

Wicking

warp

2.18

1.62

rate(mm/s)

weft

1.04

1.04

Water evaporation(g/h)

0.24

0.15

One-way transportation

262.82

239.68

Air resistance (kPa s/m)

0.106

0.538

Table 2 Testing results of plant structured and
control fabrics
Table 2 presents all testing results in this study.
The measurements of various water absorption
properties, in terms of initial water absorption
rate, wicking rate, water evaporation and one-way
transport demonstrated that plant structured
knitted fabrics absorbed water faster than the
standard interchanged plain knitted fabrics.
Further testing of air resistance proved that these
novel fabrics can enhance the overall comfort of
the user.
The possible explanations of faster water
absorption rate of plant-structured knitted fabrics
are as follows. A branch network was build to
reduce the water resistance in this system. The
plant-based structures created a greater number of
loops at the face side than that at the back side.

Table 1 the fabric description of plant structured
and control fabrics
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This promotes faster water evaporation at the face
side, creating the cohesion tension force, which
forces liquid water to transport from the back
side. Loops at the face side with a smaller
diameter, and loops at the back side with a larger
diameter could create a net capillary force pulling
liquid water from the back side to the face side.

[6] Chen, Q., Fan, J., Sarkar, M., and Bal, K. Plant
Based Biomimetic Branching Structures in
Knitted Fabrics for Improved Comfort Related
Properties (accepted by Textile Research Journal)

Conclusion
The findings of this study has demonstrated warp
knitted plant structured fabrics had significant
faster initial water absorption rate and wicking
rates than conventional control fabric with similar
mass and same material.

Future work
Yarn type, yarn fineness, the knitting notation of
plant structure and fabric density can be studied to
improve the water transport properties.
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indeed not only was the moisture content of the fabric
next to the skin important, also the relative humidity
of the air surrounding the wearer influenced the
amount of moisture that condensed on the fabric.
These observations suggested for the first time that
dynamic water levels in the clothing played an
important role in comfort.

Abstract
The study has been done by the first author during his
post graduation with the full help of his respected
Prof. Dr. Zhang Weiyuan on 05-09-2000 in fabric
testing lab at Dong Hua University, Shanghai, China.
Moisture from perspiration collects in and passes
through clothing as worn and the properties of
clothing fabrics influence both the collection and
passage of this moisture. The selection and measure
of moisture properties that relate to comfort in wear
has proved to be more difficult than first perceived.
Surface wetness of fabrics has been found to
correlate with skin contact comfort in wear for
variety of fabric types, suggesting that mobility of
thin films of condensed moisture is an important
element of wearing comfort. This study discusses
how surface wetness is measured, particularly in
regards to moisture that condenses in clothing next to
the skin.

Experimental
FABRICS USED FOR MOISTURE AND
COMFORT STUDIES
The fabric product was knit shirting of 100% cotton,
and 100% polyester which was checked by using
surface fiber counting techniques.
Table 1.
Shirting
Codes
Knit(a)
Knit(b)

Fiber Content
Cotton
Polyester
100
0
0

100

Comfort testing and apparatus

Introduction

a. Cup method
The assembly of fabric and metal rings was sealed to
small dishes containing a granular drying agent. The
dishes inverted so that the drying agent is in contact
with the fabric, minimizing the path of the water
vapor. The inverted dishes placed on a wide mesh
wire rack in a uniform current of conditioned air
70°F, 65 percent R.H., 200 ft./min, has been used.
Weightings were made at uniform intervals of ½ to 1
hour, and the drying agent is mixed at each weighing,
since otherwise the resistance tends to increase as the
layers next to the fabric become saturated. The rate of
gain in weight becomes constant after the first half
hour and remains constant for 1 hours or more.

The influence of heat and moisture transfer from the
skin to the environment. Heat transfer by conduction,
convection, and radiation moisture transfer by vapor
diffusion are the most important mechanisms in very
cool warm environments. There is much less
certainty, however, about the important mechanisms
under small temperature gradients of ordinary
clothing wear.
Procedure
Indeed if one calculates the amount of moisture that
passes through clothing fabrics from wet skin, very
little is left to condense on the cooler drier fibers of
the first fabric layer. An initial observation nothing
the surprisingly strong discomfort sensations
associated with small amounts of water in the skinclothing interface has been confirmed in a number of
studies in which either moisture form sweating or
added moisture generates these clothing contact
sensations. The procedures for these measurements
emphasize again that very little moisture is required
to stimulate sensations of discomfort. Often 3% to
5% added moisture is ample to develop discomfort.
Attempts have been made to measure the local
moisture content of fabric surfaces next to the skin in
a real wearing experiment, and to correlate these
values with perceived comfort. A miniature clothing
hygrometer developed for this purpose revealed that

Given: Temperature (m) = 21°C, R.H inside cup= 0,
R.H outside cup= 85%, the cup mouth diameter d=
10cm, drying agent, two different kinds of fabrics
(three pieces from each), time(t)= 1 hour.
1. The first measurement of 100% cotton fabric:
No.

138

Weight of drying agent
+ cup covered with
fabric after 1 hour

1

Weight of drying
agent + cup
covered with
fabric
87.75 g

2

112.25 g

114.24 g

3

105.63 g

106.47 g

88.50 g

1.

The second measurement for 100% polyester
fabric:

No.

Weight of drying agent
+ cup covered with
fabric after 1 hour

1

Weight of drying
agent + cup
covered with
fabric
103.80 g

2
3

107.34 g
103.23

109.0 g
103.23

b.

20
16.7
17.4
25
19.4
20.4
30
20.8
22.4
The method focused on moisture changes at a fabric
surface.
Table 3. shows data for these fabrics revealing that
water collection of each followed essentially the
same behavior independent to the fiber type. Clearly
there was no major effect cause by differences in
regain, or at these water levels, no opportunity for
water flow in the fabric s by a capillary process.
Nevertheless, these same fabrics used as garments in
a comfort study were quite different in their ability to
generate discomfort next to the skin, and this
information illustrated in Table 2.

103.80 g

Hot plate method

Results
This study reveal is that for every change in exercise
level or microclimate level there is a corresponding
response by wearer in detecting such sensations as
strictly, clingy, clammy, damp and nonabsorbent.
Degree of contract of the fabric with the skin and the
type of fiber used in construction are the major ways
in which fabric can be altered to achieve satisfactory
comfort over a wide range of conditions. As the
intensity of the discomfort sensations is directly
influenced by the amount of moisture at the clothingskin interface, buildup of moisture on clothing next to
the skin results in a decrease in comfort level. This
effect is illustrated in Table 2.

Sweating skin is simulated by a wetted chamois
heated to skin temperature. Moisture flow to the
chamois is achieved by a water overflow device that
supplies only that amount of water needed to
maintain wetness. Fabrics whose water receiving and
moisture redistribution properties are to be studied
are held taut in embroidery hoop away from the skin
to duplicate the water distillation process that occurs
in clothing ware as discussed in introduction.
Under all conditions of measurement the cotton was
more comfortable than the polyester.

Conclusion

The device in figure 1. was used first to determine
whether fabrics of similar surface hairiness would
pick up the same amount of moisture, independent of
the fiber type. The series of controlled knit fabrics of
cotton, and polyester listed in the table 1. was
individually exposed to the simulated sweating
device and the water pickup measured as a function
of time.

The test for passage of moisture due to perspiration in
fabrics gives some indication of how different fabrics
used in clothing next to the skin will influence the
comfort of wearers under sweating conditions. The
test shows that moisture level of the clothing fabric
surface next to the skin appear to be correlated
directly with the sensations of discomfort noted by
wearer of these fabrics under sweating conditions.

Table 3. Moisture% collected by comparable knit
fabrics (exposed to simulated sweating and 95°F30-70% RH)
Percent fiber content of knit
fabrics
Time of
exposure,
100%
100%
minutes
Cotton
Polyester
5
6.7
6.1
10
11.0
10.2
15
15.3
14.3
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manikin Walter in the still air condition, the result
showed that openings or vents located at the two
vertical side panels along the side seams provided
the best ventilation to the wearer. The action of
moving arms could stretch two sides of the T-shirt, it
strengthened the exchange of the cooler/ dryer air in
the ambient environment and warmer/moist air
inside the garment. Many designers would put vent
panels across the chest or back to release body heat,
however, this research claimed that vents on such
areas would block the air circulation because this
fabric layer would lay on the manikin’s skin surface
due to garment draping.

Abstract
Thermal comfort is the key issue to be considered
when designing a garment. To improve the
ventilation of a garment, some designers tend to use
functional fabric such as moisture management
material, while other may think any possibilities to
create certain ventilated details to strengthen this
function. To achieve this purpose, putting vents or
openings on the garment is one of the popular ways.
However, there are few researches explaining how
much of this kind of design can contribute to the
body ventilation. Too, limited researches have been
done to investigate further product development
related to this topic. In this study, a ventilated T-shirt
is designed. To evaluate its function on body
ventilation, a series of experiments are conducted in
chamber. During the testing, a sweating manikin
named Walter is used to simulate both walking and
standing postures of a real person. The testing results
provide evidence to show how much this new design
can contribute to better heat and moisture transfer
between body and ambient environment.

The development of a ventilated T-shirt
Because of the influence of the gravity, the fabric
layer of a garment drapes downward so that the
fabric layer tends to touch closely to the chest,
shoulders and back. To improve the air circulation of
the whole body, garments were designed to extend
the distance between the skin surface and the fabric
layer. In order to keep the distance between the Tshirt fabric and the skin surface by a subtle
approach, spacer materials were placed underneath
the garment to keep the garment propped away from
the body. In this study, 4 T-shirts were designed.
Two of them were put spacer material underneath
(see figure 1 and 2)

Introduction
Clothing generally represents a layer of insulation or
a barrier to heat transfer from the skin surface. If
clothing cannot effectively release the body heat,
discomfort will result and in extreme conditions, the
wearer may even be in danger. For athletes, heat
stress can harmfully affect their sports performance
[1, 2]. Therefore, it is crucial to optimize clothing
design [3]. For the recent development, designers
tend to put mesh fabric as the ventilative panels.
This kind of open-knitted fabric, can actively release
the body heat to the ambient environment. And at
the same time, wind can easily enter to the body
surface so as to provide a better air circulation.

Figure 1 – a ventilated T-shirt with side mesh
panel(front)

However, only limited research had been carried
out about the relationship of thermal comfort and the
positions of the vents/openings. In this regard, Ho et
al [4] conducted a range of experiment to find out
this relationship. By using the thermal sweating

1
140

transfer among all the T-shirts. It reduced Rt and Ret
by 6.95% and 15.53% compared to the control piece.
Comparing the two T-shirts with spacer objects for
propping up the fabric layer away from the skin, the
one with mesh panels on the two side seams
performed better than the one without, as it resulted
in approximately 3% reduction in Rt and 4.8% in Ret.
The tests proved that keeping the T-shirt layer away
from the skin surface and circulation in the air space
improved the ventilation of the garment. This was
because the body heat and moisture vapour could
flow within the sufficient air gap between the body
skin surface and the fabric layer, and they were
released out to the ambient environment through the
porous surface of the mesh vented panels.

Figure 2 – a ventilated T-shirt without side mesh
panel (front)
Experiment
In order to test the functionality of the propping up
effect, the test was conducted under no wind and
windy conditions. In this test, a thermal sweating
manikin, nicknamed “Walter” [5, 6] was used
(Figure 3). During the testing, Walter remained in
standing posture. The experiment was conducted in a
climatic chamber at 20.0 ± 0.5 ºC and 65.0 ± 2% RH
with an air velocity of 0.5 ± 0.3 m/s (no wind
condition) and 2 ± 0.3 m/s (windy condition). The
core temperature of the manikin was set at 37ºC. For
all the tests with varying T-shirt samples, the same
pair of short trousers (made of 100% cotton) was put
on the manikin. Each T-shirt was tested for three
times and a mean value out of the three tests was
taken. In order to avoid the presence of dust and oil
that would possibly affect the testing results, the Tshirts were washed once before testing. Clothing
thermal insulation (Rt) and moisture vapour
resistance (Ret) were calculated to evaluate the level
of thermal comfort that was affected by different Tshirt design styles. Lower value means that the Tshirt can provide better ventilation so as to keep
clothing thermal insulation and moisture vapour
resistance in a low level.
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Figure 3 – The sweating thermal manikin – Walter
Results and Discussion
Under windy conditions, the improvement was more
pronounced than that in no wind conditions. The
new design with putting mesh panels alone the side
seams had the best performance in heat and moisture
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performance of the selected fabric systems. These
thermal hazards include thermal radiation,
convection, conduction and mass transfer [2]. Three
specimens were tested for each fabric system. The
protective performances were measured from various
laboratory experiments such as RPP, TPP, hot
surface contact, hot liquid, hot steam etc. These
experiments were carried out based on to the ASTM
F23 standards with modifications to account for the
thermal stored energy. When exposed to thermal
hazards large amount of energy get stored in
protective clothing. This stored energy gets
discharged later and may cause the skin burn injuries
on wearer’s body [2]. In order to measure the
protective performance of the fabric systems, the
time required to achieve 2nd degree skin burn injuries
by heat transmission and discharge of stored energy
through fabric systems were determined. A fabric
system with prolonged time requirement for 2nd
degree skin burn injuries than other fabric systems
were inferred as better in terms of performance. Two
highest performing fabric systems from each
laboratory test were identified. Furthermore, the
physiological burdens of the identified highest
performing fabric systems were measured by Total
Heat Loss (THL) through fabrics. A detailed
comparison among various tested fabric systems was
conducted through statistical approach ANOVA.
RESULT AND DISCUSSION
The thermal protective performances of the selected
fabric systems were dependent upon their structure,
physical properties and type of thermal hazards. For
TPP and RPP, the multilayer fabric systems with
higher thermal insulation show a good performance.
It reflects that fabric system having high thickness is
more prone to trap the dead air, in turn high
protection performance. In the case of hot surface
contact, the applied pressure between the fabric
systems and hot surface reduces the insulation. This
is the most critical aspects to minimize heat transfer
through fabric systems. Fig 1 shows air permeability
is negatively correlated (correlation -0.71) with 2nd
degree skin burn injuries for hot liquid test of single
layer fabrics. A possible reason may be high air
permeability allow to pass hot liquid through fabric
and creates the 2nd degree skin burn injuries very
quickly.

INTRODUCTION
All over the world, every year, numerous firefighters
get injured while fighting fires and rescuing people.
Additionally, a lot of industrial (oil, gas, steel etc)
workers also get injured due to gaseous burn, flame
burn etc. Such injuries have caused a great human
toll. To prevent or reduce the human toll, thermal
protective clothing has been used for firefighters and
industrial workers. This thermal protective clothing
primarily provides protection from open flames,
boiling liquids etc. [1]. The nature of thermal hazards
severely influences the performance of protective
clothing. If protective clothing is not properly
engineered, heat transfer to wearers’ body may cause
2nd degree and/or 3rd degree skin burn injuries [2].
A great deal of research [1, 3, 4] has been conducted
to analyze the performance of thermal protective
clothing for different thermal hazards using various
fabric structures, garment designs etc. Barker, Shalev
and Lee [1, 3] carried out an extensive research to
understand the response of single layered fabrics in
high heat exposures using Thermal Protective
Performance (TPP) test. Furthermore, the impact of
garment structure on TPP was analyzed in flash fire
manikin evaluation system by Song [4]. Many
researchers [5] have also investigated the amount of
heat stress generated on wearers’ body through
thermal protective clothing. Barker et al [5]
explained that in many cases the thermal protective
clothing impedes heat and mass (moisture) exchange
between human body and environment, in turn,
creates the physiological burden (heat stress) on
wearer’s body. Although an extensive research has
been carried out in this area, till date, a complete
understanding on fabric structures for optimum
protection from heat and mass transfer mechanism in
various thermal hazards is really insufficient.
STATEMENT OF PURPOSE
This study was designed to develop understanding on
the performance of various fabric structures and
associated properties in different thermal hazards.
The physiological burden of the fabrics associated
with wearing the clothing was also estimated. Finally,
a detailed mapping on appropriate fabric systems for
effective protection from heat and mass transfer was
demonstrated.
APPROACH
In this study, different fabric systems (single layer,
bi-layer and multi-layer) which are believed to
represent the current typical thermal protective
clothing were selected based on their physical
properties, structures and finishing. Laboratory
simulations of the various thermal hazards were
created to evaluate the thermal protective
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FIGURE 1. Relationship between air permeability and second
degree skin burn injuries for hot liquid test of single layer fabric.

During the hot liquid test, the resistance of mass
transfer through fabric systems is the foremost
important consideration in developing the fabric
systems. In order to protect from the hot steam, a
combination of heat transfer, mass transfer and
compression properties of fabric system is most
important. For protection from hot steam it is
essential to design a fabric system with minimum
heat and mass transfer as well as having least effect
of compression on fabric properties.

CONCLUSIONS
From this study, it can be concluded that measured
fabric systems performance varies when exposed to
different types of thermal hazards. The dominant heat
transfer mode is different for different thermal
hazards. For hazards of hot surface contact and hot
steam, the applied pressure may change the physical
properties of the fabric system and therefore it may
enhance the heat transfer. Thus, the results generated
through this study will help to engineer more
effective thermal protective clothing.
FUTURE WORK
The insight gained through this study on the key
factors regarding performance of various fabric
systems specific to thermal hazards will be greatly
helpful in developing new fabric systems and new
textile materials. The developed textile material or
fabric system will also help in the better garment
design for thermal protection. In future, a study can
also be carried out to identify the best unified fabric
system catering to all types of thermal hazards.
REFERENCE
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chemical structures of the raw materials used in the
formulation of PUs are presented in Fig. 1(a). Reaction
route for the synthesis of SIPU is shown in Fig. 1(b).
Schematic illustration of chemical structure of the SIPU
containing GlyAlaGlyAla tetrapeptide is illustrated in Fig.
1(c). For comparison, a common PU with the classical 1,
4-butanediol (BDO) chain extender was also synthesized
in the same condition, which was denoted as BDOextended PU. Intrinsic viscosity measurement of the PU
samples was made using an Ubbelohde suspended level
viscometer at 30 ± 0.1 °C in a thermostated water bath
using N,N’-dimethylformamide (DMF) as solvent. The
viscosity-average molecular weight was calculated from
the empirical Mark-Houwink equation ([η]=KMη) using
the following constants: K=6.80×10 -5 dL/g and α = 0.86
[2]. Molecular weights (Mn, Mw) were determined
relative to a calibration with polystyrene standards, by
using gel permeation chromatography (GPC, Waters
1525/2414, Waters Instrument Co., MA, USA) equipped
with Empower software at ambient temperature.

INTRODUCTION & STATEMENT OF PURPOSE
Industrial silk-like fibers for textile use are commonly
produced by the alkaline hydrolysis of polyester fibers,
without any component of silk fibroin, to mimic the
handle and shape of the natural silk fibers. However,
structures determine properties. Besides regeneration of
silk fibroin, to achieve the artificial production of high
performance and hierarchical structure of silk fibers, a
variety of polyamino acids and polymers based on silk
fibroin model have been explored by chemical method or
genetic bioengineering. Currently, we make an effort to
develope a novel silk-inspired polyurethane (SIPU)
biofiber, which combines synthetic PU chains with
peptide sequences of natural silk, for potential mechanical
or biomedical applications.
APPROACH
The SIPU containing GlyAlaGlyAla tetrapeptide (a
characteristic sequence of silk protein) in this report was
obtained by a two-step polymerization method. The
detailed synthesis procedures and primary structure of the
SIPU were described in our previous article [1]. The

FIGURE 1. (a) Starting materials, (b) Synthetic scheme and (c) Schematic structure for the silk-inspired polyurethane containing GlyAlaGlyAla tetrapeptide.

144

Tetrahydrofuran (THF) was used as solvent to prepare
SIPU solutions at different concentrations (10 wt%, 20 wt%
and 30 wt%, respectively) for electrospraying and electrospinning. Aluminum foil was used as a static collector. The
flow rate of the SIPU solution was fixed at 0.8 ml/h, the
distance between the spinneret and the collector was 15 cm,
and the applied electric field was 1 kV/cm. The morphology
of PU mesh samples was observed with SEM at an
accelerating voltage of 25 kV after sputtering gold.
RESULTS AND DISCUSSION

TABLE I. Molecular weights and intrinsic viscosities of the PU samples
estimated by GPC and Ubbelohde viscometer.

PU sample
Dow BPU c
BDO-extended PU
Silk-inspired PU
a

Mn a
97934
14838
13534

Mw a
194513
29097
27921

determined by GPC; b (ml/g); c Pellethane® 2363-80AE

[η] b
83.4
26.5
24.0

Mη
56783
14972
13346

The values of average number molecular weight (Mn)
analyzed by GPC are in approximate agreement with the
values of viscosity-average molecular weight (Mη) obtained
by intrinsic viscosity (Mark-Houwink equation) as listed in
Tab. I. The values of molecular weight and intrinsic
viscosity for our PU samples are in accordance with Žagar’s
similar research result for non-carboxylated, carboxylated
PUs and PU-ionomers [3]. The viscosity-average molecular
weights of the synthesized PU samples (BDO-extended PU
and SIPU) range from 13,000 to 15,000 thus being not
comparable to those of commercial biomedical PUs (e.g.
Dow BPU), but SIPU can still be electrosprayed and
electrospun to form film and fiber mesh (Fig. 2). Another
interesting finding is that the determined intrinsic and
reduced viscosities of the PU samples in DMF are lower
than those in THF solution.
As shown in Fig. 2(a), when the jet broke into droplets
during the experimental process, electrospraying instead of
electrospinning occured in the case of diluted solutions of
silk-inspired PU (<10 wt %). This could be attributed to the
lack of sufficient polymer-chain entanglements when the
solution is too dilute. As the concentration increases to 20
wt%, the solution becomes viscoelastic and takes a longer
time to break up into drops. As a result ‘bead-on-string’
morphology is formed as shown in Fig. 2(b). When the
concentration of silk-inspired PU in THF is above the
critical concentration, polymer solution may form a
network of entanglements, making the solution more elastic
and electrospinnable into fibers. For silk-inspired PU/THF
solution, the critical concentration is about 30 wt % to form
uniform fibers as seen in Fig. 2(c). More concentrated
solutions (40 wt% or higher) could not be processed by
electrospinning or even electrospraying due to the high
viscosity achieved [4].
CONCLUSIONS & FUTURE WORK
This poster presents experimental results of morphological
studies of electrosprayed/electrospun deposition of a novel
silk-inspired PU containing GlyAlaGlyAla tetrapeptide.
The future further investigation will be carried out to
evaluate its biodegradation properties, and potential
mechanical and biomedical applications using this
nanomaterial in the form of non-woven fabric.
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FIGURE 2. SEM micrographs of electrosprayed or electrospun
silk-inspired PU/THF solutions, υ = 0.8 ml/h, V = 15 kV, h = 15 cm at: (a)
C = 10 wt%; (b) C = 20 wt%; (c) C = 30 wt%.
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voltage of 13 KV was supplied at the spinneret by a
direct-current power supply (DW-P503-4AC). The two
liquids were fed using two syringe pumps (WZS-50F6).
The typical feeding rates for the outer (PVP/LaCl3
composite solution) and inner solution (mineral oil) were
set at 0.03 and 0.01 mL/h, respectively. The electrospun
PVP/LaCl3/Oil composite fibers were collected using tin
foil. All experiments were conducted at room temperature
in air. Subsequently, as described in Figure 1b, the collect
electrospun nanofibers were then put in a furnace and
calcined at 700 °C for 6 h to obtain LaOCl nanotubes. The
heating rate was 5 °C /min.

ABSTRACT
LaOCl nanotubes were fabricated by calcination of
electrospun PVP/LaCl3/Oil composite nanofibers, which
were prepared by coaxial electrospinning. The obtained
nanomaterials were characterized by FTIR, XRD and
FESEM. Results showed that LaOCl nanotubes displayed
rush surface with diameter ranged from 300 to 360 nm,
where the inner diameter of nanotubes was about 200 nm
and the wall thickness was ~60 nm.
INTRODUCTION
Lanthanum oxychloride (LaOCl) nanomaterials have
attracted great interest owning to their attractive
properties and tremendous applications such as catalyst
supports, luminescent materials, and gas sensors [1-2].
Maslen et al. [1] reported that LaOCl nanopowder could
be used as an effective host lattice for rare-earth
activators. LaOCl was also investigated for ethane
oxidative dehydrogenation and methane coupling [2].
The particle size, morphology and purity of materials are
crucial factors both for feature and for the
physical/chemical properties that determine materials
applications [3]. Within various methods, electrospinning
is useful preparation tool for 1D nanostructure
fabrications [4]. However, to the best of our knowledge,
there have been only few reports on preparation of LaOCl
nanotubes.

FIGURE 1. (a) Schematic illustration of coaxis-nozzle electrospinning
used in preparing PVP/LaCl3/Oil nanofibers. (b) Proposed synthetic
scheme for LaOCl nanotubes.

RESULTS AND DISCUSSION
As shown in Fig. 2a, the bands at around 3438 and 2939
cm−1 are attributed to the stretching vibration of -OH and
-CH2, whereas absorption peaks at 1666, 1556, and 1450
cm-1 can be assigned to the ring vibration of pyridine of
PVP, respectively [5, 6]. In the PVP/LaCl3 composite
nanofibers, a shift of C=O mode from 1666 to 1645 cm-1
might originate from a weak coordinative bonding of
C=O to La3+ (Fig. 2b). This interaction might be caused
by the donation of pair electrons from the hydroxyl
oxygen to La ions. Meanwhile, the band for 1045 cm−1 is
observed in PVP/LaCl3/Oil composite nanofibers (Fig.
2c), which is attributed to the mineral oil. However, in
Fig. 2d, all bands for the organic groups disappear
accompanied with the presence of a band at around 511
cm−1 for the stretching vibration of La-O [7], indicating
the complete decomposition of PVP and the formation of
LaOCl at 700 °C.

In this work, LaOCl nanotubes were fabricated by
calcination of electrospun PVP/LaCl3/Oil composite
nanofibers, which were prepared by coaxial
electrospinning. The characteristics of nanofibers were
analyzed by FT-IR, XRD and FESEM.
APPROACH
PVP/LaCl3 composite solution was used as the outer fluid
during the coaxial electrospinning process. The solution
was prepared by dissolving PVP (2 g) and LaCl3·nH2O
(0.744 g) in a mixture of 10 ml ethanol and 1.25 ml acetic
acid at room temperature with vigorous stirring for 4 h.
The inner fluid was mineral oil. The apparatus for coaxial
electrospinning is depicted in Figure 1a. In brief, the
spinneret consists of two stainless-steel tubes with the
diameters of 1.2 mm (outer) and 0.6 mm (inner). A high
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FIGURE 2. FT-IR spectra of (a) PVP nanofibers, (b) PVP/LaCl3
composite nanofibers, (c) PVP/LaCl3 /Oil composite nanofibers, and (d)
LaOCl nanotubes obtained at 700 °C.
FIGURE 4. FESEM images of (a) PVP/LaCl3 composite nanofibers, (b)
PVP/LaCl3/Oil composite nanofibers (a1) LaOCl nanofibers, and (b1)
LaOCl nanotubes.

The XRD patterns for various nanofibers are shown in
Fig. 3. The blunt reflections at (101), (111), (003), (202)
and (104) of sample obtained at 500 °C correspond to the
tetragonal LaOCl (JCPDS card 34–1494). However, sharp
diffraction peaks appear in sample calcinated at 700 °C ,
indicating a good crystallinity LaOCl nanotubes from
PVP/LaCl3/Oil composite nanofibers by calcination at
700 °C for 6 h. It has been demonstrated that the
formation of LaOCl is due to the decomposition of LaCl3
during calcination process as follows[7]:
LaCl3·nH2O→LaCl3
（1）
LaCl3+H2O→LaOCl + HCl
（2）

LaOCl nanotubes would be used as gas sensor and
catalyst materials for oxidative coupling of methane,
ethane oxidative dehydrogenation, destructive adsorption
and catalytic destruction of chlorinated hydrocarbons
(CHCs).
FUTURE WORK
The CO2 absorption capacitor of obtained LaOCl
nanotubes will be investigated. The application of LaOCl
nanotubes for gas sensor will also be studied.
REFERENCES
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FIGURE 3. XRD patterns of LaOCl nanotubes from PVP/LaCl3/Oil
composite nanofibers.

The size and morphology of the prepared nanotubs were
examined by FESEM. As shown in Fig.4ab, both
PVP/LaCl3 composite nanofibers and PVP/LaCl3/Oil
composite nanofibers show smooth surface with regular
diameters of 350 nm and 450 nm, respectively. LaOCl
nanofibers derived from the PVP/LaCl3 composite
nanofibers by calcination at 700 °C for 6 h show a smaller
diameter range of 100-200 nm with smooth surface (Fig
4a1). Comparing with nanofibers, LaOCl nanotubes show
rush surface with a larger diameter range from 300 to 360
nm. We can see from the image (inset in Fig 4b1) that the
inner diameter of nanotubes is about 200 nm and the wall
thickness is ~60 nm. The shrinkage in fiber diameter is
caused by the decomposition of PVP and LaCl3 during
calcination.
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CONCLUSIONS
A electrospinning-calcination strategy was established to
fabricate LaOCl nanotubes using simple electrospun
PVP/LaCl3/Oil composite nanofibers as precursors.
LaOCl nanotubes displayed the diameter ranged from 300
to 360 nm, where the inner diameter of nanotubes is about
200 nm and the wall thickness is ~60 nm. Obtained
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OBJECTIVE
The objective of this study is to introduce a new method
for fabricating carbon nanotube paper (buckypaper). This
method allows controlling of the nanotube orientation in
multiple directions, particular for making high alignment
buckypaper. Three batches of carbon nanotube with
different dimensions were utilized for synthesizing highly
oriented buckypaper as a test. Tensile property and
electrical conductivity of the carbon nanotube paper were
investigated and compared.

FIGURE 1. Schematic view of spray winding process to fabricate CNT
buckypaper.

INTRODUCTION
Carbon nanotube (CNT) can be perceived as super fiber
of excellent mechanical performance and extraordinary
electrical properties. Formed by nanotube network, the
CNT paper possesses great potential for actuator,
capacitors, battery electrode, also as reinforcement for
composites. Traditional way for fabricating CNT paper
has involved procedure of dispersion and filtration of
suspended tubes. It is often accompanied with
crookedness and agglomeration of CNT in the
buckypaper, which limits the strength and electrical
conductivity [1, 2]. With the aim to largely utilize the
unique properties of CNT, a desired buckypaper structure
of closely connected long and aligned nanotubes is very
critical.
Here we introduce a facile method, spray winding, for
synthesizing CNT paper in a manner of simple and
controllable way. Through this method, buckypaper with
tunable orientation, size and thickness can be obtained in
only one-step. Three different arrays were used to produce
highly oriented buckypaper. The strongest CNT paper
without any additives has strength of 566MPa and a
conductivity of 356 S/cm, which indicates the advantage
of spray winding for fabricating buckypaper.

Tensile mechanical property of the three different
buckypaper was characterized using a Shimadzu EZ-S
instrument with a 100N load cell. The electrical
conductivity was measured along the aligned CNT
direction by a 4-probe Agilent 34410A 6.5 digit multimeter.
RESULTS AND DISCUSSION
Morphology Investigation The CNT-2 sheet (Figure 2),
drown from vertically aligned array, is composed of
millions of aligned CNT by entangling and van de Waals
interaction between adjacent nanotubes. After spray
winding at a certain angle, continuous loose sheet can be
tightly packed without destroying CNT orientation.
Figure 3 showed the Scanning Electron Microscope
(SEM) image of the surface of the CNT-2 paper.
Although a few CNTs are crooked, most of the tubes are
aligned and closed to each other in one direction which
can lead to better mechanical and electrical properties
unidirectionally.

EXPERIMENTAL
Three different CNT Arrays, namely CNT-1, CNT-2 and
CNT-3, were synthesized in a CVD system by different
catalysts [3, 4]. These vertically aligned CNTs have
uniform height and can be pulled out layer of CNT sheet
continuously. Figure 1 shows spray winding approach for
fabricating CNT paper, where a CNT sheet is drawn out
of a drawable CNT array and wound on a rotating
mandrel. During the processing, a solution with equal
volumes of deionized water and ethanol was sprayed into
tiny droplets and deposited on the sheet. The as-stacked
sheets are densified due to the capillary force caused by
the evaporation of the solvents. By choosing an
appropriate mandrel diameter, sheet width, and number of
revolutions, highly oriented buckypaper with the desired
size and thickness can be produced.

FIGURE 2. SEM image of the surface of CNT-2 sheet before winding.

FIGURE 3. SEM image of the surface of CNT-2 buckypaper after spray
winding
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Electrical Conductivity Test The three different
buckypapers are also good electrical conductors with
conductivity of 356 S/cm, 547 S/cm and 288 S/cm,
correspondently to the paper fabricated from CNT-1,
CNT-2 and CNT-3. For a CNT buckypaper, the
conductivity not only relies on the conductivity of tubes
but also depends on the CNT construction, such as
orientation and compact density in the paper. For
example, the aligned CNT paper made by “domino
pushing” has an electrical conductivity of 200 S/cm, 25%
higher than the randomly aligned paper from same batch
of CNTs [2]. In our study, CNT-1 and CNT-2 are much
more conductive than CNT-3 since the electron transport
predominantly through the outmost wall. Therefore the
CNT-3 paper with most tube walls has the poorest
conductivity. However, the CNT-1 paper which has the
most conductive component didn’t show best
conductivity. It is because the short length of CNT-1
produce more discontinuity and contact resistive than
CNT-2 in the buckypaper. The length of tubes plays a
more important role than tube diameter in the electrical
current transportation when comparing CNT-1 and CNT2 papers.

TABLE 1. The CNTs parameters and tensile properties of buckypapers

CNT Walls
CNT Diameter (nm)
CNT Length (μm)
Strength (MPa)
Modulus (GPa)
Strain (%)

CNT- 1
paper
2-3
～8
200
563
1.53
4.7

CNT-2
paper
5-6
～10
300
423
1.01
6.4

CNT-3
paper
>20
>25
700
124
0.57
>9

Tensile Test Tensile strength of buckypaper composed of
few-walled (2-3), several-walled (6-10), and many-walled
(>50) nanotubes are compared in table 1. The strongest
CNT papers can reach strength of 563MPa and modulus
of 1.53GPa, which are much higher than the buckpaper
made by filtration process [5]. It is because the CNTs in
the buckypaper are much longer and stronger, and highly
aligned in a compact structure. With decreasing of the
wall number from >50 to 2~3, CNT paper tensile strength
and modulus increasing. As only the outer most layer of a
multi-walled CNT carries the load before the fracture,
nanotube with less walls and smaller diameter would take
more load, result in higher strength. Also, the defects
become more and more as increasing the number of walls
[3]. In addition, the tube-tube contact area can be slightly
different as changing the walls number, because the lesswalled tubes can deform their cross section more easily
than the more-walled tubes. Thus the buckypaper of the
few-walled CNT-1 might have larger tube-tube contact
area, resulting in great amount of wan de Walls bonds
between adjacent CNTs.

Conclusions
In this study, highly oriented CNT papers were fabricated
by a spray winding method using three different CNTs.
Through this method, all CNTs were tightly compacted in
one direction which contributed the high strength and
good conductivity. The morphology image showed the
CNTs highly oriented in CNT paper. The tensile tests
results show tensile strength and modulus of CNT-1 paper
can reach 563 MPa and 1.53 GPa. In addition, the
electrical conductivity of CNT-2 paper can reach 547
S/cm.
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FIGURE 4. Typical stress-strain curve of three types of CNT papers

Figure 4 showed the typical stress-strain curve of the
buckypaper with different CNTs. The buckypaper made
from CNT-1 which has the least walls and shortest length
fracture suddenly while the fracture of CNT-3 paper
occurs gradually, resulting in a smooth stress-strain curve.
For CNT-1 paper, large tube-tube contact area and highly
entangled structure leads to a high shear strength between
tubes. When the buckypaper undertook tensile load, CNT
broke without pulling out. As increasing the tube diameter
over 50nm, the decreasing of contact area and
entanglement between tubes weakens the tube-tube
interaction. As a result, nanotubes in CNT-3 paper slides
away from each other under the load.
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organic light emitting devices (OLED) on fiber [7],
electrochromic polymers [8], surface-emitting fiber lasers
[9], and microstructured fibers [10] have already shown
their potential to deliver novel multifunctional photonic
textiles [11].

ABSTRACT
Interactive textiles enable individual users to flexibly
customize their fixed interior surroundings according to
their personal preference. This proposed research explores
interior textiles as both a decorative and adaptive media
which can enhance the environment with surface design
and transform interiors via the change of colors and
luminescence. The integration of surface printing with
polymeric photonic fibers (POF) fabric is investigated.

Within the context of interactive furnishings, the
investigation of surface printing is currently neglected.
Surface printing is a viable technique to apply patterns
onto polymeric photonic fibres and textiles as the low
impact application will not affect the rigid nature of the
fibres and compromise on the technological functionality.

1. INTRODUCTION
The use of optical fibers in textiles is not a new subject,
and a few of fashion, design and architecture products
employing luminous fabrics have been commercially
available in the market, such as textile switches, textile
keypads [1-3]. Optical fiber displays and textile
illumination devices have also been reported [4, 5], and
their technology mostly is based on woven photonic fibers
having cladding imperfections (mechanical, thermal,
chemical damage) and therefore light emitting sites. In
most cases, a multiplicity of polymer optical fibers are
integrated into textile structures connected to a light
source at the fiber ends((Fig. 1)). Various light sources
can be used to feed the optical fiber matrix. To provoke
light emission, a separate process step in form of
mechanical, thermal or chemical damage of the textile
surface is carried out. Side notching allows simple figures
of light dots, whereas surface abrasion leads to a more
even light distribution.

2. APPROACH
A combination of both traditional silk screen printing and
digital printing will be explored in this research which
will be able to provide a diverse range of effects and
textures. Traditional silk screen printing requires separate
silk screens for each pattern or motif. And each colour
requires a separate screen and a separate application of
pigments or bases in a high precision manner (Fig. 2).

FIGURE 2. Screen printing

Although, the silkscreen technique is a comparatively
laborious and time consuming method, it can be applied
on a wide range of fabrics and is capable of producing
metallic and textured effects. Many designers deem the
traditional painstaking methods as an intrinsic element of
the creative process and enjoy the originality and aesthetic
of the craft [12].

FIGURE 1. Optical fiber screens [4]

In contrast to the multi layers of processes present in
silkscreen printing, the entire design process for a digital
print can be executed within a computer and the design
can be directly printed on the fabric using the attached
digital printer (Fig. 3). Digital printing offers the use of a
limitless colour palette, special digital and photographic
effects and extreme tonal effects with fine lines (Fig. 5)

Other examples of photonic textiles are using light
sources attached inside the fabrics. Such as “Tunic and
Vest” and “Tornado Dress” which are developed by
Studio subTela for fashion and design applications [6].
Light emitting diodes (LED) are distributed inside fabrics,
which have electrical threads incorporated. Furthermore,
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which cannot be achieve with traditional silk screen
printing. According to Nicoll [13], direct inkjet printing
can cut out long, expensive and complex industrial
processes. Digital printing is also a more environmentally
friendly way of printing as the inks are directly printed
onto the fabric and require comparatively little postproduction washing therefore incurring with minimal
wastage of inks and water.

patterns, the fibers were engraved by laser to allow side
illumination.
3. CONCLUSION
Integration of surface printing and photonic fibers into
textile will create interior furnishings with different
patterns and luminescence under both bright and dark
environments. The colors and luminescence of the
polymeric photonic fibers can be customized by the user
to create their preferred ambience. Further experiments
with different materials using different printing skills and
the development of the light emitting and color selection
systems will be conducted in the future.
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FIGURE 3. Digital printer
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Variability of Yarn Torsional Rigidity
KF Choi, TY Lo, BG Xu
Institute of Textiles & Clothing, The Hong Kong Polytechnic University

experimentally. The variability of torsional
properties along the yarn was not taken into
serious consideration. It is strongly believed
that the irregularity of loop shape in a plain
knitted fabric is highly related to the largely
variable yarn torsional rigidity. The study of
very short term variation of yarn torsional
properties will open up a new territory in
textile research.

Abstract
Torsional properties of yarn directly affect
the quality of the produced textile products.
The hand feel, appearance and shape
retention characteristics of the fabric are
closely related the yarn torsional stability. In
the past the average torsional properties of
yarn was extensively studied and measured
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Application of Low Torque Ring Spinning Technique
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previous studies [5, 6], the properties of the low
torque ring yarns are significantly influenced by twist
multiplier and speed ratio (a ratio of the ring spindle
speed to the false twisting device speed). Thus in this
paper, a preliminary study was carried out in a low
torque spinning system to experimentally investigate
the potential influences of the two important spinning
parameters on the properties of finer cotton yarns.

STATEMENT OF OBJECTIVE
In this study, a low torque ring spinning system is
introduced [1-2], in which a false twisting device is
incorporated into an existing ring frame for
producing a low torque and soft hand ring singles
yarn, as shown in Figure 1.
Front
rollers
Yarn
guide

False twisting
device

APPROACH
In this experiment, yarn samples of 80Ne produced at
various twist multipliers (TM) and speed ratios (SR)
were prepared for the investigation. The spinning
arrangement is shown in Table I.

Traveler

Table I. Specification of yarn samples
Yarn type
Twist multipliers
80Ne
From 3.4 to 4.4
Conventional Yarns
in steps of 0.2
From 3.4 to 4.4
in steps of 0.2
80Ne
Low torque yarns
3.6, 4.2

Ring
spindle

Figure 1. A low torque ring spinning system

Previous studies [3, 4] showed that the low torque
spinning technique has been successfully used for the
production of the coarser cotton yarns, with great
advantages in terms of yarn and fabric performance.
However, the spinnability will become worse on finer
cotton yarns because of the low yarn strength and the
decreased migration effectiveness when only a small
amount of fibres presented. Therefore, this study
aims to preliminarily investigate the further
application of the current technology on the
production of finer cotton yarns.

Speed ratios
0.66, 1.42
From 0.47 to
1.80 in steps of
0.19

Yarn tenacity, snarling and hairiness are the most
concerned properties of finer low torque ring yarns
for the evaluation of modification. Here, yarn
snarling is the number of wet yarn snarls tested by a
yarn snarl testing apparatus [7].
RESULTS AND DISCUSSIONS
Effect of Twist Multiplier
Figure 2 shows the measured properties of finer low
torque ring yarns and conventional yarns at various
twist multipliers.

INTRODUCTION
In recent years, a number of studies have been made
with respect to the low torque spinning system.
Comparative studies [3-5] have demonstrated that the
low torque ring yarns and fabrics have soft handle,
higher yarn strength at lower twists, less residual
torque and lower knitted fabric spirality after washing
and tumble-dry cycles.
Although the positive performance of the low torque
ring yarns was achieved on coarser yarn counts, the
further application of the spinning technique on finer
cotton yarns has not been reported. As revealed by

(a) Effect of TM on
yarn tenacity

153

(b) Effect of TM on
yarn snarling

As shown in Figure 3, the speed ratio has obvious
influences on the tenacity, snarling and hairiness of
finer low torque ring yarns. The increase of the speed
ratio results in the decrease of yarn tenacity and
snarling and the increase of yarn hairiness. As shown
in Figure 3 (a) and (c), it was found that the low
torque ring yarns have higher tenacity at lower speed
ratios around 0.66 and lower hairiness when
compared with the conventional yarns.

(c) Effect of TM on
yarn hairiness
Figure 2. The effect of twist multiplier on the properties of finer
low torque ring yarns (“■”, “●” and “▲” lines represent the
conventional yarns, low torque ring yarns at the speed ratios of
0.66 and 1.42, respectively)

The analysis of ANONA shows that the effect of the
speed ratio on the tenacity, snarling and hairiness is
statistically significant.

It is noted from Figure 2 that the twist multiplier has
obvious influences on the tenacity, snarling and
hairiness of finer low torque ring yarns. With the
increase of twist multiplier, yarn tenacity at the speed
ratio of 0.66 and snarling tends to increase, while
yarn hairiness decreases. As shown in Figure 2 (a)
and (c), it was obvious that under both speed ratios,
the low torque ring yarns have much better tenacity at
lower twists below 3.8 and lower hairiness when
compared with the conventional yarns.

CONCLUSIONS
In this study, it can be concluded that the low torque
spinning technique can be further applied on finer
cotton yarns. The low torque ring yarns have great
advantages in terms of yarn tenacity, snarling and
hairiness when compared with the conventional
yarns. Also the twist multiplier and speed ratio have
significant influences on the properties of finer low
torque ring yarns.

The analysis of ANONA indicates that the twist
multiplier has statistically significant influences on
yarn tenacity at the speed ratio of 0.66, snarling and
hairiness.

FUTURE WORK
In the future work, the statistical relationships
between spinning processing parameters and the
properties of finer low torque ring yarns will be
further investigated using statistical methods.

Effect of Speed Ratio
Figure 3 shows the measured properties of finer low
torque ring yarns and conventional yarns at various
speed ratios.
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ABSTRACT
Jetring is a modification of conventional ring
spinning system based on the placement of an air
nozzle below the drafting system. The principle of
the system is to inject the pressurized air into the
nozzle and to form airflow in the nozzle. One of the
main components of the system is the nozzle and
compressed air. Therefore, design features of the
nozzle and pressurized air affect the airflow
attributes and so the yarn quality. In literature, the
effect of nozzle parameters and air pressure were
intensively analysed. Main hole and injector
diameter, injector angle are some of the nozzle
parameters. The studies centre on the effect of main
hole diameter and air pressure level. In the studies,
it was analysed similar injector angle range.
Furthermore, it was determined the effect of
mentioned parameters depending on the changes in
yarn hairiness. However, there are limited findings
about the changes in yarn tenacity. In this study, it
was analysed the effect of injector angle on yarn
hairiness and also yarn tenacity. Three different
injector angles and four different air pressure were
used. Consequently, it was found that 15° gives less
s3 hairiness values as well as 45°. As to yarn
tenacity, the findings of 45° are more stable
comparing with other angles.

properties. The attribute of swirling airflow changes
depending on the nozzle geometry and pressurized
air. Therefore, nozzle structural parameters and the
level of the air pressure were intensively analysed,
either experimentally or numerically. The main
subjects of these studies are the effect of air
pressure level and main hole diameter on yarn
properties (Oxenham and Basu, 1993; Rengasamy
et al., 2005; Guo et al., 2007; Patnaik et al., 2008).
In particular, in the works, the researchers widely
centre upon the angles between 30° and 60°. On the
other hand, the studies suggest the injector angle of
40°-50°. Additionally, the researches determine the
nozzle design depending on the results of yarn
hairiness. Nevertheless, there are limited findings
about the changes in yarn tenacity.
Base on above reasons, we aimed to analyse the
effect of injector angle on yarn hairiness and also
yarn tenacity. We focused on three different
injector angles and hence analysed wider angle
level. In the study, it was selected 30° and 45°
angles similar to the literature and additionally 15°
was taken into consideration to analyse another
injector angle. The results of this angle were
compared with that of other angles to define proper
angle range.

INTRODUCTION
Jetring is a spinning system based on the placement
of an air nozzle on to conventional ring spinning
system. In Jetring spinning system, pressurized air
is forced into the nozzle and the yarn is passed
through the nozzle. Therefore, the main
components of the system are the nozzle,
compressed air and the yarn. The objective of the
Jetring spinning system is to bind the projected
fibres onto the yarn body by the swirling air flow in
the nozzle. The first experiments of air nozzle
usage in spinning process were realized at the end
of 1990s. Since 1990s, many researchers have been
studying the effect of Jetring spinning system on
yarn properties. They indicated that Jetring
spinning system is very effective on yarn hairiness
(Zeng and Yu, 2004; Rengasamy et al., 2006) and
there is a reduction up to 40-50% in hairiness
(Wang et al., 1997; Jeon, 2000).

2. MATERIAL AND METHOD
Yarn production
Jetring spinning system is the modification of
conventional ring spinning system and still
experimental stage. Therefore, firstly, a supporting
device was designed and mounted on the spinning
system to enable the nozzle usage onto the Rieter
G10 conventional ring spinning system (Figure 1).
Then the air nozzle was placed between the
delivery roller of drafting system and the yarn guide
of conventional ring spinning machine. The nozzle
was positioned about 10 cm below the delivery
roller. It was produced 100% combed cotton yarns
having Ne 30/1 yarn count on Jetring spinning
system. Three samples were produced for each
injector angle and air pressure.
Air nozzle
The nozzle used in this study consists of nozzle
head and nozzle body. Nozzle body has a
cylindrical cross section consisting of main hole,
injectors, twisting chamber and nozzle outlet. Main

the other hand, the studies stated that a swirling air
flow has been produced in the air nozzle and this air
vortex is the main reason of the changes in yarn
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hole lies starting from the nozzle inlet to nozzle
outlet and the nozzle has a constant diameter.
Injectors are positioned at certain angles with
respect to the nozzle axis and so they lie
tangentially to the twisting chamber. In this study,
the angles of the injectors are selected as 15º, 30°
and 45° (Figure 1). However, it should be stated the
axis of the angle and the angles in the study lie
vertically.

(a)

(b)

FIGURE 3. Yarn tenacity results
4. CONCLUSIONS
In this study, it was analysed the effect of injector
angle on yarn hairiness and tenacity. Different from
the literature, injector angle 15° was also used.
Therefore, it was analysed wider injector angle
range. It was indicated that 15° and 45° give less
hairiness values. Concerning with the yarn tenacity,
45° provides more stable trend. The findings related
to 45° are agreed with the literature. Yarn hairiness
and tenacity results change with the air pressure for
all injector angles. All results reveal the angle
selection term depending on the improvement in
desired yarn properties.

(c)

FIGURE 1. Injector angles of 15º (a), 30º (b) and 45º (c)
Pressurized air was fed into the nozzle by the
compressor. Nozzle head transfers the pressurized
air coming from the compressor into the nozzle
body by means of the injectors. The air pressure
was kept at the range of 0.25 MPa and 1.0 MPa at
the compressor exit.
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3. RESULTS AND DISCUSSION
3.1. Yarn Hairiness Results
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FIGURE 2. Zweigle hairiness (s3) results
As it is seen in Figure 2, the injector angles of 15°
and 45° give lower s3 hairiness values while 30°
produces higher s3 values. In all injector angles, s3
hairiness values decreases as the air pressure
increases. The main reason for these findings is the
airflow attributes.
3.2. Yarn Tenacity Results
According to the Figure 3, contrary to the case in
yarn hairiness results, it is not possible to explain
the effect of the injector angle on yarn tenacity as a
single trend. In 15º and 30º injector angles, yarn
tenacity values show different trends depending on
the air pressure level. However, in 45º, yarn
tenacity decreases as the air pressure increases.
There is a stable trend in this angle. 45° mostly
gives the highest tenacity values while the weakest
yarns are produced with 30º.
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predried at 100oC for 10 minutes, cured in a second
oven for 2 minutes at 150oC.

STATEMENT OF PURPOSE
In this paper, corona discharge irradiation was
applied to improve the efficiency of pigment dyeing.
The etching effect on the fiber surface was proved by
SEM. And the hydrophilicity of cotton yarn and
pigment dyes infiltrative depth were investigated.

RESULTS AND DISCUSSION
Surface morphology analysis
Fig. 1 shows the SEM pictures of cotton fibers
treated with corona discharges at different voltage
and time.

INTRODUCTION
Early study discussed [1] the application of corona
discharge to modify the surface of cotton fiber. The
fiber surface was modified during the treatment. The
surface cohesive force was improved in certain
conditions. Use of corona discharge could be an
efficient way for surface modification. The improved
adhesion property imparted to the surface was due to
the incorporation of the high reactive free radical
oxygen. [2] Some researchers have introduced the
corona discharge treatment into the textile surface
modification to improve the hydrophilic properties or
shrink-resistant properties of polyester [2], wool or
mohair fabric [3-4]. Corona discharge was also
widely applied in printing [5] and dyeing [6-7].
Since the past few decades, pigment dyeing has
been widely used in textile dyeing and finishing. This
technique eliminates unwanted pollution and process
flow is shorter than the traditional dyeing technology.
However, the hydrophobic property of cotton wax
affected the performance of pigment dyeing. The
objective of the study is to obtain a better efficiency
of pigment dyeing on cotton yarns by applying
corona discharge.

Fig. 1 SEM images of cotton fiber surface; (a) untreated sample
and corona discharge treated, (b) 6 kV, 30 s (c) 10 kV, 30 s (d) 14
kV, 30 s (e) 6 kV, 90 s (f) 10 kV, 90 s (g) 14 kV, 90 s

The surface of untreated cotton fiber, as shown in Fig.
1 (a), was smooth. With the increase of the voltage,
the surface of fiber was gradually etched. As shown
in Fig. 1 (b) - (d): the etching effect was increased
with the increased of voltage. This phenomenon was
probably due to the active electrical particles
generated from the corona discharge. Fig. 1 (e) - (f)
showed that the etching effect was increased with the
increase of treating time. These phenomena indicate
that more active electrical particles could easily
break out the bonds of cotton wax. Therefore the
cotton fiber surface was gradually etched when the
treating voltage and time increased.
Yarn hydrophilicity

APPROACH
100% cotton yarn was winded 100 times in winder,
and each circle was one meter. All the samples were
dried in conventional condition (temperature 20 oC
and relative humidity 60%). Corona discharge
treatments were compared by using voltages of 6 kV,
8 kV, 10 kV, 12 kV and 14 kV, times of 30 s, 60 s
and 90 s. The power of the corona discharge machine
was 3000 W. All samples (each contains 100 yarns)
were impregnated with the aqueous treating solution
containing 15 g/L cationic modified agent (FK-316),
25 g/L alcohol polyoxyethylene ether (JFC). The
samples were then passed through squeeze rolls to
give a specified wet pickup. The samples were
predried at 100oC for 10 minutes, then immersed into
the aqueous pigment dyeing solution containing the
3% adhesive (ZW-102) and 1% pigment (D-115) at a
liquor ratio of 20:1, and then passed through squeeze
rolls to give a specified wet pickup. The yarns were

As shown in Fig. 2, the water absorption time of
untreated sample was more than 180 S. However,
when the samples were irradiation by corona
discharge, the water absorption time decreased with
the increasing of output voltage. As the voltage was
14 kV, the water absorption time was almost zero.
This may be due to the attacking of active particles
generated in the corona discharge, and the particles
could

etch

cotton

hydrophilicity of cotton.
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Fig. 2 Effect of corona discharge voltage and treating time on the
hydrophilicity of cotton yarns

Comparison of infiltrative depth
From Fig. 3, it can be seen that the original sample
was just dyed on the surface of winded yarns with a
very uneven dyeing performance, but the infiltrative
depth of pigment dyeing was greatly improved with
the voltage increased. As shown in Fig. 3, the sample
treated with 10 kV and 90 s was better than the
original sample. As the output voltage increased to
14 kV, the infiltrative depth was very good.

Fig. 3 Effect of corona discharge voltage and time on cotton
pigment dyeing

This means the dyeing time can be shortened and the
dyeing process can be simplified which was very
important for the pigment dyeing. Corona discharge
treatment, such as shown in Fig. 1 (g), can etch the
cotton wax efficiently. Therefore, the pigment dye
can be absorbed by the fiber surface quickly and
transferred into the inner part of the fiber.
CONCLUSIONS
Cotton yarn can be modified to be more hydrophilic
by corona discharge irradiation which etched the
cotton wax efficiently. The minimum absorption time
was observed around 14 kV when the yarn was
treated in 90 s. After the treatment, efficiency of
pigment dyeing was greatly improved. The
infiltrative depth of cotton yarn pigment dyeing
increased at the same time. Therefore, corona
discharge can accelerate the speed of pigment dyeing
in the textile industry.
FUTURE WORK
We will discuss the role of improvement among
corona discharge, cationic modified agent and
alcohol polyoxyethylene ether.
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polyethylene (PE) film (Pliant Corporation) have
been evaluated in the field and laboratory. Year 1
companion high tunnel and open field experiments
using tomatoes as a test crop have been completed in
western Washington, eastern Tennessee and central
Texas. In the laboratory, changes in breaking
strength, elongation, tearing strength [5], pore size,
and molecular weight have been measured, and
viewed by scanning electron microscopy (SEM).
This presentation will focus on the degradation of the
mulch products during the Year 1 time period.

OBJECTIVE
A three-year, multistate and multidisciplinary
research project, funded in 2009-10 by NIFA
Specialty Crops Research Initiative, is focused on the
evaluation of experimental and currently available
biodegradable mulch (BDM) products, in both high
tunnel and open field tomato production systems at
three sites in the U.S. Research includes evaluating
impacts of BDMs on tomato yield and soil
environment during the growing season and after
BDM soil incorporation for up to two years.
Physical, chemical and biological properties are
being measured.

RESULTS AND DISCUSSION
All products evaluated in this study, both BDM and
non-BDM mulches, showed a loss of physical
properties (strength and elongation) after exposure in
high tunnel and open field environments. Of all the
mulches, the two starch-based products had the
greatest loss in elongation regardless of location and
environment. The PLA SB mulch had the lowest
elongation loss in the open field environment for all
locations. In contrast, the cellulose mulch showed
overall the lowest elongation loss in the high tunnel
environment for all locations, although it had the
lowest elongation initially of all the mulches.

INTRODUCTION
The use of mulch in specialty crop production is
critical to increasing and improving yields, mainly
through weed control and soil moisture conservation.
The conventional mulch used by growers is a black
polyethylene (PE) film product that does not
biodegrade in the field; as a result, resources for
removal and disposal are required. There is a critical
need for mulch that can be tilled into the soil after a
planting-growth-harvesting cycle that fully
biodegrades without negatively impacting the soil
ecosystem. Critical soil ecosystem factors include
maintaining a healthy microflora/fauna and no
release or accumulation of foreign or toxic substances
[1, 2].

When evaluating mulch strength, the PLA SB mulch
product had the lowest loss regardless of location or
environment. However, there were no other patterns
with regard to location or environment that could be
determined based on mulch type. In comparing the
influence of open field and high tunnel environments
on strength loss, almost two-thirds of the samples had
increased strength loss when in the open field
environment. This result was expected as sunlight
intensity and other weathering factors are thought to
increase degradation. However, the two starch-based
mulches in Texas, and the PE film in Tennessee and
Texas had greater strength loss in the high tunnel
environment. It will be necessary to further
investigate the conditions of exposure (sunlight,
temperature, relative humidity and soil moisture) to
determine if these environmental factors may have

APPROACH
One experimental mulch material was developed for
the study by using fibers of poly(lactic acid) (PLA)
[3] and nonwoven fabric production techniques [4].
Its use in the study is helping to determine if a fibrous
structure of the nonwoven biopolymer with its
corresponding higher surface area and porosity will
result in an accelerated rate of biodegradation. Five
mulches, including the experimental white spunbond
(SB) PLA product, two commercially available BDM
starch-based black film products (BioBag and
BioTelo), a black cellulose-based product
(WeedGuardPlus) and conventional black
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influenced the loss in strength. The cellulose BDM
was unique as it was the only product that showed a
greater loss of both strength and elongation in the
open field as compared to the high tunnel
environment across all locations.

REFERENCES
[1] Hill, D.E., L. Hankin, and G.R. Stephens. 1982.
“Mulches: Their effects on fruit set, timing and
yields of vegetables,” Bulletin 805, CT Agr. Expt.
Sta., New Haven, 15 pp.
[2] Schonbeck, M.W, 1998, “Weed suppression and
labor costs associated with organic, plastic, and paper
mulches in small-scale vegetable production”, J.
Sustainable Agr. 13:13-33.
[3] Dugan, J. S. 2001, “Novel Properties of PLA
Fibers”, International Nonwovens Journal, 10 (3):
29-33
[4] Khan, A.Y.A., L.C. Wadsworth, and C.M. Ryan,
1995, “Polymer-Laid Nonwovens from Poly(lactide)
Resin”, International Nonwovens Journal, 7: 69-73).
[5] American Society for Testing and
Materials/Institute for Standards Research. 2004.
“Standard guide for exposing and testing plastics that
degrade in the environment by a combination of
oxidation and biodegradation”,
http://www.astm.org/Standards/D6954.htm
[6] Private communication with Robert Green,
NatureWorks LLC, November 2010.
[7] Kunioka, M., A. Tamaki and Y. Doi, “Crystalline
and Thermal Properties of Bacterial copolyesters:
Poly(3-hydroxybutyrate-co-3-hydroxvalerate) and
Poly(3-hydroxybutyrate-co-4-hydroxybutyrate),”
Macromolecules 1988, 22, 694-697.
[8] Kunioka, M., Y. Kawaguchi and Y. Doi,
“Production of Biodegradable copolyesters of 3hydroxybutyrate and 4-hydroxybutyrate by
Alcaligenes eutropus,” Appl. Microbiol Biotechnol
(1989) 30: 569-573.
[9] Nakamura, S. and Y. Doi, “Microbial Synthesis
and Characterization of Poly(3-hydroxybutyrate-co4hydroxybutyrate,” Macromolecules, 85 (17), 42374241, 1992

SEM analyses for fracture or changes in the fine
structure of mulches before and after exposure in the
high tunnel and open field environments as well as
Gel Permeation Chromatography on similar
representative samples to determine changes in
molecular weight will be reported.
CONCLUSIONS
All BDM and non-BDM mulch products evaluated in
this study showed a loss of physical properties
(strength and elongation) after exposure in high
tunnel and open field environments. Cellulose had
the greatest loss of strength in the open field
environment indicating that it was more readily
degraded by sunlight and other weather factors than
the starch-based mulch products, SB PLA and black
PE film.
FUTURE WORK
As noted above, it will be necessary to further
investigate the conditions of exposure (sunlight,
temperature, relative humidity, and soil moisture
content) to determine the influence of these factors
on the loss in strength. For Year 2, the lowest
commercially available molecular weight (Mw) SB
grade PLA polymer was used to produce the SB
PLA, which was also colored black with carbon black
to better suppress weed seed germination. This
experimental product should require little hydrolysis
before biodegradation can begin [6]. For Year 3, a
black SB made of a blend of 80% low Mw PLA and
20% polyhydroxybutyrate (PHB) intended to further
enhance degradation [7-9] is planned for evaluation..
Other BDM and non-BDM products may be changed
or modified as appropriate during the project.
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ABSTRACT
Enabling effective collaboration of teamwork in largescaled textiles innovation projects require joint effort
between virtual team members across enterprises, sites,
disciplines, and skill sets. To determine how virtual team
members, in textiles innovation development setting,
maintain awareness of interdependencies and coordinate
to resolve dependencies in their work, we conducted a
field study which employed interviews and informal
observation of textiles innovation project teams.
Moreover, additional research attentions have been paid
on the interaction pattern between innovation project team
members under virtual project setting.
In this paper, we present main themes that emerged from
the qualitative analysis: team proximities, strategic
communication management, and modification of project
management tools. We discuss these findings and outline
future quantitative research plans to triangulate the
methods used by innovation project team members with
recorded activities in project engineering repositories to
increase the generalizability of our research findings.
FUTURE WORK
The authors aim to develop a general model with higher
generalizability through studying the team behaviors in
other industrial contexts, such as: the educational contexts
and the engineering contexts. The result of this
questionnaire surveys provide us with insightful
viewpoints on how virtual innovation team members
collaborate in the new business era. The empirical
evidence also constructs the propositions that associate
with the dynamic management factors in virtual
innovation projects.
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themes to the end-user [5]. A lack of wear comfort and
mobility may therefore discourage athletes from using
protective clothing. Thus, with respect to encouraging the
use of protective clothing, there is good reason to believe
that comfort and performance are as important as factors
contributing to sufficient body protection.

OBJECTIVES
Research concerned with the effect of body protectors on
injury prevention is traditionally focused on usability
issues such as efficiency and satisfaction in reducing the
number or severity of injuries. However, body protectors
are only useful if they are frequently worn. Discomfort is
still a major problem with protective clothing and
equipment and is one of the most common reasons for
non-use. As greater mass, bulk and rigidity are usually
added to provide sufficient protection, discomfort will
increase accompanied by growing consumer reluctance.
Accordingly, this study aims to investigate the factors
contributing to the overall satisfaction and acceptance of
equestrian body protectors. The study also investigates
concept developments of shock-isolating materials to be
used in body protectors, so that the protector fulfills both
functional and user requirements.

Numerous studies have been carried out on injuries in
sport and countermeasures to decrease the risk of such
injuries. However, research on evaluating and improving
comfort of body protectors in sports has been quite
limited, and there have been few in-depth studies aimed at
developing protective gear which satisfies both protection
and comfort requirements. By contrast, there has been
considerable research on sports clothing, and some of the
results provide tentative information for protective
clothing and equipment. Fan & Tsang [6] conducted tests
on the effect of clothing on thermal comfort sensations
during active sports using a sweating manikin. Their
study showed that overall comfort of sportswear during
sports activities was highly related to the clothing thermal
properties, a result which can also be applied to protective
clothing. Dickson & Pollack [5], investigating the role of
clothing among female in-line skaters, found that
performance-enhancing characteristics including fit and
comfort strongly influenced the athlete’s evaluation of
sports clothing. Additionally, Donnelly & Young [7]
contended that athletes use sports clothing and products to
express an individual identity through their sporting role,
making aesthetics an important factor for evaluating and
choosing sports products such as protective equipment.

INTRODUCTION
Impact protectors in sport clothes or protective equipment
are used to prevent injuries caused by impact strokes,
blows and falls during sport activities. They are an
arrangement of shock-absorbing materials integrated in
special protective clothing or clothing elements with the
main purpose of distributing pressure and reducing the
effects of sudden impact forces. One of the most popular
individual sports where impact forces impose a significant
risk to the sportsperson’s health is equestrianism. The risk
of having an accident in horse riding has been identified
as very high, e.g., 20% higher than in motor cycling [1],
and the necessity of using body protectors in this sport has
already been confirmed in various studies [2,3]. Standards
have been released, e.g., EN 13158:2009 and BETA
2009, as specifications for jackets, body and shoulder
protectors used in equine racing, and horseback riding
stipulating requirements and test methods regarding
functionality and safety of protectors.

To obtain wear comfort and to ensure no physical and
psychological disturbance during sport activity, it is
important to consider intrinsic and extrinsic attributes of
clothing comfort including physiological, psychological,
physical, and environmental factors. Comfort of impact
protective clothing is related to a complex interaction
between material, physiological, psychological, activity
and environmental variables which can be adversely
affected by functional factors as more protection usually
produces greater levels of discomfort. This study will
rigorously identify the aspects of wear comfort in view of
dedicated requirements of the sport activity. It will
analyse the interplay between impact protecting ability,
wear comfort and freedom of movement as determinant
factors when using body protectors to finally provide a
concept for the development of impact protective clothing
in sport comprising both functional and comfort related
values.

However, many riders do not exercise their option of
wearing protective gear if it is not compulsory. Ball et al.
[4] found that, although 56% of injured horse riders
indicated that they tended to use protective gear, only
31% of them in fact used them during an accident. Other
factors of significance to the protector’s performance and
therefore users’ acceptance are, if the protectors are wear
comfort and effect on sport performance level. Studies
have revealed that wearer’s comfort and sport
performance level are important factors towards the use of
functional clothing, and thermal comfort, sensorial
comfort, aesthetics, weight and fit become important
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Two important points can be drawn from the findings in
respect of shock-isolating material to bring improvements
to existing systems in terms of performance and wearer
comfort:
1. A shock-isolator is needed that follows the
impact protective requirements but also allows
sufficient heat and vapour transfer, and
2. The shock isolator must be pliable and
processable akin to fabric enhancing wear
comfort, customisation, wider size range and
design modification.
It is further suggested that a more pliable body protector
might allow the rider to use proper falling techniques and
therefore lessen the impact of the fall.

METHOD
The study includes a survey and wearer trials. Surveys
were conducted at horse-riding stables in Hong Kong and
Germany to assess the prevalence and frequency of using
body protective gear during recreational horse riding in
different climates. The surveys were further aimed to
collect data indicating the motivation of horse-riders
behind the non-use of impact protective clothing.
Wear trials are presently being performed with four
currently commercially available body protectors to
identify the limitations of existing protective systems.
RESULTS AND DISCUSSION
Results from Hong Kong with respect to the main reasons
for the non-use of equestrian body protectors are
summarised in Figure 1 (data from Germany is currently
being analysed). Discomfort and restricted freedom of
movement were the most common reasons for the
rejection of body protective clothing, but also the
appearance management significantly affected the user’s
acceptance of body protectors.

CONCLUSION
The findings have shown that fit and comfort aspects are
important factors contributing to the overall satisfaction
and acceptance of body protectors in sport. However,
discomfort still remains the main problem in body
protection. Innovative developments are therefore
suggested to bring improvements to existing systems in
terms of bulk, stiffness, pliability, breathability and
processing. Textile solutions might be considered to be
used as shock-isolating material as they are more
malleable and less rigid than the usual materials, enabling
the body protector to shape and mould more effectively to
the athlete’s body without restricting sufficient airflow for
thermal comfort. However, an increase in athletes’ use of
body protectors will likely be dependent on developing a
sufficient combination of functionality, comfort and
performance, strengthened by research that aids in
understanding athletes’ attitudes towards impact
protecting clothing.
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FIGURE 1. Percentage of reasons concerning the non-use of protective
equipment during horse-riding

Both riders using body protectors and non-compliance
riders named thermal comfort and the physical properties
of body protectors such as stiffness and bulkiness as the
most common associations with body protectors, as
shown in Figure 2.
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FIGURE 2. Features associated with body protectors.

Preliminary results from the wear trials further show that
another essential point has to be considered in regards to
body protector design: the fit problems arising from the
combination of both tight fit and necessary rigidity for
sufficient protection.
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second is a core KN 20/70 Dupont Lycra yarn, which is
used to produce auxetic effect. For each group of
structures, 1, 3, 5 and 7 needle float lengths were selected,
i.e. four fabrics were produced. In FIGURE 1, only fabric
structures with 3 needle float length in each group are
shown.

OBJECTIVES
The objectives of this study include: (1) to develop
auxetic knitted fabrics based on weft knitting technology;
(2) to analyze their auxetic behavior in term of different
structure parameters.
INTRODUCTION
Auxetic materials are those having the negative Poisson’s
ratio (NPR). They laterally expand when stretched and
laterally contract when compressed. A wide range of
auxetic materials can be manufactured based on the
different material forms including polymers, metals,
ceramics and composites. Apart from their counterintuitive behavior, auxetic materials have several
additional beneficial properties, such as improved energy
absorption, wear resistance, enhanced ability to form
doubly curved surfaces and enhanced acoustic properties.
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nt
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In recent years, the use of textile technology to fabricate
auxetic materials has attracted some attention. Two
approaches have been proposed. The first one is to knit or
weave auxetic yarns into a fabric, and the second one is to
use conventional yarns and to knit or weave these into a
fabric structure which is itself auxetic. Due to its process
flexibility and vast fabric structure variations, knitting
technology has been considered a very suitable textile
technology for the production of auxetic textile structures.
Ugbolue et al. presented a technique for producing the
warp-knitted auxetic structures using chain and filling
yarn inlays [1]. Atarbuck M et al. patented the warp
knitted fabrics having auxetic effect. Recently, Y. Liu and
H. Hu have produced a kind of weft-knitted auxetic fabric
based on a geometrical analysis of a Miura-ori pattern [2].
The development of auxetic textiles broaden their
potential applications, which include fabrics that change
colour with tension, threads with knots that don’t slip,
dental floss with in-built drug release, and various blastprotection devices, etc.
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FIGURE 1. Yan path notation of fabric structures

Measurement of Poisson’s ratio
The Poisson's ratio (v) of a material is defined as the
negative ratio of the transverse strain to the axial strain in
the direction of loading. In this work, a KES tensile
testing device equipped with a microscope was used to
test the auxetic fabrics under the mono-axial loading
condition. As shown in FIGURE 2, while the axial strains
were directly given by the KES testing system, the
transverse strains of the fabrics were obtained by
calculating the distance variations of two marked points
recorded by the microscope. The Poisson's ratio (v) was
calculated according to the following equation:

The present work is concerned with using weft
knitting technology to produce auxetic fabrics on a
flat knitting machine and analyzing their auxetic
behavior in term of different structure parameters.
APPROACH
Production of auxetic fabrics
12 weft knitted fabrics classified in three different
structure groups (FIGURE 1) were produced on a Stoll
CMS 822 computerized flat knitting machine. Two kinds
of yarns were used for all samples. The first is a
monofilament of 0.08mm, which is used to produce the
base structure of fabrics due to its higher stiffness. The

v = - εt /εa
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(1)

Where εt and εa are the transverse strain and axial strain,
respectively.
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FIGURE 4. Poisson ratio vs, axial strain of group B

FIGURE 2. Schematic presentation of testing device

Auxetic effect of fabrics of group C
FIGURE 5 shows the variations of Poisson’s ratio with
the axial strain for fabrics of group C. It can be found that
the auxetic effect can only be produced when the float
length is over 3 needle spaces. However, the variations of
their auxetic effect are not monotonic. If compared with
group B, the introduction of a more knitted course with
monofilament leads to the different auxetic effect.

RESULTS AND DISCUSSION
Due to structural inherent feature of weft-knitted fabrics,
auxetic effect of the fabrics produced were only produced
when stretched along the loop wale direction. Dependent
on the float length of elastic spandex yarn and base
structure, some fabrics could not have auxetic effect. The
study of auxetic effect is based on analyzing the
variations of Poisson’s ratio with the axial strain.
Auxetic effect of fabrics of group A
FIGURE 3 shows the variations of Poisson’s ratio (PR)
with the axial strain for fabrics of group A. It can be seen
that the float length of elastic yarn considerably affects
auxetic effect of the fabrics. When the float length is a
needle space, the fabric does not have any auxetic effect.
However, with increasing float length, the auxetic effect
is obtained. The highest auxetic effect is obtained when
the float length is 3 needle spaces. The variations of the
curves are not monotonic. The PR values firstly decrease
and then increase with increase of the axial strain.

FIGURE 5. Poisson ratio vs, axial strain of group C

CONCLUSIONS
Three groups of auxetic weft-knitted fabrics were knitted
and their auxetic effect was briefly studied based on PRstrain curves. The float length of elastic yarn and number
of knitting course of base structure considerably affect
auxetic effect. Due to complexity of knitted structure,
further study shall be preformed to better understand the
relation between the auxetic effect and fabric structure
and parameters.
FUTURE WORK
The future work will focus on theoretical analysis of the
knitted fabric structures and setting up a model to predict
their auxetic effect.
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FIGURE 3. Poisson ratio vs, axial strain of group A

Auxetic effect of fabrics of group B
FIGURE 4 shows the variations of Poisson’s ratio with
the axial strain for fabrics of group B. It can be found that
the auxetic effect can only be produced when the float
length is over 3 needle spaces. The introduction of more
knitted loops in elastic yarn courses leads to different
auxetic effect of the fabric. If compared with group A, the
variations of the curves are monotonic. The PR values
increase with the axial strain for all the fabrics. The
auxetic effect is only obtained when the float lengths are 5
and 7 needle spaces. The quick drop of auxetic effect is
observed at the initial stage of extension.
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possess better ultraviolet protection than single knit
structures. For double knit structures, Interlock has
the highest UPF followed by Full Milano, Half
Cardigan, Full Cardigan, Half Milano and 1x1 Rib.
For single knit structures, knit and miss (50%) has
the highest UPF and followed by knit and miss (25%),
plain knit while knit and tuck obtained the lowest
UPF. In general, fabrics knitted in higher tension
gave better ultraviolet protection than fabrics knitted
in lower tension.

INTRODUCTION
The awareness about adverse effects caused by
cumulative exposure to ultraviolet radiation (UVR) is
raising daily. Over-exposure to UVR can cause not
only sunburn in short-term but also increasing the
risk of skin cancer. Clothing provides built-in
protection against UVR which offering additional
defence to skin cancer, however the protection is
insufficient. UV absorbers such as zinc oxide and
titanium dioxide are often added to textile materials
to enhance the UV blocking ability. Nevertheless, the
potential health hazards to these chemicals are lack of
investigation. Therefore, a more environmental
friendly way is researched to obtain optimum UPF of
knitwear by an engineering approach.

CONCLUSION
The results indicated that insertion of miss, tuck
stitches in the fabric construction caused significant
impact on the ultraviolet protection of knitted fabric.
Knitting tensions also contributed into the ultraviolet
protection level with the influences of fabric
thickness and weight.

APPROACH
There are several factors determine the effectiveness
of blocking UVR and the research focuses on the
fabric properties, for instance, fiber type, fabric
constructions, weight and thickness [1]. Ten different
knitting structures with two knitting tensions were
examined which included two main categories of
knitted fabrics: single knit and double knit. For single
knit structures: plain knit, knit and tuck, knit and miss
(25%), knit and miss (50%); for double knit
structures: 1x1 Rib, Half Cardigan, Full Cardigan,
Half Milano, Full Milano and Interlocks were knitted
for measurement of UPF. Fabrics were knitted with
100% cotton yarn using an electronic flat-bed
knitting machine of gauge 14G.

FUTURE WORK
Coarse gauge fabrics knitted by a flat-bed machine
were investigated at earlier stage for over-viewing the
relationship between different knit structures and
ultraviolet protection level. However, lightweight
knitwear knitted by finer gauge using circular
knitting machine is more preferable in the hot
summer. Other fabric properties such as tightness
factor, stitch density, loop length will be examined in
order to identify the correlation between these
parameters and the ultraviolet blocking ability.
REFERENCES
[1] S.B. Stankovic et al., “Protection from Solar
Erythemal Ultraviolet Radiation-simulated Wear and
Laboratory Testing”, Textile Research. Journal,
Vol.76, No.3, 2006, 216–225.

RESULTS AND DISCUSSION
The transmittance over a wavelength range of 290400 nm was measured by a spectrophotometer to
calculate the UPF rating correspond to
Australian/New
Zealand
Standard
(AS/NZS
4399:1996). The measurements were conducted on
fabric in a dry, flat and tensionless state. Initial
results revealed that fabrics of double knit structures

167

Mechanical Properties and Tactile Sensation of Woven Fabrics
Made with Green and Coyote-brown Colored Cotton
Youngjoo Chae, Myungeun Lee, and Gilsoo Cho
Department of Clothing and Textiles, College of Human Ecology, Yonsei University
gscho@yonsei.ac.kr; fchae@paran.com
Key terms: Naturally Colored Organic Cotton (NaCOC), KES-FB System, Mechanical Properties, Primary Hand
Value, Total Hand Value, Tactile Sensory Perception, Semantic Differential Scale
heavy, thin-thick, and wet-dry) were selected. These were
based on the Semantic Differential Scale (SDS).
In order to evaluate tactile sensory perception, each of 4
different test specimens was presented to each participant
in random order. After each presentation, the participants
were asked to answer the developed questionnaire
measuring their tactile sensory perception using semantic
differential scales under the „seen‟ condition. The size of
specimens was 25 x 25 cm and the lighting condition was
controlled at 400lux in fluorescent.

INTRODUCTION
The growth of „Eco-friendly‟ lifestyle has been affected
many parts of society. In textile and fashion industries,
interests in naturally colored organic cotton (NaCOC) are
arising. The NaCOC is a naturally pigmented fiber which
grows in shades of brown, green, red, and mocha, [1].
Because of its natural color, NaCOC does not have to be
dyed, which accordingly brings less environmental
pollution.
Previous studies on NaCOC have been discussed
various subjects including cellulose synthesis and genetic
diversity [2, 3], color changes [4], and the performance of
knitted fabric after repeated laundry [1]. However, there
has not been a study on the status of woven fabric, and the
mechanical properties. In addition, the consumers who
choose NaCOC products pursue an environment and
human friendly life, so human sensory perception should
be also evaluated.
The purpose of this study was to investigate
mechanical properties of NaCOC fabrics, to evaluate
tactile sensory perception, and finally to identify the
related mechanical parameters with sensory perceptions
for providing information on sensibly satisfied NaCOC
clothing material.

Data analysis
ANOVA and Scheffé tests were done to analyze the
difference of mechanical properties and tactile sensory
perception of NaCOC fabrics. To establish prediction
models for sensory perception of NaCOC fabrics,
stepwise multiple linear regression analysis was
performed. All these data analyses were based on using
SPSS (Ver. 12).
TABLE I. Characteristics of specimen
Specimens

EXPERIMENTAL
Specimens
Two different species, coyote-brown and green, which
were commercially available were selected and woven
into plain and twill fabrics for this study as shown in
TABLE I.
Mechanical properties
Seventeen mechanical properties of the four (4) NaCOC
fabrics by use of KES-FB system (KATO TECH) were
measured under the standard condition (temperature,
20±2℃; humidity, 65±2%). Then, the primary hand value
(PHV) and the total hand value (THV) were calculated by
KN-203-LDY and KN-302-SUMMER, respectively.

Yarn
Yarn type Fabric
construction
size

Fabric
density

Weight

(2.5x2.5 cm)

(g/m)

Green
Cotton

40`s

staple

plain

125×72

144

Coyotebrown
Cotton

40`s

staple

plain

125×80

150

Green
Cotton

40`s

staple

twill

125×72

144

Coyotebrown
Cotton

40`s

staple

twill

125×80

150

RESULTS AND DISCUSSION
Mechanical properties of NaCOC fabrics
Seventeen mechanical properties were measured, and then,
the primary hand value and the total hand value of
NaCOC fabrics were calculated. Among seventeen
properties, there were meaningful differences (p<.01) in
shear, surface, compression properties, thickness and
weight of four specimens as shown in TABLE II.
However, tensile and bending properties did not show any
significant difference. For hand value, it was observed
that a coyote-brown twill fabric had the highest hand

Evaluation of Sensory Perception
Volunteers were recruited among female students in
Yonsei University aged from 20 to 35. A total of 30
students participated in this study.
For questionnaire, nine different bipolar descriptors
which were dealing with tactile sensory perception and
easily perceived to participants (soft-hard, smooth-harsh,
fine-coarse, warm-cool, pliable-stiff, limp-crispy, light-
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TABLE II. Mechanical properties and hand values of NaCOC fabrics

Properties
Shear
properties
Surface
properties

Compression properties
Thickness and Weight

Hand Values

Plain

Specimens
G (g/cm.deg)
2HG (g/cm)
2HG5 (g/cm)
MMD (-)
SMD (µm)
LC (-)
RC (%)
T (mm)
W (mg/cm2)
KOSHI
NUMERI
FUKURAMI

Total Hand Value
a, b, c, d: groups divided by Scheffe‟s multiple comparison

Twill

Green

Coyote-brown

Green

Coyote-brown

1.585a
1.963a
3.850a
0.017a
4.840ab
0.525b
46.960d
0.545d
11.350c
7.070 b
5.920 d
7.010 d

1.445a
1.888a
3.738a
0.017a
4.990a
0.495c
61.530b
0.581c
11.290d
7.110 a
6.160 c
7.480 c

0.658b
0.863b
1.450b
0.008b
3.070b
0.540a
89.030a
0.599b
12.210a
6.430 c
8.460a
9.190a

0.605b
0.838b
1.488b
0.008b
3.264ab
0.489d
53.120c
0.648a
12.130b
6.410 d
8.010b
8.490b

2.720c

2.450d

2.840 b

3.340 a

F
20.210**
36.532**
25.518**
42.588**
6.220**
9.19E+30**
2.19E+32**
4.29E+31**
2.21E+31**
1.09E+32**
1.51E+32**
5.88E+31**
4.05E+32**
*p<.05, **p<.01

value, so evaluated as the most appropriate for lady‟s
summer dress applications.
Tactile sensory perception of NaCOC fabrics
The tactile sensory perception of NaCOC fabrics were
evaluated, and there were meaningful differences
(„softness‟, „warmth‟, „pliability‟, „limpness‟, „lightness‟,
and „thinness‟: p<.01) of tactile sensory perception among
specimens except „smoothness‟, „fineness‟ and „wetness.
Especially, similar tendencies of result were shown
between „softness‟ and „limpness‟, and between „warmth‟
and „pliability‟. As the result, a green twill fabric was
evaluated as softer and limper than the other 3specimens,
and a coyote-brown twill fabric was the warmest and the
most pliable.

According to the results, prediction models for the
„softness‟, „fineness‟, „warmth‟, „pliability‟, „limpness‟,
„thinness‟ and „wetness‟ were extracted except
„smoothness‟ and „lightness‟. The shear rigidity (G),
coefficient of friction (MIU) and tensile load-extension
curve (LT) etc. was the common factor to predict for
sensory perception.
CONCLUSION
The results showed strong suggestions for developing
sensibly satisfied NaCOC fabrics for lady‟s summer
dress. Further study needs to evaluate objective sensory
perception using physiological signals, and to compare
the results with those of subjective sensory perception
evaluation for a larger variety of NaCOC fabrics.

Prediction models for tactile sensory perception with
its related KES parameters of NaCOC fabrics
To establish prediction models for tactile sensory
perception of NaCOC fabrics, stepwise multiple linear
regression analysis was performed. In the model, sensory
perceptions of NaCOC were used as dependent variables
and KES parameters were used as independent variables.
TABLE III presents the prediction equations.
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TABLE III. Parameters of prediction models for tactile sensory perception

Adjectives (Y)
(+)
(-)
Soft

Hard

Fine

Coarse

Warm

Cool

Pliable

Stiff

Limp

Crispy

Thin
Wet

Thick
Dry

Linear Regression Equation
Y = - 1.82 x G - 110.69 x MIU
+ 116.44 x WC + 8.79
Y = - 0.01 x RC + 1.23
Y = - 16.79 x LT + 0.52 x EM
+ 0.91 x 2HB + 11.62
Y = - 19.69 x LT – 76.44 x MIU
+ 0.07 x EM + 24.39
Y = 1.65 x W – 19.14
Y = 1.44 x G – 0.87
Y = 571.23 x WC + 0.20 x G
+ 0.02 x LT – 39.19

R2

1.00
0.91
1.00
1.00
0.98
0.98
1.00
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1.00
0.86
1.00
1.00
0.98
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INTRODUCTION
Cellulose is the most abundant and renewable polymer
in nature and is regarded as an almost inexhaustible
source of raw materials[1]. The main obstacle to
comprehensive use of cellulose until now is lack of good
solvents. Ionic liquids has many advantages to be good
solvent[3], and some of them show strong solubility for
cellulose. Among these ionic liquids, two kinds of
imidazole-based
ionic
liquids:
1-butyl-3methylimidazolium chloride ([BMIM]Cl) and 1ethylimidazolium acetate ([EMIM]Ac) have attract lot of
attention due to their good dissolving properties for
cellulose[4]. In this paper, the dissolving characteristics of
[EMIM]Ac were investigated. The rheological behaviours
and spinning performance of the cellulose/[EMIM]Ac
solution were studied. In addition, the regenerated
cellulose fibers were spun by dry-jet wet spinning
process, and the mechanical properties of the regenerated
fibers were compared.

0min

2min

4min

5min

Figure 1 Dissolution of cellulose in [EMIM]Ac at 60 oC

Figure 1 showed the dissolution of cellulose pulp in
[EMIM]Ac at 60℃. It can be found that cellulose pulp
could be totally dissolved in [EMIM]Ac and the
dissolving rate of cellulose in ionic liquids was greatly
improved with the increasing of temperature. In addition,
it can be seen that cellulose pulp could be rapidly
dissolved in [EMIM]Ac within 5min at 60℃ . Therefore,
the results showed [EMIM]Ac could quickly dissolve
cellulose pulp at lower temperature.

APPROACH
A certain mount of cellulose pulp and [EMIM]Ac were
mixed and stirred continually under vacuum at the
temperature of 60oC. Then the mixture gradually turned
into a homogeneous solution. Cellulose content in the
obtained spinning solution was 10wt% in all solutions.
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 spinning temperature of cellulose/[EMIM]Ac
solution was 60oC.
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The rheological measurements were made on RS150L
Rheometer (Haake,Germany) and a cone plate (Ti, 35/1º)
was used. GPC was performed using a Waters 1525 liquid
chromatography equipped with a Waters 2410 refractive
index detector at 50oC. Wide angle X-ray diffraction
(WAXD) were performed on a D/MAX-2500PC
diffractometer (Rigaku, Japan) (Cu Kα, λ=0.154nm) at 40
kV and 35 mA. The surfaces and the cross-sections of the
fibers were observed using a JSM-5600LV scanning
electron microscope (SEM) (JEOL Co., Japan).The
mechanical properties of fibers were measured with XQ-1
and XD-1 Tensile Tester (China Textile University,
China).
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Figure 2 Flow curves of cellulose/[EMIM]Ac solutions at different
temperatures

Figure 2 showed the low curves of cellulose/[EMIM]Ac
with 10% cellulose content at different temperatures. It
could be seen that the apparent viscosity of the solutions
obviously decreased with the increasing of shearing rate,
which mean cellulose/[EMIM]Ac solutions were typical
shearing thinning fluids. In addition, the flow curves of
the solutions shifted down and the apparent viscosity

RESULTS AND DISCUSSION
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Table I The mechanical properties of fibers

decreases with the increasing of the temperature.
Cellulose/ [EMIM]Ac solution has good processing flow
properties and can be spun at a lower temperature.

（A）

Draw
ratio

（B）

Tensile strength

Initial modulus

Elongation

（CN/dex)

（CN/dex)

（%）

2.0

1.9

25.5

12.5

2.5

2.1

27.4

10.5

3.0

2.3

29.6

9.6

3.5

2.6

32.7

8.9

Figure 3 WAXD and GPC curves of cellulose pulp and fibers

Figure 3（A） shows that the powder WAXD patterns
of original cellulose pulp and the regenerated cellulose
fibers. It can be seen that the original cellulose pulp has
cellulose I crystal structure as indicated by the typical
diffraction peaks at 2=14.9°, 16.4° and 22.7°. However,
after dissolution and subsequent coagulation, the
regenerated cellulose fiber exhibits the typical diffraction
patterns of cellulose II structure. These results indicate
that the transformation from cellulose I to cellulose II
occurred after the dissolution and spinning.

CONCLUSIONS
In this paper, [EMIM]Ac was used as the solvent of
cellulose and a novel cellulose fiber could be successfully
prepared by dry-jet spinning process. The results showed
that [EMIM]Ac could dissolve cellulose directly at
different temperatures. Cellulose had lower dissolution
temperature and quicker dissolution in [EMIM]Ac. The
results also showed that cellulose/[EMIM]Ac solution
belonged to the typical shear thinning fluids. The
cellulose fiber had cellulose II structure and smooth
surface. In addition, GPC results showed that degradation
happened during the dissolution and processing of
cellulose in ionic liquids. Cellulose fibers from
[EMIM]Ac had good mechanical properties.

Figure 3（B） shows the GPC curves of the initial
cellulose pulp and regenerated cellulose fibers using
[EMIM]Ac as solvent. The results showed that the MW
corresponding to the peak value of regenerated cellulose
fibers in the GPC curves was lower than that of initial
pulp, which mean the degradation of cellulose happened
in the course of the dissolution and process of cellulose.
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Figure 4 SEM photographs of surface and crosssection of regenerated
cellulose fiber

Figure 4 shows SEM photographs of regenerated
cellulose fiber using [EMIM]Ac as solvent. It can be seen
clearly that the surface of the fiber was smooth without
any obvious crevices and flaws appeared. In addition, it
also can be seen that the cross-section of cellulose fiber
was round.
The mechanical properties of Ionicell fibers are listed
in table I. It can be found that with the increase of the
draw ratio, the tensile strength and initial modulus of
cellulose fibers improved, whereas the elongation at break
decreased.
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RESULTS AND DISCUSSION
SEM images of blend films with a powder content of 10
and 30% are shown in Figure 1. It indicates that the
photograph of silk powder/PP film (a) and (b) shows a
smooth surface. When the silk powder content increases
from 10 to 30%, some agglomerations occurred in the
blend film. These SEM photographs suggest that the
superfine silk powder had been blended with PP under the
plasticization of poly (ethylene) glycol in the extrusion,
silk powder distributed almost uniformly in the film.

INTRODUCTION
There has been great interest in investigating fibers based
on regenerated protein to develop new textile fibers and
recycle redundant protein materials in recent years [1,2].
In most of these studies, keratin was extruded from
protein fibers [1, 3]. Since the protein can be easily
decomposed in the process of spinning under a high
temperature, the protein biofibers might lose the original
properties of the protein. Therefore, the protein powder
could keep the original properties of the materials without
destroying the microstructure [4]. Silk powder is one of
the useful physical forms of silk fibroin protein which has
some special properties compared with the fiber and silk
films for biomaterial applications [5]. In this study,
Polyethylene glycol was used to improve thermo
plasticity of superfine silk powder, and the powder was
blended with PP to produce pellets, the pellets were then
hot-pressed into a blend film. The blend film was
characterized with SEM and Fourier transform infrared
(FTIR). Moisture regains and mechanical properties of
the blend films were also tested.

FIGURE 1. SEM photographs of superfine silk powder/pp blend film
with a powder content of 10% (a=left) and 20% (b=right).

Changes in structure of silk powder/pp blend film were
characterized by FTIR and are shown in Figure 2.The
spectra of the blend films shows a strong absorbance in
the region of 2800-3100 cm-1, a specific methyl
absorbance at 1380 cm-1 and a strong absorbance at 1460
cm-1 which are due to the stretching of C-H, the CH3
symmetrical bending vibration, and CH2 bending
vibration, respectively. These are the characteristic
absorbing bands of PP as shown in Figure 2. Besides, the
spectra of the blend films exhibit absorbing bands around
3300 (N-H and O-H), 2850
(-CH2), 1627 (Amide I,
C=O stretching), 1520 (Amide II, secondary NH
bending), and 1233 cm-1 (Amide III, C-N stretching),
which Indicate the characteristic vibration bands of
protein in silk. There are the absorbing bands of the
alcoholic group in polyethylene glycol at 1068 cm-1
(COH), 1104 and 1127 cm-1 (COC) as shown in Figure 2.
So these bands are due to the addition of polyethylene
glycol during the preparation of the films. The FTIR
spectra of the silk powder/pp blend films show the
characteristic absorbing bands of both silk fiber and pp,
which indicate that the blending does not influence the
chemical bonds of both the fiber and pp, and new steady
bonds are formed by simple physical blending.

EXPRIMENTAL APPROACHES
Plasticizer polyethylene glycol was slowly added into silk
powder (prepared by enzymatic processes; mean
diameter: 500 nm ) with 15% content, the mixture was
stirred in a blender for 5 min, and then the mixture was
blended with pp with different powder contents. In order
to blend sufficiently, the blended silk powder and pp were
extruded in a screw extruder (w50, Plasticorder,
Germany, 2002) at 180ºc and cut into small pellets. The
pellets (blends) were hot-pressed for 5 min under the
molding pressure of 5 MPa and a molding temperature of
160ºc. Finally, the blend films could be taken out from the
PET films after they cooled down in the air. Morphology
of the blend films were examined by a scanning electron
microscope (Tescan, model XL30). FTIR analysis was
done by Thermo Nicolet Nexus 670 on the films.
Moisture regains of the films at different blend ratios
were measured. Mechanical properties of the blend films
were tested on an Instron 5566 Universal Testing
Machine, at a gauge length of 60 mm and strain rate of 80
mm/min, the width of samples was 20 mm and each
sample was tested five times and the results were
averaged.
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FIGURE 2. FTIR spectra of silk powder/pp blend film with a powder
content of (a) 10% and (b) 30%

The moisture regain of the silk powder/PP blend films
were measured by the following equation:
Moisture regain (%) = (W2 – W1)/W1 × 100
Where W1 and W2 represent the initial and fully dried
weight of samples, respectively.
Table I shows the measured parameters of tensile strength
and moisture regain testing.

FIGURE 3. The tensile testing ruslts for pp film, blend film with silk
powder content 10 and 30%.

CONCLUSION
Superfine silk powder could be blended with PP to
produce a kind of blend film. SEM photographs suggest
that the superfine silk powder could be evenly blended
with PP under the plasticization of polyethylene glycol in
the extrusion, the silk powder distributes uniformly in the
film and at the low blend ratio, almost no agglomerations
occur. Characteristic peaks of both silk and PP are found
in FTIR spectra and thus no obvious chemical changes
occurred during the blending. Moisture regains of the
blend films enhance greatly with an increase in powder
content. Addition of the silk powder in PP destructs the
integrity of PP and no linkage is established at the
interface, so the mechanical properties of the blend film
decline greatly with an increase in the ratio of silk powder
in the blend film.

TABLE I. Measured parameters of tensile strength and moisture regain
testing

Moisture
regain (%)

Breaking
load(N)

Elongation
at break
(mm)

Silk powder

20.33±0.5

▬

▬

Pure pp film

0.01±0.01

81.1±4.5

3.8±0.4

Silk powder/pp
film (10-90)

1.52±0.4

51.4±6.8

2.7±0.5

Silk powder/pp
film (30-70)

2.98±0.5

15±9.1

1.6±0.8

Sample

Test
Results
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The results indicated that with an increase in silk powder
content, moisture regain of the blend films enhance
greatly. The most reason could be the presence of the silk
powder with higher absorbance moisture. So, it can be
useful for removing low ability of PP at absorbing the
moisture with adding the silk powder to it. It is also
obvious that with an increase in the powder content, the
blend film will become more and more weakened. As the
area of under the curve shows the breaking energy
decreases sharply when the powder content changes from
10 to 30% (Figure 3). Although the superfine silk powder
was incorporated sufficiently into PP after extrusion, the
addition of the powder increases the number of holes in
the blend film and brings a slight destruction in the tensile
strength of the blend film. Besides, there is no linkage
between the silk powder and PP in the interface, so the
tensile strength of the blend films is lower than that of PP
film, and it decreases on increasing the powder content,
this is more obvious especially when the powder content
is more than 10%.
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Abstract: A series of PET samples prepared by heating
treatment at different temperature were studied by tensile
test, DSC and XRD. The tensile testing results showed
that the breaking tenacity of the thermo-treated PET
samples decreased significantly within shorter time and
then showed a much more gentle decrease in slope. It was
also shown that the shrinkage happens within shorter
time, and then reaches the equilibrium. However, the
DSC results implied that the heating treatment plays little
role on the crystal region. For further investigating, it was
found that the loss tenacity and thermo-shrinking of the
PET yarn under heating treatment were caused by the
disorientation of the chain segment in the amorphous
region.

Where Ls , t is the shrink ratio of the sample by
treated time t,

Lt is the length of the sample by treated time t.

2.2.2 Measurement of tensile properties
The tensile properties of the industrial yarn of PET
were conducted using an electronic universal tensile test
device at a tensile speed of 50 mm/min on the samples
with an initial length of 100 mm.
2.2.3 Differential scanning calorimetry (DSC) Testing
Differential scanning calorimetry measurements
were carried out with a DSC-7 Perkin-Elmer calorimeter.
Samples about 8 mg in weight and sealed in aluminum
were heated from 50 to 300℃ at a scanning rate of
10℃/min under the nitrogen atmosphere to investigate the
degree of crystallinity of PET.
2.2.4 Measurement of XRD
The XRD measurements were obtained with a
Rigaku D/Max-20PC diffracto- meter, using Cu Kα
radiation at 40 kV and 300mA. The samples were
measured with a step size of 0.02° (2θ) and a dwell time
of 2 (s) in a range from 5° till 60° (2θ).

1. Introduction
The industrial yarn of PET is a system of Polymer
with high crystallinity and high orientation[1, 2]. Though
such kind of structure affords high strength and high
modulus, it belongs to an unstable thermodynamic system
because of the reduction of entropy caused by high
orientation, which will spontaneously transform to a state
of low free energy and the macroscopic shrinkage will be
shown [3-5]. Thus, it is very important to study such
elementary problems as to what extent and on what
condition the shrinkage can really take place, which will
afford experimental guide for the application of the
industrial yarn of PET. In the present work, the effect of
the treating temperature and time on the tensile properties
and shrink ratio of the high tenacity PET were studied,
and the thermo-shrinking mechanism was also discussed.
2. Experimental
2.1 Experiment materials
The high tenacity PET used in this study, with the
yarn linear density of 3000D/384f and the breaking
tenacity of 7.58cN/dtex. According to the GB/T65052001, the above-mentioned samples were treated at 433,
443 and 453K, respectively. The treating time is 10, 20,
30, 60, 180 and 300s. Then, all the treated samples were
placed in constant temperature and humidity room (T
20℃, Humidity 65%) for 24 hours.
2.2 Characterization
2.2.1 Measurement of thermo-shrinkage
All the treated samples were beforehand placed in
constant temperature and humidity room (T 20℃,
Humidity 65%) for 24 hours, and then the thermo-shrink
ratio Ls , t (%) is get as follow.

Ls ,t 

L0  Lt
L0

L0 is the initial length of the sample, and

Figure 1. The heat treating time dependence of the breaking tenacity for
the industrial yarn of PET

3. Results and Discussion
Figure 1 shows the heat treating time dependence of the
breaking tenacity for the industrial yarn of PET. It is clear
show that for all the PET samples, with increasing the
treating time, the breaking tenacity decreases and can be
divided in three regions. For the first stage, the breaking
tenacity decreases significantly in the heat treating time
from 0 to 60s. With increasing the treating time from 60
to 180s, that shows a much more gentle decrease in slope.
At last, the breaking tenacity displays almost no change
when the treating time is more than 180s. Another
phenomenon is that the higher the heat treating time is,
the more significantly the tenacity decreases. As treating
time is 300s, the residual tenacity is about 6.0cN/dtex and

(1)

175

the loss tenacity reaches about 17%. In our previous work
on designing and developing membrane structure
materials with PET high-performance yarn, it was found
that the strength of the reinforcement made from PET
fabric could meet the designing demand, while that could
not satisfy the designing strength after heat treatment such
as hot compression technique. Figure 2 shows the heat
treating time dependence of the shrinkage for the
industrial yarn of PET. It is shown that the shrinkage
happens within shorter time, and then reaches the
equilibrium.

Figure 4. The degree of orientation in amorphous and crystal region with
the treating time at 453 K

However, one interesting phenomenon is worth
pointing out that the degree of the orientation in the
amorphous region decreases dramatically with increasing
the treating time, implying that the disorientation of the
chain segment takes place. The other interesting point
also can be seen from Figure 4 that the disorientation
takes place within shorter time, and then shows change
slowly. The temperature also plays a great role on the
orientation in the amorphous region. The higher
temperature is, the more dramatically disorientation of the
chain segment is. Therefore, the loss tenacity and thermoshrinking of the PET yarn under heating treatment are
caused by the disorientation of the chain segment in the
amorphous region.
4. Conclusions
A series of PET samples were prepared by heating
treatment at different temperature. The results of the
tensile testing showed that the breaking tenacity of the
thermo-treated PET samples decreased significantly
within shorter time and then showed a much more gentle
decrease in slope. It was also shown that the shrinkage
happens within shorter time, and then reaches the
equilibrium. However, the DSC results implied that the
heating treatment plays little role on the crystal region.
For further investigating, it was found that the loss
tenacity and thermo-shrinking of the PET yarn under
heating treatment were caused by the disorientation of the
chain segment in the amorphous region.
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Figure 2. The heat treating time dependence of the shrinkage for the
industrial yarn of PET

These results demonstrate that the heating treatment
plays a great role on the mechanical properties of the
industrial yarn of PET. To meet the designing strength, it
must use PET yarn with even higher strength to get the
structure materials with PET yarn due to the present of the
loss tenacity under the heat treatment process.
In order to examine the effect of heating treatment
on the loss tenacity of the industrial yarn of PET, DSC
measurements are carried out for the sample by fixing the
treating temperature at 453K. Figure 3 depicts the DSC
curses before and after heat treating temperature at 453 K
with different treating time. It can be seen from Figure 3,
with increasing the treating time, the maximum value of
the melting peak and its position show no change, which
implies that the heating treatment plays little role on the
crystal region, the loss tenacity and shrinkage of the PET
during heat treating process are not caused due to the
change of the crystal.
For further understanding the mechanism of the loss
tenacity of the industrial yarn of PET, XRD
measurements are carried out and Figure 4 shows the
variation of the degree of orientation for the amorphous
and crystal region with the treating time at 453 K. As
shown in Figure 4, the degree of the orientation in the
crystal region shows almost unchanged, implying that
disorientation does not happen. Namely, the loss tenacity
and thermo-shrinking of the PET yarn under the heat
treatment process are irrelevant to the orientation in
crystal region.
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Finally, TiO2/SnO2/CF samples maintained at 600 oC for
2 hours under nitrogen were prepared, and the
TiO2/SnO2/CF comp-osite was described as 1#TiO2/SnO2/CF, 2#-TiO2/SnO2/CF and 3#-TiO2/SnO2/CF,
respectively.

INTRODUCTION
Titanium dioxide (TiO2) was wildly applied in the field of
sewage treatment, air purification and disinfection
deodorization as its unique chemistry stability, corrosion
resistance, nontoxic and low cost et al recently[1].
However, powder of TiO2 is difficult to be recycled
during the using process, which limited the
industrialization of TiO2 photocatalyst. Thus, the research
of supported type TiO2 photocatalyst attracted much
interest of scholars. The method of compound of binary
semiconductor was confirmed that can enhance the
photocatalytic activity effectively[2]. In this study, PANCF with good mechanical property, adsorption, and hightemperature resistance was used as the carrier,
TiO2/SnO2/CF composite photocatalytic materials were
prepared by sol-gel process and diping sintering method,
and the catalytic properties was studied.

FE-SEM, EDS, XRD were used to analyze the samples,
and methyl orange used as the target degradants was used
to characterize the catalytic property.
RESULTS
The surface morphologies of 3#-SnO2/CF and 3#TiO2/SnO2/CF composite were presented in figure 1(a)
and (b) respectively. From figure 1, it can be seen that the
surface of 3#- TiO2/SnO2/CF film is smooth and there is
not fracture, which make the film possess good
mechanical property.

EXPERIMENTAL
SnCl4 and isopropanol were used to prepare SnO2 sol in
this study. Firstly, SnCl4 of 35 g was dissolved in
isopropanol of 100 ml, then the mixture was poured into
round bottom flask, and solution A was obtained.
Secondly, isopropanol, deionized water, and hydrochloric
acid of 1 mol/L was mixed with amount of 15 ml, 7.2 ml
and 2 ml respectively, then solution B was obtained.
Finally, transparent SnO2 sol was obtained by pouring
solution B into solution A slowly with water-bath at 60oC
for 3 hours, and aged for 7 days.
TiO2 sol was prepared using Tetra-n-butyl Titanate as
precursor and absolute ethanol as solvent. Ice acetic of 2.9
ml was added into absolute ethanol of 69 ml, and mixed
homogeneously, then the mixture was poured into Tetran-butyl Titanate of 17.08 ml mixed with little acetyl
acetone, stirred for 1 hour, the mixture of water and
absolute ethanol with volume ratio of 0.1 was added into
the above solution. Finally, TiO2 sol was obtained.

(a) 3#-SnO2/CF

Carbon fiber treated by nitric acid was dipped in SnO 2 sol
for 10 min, then the material was dried in oven at 100 oC
for 15 min, and calcined in resistance furnace at 200 oC
for 15 min, the sample of carbon fiber supported with a
layer of SnO2 described as 1#-SnO2 was prepared.
Repeating above process, samples supported with two and
three layers of SnO2 were prepared, and described as 2#SnO2 and 3#-SnO2 respectively. The three materials were
dipped in TiO2 sol and maintained for 10 min
respectively, then the samples were dried naturally.

(b) 3#-TiO2/SnO2/CF

177

number ratio of oxygen and tin was 0.5 almost according
to the theoretical value.

FIGURE 1. Surface morphologies of films

concentration of degradation solution /mg.L

-1

The analysis of surface elements of SnO2/CF
characterized by EDS shown that only elements of
carbon, oxygen and tin were exhibited on the surface of
sample, carbon was derived from carbon fiber, and the
number ratio of oxygen and tin was 0.5 almost according
to the theoretical value.
The typical anatase TiO2 was generated with anneal at
600 oC referring to the standard crystal card of CPDS
NO.21-1272. The size of TiO2 crystalline which is 15.2
nm was calculated by Scherrer formula as Eq. (1)
according to the diffraction peak of TiO2 (101):
D=0.89λ/βcosθ

(1)
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where λ is 1.54056 Å, β is half peak width, θ is diffraction
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FIGURE 2. TiO2/ SnO2/CF photocatalytic degradation of methyl orange

CONCLUSIONS TiO2 and SnO2 were prepared by solgel process and the TiO2/SnO2 film supported on carbon
fiber was prepared via the dipping coating technology.
The structure and properties of TiO2/SnO2/CF composite
photocatalytic material were investigated in this study,
and the results obtained are remarked as follows:

The catalytic activity of TiO2/SnO2/CF compared to
carbon fiber treated by nitric acid, SnO2/CF and TiO2/CF
was characterized, and the result was shown in figure 2.
From figure 2, it can be seen that with exposure by
ultraviolet light for 1.5 hours, the decoloring rate of
methyl orange is 80.9%, 85.4%, 90.0%, 91.6% for
TiO2/CF, 1#-TiO2/SnO2/CF, 2#-TiO2/SnO2/CF and 3#TiO2/SnO2/CF respectively, and the catalytic property of
3#-TiO2/SnO2/CF is optimum. The catalytic property of
4#-TiO2/SnO2/CF was not characterized in this study,
mainly because the supported ability of the film became
bad and the film fall off of due to the too thick film. In
addition, the catalytic property of TiO2/SnO2/glass
composite with four layers of SnO2 coated on glass
decreased according to Cai Zhenqian [4]. It can be seen
that the degradation effect of SnO 2 on degradation
solution is small contrast the curves of SnO2/CF with that
of CF. Thus, the increase of catalytic property for
TiO2/SnO2/CF composite compared with TiO2/CF is
mostly attributed to the TiO2/SnO2 composite film. The
reason for this result can be considered as that matching
of energy level of TiO2 and SnO2, result in the photoinduced electrons transfer to SnO2 film, and cavitations
transfer to TiO2 film, which reduced the composite chance
for cavitations electron pair. For another, due to the
porous structure of TiO2/SnO2 composite film, the
synergistic effect was generated between carbon fiber and
TiO2/SnO2 composite film which is benefit to the increase
of degradation rate. The catalytic activity of 1#TiO2/SnO2/CF and 2#-TiO2/SnO2/CF is weaker than that
of 3#-TiO2/SnO2/CF, which can be considered as that the
SnO2 film is too thin to restrain the recombination of
cavitations electron pair.

1. The generation of porous TiO2 film was affected by
porous SnO2 film supported on TiO2/SnO2/CF composite
photocatalytic material which is benefit to the generation
of synergistic effect between TiO2/SnO2 film and carbon
fiber.
2. TiO2/SnO2/CF composite photocatalytic material
exhibited good adsorption and catalytic property to aze
MO, and 3#-TiO2/SnO2/CF whose decolour rate is 91.6%
catalyzing for 1.5 hours shown optimum catalytic
property.
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The analysis of surface elements of SnO2/CF
characterized by EDS shown that only elements of
carbon, oxygen and tin were exhibited on the surface of
sample, carbon was derived from carbon fiber, and the
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ABSTRACT: In this study, a series of 85/15 AN/MA

room temperature. The composition of 85/15AN/MA is

copolymers (acrylonitrile-methyl acrylate copolymers

found closest to its feed ratio at 30˚C. For the sequence

with feed ratio of 85/15 mol%) were synthesized by

length of AN units, it is interesting to note that the

aqueous precipitation polymerization at 20 ˚C, 30 ˚C

sample C30 also shows a maximum value of 10.53.

and 40 ˚C respectively, and the copolymers were used to
Molecular weight. A GPC spectrum of C30 is

produce a series of fibers by melt spinning. The results
show that the average length of contiguous AN units

shown in FIGURE 1.

synthesized at 30 ˚C has a maximum value of 10.53. The
aqueous polymerization at 30°C resulted in the lowest
glass transition temperature (T g) of 87.1 °C, the lowest
melting point (Tm) of 154.5 °C and the highest
decomposition temperature (T d) of 325.0 °C. 20 °C and
30 °C were seen as ideal reaction temperatures for melt
processing of AN/MA copolymers.
INTRODUCTION
Polyacrylonitrile (PAN) fibers, a copolymer or

FIGURE 1. GPC spectrum of 85/15 AN/MA synthesized at 30 ˚C

terpolymer commercially, find applications in textiles
and as carbon fiber precursors [1].The production of

The corresponding GPC data indicate that the

PAN by melt-spinning is often difficult due to the

molecular weight distributions (PDI) follow the trend

existence of a large magnitude of dipole moments

C20>C30>C40, which is in the range of 1.4~2.2. The

between cyano groups –CN, and PAN fibers are hence

molecular weight ranged from Mn =53,000 to Mn

commonly produced by wet or dry spinning. In contrast

=84,000 and it follows the trend C40>C20>C30. It is

to wet spinning, melt spinning technique converts

demonstrated that the melt processibility of C20

copolymers directly into fiber forms at high process

(Mn=73,000) and C30 (Mn=53,000) are all better than

speeds and without adding expense of solvent recovery

that of C40 (Mn=84,000).

and recycling [2].
Thermal behavior

Identification of a suitable reaction temperature
was the main objective of this investigation. The use of

FIGURE 2 is the partial magnified DSC curves of

flexible comonomer MA and at a right reaction

85/15 AN/MA. It can be found that there is a small

temperature will further disrupt the order found in the

endothermic peak prior to main exotherm. There is a

PAN system, thereby reducing its melting temperature.

wider processing window of about 170 °C for C30,
which is much better for melt processing. It is further

RESULTS AND DISCUSSION

demonstrated that 30 ˚C is ideal for producing melt

AN/MA copolymers

processable AN/MA copolymer.

NMR spectroscopy is a method of great interest
and importance for the study of copolymers.

13

AN/MA fibers

C NMR

Morphology study. FIGURE 3 (A)-(C) display the

spectrum of sample C30 was recorded in DMSO-d6 at
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FIGURE 2. The partial magnified DSC curves of 85/15 AN/MA

FIGURE 4. Stress–strain curves of the fibers synthesized at 20 °C and

synthesized at different temperature: (A)C20; (B)C30; (C)C40

30 °C: (A) F20; (B) F30.

SEM micrographs of the outer surface of F20, F30 and

cN/dtex) and lower elongation to break (27.9%). Sample

F40. FIGURE 3 (D)-(E) display the SEM micrographs

F30 possesses a higher strength (3.73 cN/dtex) and a

of the cross section of F20, F30 and F40. The cross

similar elongation (28.9%) because of its narrower PDI,

sections of the fibers are compact. Individual as-spun

longer

fibers have a uniform cross section with an average

crystallization. It shows that the tensile strengths of the

diameter of 120 ± 20 μm.

sample F20 and F30 are similar to that of Amlon®

NABSL of

AN,

and

higher

degree

of

(drawn×2, 2.6 cN/dtex; drawn×3, 3.7cN/dtex), and
higher than that of solution spun PAN fiber (2.5
cN/dtex).
FUTURE WORK
Based on the preliminary results, the effect of the
post treatment on the properties of melt-spun PAN fibers
synthesized at 20 °C and 30 °C will be investigated in
the next step. The research results on thermal and
mechanical properties et al of drawn fiber will be
published in the future.
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can be seen that the PVDF/PMMA nanofiber has been
successfully prepared.

INTRODUCTION
Poly(vinylidene fluoride) (PVDF) is an important
polymer which has wide practical applications because of
its excellent chemical and physical properties [1].
Particularly, porous PVDF films or membranes, generally
prepared by thermally induced phase separation (TIPS)
process, have received considerable attention in recent
years owing to its potential applications in sensor,
biotechnology,
solid
polymer
electrolyte,
and
ultrafiltration. Furthermore, in order to improve the
performance of porous PVDF membrane, some
researchers have added other polymer, for example
poly(methyl methacrylate) (PMMA) into the PVDF
matrix [2]. Electrospinning is an effective technology for
preparing nanofibrous membrane. However, little work
has been reported so far on the fabrication of electrospun
PVDF/PMMA membranes [3]. Therefore, in this work,
PVDF/PMMA membranes with different PMMA contents
from 10 to 20 wt% were prepared by electrospinning. The
morphology of resultant membranes was investigated by
scanning electron microscopy (SEM). Fourier-transform
infrared (FTIR) was employed to study the crystalline
phase of membranes. The influence of annealing on the
melting behavior of PVDF/PMMA membranes was
investigated by differential scanning calorimetry (DSC).

FIGURE 1. The SEM imge of electrospun PVDF/PMMA (90/10)
membrane.

Fig 2. illustrates the FTIR spectra of the samples. For the
electrospun PVDF/PMMA membranes, the existence of
the characteristic absorption peak for PMMA at around
1729 cm confirmed the incorporation of PMMA in the
PVDF nanofiber. Moreover, a characteristic peaks related
to β from crystallite of PVDF at 841 cm-1 are observed for
all the electrospun membranes, suggesting that PVDF can
directly crystallizes into the ferroelectric β phase by
electrospinning and the addition of PMMA into PVDF
didn’t affect the formation of β phase for PVDF.
-1

EXPERIMENTAL
The PVDF/PMMA with different mass ratio (90/10, 85/15,
80/20) was dissolved in a N,N-dimethylformamide (DMF)
solvent or a DMF-acetone mixed solvent. Subsequently,
the polymer solutions were put into a syringe and
electrospun onto a metal collector to form nanofibrous
membrane. The applied direct current voltage is 20 kV
and the distance from the needle tip of the syringe to the
metal collector was fixed to be 10 cm. FTIR spectra were
recorded on a Perkin Elmer spectrometer. A JSM-6490
scanning electron microscope was used to observe the
morphology structure of electrospun PVDF/PMMA
membranes. The melting behavior of PVDF/PMMA
membranes was studied with a Perkin Elmer DSC-7 under
a nitrogen atmosphere. Samples were heated from 30 to
200 oC at a heating rate of 20 oC/min.
RESULTS AND DISCUSSIONS
Fig 1. shows the morphology image of electrospun
PVDF/PMMA (90/10) membrane investigated by SEM. It

FIGURE 2. The FTIR spectra of electrospun PVDF and PVDF/PMMA
membrane.
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Fig 3. shows the DSC results of electrospun membranes
before and after annealing at 100oC for one day. It was
found that the melting point of pure PVDF was 171.1 oC
and the addition of PMMA into PVDF reduced the
melting point of PVDF. After annealing, a new small
melting peak at lower temperature range can be observed,
which is similar to the investigation reported by other
group. Moreover, the annealing can somewhat increase
the crystallinity degree of the samples [4].

reduced the melting point of PVDF. The annealing can
somewhat increase the crystallinity degree of the samples
ACKNOWLEDGMENT
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FIGURE 3. The DSC resluts of samples before and after annealing.

CONCLUSIONS
PVDF/PMMA nanofibrous membranes with different
PMMA contents from 10 to 20 wt% were prepared
successfully using electrospun method. The existence of
PMMA didn’t affect the formation of β phase of PVDF by
electrospinning. The addition of PMMA into PVDF
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1. INSTRUCTION
Shape memory polymer (SMPs) has got a rapid
development in the past decades. In addition to the Tgtype-SMPs and Tm-type-SMPs, supramolecular SMPs are
also developed recently by incorporating the thermalreversible non-covalent bond as the molecular switch.
Most recently, Chen et al. had synthesized a novel kind of
supramolecular shape memory polyurethane (SMPU)
containing large fraction of pyridine moieties (PySMPU)[1]. In the previous literature, Zhu et al. had
reported that antibacterial activity was excellent in the
pyridine containing SMPU ionomers[2]. Thus,
antibacterial activity is expected in the supramolecular
Py-SMPU ionomers quaternized with alkyl halides.

temperature-controlled chamber. The antibacterial activity
against S. aureus and K. pneumoniae was tested according
to standards AATCC147.

In addition, materials are expected to show improved
properties and advanced characteristics beyond their bulk
materials after being fabricated to nanostructured system.
Particularly, antibacterial properties are developed rapidly
in the nanofibers for the medical and healthcare
applications. Electrospinning is a fascinating method for
the preparation of nanofibers. The electrospinning of
SMPU nanofibers had been investigated systematically
[3, 4]. In this experiment, novel antibacterial nanofibers
are electrospun from Py-SMPU ionomers quaternized
with alkyl halides using the electrospinning technology.
The morphology and antibacterial properties of Py-SMPU
ionomer nanofibers are presented in this paper.

FIGURE 1. SEM images of Py-SMPU nanofibrous nonwoven
electrospun from 10wt% PUPy35-Q /DMF solution

3. RESULTS AND DISCUSSIONS

Figure 1 shows the SEM images of electrospun PUPy35Q nanofibrous nonwovens. It is observed that ultra-thin
fibers are electro-spun successfully from the 10wt%
PUPy35-Q/DMF solution. Similar to other electrospun
nanofibers, the PUPy35-Q nanofibers also form
interconnected nanofibrous nonwoven layer by layer,
resulting in lots of pores structure. As compared with the
PUPy35
nanofibers
electrospun
from
10wt%
PUPy35/DMF solution, it is found that the PUPy35-Q
nanofiber is more smooth, containing no beads. This is
due to the fact that the resulted PUPy35-Q ionomers
contain a large fraction of ionized units, which improve
the electrical conductivity and solution viscosity greatly.
In addition, it is also found in Figure 1 that lots of nanoparticles are distributed homogeneously around the
PUPy35-Q nanofibers. This kind of nano-particle should
be the immobilized C18I crystal.

2. EXPERIMENTS
Py-SMPU containing 35wt% pyridine moiety, named
PUPy35, was synthesized according to the literature
procedures[5]. Thereafter, PUPy35 was quaternized with
1-iodooctadecane (C18I) to 10wt% PUPy35-Q/DMF
solution according to the literature procedures[6], named
PUPy35-Q. All nanofiber samples were fabricated at
room temperature by electrospinning according to the
literature procedure[3, 4]. For comparisons, a common
polycaprolactone (PCL) based SMPU nanofiber, named
CLSMPU, was also electrospun, and PUPy35 was also
prepared by casting method as described in literature[1].

The thermal-induced shape memory behaviors of
electrospun Py-SMPU nanofibers had been investigated
with cyclic tensile test. The strain–stress curves of
PUPy35-Q nanofibrous nonwoven are presented in Figure
2. It is observed that the shape fixity of PUPy35-Q
nanofibers is 98%, which is higher than the PUPy-35
nanofibers. It means that both the electrospun PUPy35
and PUPy35-Q nanofibers have good capability of fixing
a temporary shape (deformation). This is due to the fact
that the glassy modulus of Py-SMPU is much high as
reported by Chen et al.[5]. As for the shape recovery,

The morphology of samples was observed by a scanning
electron microscope (SEM, Hitachi S450, Japan). Cyclic
tensile test for shape memory behavior was performed
with an Instron 4466 apparatus connected with a
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greatly after the PUPy35 is electrospun to nanofibers, i.e.,
to achieve good antibacterial activity, Py-SMPU without
pyridinium moieties should be fabricated into
nanostructured system like nanofibrous nonwoven. The
antibacterial mechanism of pure PUPy35 nanofibers can
be explained as follows. The PUPy35 contains large
fraction of pyridine moieties BINA, which contains an
amido group in position, and has important antitubercular, anti-pyretic and antibacterial properties[8].
The microgram contact surface area is improved greatly
after the PUPy35 is electrospun into nanofiber. Therefore,
the PUPy35 nanofibers show good antibacterial activity,
and it can be used as good immobilized antibacterial
materials.

PUPy35 nanofiberous nonwoven can only recover its
86% deformed strain in the first cycle. However, the
PUPy35-Q nanofiberous nonwoven shows excellent
shape recovery, which is close to 100%. One reason is
that the PUPy35-Q nanofiber forms more stable physical
netpoints through the ionic interaction and hydrogen
bonding as compared with the PUPy35 nanofiber.
Another reason is that the electro-spun PUPy35-Q forms
higher orientation molecular structure due to the
improved electrical conductivity during the electrospinning process. Therefore, the quaternized Py-SMPU
nanofibers can be used as good shape memory materials.

3.0

Table 1. Antibacterial activity of samples
Antibacterial activity
Comments
S. aureus
K. pneumoniae
1
No growth
No growth
Acceptable
2
No growth
No growth
Acceptable
3
Growth
Growth
Not Acceptable
4
Growth
Growth
Not Acceptable
1- PUPy35 nanofiber; 2- PUPy35 –Q nanofiberous; PUPy35 film; 4CLSMPU nanofibers
Codes

2.5

Stress(MPa)

2.0

1.5

1.0

0.5

0.0
0

20

40

60

80

100

4. CONCLUSIONS
In this paper, Py-SMPU ionomer nanofibers has been
fabricated successfully from the PUPy35-Q/DMF solution
using the electrospinning technique. The quaternized PySMPU nanofibers not only show excellent thermalinduced SME, e.g. 100% shape recovery and 98% shape
fixity, but also have good antibacterial activity. Thus, the
Py-SMPU nanofibers have great potential applications in
the medical field and textiles field as shape memory
materials and immobilized antibacterial materials.

Strain(%)

FIGURE 2. Cyclic tensile curves o PUPy35-Q nanofibrous nonwoven

In addition to the shape memory properties, antibacterial
properties are also expected in the quaternized Py-SMPU
since they contains large fraction of quaternary
ammonium groups. Table 1 shows the results of
antibacterial activity of PUPy35 and PUPy35-Q
nanofibrous nonwoven as compared with their bulk films.
It is found that no growth is observed directly underneath
the tested specimens in both PUPy35-Q and PUPy35
nanofibrous nonwoven against gram-positive micrograms
S. AUREUS and the gram-negative micrograms K.
PNEUMONIAE. The clear zones are both 0mm. It means
that both the PUPy35 and PUPy35-Q nanofibers can
prevent bacterial attachment and proliferation. They are
both immobilized antibacterial materials. It should be
pointed out that the PUPy35 nanofibers contains no
quaternary ammonium groups or pyridinium salts.
However, the pure PUPy53 nanofibers also show good
antibacterial properties[7]. As compared with the previous
antibacterial nanofibers, the pure PUPy53 nanofiber
contains no any washable harmful additives. It is a big
development of antibacterial materials.
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However, it is found in table 1 that growth of bacterial is
observed directly underneath the PUPy35 bulk film and
CLSMPU nanofibers. It means that the PUPy35 bulk film
and CLSMPU nanofibers show not acceptable
antibacterial activity. Additionally, in the previous
literature, it was reported that the I-idooctane quaternized
polyurethane bulk films were less effective at killing
gram-positive micrograms S. AUREUS[6]. The CLSMPU
bulk film without pyridinium moieties also shows not
acceptable antibacterial activity[2]. Therefore, it is
confirmed that the antibacterial properties are improved
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Over

many

surface

enormous amount of attention in the past few

modifications have been studied in various fields

years. Because of its high efficiency and high

of

different

tolerance of functional groups and solvents, it

innovative techniques including chemical and

has been become a very powerful tool in the

industrial

physical
advanced

years,

polymers

application,
[1]

processes .
synthetic

using

“Click”

reaction,

pathway

an

field of polymer science such as functionalizing
molecules[3], and modification surfaces[4].

originally

developed by Sharpless et al[2], has attracted an

Figure 1 The process of surface modification of cellulose membrane by “click” reaction

In

this

study,

modification

To analyze the surface chemical composition

procedure was performed. In the first step, azide

of original, azido and sulfobetaine modified

modified

was

CMs, XPS survey scans were conducted (Figure

synthesized via a one-pot sequence synthetic

2). Compared with the original CM (Figure 2(a)),

route including bromination and azidization. In

it can be clearly seen that after azido modified

the second step, the sulfobetaine monomer

(Figure 2(b)), one new peak at 400 eV

DEPAS was indroduced to azide-modified CM

corresponding to N1s appeared. The N1s peak can

surface by “click” reaction. The progress of

be designated to the N3 groups generated by

modification was depicted in Figure 1.

azido modified. It also can be seen that after

cellulose

a

two-step
membrane

(CM)

“click” reaction (Figure 2(c)), a new peak at 168
eV corresponding to S2p was observed. The S2p
peak indicated that DEPAS was successfully
grafted to the CM surface by “click” reaction.
Table 1 The Rms values of riginal CM, azido-CM, and
surfobetaine-CM

Figure 2 XPS spectra of (a) original CM, (b)
azido-CM, (c) surfobetaine-CM
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Membrane

Rms

Original CM

5.7

Azido-CM

24.5

Surfobetaine-CM

51.9

Figure 3 SEM of (a) original CM, (b) azido-CM, (c) surfobetaine-CM

Figure 4 AFM of (a) original CM, (b) azido-CM, (c) surfobetaine-CM

The surface morphologies of original, azido

Yoshikimi, I. Yoshito. Polymer surface with graft

and sulfobetaine modified CMs were observed

chains. Prog Polym Sci, 2003, 28: 209-259.

with SEM micrographs. The difference in the

[2] V.V. Rostovtsev, L.G. Green, V.V. Fokin, K.B.

surface of CMs was observed from SEM

Sharpless. A Stepwise Huisgen cycloaddition

pictures. A smooth surface was observed with

process:

the original CM (Figure 3(a)), while there were

ligation of azides and terminal alkynes. Chem

some particles spreading the surfaces of azido

Int Ed, 2002, 41:2596-2599.

and sulfobetaine modified CMs, as shown as in

[3] Beatty K, Xie F, Wang Q and Tirrell DA.

Figure 3(b) and (c). And the particles on the

Selective dye-labeling of newly synthesized

surface of sulfobetaine-CM were much bigger

proteins in bacterial cells.

than these on the azido-CM surface. Further

2005, 127:14150-14151.

nano-scale morphology (Figure 4) and roughness

[4] C. Haensch, C. Ott, S. Hoeppener, U.S.

(Table 1) of original and modified CMs were

Schubert. Combination of different chemical

observed by AFM. Both of the images and the

surface

surface roughness showed that the surface

chemically versatile building blocks onto silicon

roughness of sulfobetaine-CM was highest

surfaces. Langmuir, 2008, 24:10222-10227.

among the original and modified CMs.
In

summary,

sulfobetaine-CM

was

successfully prepared by “click” reaction. This
study demonstrated a novel method to modify
the surface of CM.
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INTRODUCTION
Electrospinning is a relatively straightforward
method that relies on electrostatic forces to produce
fibers with submicron diameter from polymer
solution or melt. In electrospinning, a high DC
voltage is applied to a capillary that contains polymer
solution. At a voltage sufficient to overcome the
surface tension of the solution and viscous force of
polymer solution, a charged fluid stream is propelled
from the capillary tip. The electrical forces elongate
and stretch the jet thousands of times and the jet split
into nanoscale fibers during its movement towards
the grounded electrode. The nanofibers are then
collected on an oppositely charged or grounded target
as randomly oriented structures or aligned nanofiber
mats [1, 3].

Electrospinning
PAN solutions with different concentrations of
polymer and solvent were prepared and inserted into
syringes with 0.7 mm inner capillary diameter
(gauge22). The filled syringes were then transferred
to the electrospinning system. The syringe tips and
collectors were connected to the electric generator’s
anode and cathode, respectively. It is important to
note here that the preparation of PAN nanofibers is
strongly dependent upon the parameters of
electrospinning, such as the fineness of a syringe tip,
the gap between the tip and fiber collector, the
feeding rate, and voltage. Fig. 1 shows a schematic of
the electrospinning unit.

It’s well recognized that the morphology of
nanofibers dictates to a high degree the macroscopic
properties of the resulted materials, and therefore
provides indispensable information in understanding
the behaviors of nanofibers. Several factors are
believed to be critical to the morphology and
properties of the nanofibers such as the
electrospinning parameters (take up speed, width of
gap, applied voltage, current, solution flow rate, and
distance between tip and target), the solution
properties (polymer concentration and surface
tension), and the environmental conditions (humidity
and temperature). These same factors can in turn be
adjusted to effectively alter the properties of the
nanofibers.

FIGURE 1. Schematic of the electrospinning unit

Characterization
In order to measure fiber diameters for each sample,
100 fibers from each sample were randomly selected
from SEM images and their diameters were measured
using Motic software and microscopic observations
of the SEM images. The nanofiber cross-sectional
micrographs were taken with a transmission electron
microscope (TEM) at an acceleration voltage of 80
kV. (Philips CM 120, Biotwin lens, with mega scan
model 794120 and digital camera).

This study attempts to investigate in detail the
influences of the selected processing parameters on
the
cross-sectional
morphology and
crack
propagation
in
PAN
nanofibers
during
electrospinning process.

RESULTS AND DISCUSSION
Cross sectional characteristics
Figure (2) shows typical SEM micrographs of the
nanofibers yarn along the length direction. The
surface of the nanofibers is in general smooth and in
some a grooved pattern is noticeable along the fiber
length, while the typical cross-section in the TEM
image of Fig. (3) appears homogenous and without
defined structure.

APPROACH
Materials
Commercial polyacrylonitrile (PAN) polymer
powder with Mw =100,000 g/mol and Mn =70,000
g/mol was supplied by Poly Acryl, Iran.
Dimethylformamide (DMF) was acquired from
Merck co. as a solvent. The polymer was dried for 2
h at 60° at oven before use and then 12-17 wt%
solution of PAN in DMF were prepared by dissolving
and stirring the mixture with constant speed at room
temperature.
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circular and it’s dependent to the cross sectional of
needle tip. Also some crack was observed in the
longitudinal direction of nanofibers.
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Figure 2. Typical SEM micrographs of the nanofibers yarn along
the length direction.
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Figure 3. Typical TEM micrographs of the cross-section of
nanofibers

Crack propagation in the longitudinal direction of
nanofibers
Figure 4 shows crack propagation in the longitudinal
direction of nanofibers. This can leads to a thinning
of the cross section, and finally to break the
nanofibers.

Figure 4. Typical type of damage on the surface of nanofibers

CONCLUSIONS
In this study using image analysis technique, SEM
and TEM morphological characterization of
individual polyacrylonitrile fiber was studied. The
result showed that cross sectional of nanofibers is not
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1 INTRODUCTION

in the range of nanometer to a few microns for

Silk fibroin (SF), a natural protein polymer, has

various applications, which has large specific

received

surface area and good adsorption [2]. The unique

much

biocompatibility,

attention

its

excellent
good

properties of nanostructured composite materials

mechanical properties and easy processing[1].

or nanofibers make them widely used in sensors,

Because of their unique properties, SF or

catalysis films, tissue scaffolds, ultrafiltration, and

SF-contained materials have found a variety of

wound

applications in the field of delivery system (e.g.

nanofiber-forming process in the electrospinning

drug, gene, and protein), tissue engineering,

can be simply broken down into four components:

vascular graft, heavy metal removal and textiles

thinning of the jet in the presence of an electric

etc. in the form of fiber, film or powder. In our

field, charging of the fluid, and formation of the

previous study, we successfully fabricated SF

cone-jet, collection of jet (or its solidified fibers).

powder

porous

In this study, we firstly investigated the effect of

composite membrane by coagulation technology

processing parameters including concentration and

for heparin release. The morphologies, static water

the volume ratio of (DMF) and (THF) in the mixed

contact angle, water vapor permeability, water

solvent on the morphologies of PU nanofibers.

absorption,

Then,

releasing

(SFP)

slow

for

biodegradation,

/polyurethane

mechanical
and

blood

(PU)

properties,

under

materials

the

etc.

optimized

[3-4].

The

electrospinning

were

parameters, SFPs were added into the PU polymer

systematically investigated. The results showed

solution to fabricate the SFP/PU composite

that SFP/PU composite membrane exhibited

nanofibrous mats with different SFP loading.

excellent hydrophilicity, water permeability and

2 EXPERIMENTAL

absorption. In addition, the heparin-releasing

Materials

system thus prepared could improve affectivity of

Polyurethane (PU, transparent solid particles, is

controlled release and the blood-compatibility PU

Pellethane 2363-80AE) was purchased from

membrane. However, a matrix with high specific

Dow Chemical company. Silk fibroin powder (SFP)

surface area and high porosity to immobilizing

(mean particle size is 3.58 µm) was prepared by

SFP is still a challenging and important task to

purpose-built grinding machine.DMF and THF

develop

were obtained from Sinopharm Chemical Reagent

SFP-based

compatibility

heparin

dressing

materials

for

various

applications.

Co., Ltd.

Electrospinning is an emerging technology to

Electrospinning

produce continuous polymer fibers with diameters

Electrospinning was performed with pure PU and
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SFP/PU blend solutions. 12 wt%, 15 wt% and 17
wt%

PU solutions were firstly prepared by

adding measured

PU solid particles into

THF/DMF mixed solvent with different volume
ratios (2:8~5:5). The solution was stirred about 4h
before use in order to make the solution
homogenous. During the electrospinning, applied

FIGURE 2. SEM images of electrospinning PU nanofibers

positive voltage to polymer solution were in the

from

range of 18.7-20Kv. And, the collection distance

(b)THF:DMF=3:7; (c)THF:DMF=5:5.

was fixed at 20 cm. The feeding rate was in the

3.2 Electrospinning of SFP/PU

different

solution

properties.(a)THF:DMF=2:8;

range of 0.5-1.5ml/h.
Under the optimized electrospinning parameters,
SFP-doped PU nanofibers was electrospun form
the SFP and PU mixed solutions with different
SFP weight percents.
Characterization
All

PU

nanofibrous

mats

samples

were

FIGURE 3. SEM images of PU nanofibrous mats with different

characterized by scanning electron microscope

content of SFP (a): 1wt%; (b) 5wt% ; (c)7wt%.

(SEM) (JSM-5600LV, JEOL Ltd., Japan).

Figure 3 shows the SEM images of SFP/PU
nanofibers with different content of SFP. At the

3 RESULTS AND DISCUSSION

same

3.1 Electrospinning of pure PU

nanofibers have been successfully fabricated by

3.1.1 Effect of concentration

electrospinning at THF/DMF mixed solution.

Figure 1 shows that under the given parameters

Some SFP were observed clearly in the nanofiber

(18.7kV; 20cm; 1ml/h), bead structures were

surface with the increasing of SFP contents.

electrospinning

condition,

SFP/PU

formed seriously along the nanofiber at the
concentration of 12wt%. And, there were no

4 CONCLUSION

significant differences between the nanofibers

Uniform PU nanofibers have been fabricated at the

synthesized with 15 wt% and 17wt% PU solution,

given processing parameters (15 wt%, 20 cm, 20

which indicated that the concentration of 15 wt%

kV, THF/DMF = 5:5). In addition, the SFP-doped

is enough to generate continuous PU nanofibers

PU nanofibers were successfully produced under

without bead structures.

the optimized electrospinning condition. The
fabricated SPU/PU nanofibers may find various
applications in environmental science, separation,
and biomedical field especially.
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INTRODUCTION
In this paper, the characteristics of the nano-composite film
for CVD-grown multi-walled carbon nanotube (MWNT) –
Polyurethane are surveyed by analyzing its electrostatic
dissipation (ESD) functions. For this purpose, the films
were made by dispersing MWNT in dimethylformamide
(DMF) and combined with polyurethane. The dispersion
property of PU/MWNT film was measured by a UV-Vis
spectrometer. The mechanical property of film was
measured by Instron. Finally, its electrostatic dissipation
characteristics according to manufacturing conditions were
comparatively analysed by measuring volume resistance
and
discussed
with
these
film
manufacturing
conditions.[1,2,3]
EXPERIMENTAL
Materials
CM-95 multi-walled carbon nanotube, Hanwha Nanotech,
Incheon, Korea was prepared. The characteristics of
MWNT are listed in Table 1.
TABLE I. Specification of MWNT

Type
CM-95

Diameter
(nm)
10~15

Length
(μm)
10~20

Purity Remark
(%)
95
Hanwha Nanotech

Type
1 liquid
(972DF)

Molecular weight Viscosity
100,000
85,000
~200,000
~110,000

Production of dispersion solution and PU/MWNT film
The DMF was used as dispersion solvent to produce
dispersion solution. The dispersion conditions of MWNT
are listed in Table III.
The weight of polyurethane to produce the PU/MWNT film
in a ratio of 1:3 was mixed for 1 hour at room temperature
at a mixing speed of 500 rpm. Then, PU/MWNT paste was
produced. The film maker Baker Applicator (YBA-4 type)
was used to make the film using this paste, and then dried
for 60 seconds at 150℃ .
TABLE III. Dispersion conditions of MWNT

The polyurethane was used as the material for the formation
of
MWNT/high
molecule
matrix.
DMF
(dimethylformamide) was used as dispersion solvent of
MWNT. The characteristics of polyurethane are listed in
Table II.
TABLE II. Specification of polyurethane

by removing impurities such as metal catalyst that is
included in MWNT. The mixed solution of HNO3 and
H2SO4 in the ratio 3:1 was made to improve interfacial
adhesion when producing high molecule matrix using
MWNT and was treated with ultrasonic wave for 60
minutes under normal temperature. The chemically revised
carbon-nanotube was washed with distilled water for more
than five times to reach pH 7 and to remove impurities on
its surface. Its neutralization was checked with pH
measurement paper. The washed carbon nanotube was dried
in vacuum dryer at 60℃ for more than 12 hours.

Remark
Cytec
Industries
Inc.

Dry heat treatment of MWNT
Dry heat treatment was performed for 80 minutes in the air
furnace with the temperature of 450℃ for the refinement of
MWNT. Figure 1 show heating graphs of air furnace.

FIGURE 1 The dry heat treatment processing of MWNT.

Chemical modification of MWNT
MWNT includes impurities such as metal catalyst, cobalt
and ion. So the acid solution was used to improve the purity
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Content of MWNT(wt%)
0.1
0.5
1
2
5

Dispersion time(hr)
0.5
1
2
4
8
24

Measurement of the characteristics of PU/MWNT film
The measured characteristics of PU/MWNT film are listed
in Table Ⅳ.
TABLE Ⅳ. Measured characteristics of PU/MWNT film

Measuring item
Dispersion property
Volume resistance
Tensile properties
Surface property

Measuring device
UV-Vis spectrometer
KEITHLEY 8009
Testometric MICRO350
Optical microscope

RESULTS AND DISCUSSIONS
Characteristics of electrostatic discharge of PU/MWNT
film

5

MWNT 0.1wt%
MWNT 0.5wt%
MWNT 1wt%

4

Absorbance(%)

Figure 2 shows the volume resistance value of PU/MWNT
film that is manufactured considering the dispersion time
and the weight content of MWNT.
As shown in Figure 2, the volume resistance is found to
linearly decrease with increasing weight content of the
MWNT. The volume resistance value of the film shows low
value when the dispersion time increases in case of 1 and 2
weight content (%) of MWNT.

MWNT 2wt%
MWNT 5wt%

3

2

1

0
350

450

550
Wavelength(nm)

650

750

FIGURE 4 Absorbance coefficient of PU/MWNT film according to the
dispersion conditions.

Surface characteristics of PU/MWNT film
Figure 5 shows the surface of PU/MWNT film according to
the dispersion time and MWNT weight contents. The film
that has low MWNT weight content with short dispersion
time is not well dispersed, as MWNT is not dissolved in
DMF under these conditions.
Content of MWNT (wt%)
0.1
2

FIGURE 2 Volume resistance of PU/MWNT film according to the
dispersion conditions.

Tensile properties
Figure 3 shows the breaking strength of PU/ MWNT films
according to dispersion condition listed in Table III. As
shown in Figure 3, the breaking strength of the films is
decreased with increasing weight content of MWNT.
Considering breaking strength according to dispersion
condition, with the content of 0.1wt% MWNT, breaking
strength is 30~54kgf/mm2, with the content of 0.5wt%
MWNT, breaking strength is 21~40kgf/mm2. When the
content is 1wt% MWNT, breaking strength is 13~27
kgf/mm2, for 2wt% MWNT, it is 12~28kgf/mm2. Finally,
for the highest content of 5wt% MWNT, breaking strength
ranges from 5 to 10kgf/mm2. MWNT itself has a high
strength. But, since ashes cohesion has happened, this part
acts as a weak point in the film, and consequently is
responsible for stress decline.
Breaking stress(kgf/mm2)

60

0.5hr
1hr
2hr
4hr
8hr
24hr

40

20

0
0.1

0.5

1

2

0.5
Dispersion
Time
(hr)
1
FIGURE 5 Surface images of the PU/MWNT film

CONCLUSION
PU/MWNT films were made and various characteristics of
these films were measured and concluded as follows.
When the dispersion treatment time and the MWNT content
were increased, the volume resistance of the film was
decreased, resulted in low resistance value of PU/MWNT
film. Good breaking strength of PU/MWNT film was
witnessed at 2wt% weight content of MWNT and 2 hrs of
dispersion time. As dispersion treatment time and MWNT
weight content are increased, absorbance is increased, and
dispersion becomes better
So it seems that 2wt% weight content MWNT and 2hrs of
dispersion time are the optimum dispersion conditions for a
PU/MWNT film.

5

Content of MWNT (wt%)

FIGURE 3 Breaking strength of PU/MWNT films.

Dispersion characteristics of PU/MWNT films
Figure 4 shows the absorbance coefficient according to the
weight content of MWNT at 2 hours dispersion. As shown
in Figure 4, the absorbance coefficient of PU/MWNT film
is increased with increasing weight content of film. When
weight content is increased from 1wt% to 2wt%,
absorbance coefficient is rapidly increased. It is shown that
augmentation of absorbance coefficient from 2wt% to
5wt% of increase of MWNT weight content is not so large
although increase of weight content is large from 2wt% to
5wt%.
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voltage supply, which is capable of generating DC
voltage in the range of 0∼30kV. The applied voltage was
adjusted over the range of 5∼20 kV. A syringe pump was
used to feed a constant amount of solution onto the tip.
The output of the injection pump was 20μl/min. Fibers
were collected on an electrically grounded aluminum foil
placed at a vertical distance of 10∼17.5 cm from the
needle tip.

INTRODUCTION
Poly(vinyl alcohol) (PVA) has been used in practical
applications because of its excellent chemical resistance,
physical properties, excellent biocompatibility and
biodegradability, and good fiber forming property [1].
Electrospinning is an attractive approach to the
fabrication of ultrafine fibrous materials for a variety of
applications including textiles, wound dressings, tissue
scaffolds, vascular grafts, drug delivery, catalysts and
filters [2]. The morphology and diameter of electrospun
fibers depend on a number of parameters [3]. Electrospun
webs from ultrafine polymer fibers are attracting great
attention because of their unique properties such as high
surface-to-volume ratio, high porosity and diameters in
the nano-scale. Interest has recently grown in the
incorporation of functional nanoparticles in the polymer
nanofibers due to their uniquely promising properties and
applications. Zeolites can be used as effective
antibacterial agents because the native cations in the
zeolite structure can be exchanged with heavy-metal ions
that have antibacterial activity. Among such metal ions,
silver ions are the most attractive because of their strong
activity, wide spectrum, and low human toxicity. Using
silver-ion-loaded zeolites as antibacterial agents offers an
advantage over the other methods because silver ions are
more effective than metallic silver atoms. In this study,
PVA/Ag-zeolite nanocomposites were electrospun from a
PVA solution with small amounts of Ag-zeolite
nanoparticles. The PVA/Ag-zeolite nanofiber webs were
investigated using antimicrobial test and several analytic
method. The nanocomposite are expected to find practical
medical applications in wound-dressing, tissueengineering scaffolds, self-reinforced medical devices and
filters.

CHARACTERIZATION
The morphology of the samples was analyzed by FE-SEM
(Hitachi S-4100, Hitachi Co., Ltd., Japan) after gold
coating. The composition of the PVA/Ag-zeolite
nanofibers was analyzed by energy-dispersive X-ray
spectrometry (EDS; Horiba EMAX, Horiba Co., Ltd.,
Japan) techniques. TEM images were obtained with an H7600 instrument (Hitach Co. Ltd., Japan). The in vitro
antimicrobial activities of the PVA nanofibers were
examined according to KS K 0693-2006 using
Staphylococcus aureus(S. aureus)(ATCC 6538) and
Klebsiella pneumonia(K. pneumonia) (ATCC 4352).
MORPHOLOGY OF NANOFIBER
Changing the polymer concentration could alter the fiber
diameter and morphology very effectively. At a fixed
applied
voltage
(15kV)
and
tip-collector
distance(TCD)(12.5cm), we changed PVA solution
concentrations. As shown in Figure 1, the morphology
changed from a beaded fiber to a uniform fiber structure
with increasing concentration, and the fiber diameter also
increased gradually. Thin fibers having big droplets were
obtained at 5wt% solution concentration. A 7% PVA
concentration was found to be the ideal condition to
obtain thinner and uniform PVA fibers. While the effects
of many process parameters on the fiber diameter are
open to dispute, the effects of viscosity and concentration
are beyond dispute: at low viscosities a thin fiber with
beads is formed, and with increasing viscosity the fibers
become thicker while the number of beads is reduced and
they merge into the thickening fibers, leading finally to a
smooth fiber morphology.
The smaller diameters
obtained with the lower viscosities are related to the
higher mobility of the polymer chains and the stronger
instabilities during electrospinning, which together enable
and induce a higher stretching of the polymer jet. An
increased amount of polymer stabilizes the jet [4], since
the restricted movement of the polymer chains limits the
jet’s stretching ability.

MATERIALS
PVA was purchased from OCI Co., Ltd., Korea. The
number-average degree of polymerization and degree of
saponification were 1700 and 98∼99.5%, respectively.
Water-based nano colloidal Ag-zeolite was supplied from
Miji Tech Co., Ltd., Korea. The diameters of the Ag and
zeolite nanoparticles in the colloidal solution were 5∼10
nm and 50±10 nm, respectively.
ELECTROSPINNING OF COMPOSITE SOLUTION
The experimental device setup (NanoNC, Co., Korea) was
used for the electrospinning process. About 10ml of PVA
and PVA/Ag-zeolite solution was put into a 12ml syringe
with a stainless steel needle attached at the open end. The
needle was connected to the emitting electrode of a high-
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nanofibers. The zeolite nanoparticles were well loaded
without any chemical or structural modification into the
PVA polymer fibers to form an organic-inorganic
composite\ nanofibe.
ANTIMICROBIAL ACTIVITY
The antimicrobial efficacies of the PVA/Ag-zeolite
nanofibers against S. aureus were over 99.8% at all Agzeolite concentrations, but the antimicrobial efficacy of
the PVA/Ag-zeolite nanofibers against K. pneumoniae
was 24.8% at Ag-zeolite concentration of 0.5%, which
indicated that the antimicrobial activity of the PVA/Agzeolite nanofibers strongly depend on the Ag-zeolite
concentration.

FIGURE 1. FE-SEM images of the bulk PVA nanofiber mats prepared
by using the following various PVA concentrations: (a) 5 wt %, (b) 7 wt
%, (c) 9 wt %, and (d) 11 wt % (TCD = 12.5cm and applied voltage =
15kV).

CONCLUSIONS
PVA/Ag-zeolite nanofiber webs were prepared by the
electrospinning of aqueous solutions. The electrospinning
was optimized for uniform PVA nanofibers with an
average diameter of about 150nm at a PVA concentration
of 7% (TCD = 12.5cm and applied voltage = 15kV). In
the presence of Ag-zeolite in the nanofiber webs, the
TEM results revealed the Ag-zeolite nanoparticles to be
well distributed within the fiber matrix and oriented along
the fiber axis. These nanofibers showed strong
antimicrobial activities against S. aureus and K.
pneumoniae. Their antibacterial efficacy was over 99.8%
at Ag-zeolite concentrations of 1% and over.

Voltage is the most essential parameter in electrospinning,
since it initiates the jetting, causes instabilities and
stretches the jet. To clarify the effect of the applied field
strength, a series of experiments for electrospinning were
carried out at various applied fields from 5 to 20kV at an
optimum PVA solution concentration of 7 wt% with the
TCD of 12.5cm. At 5kV, 10kV and 20kV, nonuniform
PVA nanofibers with larger diameter appeared. The most
uniform PVA nanofibers were obtained with the applied
voltage of 15kV with an average diameter of ~150nm.
The decrease of the fiber diameter due to the higher
voltage or field can be easily explained, since the higher
voltage induces higher electrostatic repulsive forces on
the jet, which favor the formation of thinner fibers [5].
The increase of diameter can also easily be explained,
since the higher field can cause a higher mass flow,
leading to thicker fibers [6].
The Ag-zeolite content was an important parameter
affecting the morphology of the electrospun PVA fibers.
Some beads and uniform nanofibers were shown at a Agzeolite concentrations of 3% and 5%. The diameter of the
fibers and the formation of beads are known to be
strongly influenced by the viscoelasticity of the solution.
By increasing the Ag-zeolite concentration, the nanofibers
became aggregated and the homogeneity of the nanofibers
was decreased, suggesting that the homogenous
nanofibers could be obtained only at a low Ag-zeolite
concentration.
The TEM images confirmed the uniform distribution of
the Ag-zeolite nanoparticles in the PVA/Ag-zeolite
nanofibers, although some aggregation of a few particles
is evident. The size of the Ag-zeolite particles ranged
from 35 to 80nm.
Elementary analysis of the PVA/Ag-zeolite composite
nanofibers was carried out by using SEM-EDS. Carbon,
Si and Al were the principal elements of the PVA/Agzeolite composite nanofibers at concentration over 1%.
EDS analysis thus provided direct evidence for the
presence of zeolite in the PVA/Ag-zeolite composite
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Electrospinning solutions were prepared by dissolving the
PVA polymer chips in distilled water at 80 °C and stirring
with a magnetic stirrer for 6 hr, then mixing with colloidal
TiO2 and stirring for additional 2 hr.
Electrospinning was performed in a vertical
electrospinning setup under a variety of conditions to find
an optimum spinning condition. To form a layered fabric
system, a 100% polypropylene, light-weight, highly
porous spunbonded nonwoven was used as a substrate.
Morphology of TiO2/PVA nanocomposite fibers was
examined using a field emission scanning electron
microscope (FE-SEM) and a transmission electron
microscope
(TEM).
Electrospun
TiO2/PVA
nanocomposite fiber webs were heat-treated at 160 °C for
3 min to stabilize PVA structures against dissolution in
water.
Transmission of UV rays through layered fabric systems
and control fabric was measured on a UV/VIS/NIR
spectrophotometer in accordance with AATCC 183-2004.
Antibacterial properties of TiO2 nanocomposite fibers and
layered fabric systems were evaluated quantitatively in
accordance with ASTM E 2149-01 by measuring the
bacterial reductions of a Gram-positive bacterium
(Staphylococcus aureus) and a Gram-negative bacterium
(Klebsiella pneumoniae).
Formaldehyde decomposition properties were evaluated
using a gas detector tube, based on the Japanese Industrial
Standard (JIS) K 0804: 1998. Ammonia deodorization
properties were measured using the gas detector tube
method suggested by the Japan Textile Evaluation
Technology Council (JTETC).

INTRODUCTION
Titanium dioxide (TiO2), one of the most widely used
photocatalysts, is a versatile semiconductor material
applied to various areas such as cosmetics, sensors,
advanced coating and osseointegration in dental
implant.1,2 Titanium dioxide demonstrates diverse
functions including UV-blocking, antibacterial activity,
environmental purification and self-cleaning under
sunlight or light of a fluorescent lamp. Due to its
photocatalytic oxidation, titanium dioxide can inactivate
bacteria and viruses and decompose common organic
matters in the air such as odor molecules. In addition, it is
non-toxic, environmentally friendly and harmless to
humans. Due to these multifunctional properties, TiO 2 has
been applied to many fields.3,4
Poly(vinyl alcohol) (PVA) is a non-toxic, water-soluble,
and biodegradable synthetic polymer. It has excellent
chemical resistance, physical properties, and good fiber
forming properties.5 For these reasons, PVA has been
electrospun into ultrafine fibers and applied to many
applications, including drug delivery, wound dressing,
biodegradable mats and many more.6
Developing innovative textiles with high value-added
functional performances could create niche markets and
further expand textile applications. Our aim in this study
was to examine the feasibility of developing
multifunctional textile nanocomposite materials by
incorporating TiO2 nanoparticles into PVA nanofibers
using
electrospinning.
Titanium
dioxide/PVA
nanocomposite fiber webs were heat-treated to stabilize
the electrospun PVA fibrous structure against dissolution
in water. The morphologic and physical properties of
TiO2/PVA nanofiber webs were characterized and then
multifunctionalities such as UV protection, antimicrobial
properties, formaldehyde decomposition and ammonia
deodorization properties were examined.

RESULTS AND DISCUSSION
Titanium dioxide was incorporated into PVA fibers by the
inclusion of TiO2 nanoparticles in the electrospinning
dope. TiO2 nanocomposite fibers in the nanometer
diameter range were obtained using electrospinning.
Nanoscale TiO2 particles were observed inside the
nanocomposite fiber as well as on the surface of the fiber.
Water-soluble PVA nanofiber and nanocomposite webs
were given a heat treatment to stabilize the electrospun
PVA fibrous structure against dissolution in water.
Layered fabric systems with electrospun TiO2
nanocomposite fiber webs were developed at various
concentrations of TiO2 in a range of web area density, and
then multifunctionalities such as UV-protective
properties,
antibacterial
functions,
formaldehyde
decomposition and ammonia deodorization efficiency
were assessed.

EXPERIMENTAL
Poly(vinyl alcohol) (>99% hydrolyzed, Mw=89,00098,000, Sigma Aldrich Co., USA) was used as a polymer
system, and distilled water was used as a solvent. Based
on our preliminary experiments, we selected water-based
nanosized colloidal TiO2 (AERODISP® W 740 X, Evonik
Degussa Co., Germany). According to the supplier, the
TiO2 particles contained in the suspension are an 80:20%
anatase-to-rutile mixture and the average particle size is
21 nm.
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Layered fabric systems with TiO2 nanocomposite fiber
webs containing 2 wt% TiO2 nanoparticles at 3.0 g/m2
web area density significantly increased the UV-blocking
for both UV-A and UV-B ranges, and exhibited an
ultraviolet protection factor (UPF) of greater than 50,
indicating excellent UV protection.
For the antibacterial assessment, layered fabric systems
with TiO2 nanocomposite fiber webs containing 2 wt%
TiO2 nanoparticles at 3.0 g/m2 web area density showed a
99.3 % reduction in Staphylococcus aureus. Layered
fabric systems with TiO2 nanocomposite fiber webs
containing 3 wt% TiO2 nanoparticles at 3.0 g/m2 web area
density exhibited a 85.3 % reduction in Klebsiella
pneumonia.
For the air-pollutant decomposition assessment, TiO2
nanocomposite fiber webs containing 3 wt% TiO2
nanoparticles at 3.0 g/m2 web area density exhibited a
formaldehyde decomposition efficiency of 40 % after 2
hr, 60 % after 4 hr, and 80 % after 15 hr under UV
irradiation, and the same system showed an ammonia
deodorization efficiency of 32.2 % under UV irradiation
for 2 hr.
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CONCLUSIONS
Layered fabric systems with TiO2 nanocomposite fiber
webs exhibited excellent UV protection and antibacterial
activity against both Staphylococcus aureus and
Klebsiella pneumoniae. With regard to air-pollutant
degradation assessment of TiO2 nanocomposite fiber
webs, the longer the exposure to UV radiation, the greater
the formaldehyde decomposition efficiency. The system
also exhibited ammonia deodorization ability. These
results demonstrate that TiO2 nanocomposite fibers have
high potentials for advanced textile materials with
multifunctional properties.
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ABSTRACT
We reported a new structure, connected network and slice
of La2O3 nanofibers by calcination of network-like
PVA/La(NO3)3 composite nanofibers, which were
prepared by modifing electrospinning apparatus. Obtained
La2O3 nanofibers with special morphologies would be
used as gas sensor and catalyst materials for oxidative
coupling of methane, ethane oxidative dehydrogenation,
destructive adsorption and catalytic destruction of
chlorinated hydrocarbons (CHCs).
INTRODUCTION
Lanthanum oxide (La2O3) as important multifunctional
materials have received considerable attention owning to
their fascinating properties and tremendous applications,
such as sensor and catalyst materials for oxidative
coupling of methane, ethane oxidative dehydrogenation,
destructive adsorption and catalytic destruction of
chlorinated hydrocarbons (CHCs) [1]. Studies have
shown that nanomaterials possess a host of unique
physical/chemical properties [2].

FIGURE. 1. Schematic diagram of electrospinning apparatus.

Figure 1 shows a schematic diagram of modified
electrospinning apparatus, where the spinneret serves as
cathode and the collector serves as anode. Fibers fail to
form on an aluminum foil until the voltage was raised to
85 KV. Prepared composite nanofibers display broad
diameter size distribution (300 nm-1.5 µm) and fork-onstring morphology with several big fork segments. While
composite fibers can be collected on a tin foil at a
relatively lower voltage of 65 KV and exhibit network
with diameters ranged from 200-600 nm.

In this paper, we reported a simple approach to fabricate
the connected network and slice of La2O3 nanofibers. The
connected network-like PVA/La(NO3)3 composite
nanofibers were synthesized by modifing electrospinning
apparatus and adjusting physical properties of spinning
solution. The slice-like La2O3 nanofibers were prepared
by calcination.

The morphology of calcinated sample depends on the
concentration of La(NO3)3 in the precursor. A random and
misaligned morphology is observed in the La2O3 from
electrospun composite nanofibers with low concentration
of La(NO3)3. Figure 2d shows a typical inconsistent La2O3
fibers stringed by particles with diameters ranged 100-290
nm, which are obtained from those with 3.12 % La(NO3)3.
By adjusting suitable concentration of La(NO3)3, some
La2O3 nanofibers with special morphologies can be
obtained. Figure 2b exhibits particular La2O3 nanofibers
with slice-layer-like morphology with diameters from 100
to 300 nm derived from precursors with 6.45 %
concentration of La(NO3)3. XRD pattern indicate the high
crystallinity due to mineralization of PVA/La(NO3)3
composite nanofibers by calcination. The cacinated
materials obtained at 800°C for 7 h have been identified
as a hexagonal La2O3 (Figure 2c (inset)) (JCPDS card 050602). In order to further understand the atomic
composition of calcined materials, EDS analysis was also
carried out. The result given in Figure 2c confirms that

APPROACH
Various amounts of La(NO3)3 and PVA were dissolved
into deionized water by agitation at 90 °C for 8 h (10 %
PVA w/v to PVA solution). PVA/La(NO3)3 solution was
put into a syringe with a metal needle of 6 mm in
diameter. The distance between the cathode and the anode
was fixed at 15 cm and a high voltage of 65 kV was
provided to the syringe needle tip. The ejection rate of
aqueous solution was controlled at 1.5 mL/h by a syringe
pump to avoid the occurrence of corona discharge [3].
The electrospun PVA/La(NO3)3 composite fibers were
collected using tin foil at 50 °C in air and dried in a
vacuum oven at 70 °C for 8 h. As-spun fibers were
precarbonized at different temperatures for 1 h and
subsequently calcined in air at 800 °C for 7 h with a
heating rate of 4 °C /min.
RESULTS AND DISCUSSION
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FIGURE 2. FESEM images of (a) PVA/La(NO3)3 composite fibers with
6.48 % concentration of La(NO3)3, (b) La2O3 nanofibers from (a), (c)
EDS and XRD (inset) for (b), and (d) La2O3 nanomaterials from
PVA/La(NO3)3 composite fibers with 3.12% concentration of La(NO3)3.

the ration of La to O in La2O3 is 2 to 2.98, which is near 2
to 3, and the materials have no any other forms.
CONCLUSIONS
We have reported a simple synthetic procedure to obtain
connected network and slice of La2O3 nanofibers from
network-like PVA/La(NO3)3 composite nanofibers, which
were prepared by modifing electrospinning apparatus.
Obtained La2O3 nanofibers with special morphologies
would be used as gas sensor and catalyst materials for
oxidative coupling of methane, ethane oxidative
dehydrogenation, destructive adsorption and catalytic
destruction of chlorinated hydrocarbons (CHCs).
FUTURE WORK
The reasons of morphology of obtained La 2O3 nanofibers
will be disused. The CO2 absorption capacitor of obtained
La2O3 and the application of La2O3 nanofibers for gas
sensor will also be studied.
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novel intelligent textiles responsive to thermal
stimuli.

ABSTRACT

Natural cellulose features the stability in supramolecular structure and the resistance to external
stimulus. Molecular approach enables desired
intelligence to achieve for the most abundant natural
polymer. Ureidopyrimidinone (UPy), a thermally
reversible quadruple hydrogen bonding unit, was
introduced into natural cellulose as pendent sidegroup via homogeneous cellulose / Lithium chloride
(LiCl) / N, N-dimethylacetamide (DMAc) solution.
Modified cellulose films with UPy units were
prepared by coagulation method. The structure of the
modified cellulose was confirmed by Fourier
transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance (NMR). The crystallinity was
further measured by wide X-ray diffraction
(WXRD). Dynamic mechanic analysis (DMA)
disclosed that the modified cellulose was
mechanically adaptive, exhibiting reversible
variation in modulus when triggered by temperature.
This finding may be potentially used to develop

Fig 1. Proposed molecular structure of modified cellulose
with UPy units.
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isomeric polyimides derived from a new diamine
monomer,
1,4-bis(4-amino-3-trifluoromethylphenoxy)
benzene, and a known analog 1,4-bis(4-amino-2trifluoromethylphenoxy)benzene[5]. The effects of the
trifluoromethyl substituents on the properties of
polyimides were evaluated through the study of their
thermal, optical, and gas permeability properties. The
introduction of trifluoromethyl groups into ortho-position
of the imide nitrogen hinders the rotation around the
imide bonds, resulting in stiffening of the polymer chain
compared to polyimides with no trifluoromethyl groups in
this position, thus result in polyimides with the improved
properties.

Electrospinning is a novel method which focuses on
providing nanofibers[1,2]. Nanofibers show unique
properties such as large surface-to-area ratio which
expand their application to various areas. There are many
polymers that reported to have been electrospun. As a
class of high performance polymer, polyimides are also
made into nanofibers through electrospinning, which can
combine both of their advantages and expand their
application. But in most studies, the process of fabricating
polyimides nanofibers are based on thermal imidization of
prepared Poly(amic acid) nanofiber precursors.
Polyimides are widely used in many fields due to their
outstanding thermal performance, low dielectric constant,
and high mechanical properties along with chemical
resistance. Therefore, they are being used in many
applications such as electrics, coatings, composite
materials, and membranes [3,4].

In this report, a novel soluble polyimide which contains
trifluoromethyl and benzobisoxazole groups is
synthesized. Then it is electrospun into nanofibers
through two difference imidization methods. We compare
the surface morphology, thermal properties of the both
nanofibers to study the affects of imidization methods on
polyimides nanofibers.

However, one of the problems which limit the further
application of polyimides is their poor processability
derived from their insolubility in common solvent.
Consequently, polyimide process is generally carried out
from soluble poly(amic acid) solution then subsequently
converted to intractable polyimide through thermal
treatment. Problems often arise because the poly(amic
acid)s is thermally and hydrolytically unstable. The water
released during imidization also tends to cause void in the
final materials. The high curing temperatures could also
cause serious damage to devices that are thermally
sensitive, such as thin-film transistor- driven activematrix liquid-crystal devices (TFTAM-LCDs).
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To overcome problems, much effort has been
concentrated on the design and preparation of processable
polyimides based on new dianhydrides and diamines
with the purpose of obtaining certain advantageous
properties.
One of the most successful approaches to attaining
solubility without sacrificing their excellent properties is
to introduce twisted biphenyl structures in polyimide
backbones through the synthesis and polymerization of
appropriately substituted dianhydrides and diamines.
It has been reported the synthesis and characterization of
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ABSTRACT In this study, the bioenzyme pretreatment and alkali-H2O2 one bath processing were employed to extract fibers
from Broussonetia Papyriferalvent(BP) white bast. The scanning electron, optical and transmission microscopy (SEM, OM
and TEM) were used to investigate the morphology and structure of BP bast and fibers. And the effects of degumming on
characteristics of BP fibers were evaluated with X-ray diffraction (XRD) and fouriertransform infrared spectroscopy (FTIR).
There are no convolutions, but longitudinal lines or striations can be seen with SEM of longitudinal view. The cross-section
of the fiber is irregular round with lumens and the lumens are different with various maturity index of the fibers. The firil and
microfiber of BP fibers can be observed clearly under TEM. The degumming process had little influence on crystalline
region and interplanar crystal spacing, and the crystallinity of BP fibers reached 83.26% from 81.48% by XRD analysis.
FTIR results indicated that hemicellulose, lignin, pectin and other impurities can be removed effectively.
INTRODUCTION
BP is a new variety of Moraceae from Japan, which
belongs to hardwood species. BP mainly plants in east of
Asia and Pacific Islands, which is popular in hilly areas of
low mountains and hills around China. It thrives in hostile
environments, defying droughts, sandstorms and
salinization[1]. BP bark consists of two parts. The inner
bast is white and the outer bark is black. The cellulose
existed mainly in the white bast reaches as high as
63.76%[2]. So BP white bast was used to produce fibers in
this paper, and experiments to investigate the morphology
and structure of BP bast and fibers have been performed.

FIGURE 1. SEM of BP white bast A: Longitudinal view B: Crosssection

From Fig. 2A the appearance of BP fibers was quite
smooth with little residual pectin left on the surface of the
fibers. The fiber width was quite irregular, the fine part
was only about 20μm while the thick part could reach
34μm. There were no convolutions as in cotton, but
longitudinal lines or striations can be seen as „a‟, which is
similar to flax and jute. The points at which the fiber
width changes marked with swellings and irregular joint
formations were called nodes such as „b‟. As shown in
Fig. 2B, the fiber tips were divided into branches, what‟s
more, the branches had independent and full cell wall.

MATERIALS BP bast was collected from Shandong
Province of China.
PREPARATION for BP FIBER
The bioenzyme pretreatment and alkali-H2O2 one bath
processing were used to extract fibers from BP white
bast. The process was as follows:
BP white bast → bioenzyme pretreatment → washing
→ alkali-H2O2 one-bath degumming and bleaching →
washing → scutching → oiling → dewatering.
JMS-6390LV SEM, XSP-18 Optical microscopy, JEM1200EX TEM, D／max-2550PC18kW X-ray generator
and Nicolet 5700 FTIR were used to investigate the
morphology and structure of BP bast and fibers.
MICROSTRUCTURE of BP BAST and FIBER
Fig. 1A and B show that much pectin covered on the
surface of the single fibers and the fineness of these was
nonuniform, the pectin substances formed an amorphous
matrix surrounding the cellulose fibers, and most crosssection views of BP fibers had lumens, the thick outer
wall and somewhat oval shape.

FIGURE 2. SEM of longitudinal view of BP fiber A: Portion of fiber
B: Tip of fiber
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Fig. 3 shows that the cross-section of BP fibers was
irregular round with lumens and the lumens was different
with various maturity index of the fibers. „a‟ had big
lumen, the thin outer wall, and somewhat polygonal shape
with a cell wall that even folds and bends because of
immature, while „b‟ had the medium lumen, and in „c‟
there is no lumen but round shape because of overmature. In addition, „d‟ seemed incomplete with very
deep and irregular gap on the fiber wall.

a: bast
b: fiber
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FIGURE 6. XRD of BP white
bast and BP fiber

FIGURE 3. Optical Microscope
of cross-section of BP fiber
(×600)

60

FIGURE 7. FTIR of cotton, BP
white bast and BP fiber

Fig. 7 showed that the main components BP fiber was
cellulose same as cotton. The characteristic absorption
peaks of hemicellulose in curve „b‟ disappeared in curve
„c‟, this indicated that the degumming treatment can
remove hemicellulose from the BP white bast effectively.
And the characteristic absorption peaks of lignin
decreased obviously after degumming. However, the
characteristic absorption peak of cellulose remained
unchanged after degumming. Therefore, it can be said that
the hemicellulose, lignin, pectin and other impurities can
be removed effectively by this degumming process..

FIGURE.5. TEM of cellulose
microfibrils

Fig. 4 shows the morphology of lumen in different
portion of BP fibers. From 4A, the lumen was continuous
and uniform. Different fibers had variable ratio of lumen
and wall thickness, and the ratio was less than 1/3 in some
fibers such as “a”, while „b‟ was more than 1/2. The ratio
was related to the maturity of fiber, the more the ratio
was, and the better the maturity was. And the node can be
observed clearly from Fig.4B.

CONCLUSIONS
From the cross-section of BP white bast, the pectin
substances formed an amorphous matrix surrounding the
cellulose fibers, and most cross-section views of BP
fibers had lumens, the thick outer wall and somewhat
oval shape. The cross-section of the fiber was irregular
round with lumens and the lumens were different with
various maturity index of the fibers. There are no
convolutions as cotton, but longitudinal lines or striations
can be seen similar to flax and jute with SEM of
longitudinal view. The degumming process had little
influence on crystalline region and interplanar crystal
spacing, and the crystallinity of BP fibers reached 83.26%
from 81.48% by XRD analysis. FTIR results indicated
that hemicellulose, lignin, pectin and other impurities can
be removed effectively by this degumming process.

FIGURE 4. Optical Microscope of Lumen morphology in the fiber
A: portion of fiber (×400) B: node of fiber (×400)
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Fig.5 shows the microfibrils of BP fibers by TEM.
From 5A, the sectional dimension of the firil was less than
100nm, which was composed of many and smaller
microfibrils. And the sectional dimension of the
microfibrils was less than 50 nm as 5B.
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The X-ray diffraction spectrum of the BP white bast (a)
and fiber (b) were shown in Fig. 6 showing the peak of
the crystalline part at 2θ= 22° similar to other natural
cellulose fibers, which was defined as crystalline
celluloseⅠ[3]. And it can be further concluded that the
degumming process did not change the BP‟s crystal
structure, namely, which had little influence on crystalline
region and interplanar crystal spacing. And the
crystallinity of BP fibers reached 83.26% from 81.48%
by XRD analysis.
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melting-spinning materials. Finally, the properties of
FTPP/FTPVA
melting-spinning
materials
were
investigated by thermal analyses to aid in evaluating the
preparation and characterization of the materials.
With regard to resource problems brought by petroleum
industry, the FTPP/FTPVA melting-spinning materials
have
excellent
mechanical,
biodegradable
and
thermoplastic properties to replace current polymer and
get cost-effective end products [5].

ABSTRACT
Potato starch and polyvinyl alcohol (PVA) are raw
materials for the interest in biopolymer, due to their low
price and renewable character. In this experiment,
formamide pseudo-thermoplastic potato starch (FTPP)
and formamide pseudo-thermoplastic polyvinyl alcohol
(FTPVA) were mixed to form FTPP/FTPVA for meltingspinning. The thermal characteristics of FTPP/FTPVA
were investigated using differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The
thermal analyses show that FTPP/FTPVA could be
effectively plasticized, the Tm of FTPP/FTPVA-40/60 was
173℃, and the results provide the processing conditions
for melting-spinning.

APPROACH
Materials
Potato starch was provided from Sunlight Foods Co.,
Ltd., Taiwan. Fully hydrolyzed polyvinyl alcohol
(Trademark BF-17) was introduced to prepare FTPVA,
and purchased from Chang Chun Petrochemical Co., Ltd.,
Taiwan. Formamide (plasticizer) was chosen to plasticize
potato starch and PVA, they were purchased from ECHO
Chemical Co., Ltd., Taiwan. Water was distilled.

Keywords : Formamide; Pseudo-thermoplastic potato
starch;
Pseudo-thermoplastic
polyvinyl
alcohol;
Differential
scanning
calorimetry
(DSC);
Thermogravimetric analysis (TGA).

The preparation of FTPP/FTPVA melting-spinning
materials
Potato starch (50 g) and PVA (50 g) were respectively
stirred (150–200 rpm, 60 min) in heated water (450 g)
between 70–80℃. The plasticization process was
performed at 70℃ (150–200 rpm, 30 min) for plasticizer
(Formamide) added respectively to the starch and
polyvinyl alcohol gels, and then the starch and PVA gels
were uniformly mixed for various components. The
mixed gels were dried in molds until they become
FTPP/FTPVA melting-spinning materials.
FTPP/FTPVA–xx/yy denotes the mixtures of
plasticized starch and plasticized PVA via formamide
plasticization, whereas xx and yy stands for the weight
contents of FTPP and FTPVA, defined as the FTPP
weights/the FTPVA weights are 70/30, 60/40, 50/50,
40/60, and 30/70.

STATEMENT OF PURPOSE/OBJECTIVE
Potato starch and polyvinyl alcohol (PVA) are nonplasticized bio-materials. The objective of this research
was to transform potato starch and PVA into formamide
pseudo-thermoplastic potato starch (FTPP)/ formamide
pseudo-thermoplastic polyvinyl alcohol (FTPVA)
melting-spinning materials. The FTPP/ FTPVA materials
could be melted to spin fibers by melting-spinning.
INTRODUCTION
Recently, the possibility of transforming potato starch
and polyvinyl alcohol (PVA) into thermoplastic materials
has been extensively discussed [1]. However, they can not
be considered as typical thermoplastic materials, this is to
convert their thermoplastic properties in order to form
fibers during melting-spinning [2].
The developments on the preparation of starch/PVA
biodegradable polymers have been reported [3]. The
biodegradable materials could be produced into great
mechanical and biodegradable polymers, but the materials
are not sufficiently melted by melting-spinning.
Therefore, the aim of this research was to weaken the
hydrogen bonding interactions of potato starch and PVA
molecules using plasticizer (formamide), increase the
molecular mobilities, reduce the melting temperatures,
and transform them into FTPP/ FTPVA materials [4].
In this research, the starch and PVA were respectively
plasticized by formamide to prepare FTPP and FTPVA
gels, and then blended the gels to form FTPP/FTPVA

Differential Scanning Calorimetry (DSC) Testing
DSC measurements were performed with a 2920
Modulate Differential Scanning Calorimeter (TA
Instruments Inc., USA). The specimens were scanned at a
heating rate of 10 ℃/min, and testing temperature ranges
between 30–300℃.
Thermogravimetric Analysis (TGA)
TGA were carried out using a 2950 TGA instrument
(TA Instruments Inc., USA). The samples were scanned
at a heating rate of 10 ℃/min, and the scope of testing
temperature was from 30 to 500℃.
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formamide escaped. Additionally, from 100 ℃ to
decomposition onset temperature was related to the
volatilization of both water and formamide.

RESULTS AND DISCUSSION
DSC Testing
Figure 1 depicts the DSC diagrams of FTPP/FTPVA
melting-spinning materials.
In Figure 1, FTPP/FTPVA had endothermic peaks; the
endothermic peaks were the melting temperatures of
FTPP/FTPVA.
The
melting
temperatures
of
FTPP/FTPVA were decreased by adding amount of
FTPVA. Mainly because adding amount of FTPVA could
generate the hydrogen bonds between starch and PVA
molecules, weaken the hydrogen bonding among the
starch molecules, and decrease the melting points, thus
the Tm decreased with added FTPVA. ; The Tm of
FTPS/FTPVA-40/60 was a minimum of 173℃.

CONCLUSIONS and FUTURE WORK
Potato starch and polyvinyl alcohol are not
thermoplastic. Therefore, the formamide was introduced
to make them display plasticization, and then blended
them to form FTPP/FTPVA melting-spinning materials.
Experimentally, the Tm of FTPS/FTPVA-40/60 was a
minimum of 173℃.
Consequently, the proposed approach is feasible to
produce FTPP/FTPVA melting-spinning materials, and
could substantially improve their process ability. The
materials provide extensive applications and discussions
in the field of biopolymer.
The study provides the processing conditions for
melting-spinning.
FTPP/FTPVA
melting-spinning
materials could be spun to form fibers by meltingspinning, and the fiber increase polymer developments.
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FIGURE 1. The DSC diagrams of FTPP/FTPVA melting-spinning
materials.

FIGURE 2. The TGA diagrams of FTPP/FTPVA melting-spinning
materials.

TGA Analysis
Figure 2 illustrates the TGA analysis diagrams of
FTPP/FTPVA melting-spinning materials.
From Figure 2, there could be divided into five zones.
(i) The weight losses around 100℃ were caused by the
water evaporation, (ii) the weight losses between 220 and
270℃ was ascribed to the decomposition of PVA, (iii) the
weight losses around 210℃ because of a large amount of
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successfully grafted onto hydrophilic PVA-co-PE
polymers during a melt reactive extrusion process. The
NDAM grafted PVA-co-PE polymers were then
fabricated into nanofibers and then nanofibrous
membranes. The morphology and surface chemical
structures of NDAM grafted PVA-co-PE nanofibrous
membranes were characterized. The chlorination of
NDAM grafted PVA-co-PE nanofibrous membranes in
dilute bleach converted the NDAM precursor into
biocidal halamine derivatives. The antimicrobial
properties of chlorinated nanofibrous membranes were
investigated again Escherichia coli (E. coli).

INTRODUCTION
The public health and safety concerns on increasingly
emerging respiratory diseases such as influenza and
severe acute respiratory syndrome (SARS), drug-resistant
microorganisms in hospitals and public communities, as
well as water-borne pathogens, have stimulated
considerable research activities on development of
antimicrobial polymers and medical products. Many
efforts in the past decades have been made to endow
antibacterial functions to polymers by adding organic or
inorganic biocides, copolymerizing monomers containing
antimicrobial moieties, or grafting antimicrobial agents
into polymer chains. Cyclic N-halamines have shown
rapid and superior antimicrobial properties against a
broad-spectrum of pathogenic microorganisms by
contacts with long-term stability and rechargeability upon
the antimicrobial activity being consumed after use. A
melt free-radical graft polymerization of cyclic
N-halamine precursors onto olefin polymer backbones
was developed by this group by using a reactive extrusion
process. Chlorination of the resulted polymers in diluted
bleach will convert the halamine precursor structures to
antimicrobial moieties. The N-halamine precursors
grafted hydrophobic polypropylene (PP) and polyethylene
(PE) has recently been prepared by this research group.
The N-halamines precursors grafted PP and PE polymers
were processed into fiber forms for use. It was, however,
found that the antimicrobial performance of extruded
N-halamines grafted PP and PE fibers had strong
dependence on the hydrophilic-hydrophobic natures and
sizes of polymer fibers

APPROACH
The functionalization of PVA-co-PE polymers were
performed with a Leistritz co-rotating twin-screw (18
mm) extruder (Model MIC 18/GL 30D, Nurnberg,
Germany) at a feed rate of 12g/min. Barrel temperature
profiles were 120C, 150C, 185C, 195C, 205C and
210C. The extrudates were palletized. The initiator
concentration of DCP was 4 mpm (moles per million
parts of PVA-co-PE polymers). The concentration of
NDAM was fixed at 450 mpm. To remove the un-reacted
monomer and homo-polymers, the NDAM grafted
PVA-co-PE pellets were dissolved in a hot solvent
mixture of ethanol and water. The acetone was added to
the solution to precipitate the NDAM grafted PVA-co-PE
into powders. The precipitated PVA-co-PE powders
grafted with NDAM were rinsed with acetone several
times and dried until constant weight. The NDAM grafted
PVA-co-PE nanofibers were prepared according to a
previously published procedure. To transform the grafted
precursor structures to N-halamine derivatives, the
NDAM grafted PVA-co-PE nanofibrous membranes were
immersed in diluted chlorine bleach (ca 1500 ppm
available chlorine) for 60 min at room temperature. The
membranes were then washed thoroughly with excess
amount of distilled water until the starch/sodium iodine
testing solution showed colorless. The antibacterial
properties of the chlorinated NDAM grafted PVA-co-PE
nanofibrous membranes were examined against
Escherichia coli (E. coli) (K-12, a Gram-negative
bacterium), according to a modified AATCC test method
100-1999.

The graft polymerization of cyclic N-halamine into
hydrophilic polymers, therefore, is worth further
investigating.
Poly
(vinyl
alcohol-co-ethylene)
(PVA-co-PE), a hydrophilic thermoplastic copolymer of
ethylene and vinyl alcohol with high resistance to
chemicals such as organic solvents, would be an ideal
candidate for the study. Moreover, nanofibers can offer
reduced fiber sizes and enlarged specific surface areas
when they are developed into nanofibrous membranes.
The increased surface area of polymer nanofibrous
membranes can enhance the exposure of the active sites
for antimicrobial functionalization on the fibers, leading
to improved antimicrobial property. A recently developed
technology of high throughput producing nano-scale
thermoplastic fibers in this research group facilitates the
development of the antimicrobial PVA-co-PE nanofibrous
membranes.
In this study, an N-halamine
4-diamino-6-diallylamino-1,3,5-triazine

RESULTS AND DISCUSSION
The successful graft copolymerization of the NDAM
monomer onto PVA-co-PE polymer was confirmed with
FTIR analysis, as shown in Figure 1. The NDAM grafted
PVA-co-PE showed two new characteristic absorption
bands of NDAM centered around 1620 and 1552 cm-1 in
the FTIR spectra, which are attributed to bending

precursor, 2,
(NDAM) was
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above 4000ppm. The chlorinated PVA-co-PE nanofibrous
membranes grafted with NDAM all exhibited excellent
antibacterial functions against bacterium of E. coli.

deformation of aminoazine and planar triazine ring
stretching vibration, respectively. The vibration band at
1757cm-1 was assigned to the un-hydrolyzed ester
carbonyl bond in the PVA-co-PE polymers, which was
unchanged during the reaction. The appearance of the
absorption band at 1658cm-1 in the virgin PVA-co-PE
spectra was assigned to the unsaturated -C=C bonds
produced from the thermal dehydration of the vinyl
alcohol components. It should be noted that the band at
1658cm-1 overlapped with the bending band of NDAM at
1620cm-1 in the spectra of the NDAM grafted
PVA-co-PE. Moreover, in addition to the band at
1658cm-1 a new and sharp absorption band at 1705cm-1
was found, which could be attributed to unsaturated
aldehydes and ketones potentially formed due to chain
session and dehydration reactions.
To increase the surface exposure of grafted NDAM, the
NDAM grafted PVA-co-PE polymers were fabricated into
nanofibers
and
nanofibrous
membranes.
The
morphologies of the NDAM grafted PVA-co-PE
nanofibrous membranes were characterized with SEM
and presented in Figure 2. NDAM grafted PVA-co-PE
nanofibers demonstrated the well-defined nanofibrous but
randomly distributed morphologies in membranes. The
nanofibers interconnected with each other and formed
web-like structures, which make them superior in
capturing and then eliminating the microorganisms.

FIGURE 1. FTIR spectra of (a) virgin 27mol% ethylene PVA-co-PE
polymer, (b) NDAM grafted 27mol% ethylene PVA-co-PE polymer

To achieve the desired antibacterial functions, the NDAM
structures grafted into PVA-co-PE should be activated in
diluted chlorine bleach solutions, which can convert -N-H
in the precursor into biocidal N-Cl (halamine) structure.
The antibacterial properties of NDAM grafted
PVA-co-PE nanofibrous membranes against Escherichia
coli (E. coli) were investigated based on a modified
AATCC test method 100-1999. The chlorinated NDAM
grafted PVA-co-PE nanofibrous membrane exhibited
excellent antibacterial functions against the tested
bacterium. A bactericidal rate of 99.999%-99.9999% (5-6
log reduction) was obtained in a contact time of 10min.

FIGURE 2. SEM images of NDAM grafted PVA-co-PE nanofiber
membranes with (a)27 mol%
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CONCLUSIONS
An N-halamine precursor of NDAM was successfully
introduced onto the backbone of the PVA-co-PE polymer
as side groups by a melt radical graft copolymerization
during reactive extrusion process. The FTIR spectra
confirmed the covalent connection of the NDAM in the
melt grafted PVA-co-PE polymer backbones. It was also
found that the radical grafting process produced segments
containing unsaturated aldehyde and ketone from chain
scissions. The NDAM grafted PVA-co-PE polymers were
fabricated into well defined and interconnected
nanofibrous morphologies. The chlorination of the
NDAM grafted PVA-co-PE nanofibrous membranes
made them charged with high amounts of active chlorine
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process at room temperature.

Abstract
Polyurethane (PU)/native silk fibroin powder (SFP)
filaments with different blend ratios were prepared
by wet spinning. Scanning electron microscopy
(SEM) was used to observe the distribution of macro
pores on surface. Mechanical property and water
absorption of the PU/SFP filaments were evaluated.
The number of micro pores distribution on cross
section increased with the increase of SFP content.
Water absorption of the PU/SFP filaments increased
with the increase of SFP content. The results
indicated that the PU/SFP filaments have potential
application in the fields of drug controlled release,
wound dressing, and as a cell scaffold in tissue
engineering.
Silk fibroin attracts more and more attention as a
promising biomaterial. Many researches focus on
preparation and characterization of silk/-compound
blend films [1]. But the application of composite film
in biomedical materials is limited. Fibrous materials
are easy to be processed into kinds of products and
widely used in textiles, sutures, biosensors, scaffold
for tissue engineering, and wound dressing [2].
In this work, we attempted to prepare SF/PU
filaments using water as coagulator by wet spinning
in order to obtain better properties. Morphology of
the PU/SFP filaments was observed by scanning
electron microscope. The effect of SFP on
mechanical property and water absorption was also
studied.
SFP were made in our laboratory according to
reference [3]. PU, Pellethane 2363-80AE, was
supplied by DOW Chemical Corporation. N,
N-Dimethylformamide (DMF) was purchased from
Shenshi Company.
SFP and PU were added to DMA solvent, and the
solid content of the mixture solution was 20%. Silk
fibroin percent in sample are 0%, 5%, 10%, 15%,
20% and 30%. The solutions were stirred at room
temperature for 5 h. Air bubbles were removed in
vacuum condition for 2 h. Then the solutions were
performed using a syringe and syringe pump by
extruding solution into water coagulator bath at 60 ºC.
The flow rate of the filament extrusion was 20 ml/h.
The filament was left in water coagulator bath
overnight to allow the solvent to diffuse completely
out from the filament. Then tension was applied to
filaments to prevent contraction during the drying

Fig. 1 SEM images of the blend filaments. The percent of SFP in
filaments was A 0%, B 5%, C 10%, D15%, E 20%, and F 30%.

The SEM micrographs of blend filament are shown
in Fig. 1. The wet spinning PU/SFP filament
exhibited a uniform ， dense
and circular
cross-section shape. Smooth surface and cross
section was observed in pure PU filament. With the
increase of SFP content, the surface and cross section
became more roughness. The number and diameter
of micro pores increased on the surface and
cross-section. That was attributed to the different
hydrophilicity between SFP and PU.
Table 1 Tensile ability of PU/SFP with different blend ratios

Ratio of
SFP
(%)
0%
5%
10%
15%
20%
30%

Break
strength
(cN/dtex)
0.5729
0.4963
0.4246
0.3292
0.2890
0.1786

Elongation at
break
(%)
775.506
748.465
768.033
766.843
511.788
501.050

Mechanical property results are shown in Table 1.
With the increase of SFP, the break strength and
elongation at break decreased. That is because the
join of SFP and the pores destroyed the continuous
uniform distribution of PU.
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biomedical materials. SEM images showed that the
micropores distribution on cross section increased
with the increase of SFP in the filament. The change
on cross section resulted in the decrease of break
strength and elongation at break with the increase of
SFP content in filament. SFP improved water
absorption of blend filaments. These results indicated
that PU/SFP filaments have potential application in
the field of biomedical materials.
This work was supported by 973 project (No.
2009CB526402) of China and the National Natural
Science Foundation of China (No. 50873079).
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Fig. 2 Water absorption of different contents of SFP.

Figure 2 showed the water absorption profile of
increased with the increase of SFP content. The result
showed that as the SFP content increased from 0% to
30%, the water absorption of filaments increased
from 3.2% to 35.2% after immersion in distilled
water for 24 h. The increase of water absorption
should be attributed to the excellent hydrophilicity of
SFP and micro pores distribution on cross section.
Our future work will explore the effect of preparation
condition, coagulator content, coagulator temperature
and rolling speed, on morphology, mechanical
property and water absorption.
PU/SFP filaments with different blend ratios were
prepared by wet spinning at room temperature to
extend the application of SFP in the field of
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INTRODUCTION
Fibrous insulation is used in many applications such as
functional protective clothing, sleeping bags, buildings,
and aircrafts, particularly under extreme climatic
conditions. Radiation plays a significant role in the heat
transfer through fibrous materials [1-4], thus reflective
interlayer can be incorporated to enhance the blocking of
radiative heat transfer [5]. Incorporation of reflective
interlayer may reduce the thermal insulation on the other
hand as the reflective interlayer is more heat conductive
than bulk materials and thus increase the heat transfer by
conduction. The incorporation of interlayer in the fibrous
assembly may also affect the moisture vapor transferring
through the fibrous assembly at the same time. It is of
great importance in the designing of thermal insulation
assembly to achieve the maximum thermal insulation and
proper moisture vapor resistance.

thickness of 30 mm (most applicable thickness of
assembly in cold protective clothing design) were used to
do the thermal insulation resistance test; different
numbers of interlayers were incorporated evenly during
the test to show the effect of interlayer on the thermal
insulation properties of fibrous assembly. For each sample,
5 tests were performed and the results were averaged.

Based on the designing of proper interlayer parameters [5]
and modeling of heat transfer in highly reflective
interlayer-fibrous structure [6], this study conduct the
experimental study on the thermal insulation and moisture
vapor resistance of fibrous insulation assembly by
incorporating multiple reflective interlayer.

FIGURE 1 Experimental detail. (a) Schematics of Sweating
Guarded Hotplate; (b) Thermal insulation assembly used. (c)
Batting; (d) Interlayer.

EXPERIMENTAL
Sweating Guarded Hotplate was used to evaluate the
thermal insulation properties of fibrous assembly. Figure
1a shows the schematics of the hotplate, which consists of
temperature controller, measuring unit and water supply
unit. Hot water was used to maintain the surface of the
hotplate at a temperature of 35 oC.

RESULTS AND DISCUSSION
Figure 2 shows the thermal resistance of the assembly by
incorporating different number of interlayers. When no
interlayer was incorporated into the fibrous assembly, the
thermal resistance was around 0.33 m2K/W. The thermal
resistance increased swiftly when less than four
interlayers were incorporated. This is easy to understand
since the thermal radiative conductivity of the assembly
was greatly reduced when interlayers changed the
reflective properties of the assembly.

Polyester battings together with aluminum coated
polyester interlayer were stacked up layer-by-layer as the
fibrous assembly, as shown in Figure 1b. The polyester
batting (Figure 1c) and interlayer (Figure 1d) were cut
into a round shape with a diameter of 23.6 cm. The
thickness of the polyester batting and interlayer was 5 mm
and 0.2 mm, respectively. Six thin battings with a total

The thermal resistance increased slightly when more than
three interlayers were incorporated, as shown in Figure 2,
but as a whole, the thermal resistance increased with the
increase of the number of interlayers. The thermal
resistance enhances almost 30% by incorporating five
interlayers. This is very important for cold protective
clothing design since incorporating of interlayers can
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achieve higher thermal insulation properties using the
same fibrous assembly, also thinner assembly
incorporating interlayers may achieve the same thermal
insulation properties as thick assembly under the same
situation.
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FIGURE 2 Thermal resistance of fibrous assembly with multiple
interlayers.

When three or four interlayers were incorporated, the
interlayers can be sandwiched either close to the manikin
or to the outer side. It shows in Figure 2 that the thermal
resistance is slightly higher when the interlayers were put
close to the manikin. It seems that interlayers close to the
manikin (which is also the heat source) can block more
thermal radiation. This suggests that the interlayers can be
put close to human body in the fibrous assembly in the
cold protective clothing design.
At the same time, the moisture vapor resistance shows
little change when multiple interlayers were incorporated
into the fibrous assembly. This suggests that the
incorporation of interlayers doesn’t affect the moisture
transportation of the assembly. The comfort of the cold
protective clothing is greatly affected by the moisture
transportation through the clothing. It is ideal if the
thermal insulation is improved while the moisture
transportation of the clothing remains unchanged.
CONCLUSIONS
A fibrous assembly incorporating multiple reflective
interlayers shows great thermal insulation properties. The
thermal resistance of the assembly increased greatly with
the incorporation of interlayers and then kept stable when
more than three interlayers were incorporated. The
moisture vapor resistance didn’t change much at the same
time when multiple interlayers were incorporated.
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heating 5 sec at a constant temperature. Then the values
were averaged. The procedure was repeated for each kind
of fiber under the temperature of 25, 60, 90, 120 and
150°C , respectively.

INTRODUCTION
As fibers are usually processed under different thermal
and wet conditions in textile mills [1], some experiments
have been conducted to study the variations of fiber
tensile properties under different various conditions, such
as acidity, ultra-violet illumination [2], the relative
humidity [3]. Researchers have also studied the effect of
temperature on mechanical properties of fibers such as
polyamide (PA6 and PA66) [4], raw and degummed silk
[5] and polypropylene [6]. In this study, a purpose-built
heating device was applied to control the surrounding
temperature of PET, PAN and cotton fiber samples during
their tensile tests on an Instron Universal Testing
Machine. The influence of temperature on tensile
properties of Polyester (PET), polyacrylic (PAN) and
cotton fibers was investigated.

RESULTS AND DISCUSSION
Typical tensile curves of the PET, PAN and cotton fibers
at different temperature
According to Figure 2, PET had a much higher
breaking stress and elongation than other two type fibers;
cotton showed the lowest breaking elongation. Tensile
curves of PET fibers at different temperature were
obtained when the heating time was 5sec, as shown in
Figure 3. Obviously, the breaking stress of PET fiber
decreased significantly with an increase of testing
temperature; however, the curve shapes gave a very slight
variation.

EXPERIMENTAL
Sample preparation
All selected PET, PAN and cotton fibers were
conditioned at 25 ± 2°C and 60 ± 10% RH for more than
24 hours before testing. Linear density of the PET, PAN
and Cotton fibers were calculated as 1.736 ± 0.1, 3.0 ± 0.1,
1.8 ± 0.1 dtex respectively according to the method of
microscopic observation [7]. Also, some tensile properties
of PET, PAN and cotton fibers (60 single fibers) at room
temperature were tested.

a. purpose-built heating tube
b. scheme of the testing
Figure1 Purpose-built heating tube and its installation

Figure 2 Typical tensile curves of
fibers at room temperature

Figure 3 Tensile curves of PET
fiber at different temperatures

Figure 4 Tensile curves of PAN
fibers at different temperatures

Figure 5 Tensile curves of cotton
fibers at various temperatures

Figure 4 illustrated that the shape of tensile curves of
PAN fiber changed greatly with an increase of
temperature. This also indicated that PAN fibers were
more sensitive to temperature than PET fibers. Figure 5
showed that the testing temperature caused a low fiber
breaking force.
Initial modulus of PET, PAN and cotton fibers at different
temperature
Fiber initial modulus depends greatly on its
macromolecular structure and crystallinity. Usually, the
value of initial modulus is determined by the ratio of

Testing Procedure
An electrothermal groove device (10×8×20mm) was
installed between the two clamps of an Instron 5566
tensile testing machine which was shown in Figure 1. The
temperature in the groove was carefully elevated and
controlled by a heat sensor. Temperature error was
controlled less than ± 3°C. During testing, the fiber was
positioned in the middle of the groove. The tensile gauge
of fiber testing was 40mm; cross-head speed was
50mm/min. The pre-load of single fiber was 0.4cN. 30
single fibers for each kind of fiber were tested after
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Specific breaking energy at the yield point
The specific energy was determined by the enclosed
area of the stress and strain at the yield point in the tensile
curve. In Table II, the specific energy values of cotton
fibers were not listed because it was too low to be
calculated when the temperature was above 25°C .
Generally, the specific yield energy of polymer fiber
decreased with the increase of temperature. There was a
transition point at the temperature around Tg for both
PET and PAN fiber, the specific energy of the fibers
began to decrease sharply when the temperature was
above their glass transition temperature.

stress and strain at the initial part of a tensile curve.
Figure 6 showed a remarkable decrease of initial modulus
for PET and PAN fibers as the testing temperature
increased. The initial modulus of PET fiber showed
obvious transition around 90°C. Temperature increase
induced a gradual decrease of the initial modulus of PAN
fiber, but there is no obvious transition point. This might
be due to the difference in their inner structures: PAN
fiber was a quasi-crystal polymer; however polyester was
a high crystallinity polymer. The results also presented
that the initial modulus of cotton fiber was almost
unchanged below 120°C and then decreased slightly
above 120°C . Firstly, this mainly resulted from that the
testing temperature in our experiment was far lower than
its Tg. Wet cotton fiber would have a low transition
temperature [8], and the higher temperature lowered
cotton fiber moisture regain. Thus, a lower transition
temperature could not be expected. This also suggested
that the cotton fiber with normal moisture regain was not
sensitive to the temperature variations with a range from
25 to 150°C .

Figure 6 Initial modulus of
fibers at various temperatures

Table II. Breaking yield energy of fibers at different temperature
Specific energy (J/dtex×10-4)
Temperature (°C)
PET
PAN
cotton
25
3.5±0.03
1.3±0.03
0.6
60
4.0±0.07
1.3±0.03
-90
4.0±0.03
1.3±0.03
-120
2.9±0.03
1.0±0.03
-150 (PAN130)
2.9±0.03
1.0±0.03
--

CONCLUSIONS
The influence of temperature on tensile properties of
Polyester (PET), polyacrylic (PAN) and cotton fibers was
investigated. A purpose-built ceramic tube was applied to
control the different surrounding temperature (25, 60, 90,
120 and 150°C ) during the single fiber tensile tests on an
lnstron Universal Testing Machine. Results showed that
the breaking elongation of PAN fiber increased with
increasing of the temperature, whereas that of PET fiber
and cotton fiber gave a very slight change. Increased
surrounding temperature caused a significant decrease of
initial modulus of PET and PAN fiber, especially when
the temperature was higher than glass transition
temperature (Tg) of the fibers. However, cotton fiber
showed little variations in the initial modulus with the
elevated temperature, which may be due to that the
increased temperature failed to largely lower the
transition temperature of cotton fibers. Specific breaking
energy of all fibers decreased as the temperature increased.

Figure 7 Breaking stress of fibers
at different temperatures

Breaking stress of PET, PAN and cotton fibers at different
temperature
Breaking stress of PET and cotton fibers changed
almost linearly with the temperature, as shown in Figure
7. Although increased temperature failed to reduce cotton
fiber initial modulus significantly, it caused a large
decrease of cotton fiber breaking stress. Macromolecules
in the PAN fiber in the state of quasi-crystal were easier
to move than that of PET and cotton fibers when the
temperature was above 90°C, thus the PAN breaking
stress decreased more serious above 90°C.
Breaking elongation of PET, PAN and cotton fibers at
different temperature
Table I showed that the breaking elongation of PET
fiber was slightly changed with the increase of
temperature; however, the breaking elongation of PAN
fiber increased obviously as the temperature increased.
Calculated average value of cotton fiber breaking
elongation decreased as the temperature increased.
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TABLE I. Breaking elongation of fibers at different temperatures
Temperature (°C)
25
60
90
120
150 (PAN130)

PET
29.6±2.8
32.2±2.9
32.3±2.8
29.6±2.4
31.7±2.0

Breaking elongation (%)
PAN
20.0±1.9
24.1±3.4
27.6±1.9
26.4±3.0
36.4±3.8

cotton
7.8±1.0
6.4±0.9
7.9±1.7
5.9±0.8
5.7±1.0
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Surface friction performance experiment.
Tests instrument: Y151 fiber friction coefficient tester.
Experimental condition: the capstan law is used, the
tensity cartridge is 100mg, and five textile fiber rollers are
selected. The sample size of the fiber is 50.
Crimp performance experiment. Test instrument is
QJT-10A crimp elasticity experiment tester. The crimp
ratio, the crimp recovery ratio and the crimp elasticity is
tested and the sample size of the fiber is 50.
RESULTS AND DISCUSSION
The tensile performance. Table 1 shows the tensile
property of Shengma fiber and the viscose fiber.
Table 1 The tensile property of Shengma and viscose
fiber in dry and wet state

OBJECTIVE
To research basic property of Shengma fibre（green
textile fiber）, basic property of Shengma and viscose
were tested and analysed. Through analysing and
contrasting each property it is considered that under
normal temperature and dry condition, breaking tenacity
of Shengma is less than that of viscose, while breaking
elongation rate of Shengma is larger than that of viscose.
In wet condition change of Shengma fibre mechanical
property is less than that of viscose. Crimpability of
Shengma fibre is worse than that of viscose.
INTRODUCTION
The Shengma fiber is produced by Jigao chemical fiber
limited company in Hebei Province, taking natural hemp
and the jute plants, as raw material, then using
appropriation technology make it into the pulp, then
producing one kind of new viscose textile fiber by melt
spinning method. The Shengma fiber get rid of the defect
of natural hemp fiber to kiss the skin difference, the easy
corrugation
huge
disappointment
thoroughly,
simultaneously it has the high wet strength, the good
moisture absorption permeability, the bacteriostasis, and
the mildewproof characteristic[1,2]. The Shengma fabric
has the properties of soapy handle, good draping, sharp
luster, bulky character. Shengma is one kind of ideal
textile fiber which is a collection of gorgeous, health care,
comfortable and ecological characteristic[3,4]. This
textile fiber has good spinning property, the conventional
equipment can meet the spinning requirement,
simultaneously it also could be blended with the natural
hemp, in order to enhance the scale of the Shengma fabric.
APPROACH
Experimental materials. Shengma fiber:1.67×38mm
(Hebei Jigao chemical fiber limited company);
Viscose:1.67×38mm(Shandong Hailong company)
Tests instrument and experimental condition
Tenacity and elongation at break according to the straight,
knotted and looped test configuration. Tensile tests on
straight, knotted, and looped fibers were done according
to the GB/T997 － 1998 standard, and a LLY-06E
electronic single fiber strength tester was used for the
tests.
Test conditions involved a 10mm effective specimen
length, 10mm/min deformation rate, pre-Canadian tensity:
150mg and sample size of 50 fibers. Fibers were
randomly selected from a sample conditioned in a
standard atmosphere 24 hours before the test.
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initional modular

break work

(cN/dtex)
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(cN/dtex)

(μJ)

dry

wet

dry

wet

1

2.324

1.950

15.74

20.250

2

2.7521

2.055

13.277

15.331

1- Shengma

dry
58.00
0
66.58
7

wet

dry

wet

82.880

4.1

4.817

68.904

3.9
46

2- viscose

From Table 1, it is considered that under normal
temperature and dry condition, breaking tenacity of
Shengma is less than that of viscose, its breaking tenacity
is about 84.4% that of the viscose, while breaking
elongation rate of Shengma is larger than that of viscose,
and is about 1.19 times that of viscose. In wet condition,
we can see that the breaking tenacity of Shengma fiber is
smaller than that in dry state, it is 83.9% of that in dry
state, while the breaking strength of viscose in dry state is
about 75% of that in wet state. It is obvious that in wet
condition change of mechanical property of Shengma
fibre is less than that of viscose. Under the hygrometric
state the breaking elongation ratio of Shengma fiber is
about 1.29 times of that in dry state. Under the
hygrometric state, the initial module of Shengma fiber is
about 1.43 times of that in dry state.
The tensile performance of Shengma fiber under
different clamp way.
The tensile performance of Shengma fiber and viscose
fiber in different modality is listed in Table 2.
Table 2 The tensile property of Shengma and viscose
fiber in different modality
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rubber roll and Shengma fibers. In the spinning and
weaving process, the disposition of different material to
improve the friction performance of Shengma fiber can be
considered.
The crimp elasticity of Shengma fiber. The crimp
elasticity of Shengma fiber is shown in Table 4.
Table 4 The crimp elasticity of Shengma fiber

Break work
(μJ)

(cN/dtex)

1

2

1

2

1

2

1

2

straight

2.324

2.75

15.74

13.28

58

66.59

4.1

3.95

Knotted

1.149

1.46

9.91

5.16

41.1

68.68

2.59

0.94

looped

1.729

1.23

3.19

1.56

71.3

77.55

1.30

0.16

item

Shengma

viscose

Crimp ratio
Crimp recovery
Crimpratio
elasticity

4.56
6.37
65.40

6.41
8.42
70.35

From
ratio Table 4, we can see that the crimp ratio of
Shengma fiber is smaller than that of viscose fiber, the
crimp recovery ratio and the crimp elasticity ratio is also
smaller than that of viscose fiber, this shows that the
crimp durability and the crimp restoration ability of
Shengma fiber is poorer than that of viscose fiber.
CONCLUSIONS
(1)Under normal temperature and dry condition, breaking
tenacity of Shengma is less than that of viscose, while
breaking elongation rate of Shengma is larger than that of
viscose. In wet condition change of Shengma fibre
mechanical property is less than that of viscose.
(2) Knotted and looped modalities decrease Shengma
fiber tenacity, the break strength in Knotted modality is
49.4% of that in straight modality, and the break strength
in looped modality is 74.4% of that in straight modality.
Looped and Knotted modalities show lower tenacity at
break, the lowest being the knotted modalities. The same
occurs with elongation at break. The break elongation in
knotted and looped modalities is about 62.9% and 20.3%
of that in straight modality respectively. The lowest is in
the looped modalities.
(3) The dynamic and static friction coefficient of
Shengma fiber is smaller than that of viscose fiber, the
dynamic friction coefficient between Shengma fibers is
bigger than that between the metal roller and Shengma
fibers, and smaller than that between rubber roll and
Shengma fibers.
(4) The crimp ratio of Shengma fiber is smaller than that
of viscose fiber, the crimp recovery ratio and the crimp
elasticity ratio is also smaller than that of viscose fiber,
this shows that the crimp durability and the crimp
restoration ability of Shengma fiber is poorer than that of
viscose fiber.
REFERENCES
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Table 2 shows that Knotted and looped modalities
decrease Shengma fiber tenacity remarkably, the break
tenacity in Knotted modality is 49.4% of that in straight
modality, and the break tenacity in looped modality is
74.4% of that in straight modality. Looped and Knotted
modalities show lower tenacity at break, the lowest being
the knotted modalities. The same occurs with breaking
elongation ratio at break. The breaking elongation ratio in
knotted and looped modalities is about 62.9% and 20.3%
of that in straight modality respectively. The lowest is in
the looped modalities.
As shown in Table 2, the breaking tenacity of viscose in
knotted and looped modality is smaller than that in
straight modality, the breaking strength in the knotted and
looped modality is 53.1% and 44.7% of that in the straight
modality respectively. The breaking elongation ratio in
knotted and looped modality is also smaller than that in
the straight modality. The breaking elongation ratio in
knotted and looped modalities is reduced to respectively
38.9% and 11.7% of that in straight modality.
Through the analysis of above, the following conclusion
can be obtained that the tenacity of Shengma fiber in
knotted modalities is close to that of viscose, and the
tenacity of Shengma fiber in Looped modalities is higher
than that of viscose, this explained Shengma fiber bears
the better bending gatigue resistance than that of viscose.
The friction performance of Shengma fiber. The
dynamic and static friction coefficient of Shengma fiber is
0.141 and 0.192, and the dynamic and static friction
coefficient of viscose fiber is 0.200 and 0.230.
The friction coefficient of Shengma fiber with different
frictional materials is listed in Table 3.
Table 3 The friction coefficient of Shengma fiber with
different frictional materials
Frictional
Dynamic friction
Static friction
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Fiber
roller
0.141
0.192
materials
coefficient
coefficient
Metal roller
0.136
0.162
Rubber roller
0.151
0.176
From Table 3, we know that the dynamic and static
friction coefficient of Shengma fiber is smaller than that
of viscose fiber, the dynamic friction coefficient between
Shengma fibers is bigger than that between the metal
roller and Shengma fibers, and smaller than that between
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The PLA fibers were blended with SPF(soybean protein
fiber) by the sliver mixing method and with acrylic fiber
by the raw fiber blending method so as to ensue
uniformity and accurate blending ratio.

OBJECTIVE
To study the influence of twist factor of corn protein fiber
pure yarn and blending ratio of corn protein fiber on yarn
strength and elongation, 13 kinds of 18.2tex corn protein
pure yarn with different twist factor,18.2tex corn protein
fiber acrylic fiber blended yarn with different blending
ratio and corn protein fiber soybean protein fiber blended
yarn were spun, property indexes of breaking strength,
breaking elongation, work of break, initial modulus and
so on were tested. The results shows that critical twist
factor of corn protein fiber pure yarn is about 405.9, yarn
strength of corn protein acrylic fiber blended yarn is
reduced by nonlinear relation with the increase of corn
protein fiber content, which is increased from 0 to
100%.Yarn strength of corn protein fiber soybean protein
fiber blended yarn is reduced gradually with the increase
of corn protein fiber content, when the content of corn
protein fiber at about 90%, the strength is almost the
lowest, and it is lower than that of corn protein fiber yarn.

RESULTS AND DISCUSSION
1 Specification of sample
The specification of the yarns was listed in Table 1(All of
the yarns was 18.2tex and 320 twist factor).
Table 1 Specification of PLA/acrylic and PLA/SPF
blended yarn

INTRODUCTION
The PLA fiber has the properties of synthetic fibers which
is better than other bio degradable fibers and among the
PET and nylon. Thanks to its softness, endurance,
comfortable feeling and silklike luster，the PLA fiber
knitted fabric has so excellent drapability, smooth feeling,
vapor permeability and heat resistant properties that it has
been found wide application. Most important of these is
the excellent biological degradability of PLA fibers.
The PLA fibers can be blended with many other fibers in
order to produce different style of fabrics. The influence
of twist factor of corn protein fiber pure yarn and
blending ratio of corn protein fiber on corn protein fiber
acrylic fiber and corn protein fiber soybean protein fiber
yarn strength and elongation are analyzed in this paper.
APPROACH
1.27dtex×38mm PLA fibers, 1.67dtex×38mm acrylic
fibers and 1.67dtex×38mm

Trail No.

Fiber content

Blending ratio/%

S0

acrylic

100

S1

PLA/ acrylic

30/70

S2

PLA/ acrylic

40/60

S3

PLA/ acrylic

50/50

S4

PLA/ acrylic

60/40

S5

PLA/ acrylic

70/30

S6

PLA/ acrylic

90/10

S7

PLA

100

S8

SPF

100

S9

PLA/SPF

30/70

S10

PLA/SPF

40/60

S11

PLA/SPF

50/50

S12

PLA/SPF

60/40

S13

PLA/SPF

70/30

S14

PLA/SPF

90/10

2 Experimental of strength and the blending ratio of
yarn

soybean protein fibers were chosen and then spun into
corn protein fiber pure yarn, corn protein fiber acrylic
yarn and corn protein fiber soybean protein fiber yarn
with different blending ratio of core protein fiber in cotton
type spinning machine.

we can see that yarn strength of corn protein acrylic fiber
blended yarn is reduced by nonlinear relation with the
increase of corn protein fiber content, which is increased
from 0 to 100%. If the strength of yarn is more important,
the blending ratio of acrylic should be increased otherwise
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the corn protein fiber content should be increased in order
to embody the excellent properties of PLA fibers.
Yarn strength of corn protein fiber soybean protein fiber
blended yarn is reduced gradually with the increase of
corn protein fiber content, when the content of corn
protein fiber at about 90%, the strength is almost the
lowest, and it is lower than that of corn protein fiber yarn.
These blending ratios should be avoided in manufacture.
When the content of the corn protein fiber is about 40%～
60%, both the strength and the serviceability of the corn
protein fiber soybean protein fiber blended yarn can be
given consideration.
3 Relation of the strength of corn protein fiber pure
yarn and twist factor
The quality of the product, yield, cost, and the handling
property were affected by the twist. With the increase of
the twist, the output decreased and the cost increased, the
friction increased among the inner structure of the fibers
and the strength of the yarn increased. When the twist
increased to one value, the strength of yarn reached the
highest point, this twist is called critical twist and the
corresponding twist factor is called critical twist factor.
Different kinds of Results indicate that the breaking
elongation of corn protein fiber pure yarn is increased and
then decreased as the increase of the twist factor and
reaches the highest value when the twist factor is 430.
CONCLUSIONS
(1) Yarn strength of corn protein acrylic fiber blended
yarn is reduced by nonlinear relation with the increase of
corn protein fiber content, which is increased from 0 to
100%.
(2) When the content of the corn protein fiber is about
40%～60%, both the strength and the serviceability of the
corn protein fiber soybean protein fiber blended yarn can
be given consideration.
(3) The critical twist factor of 18.2tex corn protein fiber
pure yarn is 405.9.
REFERENCES
[1] Shao Jingdang. The development and application of
PLA fibers [J].Wool textile science, 2005(5):29-31.
[2] Wang Zhulin, Jin Liguo. The development and
application of environmental PLA fibers [J].Knitting
industry, 2003(5):62-64.

216

Impact of Ionic Liquid on Phase Structure in Electrospun
Bicomponent Fibers
Qi Yu1, Zhiming Qiu1, Yurong Yan1, Peter P. Tsai2
Department of Polymer Science and Engineering, South China University of Technology
2
The university of Tennessee, Knoxville, USA
yryan@scut.edu.cn

1

INTRODUCTION
Electrospinning is a cost-effective and versatile technique
for producing nano- and microfibres.[1] Novel functional
potential applications could be expected for the
electrospun fibers with particular microstructure.[2] Ionic
liquids (ILs), which are salts consist of organic cations
and organic or inorganic anions[3], have been attracting
strong attention due to its remarkable properties, such as
negligible vapor pressure, high ionic conductivity, etc.[4]
In this paper, we studies the phase structure turned from
core-sheath to side by side in electrospinning
bicomponent nanofibers by means of ionic liquid.

FIGURE 1. TEM image of the electrospun PVDF/PAN nanofibers
obtained from DMF solution, PVDF:PAN=4:1(w/w), applied
electrospinning voltage is 25KV.

EXPERIMENTAL SECTION
Electrospinning solutions having 2% (w/w) PVDF/PAN
were prepared by using mixed solvent consists of N,Ndimethylformamide (DMF) and [C4mim]Cl with different
proportions. Electrospinning voltage was fixed at 25 KV,
the tip-to-collector distance was 10 cm and the feeding
rate was 0.54 ml/h. The electrospinning was carried out at
85 ℃ , relative humidity of 30 %. Phase structurales of
bicomponent fibers were characterized by using
transmission electron microscope(FEI, Tecnai 12) .

FIGURE 2. TEM images of the electrospun PVDF/PAN nanofibers
obtained from DMF/[C4mim]Cl (IL:DMF=1:5(w/w))solutions with
different ratio between PVDF and PAN, applied electrospinning voltage
is 25KV.
(A)PVDF:PAN=4:1(w/w);
(B)PVDF:PAN=1:1(w/w);
(C)PVDF:PAN=1:4(w/w).

RESULTS AND DISCUSSIN
TABLE I. Viscosity, surface tension and conductivity of as-prepared
PVDF/PAN solutions with different proportions between IL and DMF.
Solutions
PVDF:PAN=4:1(w/w)
DMF
PVDF:PAN=4:1(w/w)
IL:DMF=1:5(w/w)
PVDF:PAN=4:1(w/w)
IL:DMF=1:3(w/w)
PVDF:PAN=4:1(w/w)
IL:DMF=1:1(w/w)
PVDF:PAN=1:1(w/w)
IL:DMF=1:5(w/w)
PVDF:PAN=1:4(w/w)
IL:DMF=1:5(w/w)

Conductivity
(ms/cm)

Surface
tension
(mN/m)

Viscosity
(mPa.s)

0.016

33.58

9.5

8.43

36.45

15.5

8.75

36.22

22

6.39

40.56

80

8.25

36.28

14.5

8.33

35.32

13.5

FIGURE 3. TEM images of the electrospun PVDF/PAN nanofibers
obtained from DMF/[C4mim]Cl solutions with different ratio between IL
and DMF, PVDF:PAN=4:1(w/w), applied electrospinning voltage
is25KV.
(A) IL:DMF=1:3(w/w);
(B) IL:DMF=1:1(w/w).

FIGURE 4. TEM images of the electrospun PVDF/PAN nanofibers
(PVDF:PAN=4:1(w/w)) obtained from DMF/[C4mim]Cl solutions
(IL:DMF=1:5(w/w)) with different applied electrospinning voltage.
(A)PVDF:PAN=4:1(w/w), IL:DMF=1:5(w/w), 20 KV;
(B)PVDF:PAN=4:1(w/w), IL:DMF=1:5(w/w), 30 KV;
(C)PVDF:PAN=4:1(w/w), IL:DMF=1:5(w/w), 30 KV.

TABLE.Ⅰshow that IL has a significant impact on the
properties of the mixing solutions. The conductivity,
viscosity and surface tension of solution increased with
the addition of IL in solution.

Stained by a cationic dye, the dark regions in the TEM
images are identified as PAN and the light parts are
PVDF. From Figure 1, a core-sheath structure with the
PAN as the core and PVDF the sheath was obtained and
the PAN located away from the fiber axis. The eccentric

Phase structure of the electrospun PVDF/PAN nanofibers
obtained from DMF and DMF/[C4mim]Cl solutions are
given from Fig 1 to Fig 4.
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sheath-core bicomponent fiber was obtained in the
presence of ionic liquid [C4mim]Cl. The dark region was
broadened from 30 nm to 152 nm when the content of
PAN was increased (Fig 2.A, B and C). with the ratio of
[C4mim]Cl increased in solvent, PAN parts deviated from
the fiber axis (Fig 2.A, Fig 3.A and B) and the tendency
became significant. It was also observed that the side-byside fiber structure was obtained when the [C4mim]Cl
content reached 50%. On the other hand, process
parameters such as applied electric field also influenced
the phase structure of PVDF/PAN bicomponent fiber.
When the applied voltage was increased from 20 KV to
30 KV, very similar phase structure was observed (Fig
2.A, Fig4.A and B). It was observed that PVDF and PAN
were separated. They formed fibers individually (Fig
4.C). According to the principles of electrospinning, the
change of phase structure may attribute to the strong
“charge interaction” introduced by ionic liquid
[C4mim]Cl. Ionic liquid has high electrical conductivity.
It makes PAN with higher charge density due to the fact
that [C4mim]Cl only dissolves PAN in this system. In the
process of stretching and whipping, PAN encountered
much stronger electrostatic repulsion than PVDF resulting
in the deviation of PAN away from the fiber axis.
CONCLUSIONS
Phase structure of the PVDF/PAN nanofibers can be
changed from core-sheath structure to eccentric sheathcore structure and even to side-by-side structrure by
adjusting the concentration of [C4min]Cl as well as by the
eletrospinning voltage. Ionic liquid concentration and
applied electrical voltage play a key role in this phase
separation transition. In addition, the results indicated the
impact of ionic liquid on two phase structure of a polymer
blend.
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ABSTRACT
Added the two mixed solutions of nanometer
crystal of tourmaline with the faculty to make
negative ion and mentha extracts with the natural
antibacterial capacity into cellulose viscose
solution, make the three blends together to spin,
and get multi-functional viscose fiber. The test
result shows that the viscose fiber has the good
antibacterial performance and negative ion
releasing performance.

FIGURE 1

INTRODUCTION
As human awareness of environmental
protection and their own health, the requirement
for textiles is no longer limited to the
requirements of popular styles and good
performance,
also
requires
such
as
environmental
protection,
health
care
performance and so on. Therefore, development
and production of new functional textile fibers to
meet the more requirements to textiles in the
future become an important research direction of
the textile.

SEM image of the multi-functional viscose
fiber’s longitudinal morphology

FIGURE 2 microscope image of the multi-functional
viscose fiber’s lateral morphology (500 times magnification)

As can be seen from Figure 1 and Figure 2, the
multi-functional viscose fiber has no obvious
longitudinal grooves and has many negative air
ion power pimpling on its surface. Its jagged
cross section is not obvious and its outer edge is
smoothing. It shows that added the mentha
extracts into the spinning solution have an effect
on fiber morphology, especially adding the
negative ion powder.

MULTI-FUNCTIONALVISCOSE
FIBER
REPARATION
The negative ion powder, dispersant and water
were mixed by ratio of 1:0.05:5 , and agitated for
five minutes by the speed of 400-500 r / min in
order to make the serosity. Then the mentha
extracts and water were mixed by the ratio of 1:5,
and agitated for five minutes by the speed of
200-300 r / min. And then viscose spinning
solution, serosity and mentha extract were mixed
by ratio of 100:3:6(by volume), and agitated to
make the multi-functional cellulose solution [1-2].

The basic mechanical properties of the
multi-functional viscose fiber and ordinary
viscose fiber are showed in Table I.
Table I the basic mechanical properties of the
multi-functional viscose fiber and ordinary viscose fiber
Properties
Initial
Breaking
Elongation
Fibers
modulus
strength
E(%)
M(cN/dtex)
P(cN/dtex)
The
multifunctional
80
3.12
12.07
viscose fiber

The spinning process and post-processing
methods of the multi-functional cellulose fiber
are similar to the multi-functional cellulose fiber.
But its spinning speed is about 80% of the
ordinary viscose fiber.

The ordinary
viscose fiber

RESULTS AND DISCUSSION
The fiber basic mechanical property
The morphology of the viscose fiber: Figure 1 is
a SEM image of the multi-functional viscose
fiber’s longitudinal morphology. Figure 2 is the
microscope image of the lateral morphology.

70

2.98

12.31

As can be seen from Table I , the initial modulus
of the multi-functional viscose fiber is higher
than that of the ordinary viscose fiber. Breaking
strength and elongation have no significant
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difference between the two.

performance.

It’s revealed that mixed the mentha extracts and
the negative ion powder has no bad effect on the
basic
mechanical
properties
of
the
multi–functional viscose fiber.

CONCLUSIONS
The basic mechanical properties of the
multi-functional viscose fiber was no significant
differences compared to the ordinary viscose
fiber. The multi-functional viscose fiber has
good spinnability and usability.

Antibacterial performance of the fiber
By the references of AATCC100 ，
FZ/T01021-92 standards, the Staphylococcus
aureus antibacterial of the multi-functional
viscose fibers was tested. The results show that
the ratio of difference between the two is 64.3 %,
which is higher than 26%. It’s indicated that the
fiber has good antibacterial properties[3].

The method in this article can be used to prepare
the fiber which has anti-bacterial property and
negative ion releasing performance.
The fiber which is spun by the mixture included
mentha extracts, negative ion powder and
viscose spinning solution, has long-lasting
anti-bacterial property and good negative ion
releasing performance.

Negative ion releasing performance of the
fiber.
The negative ion releasing performance of the
multi-functional viscose fiber was tested by
ITC-201A-type negative air ion concentration
meter.
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It’s showed that the number of negative ions
reached to 3948 / cm3. However, the negative air
ion concentrations about 3500 / cm3 in the
environment of botanical gardens. Therefore the
fiber has a better negative ion releasing
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fabrics with different content of artificial antibacterial
fibers are manufactured, their antibacterial properties are
tested and analyzed in the paper.

ABSTRACT
In order to study the influence of artificial antibacterial
fibers content on the antibacterial property of fabrics,
yarns of antibacterial moisture absorption & perspiration
elimination fibers, photocatalytic moisture absorption &
perspiration elimination fibers and their blended yarns
with hemp fiber, Tencel, bamboo fiber were selected, and
five sets of samples were manufactured. The antibacterial
properties of these five fabrics were tested with
flask-shaking method and analyzed, the relationship
between the whole content of these two artificial
antibacterial fibers and the antibacterial properties of
fabrics was achieved. The experimental results indicated
that with the content of artificial antibacterial fibers
increasing, the antibacterial properties of fabrics gradually
improved. When the content of artificial antibacterial fiber
in fabrics was 60% to 70%, fabrics originally owned
antibacterial properties for escherichia coli, but could’t
resist staphylococcus aureus; when the content of artificial
antibacterial fibers and bamboo fiber in fabric respectively
were 65% and 35%, the bacteriostasis rate of the blended
fabric for E.coli and S.aureus respectively were 78.25%
and 86.65%, the fabric possessed good antibacterial
properties; when the content of artificial antibacterial
fibers was 100%, the bacteriostasis rate of fabric for E.coli
and S.aureus reached to 93.55% and 99.01%, the fabric
possessed better antibacterial property.

EXPERIMENTAL
Fabric samples
In this paper, fabrics are woven with 2/2 twill, , detailed
specifications are shown in TableⅠ .
Testing principle
The
test
of
antibacterial
effect
consults
GB/T20944.3-2008 [2]. When the bacteriostasis rate for
E.coli and S.aureus is higher than 70%, we could say that
the samples have antibacterial effect.
Method of experiment
The shake flask method has been chosen for testing. It is a
way that certain concentration bacterial solution is
inoculated into the sample, the contact between the tested
materials and the experimental bacteria has been increased
through long-playing strong oscillation, we could evaluate
the antibacterial effect by comparing the bacterial colonies
changes in samples before and after oscillation.
Experimental instruments and chemicals
PH buret, SARTORIUS precise analytical balance,
DQHT-300A oven controlled crystal oscillator, SW-CJ-2D
clean benches, SPX-150B-D constant temp incubator,
petri dish, taking bacteria ring, nephelometer, YXQ-280S
portable steam autoclave, pipetteor, SPX-150B-D
microcomputer constant temp shaker incubator.

INTRODUCTION
In the daily life, people have to be exposed to a wide
variety of bacteria and fungi inevitably. There are
numerous micro-organisms on human skin under normal
condition, these normal bacterial colonies play an
important role in keeping ecological balance and
providing a stable environment in human body. Once the
ecological balance is broken, large population of
microorganisms will intrude into human body and result
in dysbacteriosis, a small amount of bacteria will do harm
to human health through the skin, respiratory or digestive
system [1]. Textile is an important pathogen transmission
medium. In recent years, with the improvement of the
living standard, people pay more attention on the health
function of textiles. So it is very important to do some
researches on the antibacterial textiles.

Sodium hydroxide，agar，peptone，beef extract，phosphate
buffer liquid (PBS)，sodium chloride，deionized water，
ethanol. Their grade all are AR.
Experimental bacterial
Escherichia coli and staphylococcus aureus
RESULTS AND DISCUSSION
Through analyzing the datas of Table II, we can find that
the bacteriostasis rates of K1, K2, K3, K4 for E. coli are
slightly larger than 70% and own antibacterial properties;
the bacteriostasis rate of K5 reaches to 93.55% and owns
excellent antibacterial property. Compared with K2, K4
and K5 which both contains 0% natural antimicrobial

To study the influence of artificial antibacterial fibers
content on the antibacterial property of fabrics, five sets of
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fibers, the bacteriostasis rate has been gradually increased
as the content of artificial antibacterial fibers is raised.
When the artificial antibacterial fibers content is 60% to
70%, the fabric has antibacterial properties initially and
the bacteriostasis rate of fabrics increases slightly; When
the artificial antibacterial fibers content is 100%, the
bacteriostasis rate of fabrics is highest. Comparing K3 to
K5 with same antibacterial fibers content , the
bacteriostasis rate of K5 is far greater than K3, because
K5 contains 100% artificial antibacterial fibers and K3
contains only 65% artificial antibacterial fibers. So we
could conclude that only when the artificial antibacterial
fibers content of fabrics is high enough, fabrics own good
antibacterial performance.

The bacteriostasis rate for E. coli（%）
The bacteriostasis rate for S.aureus（%）

The bacteriostasis rate （% ）

100

80

60

40

K1

K2

K3

K4

K5

Sample

FIGURE 1. The bacteriostasis rates of the samples

It can be found from Table II, that the bacteriostasis rates
of K1, K2, K4 for S.aureus are lower than 70% and don’t
own antibacterial property for S.aureus. The bacteriostasis
rates of K3 and K5 for S. aureus are much larger than 70%
and own good antibacterial properties, especially the
bacteriostasis rate of K5 with 100% artificial antibacterial
fibers reaches to 99.01%.

CONCLUSIONS
(1) With the content of artificial antibacterial fibers raising,
the antibacterial performance of fabrics for escherichia
coli and staphylococcus aureus gradually has been
increased.
(2) When the content of artificial antibacterial fibers is
100%, the bacteriostasis rate of fabric for E.coli and
S.aureus respectively reach to 93.55% and 99.01%, the
fabric owns very great antibacterial property.

In order to more directly compared with the antibacterial
properties of these five fabrics for E. coli and S.aureus,
the line symbol graph of the bacteriostasis rate is shown as
Figure. 1.
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It can be observed from Figure. 1 that the antibacterial
effect of K1, K2, K4 for E. coli is better than that for S.
aureus. The antibacterial effect of K3, K5 for S.aureus is
better than that for E. coli, but on the whole, they both
own good antibacterial effect for these two types of
bacteria. The bacteriostasis rate of K5 is highest and owns
better antibacterial effect.
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TABLE Ⅰ. Specifications of fabrics
Sample

Warp ,Weft yarns

Warp density
/ pick.cm-1

Weft density
/ pick.cm-1

Fineness of warp yarns
/ tex

K1

50 antibacterial fibers /20 hemp fibers /30 Tencel

67

40

14.76

Fineness of warp yarns
/ tex
14.76

K2

60 antibacterial fibers /40 Tencel

69

39

14.76

14.76

K3

65 photocatalytic fibers /35 bamboo fiber

69

39

18.45

18.45

K4

50 antibacterial fibers /20 photocatalytic fibers
/30 Tencel

67

40

14.76

14.76

K5

100% antibacterial fibers

68

40

14.76

14.76

TABLE II. Results of the samples for E.coli and S. aureus
Artificial
Natural
Sample
antibacterial
antibacterial
fibers / %
fibers / %
Blank
0
0
150
control
K1
50
20
26

Average
bacteriostasis rate
/%

E.coli
/ number

Average
bacteriostasis rate
/%

S.aureus
/ number

149

151

0

144

138

176

0

49

41

74.21

72

58

88

52.66

K2

60

0

28

88

13

71.22

56

40

56

66.77

K3

65

35

57

10

31

78.25

23

17

26

86.65

K4

70

0

37

54

33

71.41

54

25

61

69.91

K5

100

0

8

10

11

93.55

1

0

4

99.01
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STATEMENT OF PURPOSE

kinds of samples, including fiber, filament, film,

Nomex of high performance fiber is widely used,

biomedical materials and so on. About the

and the fatigue properties are important and

bending tester, the parameter of the bending

non-ignorable for their actual application. In this

angle and pretension can be set[7-9].

paper, the fatigue of Nomex fibers were
THE FATIGUE OF NOMEX FIBER AT

therefore tested by self-made tester.

ROOM TEMPERATURE
INTRODUCTION

Firstly, the fibers were tested under bending

During the process and application, the fatigue

angle of 45°, 60 °. At room temperature, the

properties of fiber are closely linked with their

logarithm of bending fatigue life of Nomex fiber

lifetime. Although high-performance fibers show

was shown in Fig.2

higher tensile strength, their shearing force need
to be investigated[1-4].Therefore, the bending

15

fatigue of Nomex fiber was herein analyzed.

15mN

10

Although there are some reports about the
bending fatigue tester[5], the fixed point bending

20mN
25mN

5

fatigue was set by ourselves.

30mN
0
40°

APPROACH
We invented a bending fatigue tester, where the

60°

Fig.2 the logarithm of bending fatigue life of Nomex fiber

In the same bending angle, the greater the

most important part was as shown in Fig.1.

pre-tension increased, the more fatigue cycles
decreased. At the same pre-tension, the greater
the bending angle, the less fatigue cycles
THE FATIGUE OF NOMEX FIBER
UNDER HIGHT TEMPERATURE
Nomex fibers were treated under 300°C for
different time, the logarithm of bending fatigue
life of Nomex fiber under high temperature are

Figure 1 the bending part of the tester[6]

The samples are clamped between the upper

shown as in Fig.3

clamp 1 and the lower clamp 2, adjusting the
knobs(3,4) to straighten the samples. The
thickness of samples are selectable from 10 to
100m, and the length of the sample can be
ranged 5~50mm, so the tester can measure some
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fibril and rougher surface appeared. With the
12

heat treatment time increased, Nomex fiber

10
8

15mN

6

20mN

4

25mN

CONCLUSIONS

30mN

2
0

showed severe deformation and fracture.

5min

25min

125min

The experiments results showed that: ① the

625min

fatigue cycle decreased in the same bending

Fig.3 the logarithm of bending fatigue life of Nomex fiber

angle when the pre-tension increased, and the
It was found the longer treatment at high

fatigue cycle decreased in the same pre-tension

temperature, the worse fatigue resistance of the

when the bending angle increased. ② Nomex

fiber. At the same temperature and time

fiber has no obvious skin-core structure. Under

treatment, the greater the pre-tension increased,

high temperature, a certain fibrillation can be

the less their fatigue lifetime.

observed. With the heat treatment time increased,
under the action of the bending, Nomex fiber

Compared with Fig.2 and Fig.3, there was not

showed degradation tendency.

obvious difference of the fatigue lifetime, and it

FUTURE WORK

implied Nomex fiber still not change much

In the future work, many conditions should be

o

under high temperature of 300 C.

considered, such as in-situ temperature, humidity,
light and so on.

THE

RUPTURE

MORPHOLOGY

OF

REFERENCES

NOMEX FIBER

[1]Hearle J.W,S., Wong B.S .Flexural fatigue and surface

Under the above conditions, their fatigue rupture

abrasion of Kevlar-29 and other high-modulus fibres,

morphology was shown respectively in Fig.4.

Journal of Materials Science.1977,12(12):2447-2455.
[2]Minoshima K, Maekawa Y, Komai K.The influence of
vacuum on fracture and fatigue behavior in a single aramid
fiber.International Journal of Fatigue. 2000， 22 （9 ）：
757-765.
[3] Seo M.Wu H.C.Chen J.Toomey C.S,Backer S. Wear and

(a) at room temperature

fatigue

(b) 300℃，5mins

of

Nylon

and

Polyester

mooring

lines.

1997,67(7):467-480.
[4]Jariwala B.C., Ph.D. The method of fiber fatigue resistane
test in India textilei industry, University of Manchester,
dissertation 1974.
(c) 300℃,25mins

[5] Komai K, Minoshima K, Inoue S, Fujii H. Trans Japan

(d) 300℃，125mins

Soc Mech Engg 1996:978–84.
[6].Yu Weidong Liu Xiaoyan. A flexible material used for
bending

fatigue

performance

measure

device:China,CNl587967A[P]. 2005-03-02.
(e)

[7]Connally J.A, Brown S.B. Experimental Mechanics

300℃, 625mins

Fig.4 The bending fatigue rupture morphology of Nomex

1993:81–90.

under different conditions

[8]Gu Bohong, Jiang Suxian, Yao Mu Textile fibers repeated
bending fatigue properties 2001:221-224

Under normal temperature, the Nomex fibers

[9]Hearle J.W.S. and Konopasek L.Statistics of fatigue

o

showed smooth surface. Under 300 C, more

failure.1977

224

Photocatalytic Degradation Properties of Silica Doped Titania
Nanofibers
Weifeng Ou1, Jingyi Zhao1, Yurong Yan1
1College

of Material Science and Engineering, South China University of Technology, Guangzhou, China
yryan@scut.edu.cn

INTRODUCTION
Titania has become research hot spot in recent years
because of its chemical stability under UV-vis radiation,
biocompatible, free of secondary pollution and efficient in
degrading of organic pollutants. However, conventional
suspended nano-powder system is prone to agglomerating
and hard to recycle, which greatly limits its application in
practical waste water treatment. Therefore, titania
photocatalyst immobilization becomes the main trend in
the future. In this paper, sol-gel method combined with
electrospinning were applied to prepare titania selfsupported fiber mat, which acted as photocatalytic active
component and supporting material as well. The selfsupported photocatalyst has a good application prospect
for its efficiency and facility.
Tra-n-butyl titanate and anhydrous acetic acid were used
as the starting materials for the syntheses of Titania
precursor in one-step sol-gel process. During the situ
esterification, water molecules were generated and then
titania precursor was hydrolyzed in a gentle,
homogeneous way, titanium-oxo linear molecules formed
and a spinnable sol for electrospinning was obtained.
Tetraethyl orthosilicate used as a dopant was added to the
sol and spinning sols with various silica contents were
prepared. Photocatalytic efficiency of samples with
different calcinating temperatures and silica doping
amounts were studied.
Calcined temperature and the silica dopant amounts can
affect crystal phase transformation and grain growth of
TiO2[1-2], then further influence nanofibers’ photocatalytic
activities. TiO2 has the highest activities when its
crystallite dimension is appropriate 10nm,what’s more
anatase has much higher activities than rutile[3]. Figure 1
shows the photo-catalytic degradation of TiO2 nanofiber
samples with different silica dopant amounts calcinated at
600℃; and the samples in Figure 2 were calcinated under
700℃.

FIGURE 1. The photocatalytic degradation properties of silica-doped
samples which calcinated at 600℃ . (The concentration of MB is 5mg/L
Sx-y ,x is silica dosage ,y is calcinating temperature)
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When the calcinating temperature was set 600℃, samples
with 5% and 10% silica dosage showed higher
photocatalytic activities. Because appropriate silica
doping restrained the growth of titania grain and the
transformation from anatase to rutile. Crystallite
dimension of S5-600 and S10-600 were 12.6nm and
10.6nm separately, the later was in quantum size
range[4],so the later had better photocatalytic degradation
properties. Among 700℃ samples, S5-700 and S15-700
had higher activities, while 10% silica sample had almost
the same activity as undoped samples. Generally, among
the 600℃ and 700℃, 5% silica doping samples show the
best photocatalytic degradation activities.
EXPERIMENTAL SECTION
Tetra-n-butyl titanate (TBT, 98%, CP) was purchased
from Shanghai RichJoint Chemical Reagents CO., Ltd.
Acetic acid glacial (AP) was supplied by Guangdong
Guanghua
Chemical
Factory
CO.,
Ltd.
Tetraethoxysilane(TEOS,CP) was purchased from Tianjin
Chemical Factory CO.,Ltd. Methylene blue was
purchased from Guangzhou Chemical Factory CO.,Ltd.
All were used without further purification. A horizontal
electrospinning apparatus was utilized with a home-made
syringe pump, DC power source from Tianjin Dongwen
High Voltage Power Supply Plant, 2ml glass syringes,
blunt-tip stainless steel needles with inner diameter of
0.47mm. The tip-to-collector distance (TCD) was 15cm,
the applied voltage was 9kV and the feeding rates ranged
from 2.16ml/h to 5.4 ml/h. After electrospinning,
nanofiber mats were calcined in a type electric muffle at a

Blank
S0-600
S5-600
S10-600
S15-600
S20-600
0

0

FIGURE 2. The photocatalytic degradation properties of silica-doped
samples which calcinated at 700℃ . (The concentration of MB is 5mg/L
;Sx-y ,x is silica dosage ,y is calcinating temprature)
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certain temperature program.Methylene blue was chosen as
the target of photocatalysis measurment, the concentration
of methylene blue was 5.0g/L, and the volume was 200ml.
The apparatus for photocatalytic degradation was homemaded (Fig 3). The wave of UV light used in the
experiment was 365nm. The samples for photocatalytic
degradation were rounded mats which diameters were
65mm. During photocatalysis process, the concentration of
methylene blue was tested by spectrophotometer，with the
test wave 664nm which is the largest absorption wave of
methylene blue; the temperature used in photocatalytic
degradation was 60℃; the absorbency was tested by
spectrophotometer every 30min, before every test the
solution was centrifuged at the rate of 6000r/min for 5min,
then took the upper clear solution for test.

FIGURE 3. A setup for photocatalytic degradation test.

REFERENCES

[1] Bao N, et al. Si-doped mesoporous TiO2 continuous fibers: Preparation
by centrifugal spinning and photocatalytic properties [J]. Journal of
Hazardous Materials, 174, 1-3, 2010, 129-136.
[2] Periyat P, et al. High temperature stable mesoporous anatase TiO2
photocatalyst achieved by silica addition [J]. Applied Catalysis a-General,
349, 1-2, 2008, 13-19.
[3] Jung KY, Park SB. Anatase-phase titania: preparation by embedding
silica and photocatalytic activity for the decomposition of trichloroethylene
[J]. Journal of Photochemistry and Photobiology a-Chemistry, 127, 1-3,
1999, 117-122.
[4] Zhang ZB, Wang CC, Zakaria R, et al. Role of particle size in
nanocrystalline TiO2-based photocatalysts [J]. Journal of Physical
Chemistry B, 102, 52, 1998, 10871-10878.

226

Study on The Hydrophilic Properties of PP/CHA
Melt-blown Nonwoven Fabrics
Ling-Ling Fan, Xiang-Yu Jin*
Engineering Research Center of Technical Textiles, Ministry of Education,
Donghua University, Shanghai, P. R. China.
Speaker: lingling120@mail.dhu.edu.cn
ABSTRACT

3 RESULTS AND DISCUSSION

This research has studied on the hydrophilic

3.1 Static Water Contact Angle
Figure 1 indicates that unmodified PP
nonwoven(a) is hydrophobic, PP nonwoven
containing 5.5%THA(b) has little hydrophilic
property, While PP nonwoven fabric containing
5.5%CHA(c) exhibits excellent hydrophilic
property. Furthermore, the water contact angles
were measured and the results were as follows:
the static water contact angle value of pristine
polypropylene nonwoven fabrics is 136.4°, the
contact angle value of PP nonwoven fabrics
containing 5.5% THA is 129.2°, while the
contact angle value of PP nonwoven fabrics
containing 5.5% CHA is 38.3°, which indicating
that the PP nonwoven fabrics containing CHA
have much better hydrophilic property. For THA,
because the C-O has weak dissociation in water,
it can only contribute limitative hydrophilic
effect to PP melt-blown fabrics. However, for
CHA, due to its special structure, the hydrophilic
groups can transfer to the surface and meantime,
the hydrophobic groups can stop molecule losing
from the surface, therefore it can provide PP
melt-blown nonwoven fabrics with durable
hydrophilic properties[5].

property of PP/CHA nonwoven fabrics. The
hydrophilic property of PP/CHA melt-blown
nonwoven fabrics is measured by testing the
static water contact angle, the liquid wicking rate
and the multiple liquid strikethrough time. The
results show that hydrophilic properties are
obtained by using the commercial hydrophilic
additive (CHA).
1 INTRODUCTION
To improve the hydrophilicity of PP nonwoven
fabrics, various techniques have been employed
to modify the surface of polypropylene materials.
Such as initiators[1], ultra-violet light[2], plasma[3],
and ionizing radiation[4], have been used to
create hydroxyl and carboxylic acid groups on
PP nonwovens. In this article, we investigate the
hydrophilic properties of the PP melt-blown
nonwoven fabrics modified by CHA.
2 EXPERIMENTS
2.1 Peparation of nonwoven fabrics
The experiments were carried out using the
melt-blowing nonwoven equipment at Donghua
University. Polypropylene was extruded through
the extruder with CHA and THA respectively.
2.2 Measurement and characterization
Water contact angles were measured using a
contact angle meter (OCA15EC). Moreover, the
liquid

wicking

rate

and

multiple

liquid

strikethrough time were investigated according
to ISO 9073-6 Textiles Testing standard.
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4 Conclusion
PP melt-blown nonwoven fabrics containing
hydrophilic additives were prepared and their
hydrophilicity was investigated. The THA didn’t
give necessary hydrophilic properties to PP
melt-blown nonwoven fabrics, while CHA was
effective in rendering PP melt-blown nonwoven
fabric surfaces hydrophilic. CHA is a novel
hydrophilic internal additive for PP nonwovens
and allows PP melt-blown nonwovens to absorb
liquid quickly. PP/CHA melt-blown nonwoven
fabric represents a breakthrough for wipes and
similar applications since it continues to be
highly absorbent after repeated use. What's more,
short strikethrough time, even after dozens of
insults, is an innovative feature for hygiene
products. Due to its special advantages, PP/CHA
melt-blown nonwoven fabric will be used more
and more widely in many applications.

Figure 1 Contact angle of samples: pristine sample (a), the
modified sample with 5.5% THA (b) and 5.5% CHA(c)

3. 2 Liquid wicking rate (capillarity)
The liquid conveying property of melt-blown
nonwoven fabric is mainly in connection with
the liquid infiltration into the fibres, also the
structures and surface characteristics of the
fibres and nonwovens.
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Figure 2 Liquid wicking rate of samples

From Figure 2, we can see PP nonwoven
containing CHA has the highest liquid wicking
rate due to its hydrophilic groups transferred to
the surface and form a hydrophilic film, which
are beneficial to the liquid transferring[6].
3.3 Multiple liquid strikethrough time
It can be seen from Figure 3 that PP/CHA
melt-blown nonwoven samples repeatedly
subjected to saline solution for multiple
strike-through time measurements show values
below 3s. The nonwoven fabric treated by THA
lost its wettability after 3 insults, while
nonwovens containing 4.5% and 5.5% CHA
remain hydrophilic even after 12 insults. We can
conclude that CHA has provided durable
hydrophilic surface effect with PP melt-blown
nonwoven fabrics[7].

Figure 3 Multiple liquid strikethrough time of samples
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Optimum condition of SMPU electrospun nanoweb were
feed rate of 0.5ml/hr, tip to collector distance of 16.5cm,
voltage of 14kV and fiber diameters of 0.177-0.926㎛.

INTRODUCTION
The purpose of this study is to investigate the properties
of shape memory and breathable waterproof properties of
polyurethane nanoweb at various thicknesses, and to find
the optimal condition. Thickness of nanoweb was
controlled as 20, 40, 60㎛ so as to have various mean
pore diameters. Then shape memory effects, pore
characteristic, air permeability, water vapor permeability
and water resistance of nanoweb were measured.
EXPERIMENTAL
Materials Commercial shape memory polyurethane
(Diaplex MM 3520: Tg 35℃) was purchased, using 1:1
mixture of N,N-dimethylformamide and tetrahydrofuran
as a solvent.
Preoparation of the specimens To manufacture the webs,
a polyurethane solution of 4-15 wt% was electrospun at
25± 5℃, 50 ± 10 RH%, adjusting the voltage at 8~20 kV,
a feed rate of 0.5~2.5 mL/h, and with a tip-to-collector
distance of 8.5~16.5 cm. Optimum condition of nanoweb
was determined, then nanoweb was manufactured at
various thicknesses.(20,40,60㎛)
Experimental Shape memory effects, pore characteristic,
air permeability, water vapor permeability, water
resistance of nanoweb was measured at various
thicknesses. Fiber diameter and uniformity were
measured using FE-SEM(S-4800, HITACHI Japan,
JSM-6700F, JEOL, Japan) Strain-Stress curve was
determined with an universal testing machine(WL2100,
Withlab Co. Ltd., Korea). To evaluate the shape memory
behavior, shape retention and shape recovery were
measured by controlling the ambient temperature range at
Ttrans ± 20℃. Pore size and distribution were measured
using a Capillary Flow Porometer(CFP-1500AEL, PMI,
USA) The air permeability was measured according to
ASTM D 737. The water vapor transmission(WVT) was
measured according to the testing method using calcium
chloride per ASTM E 96. The resistance to water
penetration was determined by the ISO 9073-16. An
automatic hydrostatic head pressure tester(FX3300,
Testest, Swiss) was used for this test.

FIGURE 1.FE-SEM image of shape memory polyurethane nanoweb.

FIGURE 2. Breaking stress-strain curves of SMPU electrospun web at
various thickness.

Breaking stress and strain were found to increase with the
increase of nanoweb thicknesses.
It was found to have very high values of shape
recovery(over 99%) and shape retention(over 94%)
regardless of the thickness. However increase in the
thickness of the nanoweb enhanced the shape retention
without remarkable decrease in the shape recovery.

RESULTS AND DISCUSSION
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were differences in water vapor permeabilities between
non stretched and stretched nanoweb under the condition
of 10℃ 90% RH and 15℃ 90% RH because of low
temperature which is below Ttrans and high saturated
vapor pressure.

TABLE I. Shape retentions and shape recoveries of SMPU electrospun
web at various thicknesses.

Shape
retention
Shape
recovery

20 ㎛
95.27

40 ㎛
96.02

60 ㎛
97.01

99.94

99.86

99.60

TABLE III. Water vapor transmission of specimens at various
temperatures.

Temperature
Thickness

Mean pore diameter decreased from 473nm to 272nm
with the increase in the thickness of the nanoweb. When
thickness of nanoweb decreased, pore diameter difference
between non stretched nanoweb and that with shape
memory by stretching increased.

20㎛

40㎛

TABLE II. Mean pore diameter of SMPU electrospun nanoweb at
various thickness.
Non stretched

50%

Recovery

nanoweb

stretched

nanoweb

60㎛

nanoweb
20

473

1087

590

40

414

681

427

60

272

538

380

Non
stretch
50%
stretch
Non
stretch
50%
stretch
Non
stretch
50%
stretch

5℃

10℃

15℃

20℃

30℃

40℃

459

816

894

1361

2227

4230

519

876

1000

1318

2432

4305

618

727

874

1329

2165

4232

454

816

942

1300

2334

3894

494

674

848

1179

2096

4050

507

750

887

1261

2248

4031

CONCLUSION
Increase in the thickness of the nanoweb enhanced the
shape retention without remarkable decrease in the shape
recovery. When thickness increased, water penetration,
air permeability decreased. However all of the nanoweb
specimens in this study satisfied the standards of the
practical waterproof performance.

.
FIGURE 3. Pore distribution of SMPU electrospun nanowebs at various
thickness.

It can be concluded that 40㎛ nanoweb showed best
performance, maintaining the high shape memory effect
and, largest difference in watervapor permeabilities
between non stretched and stretched nanoweb under the
condition of 15℃ 90% RH .
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Air and water vapor permeabilities decreased with the
increase in the thickness of the nanoweb.
Air permeability of the nanoweb with shape memory
was higher than that of non stretched nanoweb. There
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OBJECTIVE
This study reports the appropriate attachment method of
SMA spring selected through the laundry durability test
for the mass production of smart fire fighters’ turnout
gear. It showed that whether the attachment method affect
the durability, shape memory effect and physical
properties of the spring after the repeated laundering.

7.0mm

29.0mm

Original
length (mm)

Latent
length (mm)

Mass
(g)

Nitinol

Ni 50.8
Ti 49.2

7.0

29.0

2.6

TABLE II. Attachment methods of SMA spring onto fabric
Side
Hand sewing

Loop insertion

Fabric

Fabric

Fabric

Above

Fabric
Fabric

Fabric

Direct silicone

EXPERIMENTAL
SMA spring
SMA spring was flat in length of 7.0mm at room
temperature, but started to response at 33°C and inflated
to 29.0mm when exposed to temperature over 40°C as
shown in Figure 1. Physical characteristics of the SMA
spring are described in Table I.
Above 40°C

Composition
(%)

Attachment methods of SMA spring
Table II shows the different four attachment methods of
SMA spring. The SMA springs were attached to the fabric
by hand sewing, which was used in our previous study [5].
SMAs were applied by loop insertion method that a
spring was incorporated by turning at the head. A silicone
was employed directly and indirectly to attach the SMA
spring onto the fabric.

INTRODUCTION
The protective clothing for fire fighters should be thick
enough to provide protection from the thermal hazards.
Therefore, one-way SMA embedded turnout gear [1-3] and
Airlock® system of GORE-TEX® [4] were developed to
solve the problem of the thickness and weight of the
garment. However, one-way SMA system needs the
external stress to return to its original shape of the
contraction. Airlock® system, also, is impossible to
provide the dynamic protection according to the
environmental change because the system has the limited
protection of predetermined 0.5cm, which is the thickness
of the silicone foam. Thus, Lee [5] supposed the intelligent
thermal protective turnout gear for fire fighters that senses
and reacts to the environmental conditions by
incorporating TWSMA to the clothing system. The novel
system was demonstrated to offer the protection to the
wearer against thermal impact and give the enhanced
mobility under normal working conditions by controlling
the expansion and contraction of the SMA spring.

Below 33°C

Alloy

Nonwoven

Nonwoven

Indirect silicone

Laundry durability test
The laundry durability test was processed whether the
adhesive properties and two-way shape memory effect of
the SMA spring were maintained after the repeated
laundering 1, 10, 20, and 50 cycles. The hysteresis and
anti-corrosion (Neutral acid salt spray test, KS D 9502,
2009) of the SMA spring after laundering were evaluated,
respectively.

FIGURE 1. Two-way shape memory effect of SMA spring.

RESULTS AND DISCUSSION
Adhesive properties of SMA spring
As shown in Figure 2 (a) and (b), the SMA spring and
SMA attached fabric were completely separated after 50
cycles laundering in case of the hand sewing and loop

TABLE I. Characteristics of SMA spring
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after 10 cycles of laundering

insertion method. However, the indirect silicone method
showed that the felt where the spring was applied was
separated from the fabric (Figure 2 (d)). It was analyzed
that the direct silicone method was the optimum
attachment one because the SMA spring was substantially
stayed on the fabric after the 50 cycles (Figure 2 (c)).

after 50 cycles of laundering

FIGURE 3. Hysteresis of SMA spring accordong to the laundering
cycles.

Anti-corrosion properties of SMA spring
Figure 4 shows the results of the anti-corrosion properties
of the SMA spring, which was processed by the salt spray
test. The anti-corrosion range of the spring was not
observed between the specimens with and without
laundering, i.e. anti-corrosion of SMA was rot generated.

(a) Hand sewing method specimen

(b) Loop insertion method specimen

(a) Before laundering

(b) 10 cycles of
laundering

(c) 50 cycles of
laundering

FIGURE 4. Anti-corrosion of SMA spring accordong to the laundering
cycles.
(c) Direct silicone method specimen

CONCLUSIONS
From the results, the direct silicone method was shown to
be most appropriate in terms of the adhesion of spring on
the fabric. Also, it was proved that the physical properties
of the SMA spring were not affected by the laundering
cycles.

(d) Indirect silicone method specimen
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FIGURE 2. SMA attached specimens after 50 cycles of laundering.

Repeatability of SMA spring
The expansion upon high temperature and the contraction
upon room temperature of SMA spring were repeated
1,000 times at the same speed regardless of the laundering
cycle. It was validated that the shape memory effect of the
SMA spring was retained after the repeated laundering.
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Hysteresis of SMA spring
The hysteresis of the SMA spring was not affected by the
laundering cycles (Figure 3).
without laundering

after 1 cycle of laundering
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Experiments
KES-G1 strength tester was used to investigate the WSF
compressibility.

STATEMENT OF OBJECTIVE
The warp-knitted space fabric (WSF) is a new flexible
three-dimensional fabric. The relationship between the
compression rate, the compression work elasticity rate,
the stress relaxation rate and the structure of WFS, which
is made of polyester, is respectively reported in this paper.

Compressibility under constant load
According to GB/T24442.2-2009 (Textiles-Determination
of compression property-Part 2: Constant velocity) [6].
The curve of the pressure and the fabric thickness was
recorded and the compression rate, the compression work,
the recovery work and the compression work elasticity
rate were calculated by the Eq. (1)~(4).


(1)
C  max min  100%
 max

INTRODUCTION
The WSF is a kind of flexible three-dimensional fabric. It
is composed of two surface layers and the middle layer
[1]. Two surface layers are connected directly using
monofilament in the middle layer. They have excellent
compression recovery and climatic control ability and are
widely used in mattes, cushion, shoes vamp, insole, et al
[2]. G.M. Jiang et al [3] compared the compression
resistance and the recovery of the WSF and sponge. J.
Qian et al. [4] studied the cushioning properties of the
warp-knitted spacer fabric. N.L. Chen et al. [5] also
compared the compressibility curves of the WSF and
sponge cushion. In this paper, the compressibility of 12
kinds of WSF made of polyester was tested and the
relationship between the compressibility and structure
was analyzed.

h

W

0 P1dx

Wt 

h P2dx

(3)

Wt
 100%
W

(4)

R

0

(2)

where  max and  min is the fabric thickness under the light
load and the heavy load; C is the compression rate;

P1

and P2 is the relationship between the force and the

SAMPLES AND EXPERIMENTS
Fabric Samples
The fabric samples are shown in table Ⅰ. The structure
parameters of the WSF includs the linear density of yarn
in the surface layer ( x1 ) and space yarn in the middle
layer ( x2 ), the density of wales ( x3 )and courses ( x4 ),
fabric thickness ( x5 ) and fabric weave ( x6 ).

displacement in compression and its recovery; h is the
maximal displacement; W is the compression work; Wt

is the compression recovery work; R is the compression
work elasticity rate.
The experimental conditions were kept at 200 mm2 of the
test area, 1 mm/min of the velocity, 1kpa of the light load
and 50 kpa of heavy load.

TABLE Ⅰ. Structure parameters of fabric samples
Linear density of yarn
Density
Thick
No.
surface
middle
wales courses (mm)
(tex)
(mm)
(cpi)
(wpi)
1
33.3(72)
0.16
10
5
20
2
33.3(72)
0.16
10
5
15
2
33.3(72)
0.16
10
5
13
4
33.3(72)
0.16
10
5
11
5
33.3(72)
0.13
10
5
14
6
33.3(96)
0.16
10
5
6
7
33.3(96)
0.13
10
5
6
8
11(36)
0.06
18
12
4
9
11(36)
0.07
20
10
4
10
11(36)
0.07
18
10
3
11 16.6(96)
0.1
10
8
6
12 33.3(72)
0.2
10
3
10.5

Compressibility in fatigue test
The experimental conditions, which include 200 mm2 of
the test area, 1 mm/min of the velocity, 1kpa of the light
load, are the same. The compression force was recorded
when it caused the 30% of the test fabric deformation.
The second compression force was also recorded in 180 s.
The stress relaxation rate was calculated by the Eq. (5)
100 ( Pi  Pt )
(5)
Rp 
Pi
where R p is the stress relaxation rate; Pi is the initial
compression force in the 30% of the test fabric
deformation and Pt is the relaxation compression force in
180 s under the 30% of the test fabric deformation.
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RESULTS AND DISCUSSION
The test data of the compression rate, the compression
work elasticity rate and the stress relaxation rate of the
WSFs were listed in table Ⅱ.
TABLEⅡ. The test data of the WSFs
R p (%)
No.
C (%)
R (%)

TABLE Ⅳ. Variance analysis of the relationship between
the compressibility and the structure of the WSFs
Eq. Item SS
DF MS
F
Sig.
Reg. 1972.872 2 986.436
(6) RE
936.924
9 104.103 9.476 0.006
Total 2909.797 11
Reg.
374.868
3 124.956
(7) RE
357.722
8
44.715 2.794 0.109
Total 732.590 11
Reg.
18.142
1
18.142
(8) RE
35.472
10
3.547
5.114 0.047
Total
53.613
11
Note: Reg. is the regression; RE is the residual error; SS
is the sum of squares; DF is the number of degrees of
freedom; MS is the mean square; Sig. is the significance.

1
71.2
58.57
4.92
2
68.13
58.88
5.49
3
68.55
51.6
5.25
4
68.27
42.07
7.3
5
76.79
48.48
4.59
6
22.67
62.94
8.11
7
45.69
62.3
9.98
8
55.56
66.97
9.42
9
63.95
56.08
4.35
10
42.86
42
9.8
11
64.35
54.39
7.22
12
69.05
47.3
9.75
The statistic package for social science (SPSS) [8] was
employed for the multiple linear regression analysis and
the relationship between the compressibility and the
structure of the WSF was obtained. The statistic's T-test
with   0.1 of significance level was used to verify the
validity of the structure effect on the compressibility. The
results were shown in Table Ⅲ.
TABLE Ⅲ. The results of the regression analysis
Coeff. without
Coeff.
Sig.
C. St. Standard
with
t
Stand.
Coeff.
SE
C
64.068
9.379
6.831
0.000
3.395
0.782
1.118
4.339
0.002
x5
-0.825 -3.201 0.011
x2 -297.210 92.849
-109.154 58.529
-1.865 0.099
R
3.628
3.562 2.883
0.020
x3 10.458
3.098
1.126
3.946
2.750
0.025
x1
3.206
0.938 2.000
0.081
x6 6.412
9.430
1.133
8.323
0.000
Rp
0.106
-0.582 -2.262 0.047
x5 -0.240

CONCLUSIONS
The polyester WSFs shows an excellent compressibility.
In the paper, the compressibility of the WSF in constant
load and fatigue was carried out on the KES-G1 strength
tester. The SPSS was used for the multiple linear
regression analysis for the relationship between the
compressibility and the structure of the WSF. The results
showed that the WSF thickness was more significant in
the linear relationship between the compression rate and
the fabric structure; there are the most significant factors
such as wale, linear density of surface yarn and fabric
weave in the linear relationship between the compression
work elasticity rate and the structure of the WSF; A factor
of fabric thickness has effect on the stress relaxation rate.
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Note: C. in the first column indicates the compressibility
of the WSF; St. in the second column indicates the
structure of the WSF; SE is the standard error.
The Eq. (6)~(8) concluded from table 3 can be used to
describe the relationship between the compression rate,
the compression work elasticity rate and the stress
relaxation rate and the structure of WSFs respectively.
(6)
y(C )  64.068  297.210x 2  3.395x5
y( R)  109.154  3.098x1  10.458x3  6.412x6 (7)
(8)
y( R p )  9.43  0.24x5
Table Ⅳ showed the statistical reliability of the Eq.
(6)~(8). The statistic's F-test with   0.1 of the
significance level was adopted.
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fabrics with surface modification in various bending
conditions.
APPROACH
The POF used in this research was a 250 μm diameter
multimode step-index fibre (ESKATM, CK10) supplied by
Mitsubishi Rayon Co., Ltd. Details of POF parameters are
shown in data sheet.
Four kinds of sample were prepared, which have zero,
one, two or three patterns respectively. The space between
two notches is 1 mm. The POF fabrics were fabricated by
the automatic sample loom. Series of cylindrical mandrels
were used to simulate different bending radius, with the
radius ranging from 2 to 16 mm. The bare POFs were
wound half turns onto cylindrical mandrels of different
radius and the surface pattern was always kept on the
outer curvature. A 650 nm light source was connected at
one end of a POF using the fiber coupler, where the other
end was plugged into a power meter (Fiber Optic Power
Meter (FPM-800)) using optical coupler. The output
power was recorded when the POF with notch was bent as
various bending radiuses. At same time, an optical meter
(Optometer P9710, Gigahertz-Optik, Germany) was used
to record the power density of the side-emitting light at
the site of notch. The results were averaged for eight POF
samples. The detail experimental setup is shown in Figure
1.

ABSTRACT
The surface of polymer optical fibers (POFs) was treated
by CO2 laser. The side-emitting behavior of POF with
surface modification pattern under various bending radius
were investigated while simulating the deformation of
POF in real woven fabrics. The power of side-emitting
light increased a little while the bending radius increased.
The side-emitting light of the POF with this kind of
surface modification pattern mainly comes from the rough
surface. A little of increase of the side-emitting light is the
result of the increase of the macro-bending and microbending loss. The intensity of side-emitting light under
different bending condition was also measured in
luminous woven POF fabrics. The power density on the
luminous fabric almost kept constant.
INTRODUCTION
Recently, POF fabrics integrating POFs into textile
structures have attracted increasing attention because of
their many advantages that allow various applications in
displays, communication devices [1], or as sensing in a
broad field of applications, such as medicals, healthcare,
architecture, fashion design, security and military devices,
data communication, or automotive engineering
[2].Comparing with single fiber solutions, the integration
of more than one fiber into large area array allows further
advantages, for example, large area illumination and the
detection of localization of single point in the fiber grid.
All of these require that POFs in textile have light
emission laterally on defined places on the textile surface,
not only on the end of fiber [3].
It is well known that structural irregularity or
imperfection at the core-cladding interface or in the core
could change the propagation of light and allow light
leakage. To provoke light emission on the surface of POF
fabrics, some mechanical or chemical methods can be
used to make such imperfection on the surface of POFs
[4-5]. Regular pattern can be quickly and easily formed
on the surface of POFs or POF fabrics by infrared laser.
The light also can leak out of POF when bending the POF
with a small curvature radius, because bending the POF
modifies its guiding properties and makes the light refract
out of the POF [6]. It is significant for POF fabric to keep
uniform and effective light emission on the surface in
some applications. However, crimping or bending is
unavoidable because of the flexible structure of POF
fabrics. It is necessary to study the light emission of POF

FIGURE. 1. The experimental set-up for the measurement of
transmission light and side-emitting ligh

RESULTS AND DISCUSSION
Figure 2 shows the relationship of the proportion of sideemitting light in total light and bending radius. The sideemitting light accounts for a little part in total light. The
percentage of side-emitting light is just about 2.0% for the
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POF with three patterns when the bending radius is 16
mm. Along with the decrease of the bending-radius, the
side-emitting light power density increased very slowly.
The increase of side-emitting light is quite small as the
decrease of the bending radius. Especially, the sideemitting light power nearly keeps constant for the POF
with one pattern. There is some visible enhancement for
the side-emitting light of POF with more than one pattern
as the increase of bending extent. The side-emitting light
power also increased with the number of the notch. For
the same pattern POF, the increase of side-emitting light
is far less than the decrease of transmission light as
bending radius decreasing.
FIGURE 3. The power density of side-emitting light on the surface of
POF fabric as the function of bending radius. The insets are the photos
of luminous POF fabric at corresponding bending conditions.

CONCLUSIONS
In this present paper, surface patterns were made on the
POFs and POF fabrics by infrared CO2 laser for side
emitting of light. The side-emitting behaviors of POFs
under various bending conditions were discussed. The
side-emitting behavior of woven POF fabrics was also
studied and the uniform side-emitting POF fabrics were
received.
FUTURE WORK
The reasons of uniform side-emitting light on the surface
of POF fabric will be studied at different bending
conditions. The theoretical model of the relationship
between side-emitting light and bending radius will be
built up.

FIGURE. 2. The ratio of side-emitting light power to total power as the
function of bending radius for POF with different surface pattern. P emit,
side-emitting power received when the POF was bent to different
curvature; P, output power received when the POF without surface
pattern is straight

It illuminates that the bent condition hardly affect the
side-emitting light of POF with this kind of surface
pattern. The reason may be that the side-emitting light is
just a small part of total incident light. The reduction of
output light resulted from bending is the consequence of
the increase of light reflected by the surface of pattern.
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Incorporated with light source, power source and other
electronic components, POF fabrics with surface pattern
can radiate on the surface. The POF fabric can be bent
because of its flexible property. The power densities of
side-emitting light on the surface of POF fabric were
measured respectively at different bending conditions.
The relationship between power density and bending
radius is shown in Figure 3. From figure 3, while the
bending radius changes from 16 mm to 6 mm, there is just
a small fluctuation for the power density of light-emitting
POF fabric. The insets are the corresponding photos of
light-emitting POF fabric at every bending radius. From
these photos, it is obvious that the luminance of POF
fabric is almost same for different bending conditions. So
the bending to some extent does not affect the light
emission on the surface of POF fabric.

236

Design and Weaving of Polymer Optical Fiber Jacquard Fabrics
for Illumination
Jinchun Wang, Bin Yang, Baohe Huang, Rui Wu
Key Lab of Advanced Textile Materials and Manufacturing Technology of Ministry of Education,
Zhejiang Sci-Tech University, Hangzhou 310018, China
Correspondence to:
Bin Yang, email: yangbin5959@yahoo.com.cn
Subsequently, a narrow weaving loom machine was
used for the fabrics [4]. In contrast to jacquard fabrics,
these fabrics have the disadvantage of low efficiency,
simple patterns and narrow width fabric, failing to
meet the demand of short periods and high quality in
modern textile production. With the fast progressing
development of polymer optical fiber production
technology, POFs with excellent mechanical
properties are produced to make it possible to use of
POFs in jacquard weaving with high speed.

ABSTRACT
The application of weaving polymer optical fiber
(POF) into fabric for illumination is attracting more
attention in the recent years. However POF often
fracture during weaving processing which has
detrimental effect on quality of finished product. To
solve this problem, stress of POF on a jacquard loom
were discussed in this paper. It was found that the
POF was damaged in the processes of weft insertion,
beating-up and take-up, and fractures most often
occurred at the contact point of POF with rapier in
the process of weft insertion. The mechanical
properties of POF were investigated experimentally
under approximate conditions. The results indicated
that POF fracture was initiated due to the earlier
breaking of the curved edges at the contact point. In
the case of POF jacquard fabrics, weft-backed
weaves were designed for protecting POFs from
damage during weaving procedure. As a result,
designed POF fabrics are capable of expressing
decorative and luminous effects in the bright and dark
area, respectively.

So far, many luminous fabrics are produced in
laboratory, and some applications are entering the
market. Luminous upholstery fabrics, garments and
accessories have been manufactured and sold on the
internet from LumiGram [5] and Luminex [6,7],
flexible screen from France Telecom [8-10], and a
light emitting blanket to treat jaundice in newborn
babies from Lumitex [11,12]. In order to obtain the
side-illuminating effect, the POFs are chemically or
mechanically treated before the weaving process
[9,13]. The mechanical properties become weak
when some defects are introduced on the surface of
POF. This makes it more difficult to manufacture
POF fabric using the surface-defected fiber on a
loom.

INTRODUCTION
Polymer optical fiber (POF) is woven into fabric act
as a light-illuminating medium has opened up a new
frontier for textile and clothing industry [1]. This
illuminative fabric shows higher luminous intensity
and longer lighting time compare to traditional
luminous fabric which is made of energy storage
luminescence materials. In addition, the POF is more
pliable and cheaper [2] than other materials used
before, such as glass optical fibers, coppers and
electric wires. It has great potential application for
illumination in the interior decorations, clothing
accessories and other sectors.

The purposes of this paper are to present weaving
procedure and design methods of POF fabrics on
jacquard loom. The POFs were woven into fabric as
weft yarns, and the practice showed that fractures
most often occurred under the processing of weft
insertion. Some preliminary experiments on the
mechanical properties of POF were investigated
under approximate conditions in order to determine
the main cause of fractures. Furthermore, according
to fabric effect some specified weaves were designed
in order to avoid the damage to the POFs during
weaving procedure.

However, POFs possess certain rigidity and fragility
that makes it difficult for them to weave fabric in a
loom. In the weaving procedure, POFs are damaged
or fractured more easily than traditional textile fiber
threads and filaments. Initial POF fabrics were
produced on a handloom, the weaving speed was
slow or the POF was warmed during weaving to meet
the demand of toughness for the process [3].

WEAVING POLYMER OPTICAL FIBERS
The POFs for this trial were a step index type with
the diameter of 0.25mm and obtained from
Mitsubishi Rayon Co. Ltd, Japan. The core and
cladding materials are PMMA and fluorinated

237

polymers. The PMMA polymer optical fibers possess
certain rigidity and fragility, hence cracked or
fractured easily during weaving processing.

In the process of weft insertion, the POF was subject
to the bending and the tension forces, the degree of
fiber breakage tended to be very high. There are two
possible reasons: One reason is that the POF gets
elongated under the tension by rapier due to the
non-oriented structure. The defects on the surface of
POF act as the region of stress concentration and thus
fracture is accelerated. The other is that the POF
fracture at the contact point of POF with rapier, since
large bending deformation.

Warp yarn

Weft yarn: POF
Take-up

Weft insertion

FIGURE 1. Schematic diagram of a jacquard loom, showing the
motions of weft yarns through the major parts: weft insertion,
beating-up and take-up.

TENSILE PROPERTIES
In order to determine the main cause of fractures,
trials were carried out in a universal material testing
machine (AG-1, SHIMADZU, JAPAN). The tests
were divided in two parts: tensile strength testing and
loop strength testing. The gauge length was 0.1m and
tensile speed was fixed at 100mm/min. The loop
strength testing of POF is used to simulate the contact
point in the process of the weft insertion.

So it is necessary to evaluate the mechanical motion
configuration and stress of POFs during the
manufacturing process to achieve the successful
integration of POFs. Figure 1 shows the motions of
weft yarns through the major parts of jacquard loom.
(a)

(b)

(c)

(d)

The POF shows typical ductile fracture behavior
under tensile forces [14], exhibiting enormous plastic
deformation, and the necking behavior is happened in
the stretching process. The interface structure of core
and cladding had been destroyed seriously when
applied force, as shown in Figure 3.
(a)

FIGURE 2. The surface morphology of POF obtained by a field
emission scanning electron microscope: (a) and (b) rubbed by
warp yarns; (c) and (d) rubbed by take-up roll

(b)

FIGURE 3. The surface morphology of POFs was coated with
gold prior to SEM examination: (a) original; (b) was stretched,
the elongation was 25%.

There were three kinds of forces influence the fiber
during weaving process: bending, tension and friction.
The POFs were damaged due to friction during two
motions: beating-up and take-up. While in the
process of beating-up, the reed pushed the loose weft
yarn (POF) into the cloth, there were relative
movements between POF and warp yarns in the warp
direction and weft direction. As shown in Figure 2 (a)
and (b), the POF is damaged in both transverse and
longitudinal orientations, but the extent of damage is
not serious. And during the process of take-up, there
were deep depressions in the surface of the POF,
shown in Figure 2 (c) and (d). Because the take-up
roller with tough surface put much stress on the fibers
in order to wind up the cloth. Fortunately, this
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FIGURE 4. The tensile properties of polymer optical fiber
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Breaking elongation ( % )

Beating-up

breakage is avoidable by a specified fabric structure
and weaving method.

controlled by the LED which located at the ends of
POFs. These fabrics can be used as ornamental
tapestries, tablecloths and cushions, etc in the interior
decoration sector, thus have tremendous commercial
value.

The experimental results showed that the breaking
stress and breaking elongation under loop testing
were significantly smaller than that under tensile
testing, as shown in Figure 4. The chief reason was
that POF produced bending deformation during loop
testing. The POF fractured as the elongation on the
edges of curved part reaching the breaking elongation
at the contact point earlier than other part of the POF.
It is consistent with the phenomenon of fractures
most often occur at the contact point of POF with
rapier during the process of weft insertion on
jacquard loom. Therefore, it is best to modify
properly the component of rapier to adapt the
weaving process for reducing the chance of fractures,
e.g. suitably decreasing the gripping force or the
degree of curve of rapier.

Illumination

FIGURE 6. Polymer optical fiber jacquard fabric effect

STRUCTURE DESIGN AND FABRIC EFFECT
The appearance of a fabric changes along with the
fabric construction of weaves [15]. For POF jacquard
fabrics, weft-backed weaves are widely used due to
POFs are woven into fabrics as weft yarns. In order
to avoid the damage to the POF during the process of
take-up as mentioned previously. The face side of the
fabric faces down during the manufacturing process,
so that the face consisted of POFs is protected during
winding the fabric onto a cloth roller.
Warp yarn

Face

Back

Normal

CONCLUSIONS
This research shows the practice of weaving POF
into fabric on a jacquard loom and simulated analysis
of loop strength. In weft insertion, beating-up and
take-up processes, the POFs were subject to bending,
tension and friction forces; and the POFs often were
fractured at the contact point of POF with rapier
during the process of weft insertion. By comparison
the tensile properties under tensile strength and loop
strength tests, the results showed that the breaking
stress and breaking elongation under loop testing
were significantly smaller than that under tensile
testing. It has been found that main cause of fracture
during weaving process is the elongation on the
edges of curved part reaching the breaking elongation
at the contact point earlier than other part of the POF.
The weft-backed weaves can protect POFs from
damage during weaving procedure, and designed
fabrics have both decorative and luminous effects.

Weft yarn: POF

Weft yarn: Polyester

FIGURE 5. Cross-sectional view of a weft-backed woven
structure
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Figure 5 shows a weft-backed weave using 8 thread
weft sateen and 3/1 twill as face and back weave,
respectively. The red line represents POF, and the
blue line represents polyester. In terms of theory, the
polyester is not visible on the face of the fabric, since
it is covered by POFs and warp yarns. However, the
POF is transparent, and the polyester is visible on the
face in the area of stitches, as shown dashed frames
in the Figure 5.
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INTRODUCTION
Multi-component yarns were researched at present. While
the research was mainly based on ring spinning . As a
new developed spinning technology, air-jet vortex
spinning is payed more attention to for its special yarn
structure and property. In this paper, Modal Polyester
Flax 60/20/20 18 tex yarn is developed, and its property is
analysed also .Air-jet vortex spinning is the developed
technique which is based on traditional air-jet spinning.
The drafted fiber bundles output through front roller nip
into the twister which can be called nozzle or vortex tube.
The front end of fiber bundles goes into the cavity of
hollow pipe under the control of airflow, while the back
end swell become the free fibers or back-end free fibers
because of the effect of centrifugal force and airflow.
With the high rotation of vortex, the free fibers twist and
form the yarn which is extracted through the hollow pipe
of hollow spindle and winded into cheese.

of spinning and textiles. The specification of Modal is 1.3
dtex×38 mm; the specification of polyester is 1. 56 dtex
×38 mm; and the fineness of flax is 5dtex ～ 6.67 dtex
and its length is about 30 mm.
SPINNING PROCESS
Polyester and flax: FA002D disk automatic plucker→
FA022 multimixer→FA106 porcupine opener→FA016A
automatic blender→FA141A lap machine→FA201C
carding machine;
Modal: FA002D disk automatic plucker→FA106
kirschner beater opener→FA046 volume feeder→A076E
single beater lap machine→FA201C carding machine;
Polyester/flax card sliver and Modal card sliver: FA311F
drawing frame (break drawing) →FA311F drawing frame
(second drawing).
Because of flax’ nonuniform length, stiffness, fragile and
easy to broken, bad cohesion among fibers, it’s difficult to
make sliver form lap and the quality of its production is
not guaranteed. Therefore, in order to improve its
spinnability, flax need to be humidified and braised for
more than 24 hours, and mixed with polyester to batching
up.

FIGURE 1 The spinning process of air-jet vortex spinning

MVS No.861 air-jet vortex spinning machine was used to
spin yarn. Through optimizing the spinning process, The
main spinning process parameters of Modal/polyester/flax
60 / 20 / 20 18 tex air-jet vortex yarn as follows: fixed
weight of final sliver is 3.05 g / min; linear velocity is 300
m/ min; total drawing ratio is 163; front drafting ratio is
30; feed ratio is 0.972 0; take-up ratio is 1.000; tension
roller speed/ transportation speed is 1.030; beginning rate
(beginning rate of the back roller when splicing) is 120%;
transverse moving angle is 16°; gripping length is 43
mm×45 mm; the size of the hollow spindle is 1.4 mm; the
size of the cotton collector is 8 mm; type of nozzle and its
holder is L7.

MATERIALS
Modal is characterized in excellent hygroscopicity and
wear-comfort, soft handle, and high strength. The
advantages of polyester not only include high strength,
good elasticity, heat and wear resistance, but also glossy
surface and corrosion resistance. However, its
hygroscopicity is poor and it is difficult to dyeing. Flax is
a kind of natural cellulose fiber with excellent properties,
such as sanitary, rapid moisture absorption and heat
dissipation, air permeability, liveliness, comfortable, cool
in summer and warm in winter, electrostatic elimination,
anti fouling and dusting and so on, which make its
products good wearing characteristics and style [1].
Spinning of multi-component yarn is to make full use of
advantages of all kinds of fibers and to make up their own
defects, which is the represent main developing direction

YARN PROPERTIES
Yarn tenacity
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YG061/PC yarn tensile strength tester was used to test
yarn tenacity. Testing length is 250mm. Drafting speed is
250mm/min. Test times is 20. Test data are given in
Table 1. The characteristic curve of yarn tenacity can be
seen in Figure 2.
TABLE I. Results of tensile test

Fracture Strength（cN/tex）

fracture
performa
strength/cN
nce index
·tex-1
Average 11.413
Maximu
14.811
m
Minimum 8.769
CV(%) 15.814

elongati
fracture
on
at
work/mJ
break/%
3.793 5.27

initial
modulus/c
N·tex-1
0.086

5.79

0.1

14.333

2.66
2.632
18.823 47.569

Abrasion resistance
The test results are as follows: the average is 775, the
maximum is 1466 and the minimum is 239. The wear
resistance of yarn is closely related to the structure of the
yarn. Because most fiber of traditional ring spun yarn
with helical configuration gradually become axial, the
wear resistance of traditional ring spun yarn is worse.
While air-jet vortex yarn is combined by two parts: corespun yarn and outer wrapping fibers. What’s more, there
are irregular winding fibers on the surface of the yarn.
Thus, the wear resistance of the yarn is higher.
Anti-pilling

0.071
8.028

The anti-pilling of the yarn is better, because the wear
resistance of the yarn is higher, as is closely related to the
structure of the yarn.

14

Evenness and normal yarn faults

12
10

The test results are as follows: the value of evenness CV
is 22.82%, thin places 243 per kilometer, thick places 463
per kilometer, the neps 634 per kilometer.

8
6
4
2

CONCLUSIONS

0
0
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Breaking Elongation（%）

4

The fracture strength of 18tex Modal/ Polyester/ Flax
60/20/20 MVS yarn, with few hairiness, better abrasion
resistance, few slub and neps and poor evenness, is
slightly lower than that of ring spun yarn. Besides,
because of the difference between fibers, they will make
up for each other after blended. With economic factors
taken into account, multi-components MVS yarn has
more superiority.

FIGURE 2 Tensile curve of Modal/polyester/flax three-component airjet vortex yarn

Tensile curve (Figure 2) of Modal/polyester/flax threecomponent air-jet vortex yarn shows that yarn elongation
increases as the tensile strength increasing, and yarn
breaks when the tensile strength is up to yarn’s fracture
strength.
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The handle and characteristics of textile products are
mainly determined by the hairiness. The hairiness less
than 2 mm have small effect on production process and
the appearance quality of the fabric, while they give the
fabric natural soft hand feeling. However, of length of the
hairiness longer than 3 mm are the latency factors which
influence yarn quality. YG171D photoelectric hairiness
tester is used to test the hairiness of the yarn. The test
conditions were as follows: the test times are 10 and the
test length of the yarn is 5 m. The average test results are
as follows: the quantity of hairiness with 1 mm is 78.9 per
meter, 2 mm is 0.9 and 3 mm is 0. From the results we
can conclude that the hairiness of Modal/ Polyester/ Flax
60/20/20 three components air-jet vortex yarn are very
little, especially longer than 3 mm do not nearly exist.
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antenna by removing its superstrate resin cover
Fujun Xu, Lan Yao, Da Zhao, Yiping Qiu
College of Textiles, Donghua University, Shanghai 201620, China
fujun.xu@yahoo.com
Simulation The 3DMAs with a 1 cm superstate
resin cover (3DMA-1) and without a resin cover
(3DMA-2) on their radiating patches were
simulated using the HFSS software. As shown in
fig.1, the simulated VSWR curves and radiation
patterns showed that the 3DMA-1 has more
deviation of resonant frequency and lower gain
value than those of the 3DMA-2.

OBJECTIVE
The objective of this study is to improve the
radiating performance of a 3DIMA (three
dimensional microstrip antenna) by removing its
superstrate resin cover. A 3DMIA is subjected to
get a superstate resin layer when it is manufactured
by the Vacuum Assisted Resin Transfer Molding
(VARTM) method, which may influence its
radiating performance. To eliminate the negative
influence, a 3DIMA without superstate resin cover
was fabricated by a new method. Its radiating
performance were simulated, tested and compared
with the 3DIMA with a resin cover.

3DIMA-1
3DIMA-2

3DIMA-1
3DIMA-2

INTRODUCTION
Recently, a three dimensional integrated microstrip
antenna (3DIMA) structure was demonstrated by
Yao L et al. [1]. The fundamental concept of the
3DIMA is an integrated composite structure, in
which a microstrip antenna is woven into a 3D
orthogonal composite and integrated by the yarns
in through-thickness direction (Z-yarn). Because
the existing of Z-yarn, the 3DIMA shows superior
integrity and delamination resistance than other
conformal load-bearing antenna structures (CLAS)
[2]. However, the 3DMIA is subjected to get a
superstate resin cover when it is manufactured by
the VARTM method. References show that the
dielectric superstate cover on the microstrip
antenna may influence its resonance frequency,
VSWR and gain property [3]. In this study, a
3DIMA without superstate resin cover was
fabricated using a VARTM method with an
innovative soft mold. Its performance was tested
and compared with the 3DIMA manufactured
using the traditional VARTM method.

FIGURE 1. Simulated VSWRs and radiation patterns

EXPERIMENTAL PART
Fabrication 3DIMA preforms were manufactured
on a 3D orthogonal weaving machine. Copper
yarns with the diameter of 0.7 mm and 0.3 mm
were woven into grid patterns as the radiating
patch, feeder line and ground plate structures. Eglass fibers were woven into 3D orthogonal woven
fabrics as substrate structures. The two performs
were impregnated in a vinyl resin using VARTM
method with the traditional mold and an innovative
soft mold respectively at ambient temperature as
shown in fig. 2.
To vacuum pump

Valve

Mold

Vinyl
resin

Resin trash tank

Iron plate

Iron plate

Soft gum
PTFE film

Preform

Preform
Sealant tape

Sealant tape

DESIGN AND SIMULATION
Design procedure The 3DIMA was designed to
operate at radar L-band with the resonant
frequency of 1.5 GHz. The substrate of the 3DIMA
is a 2.5 mm 3D E-glass/vinyl ester resin composite
with a dielectric constant of 4.5 and a dielectric
loss tangent of 0.02. The antenna size parameters
were calculated by the equations according to the
reference [4].

Traditional mold

Soft mold

FIGURE 2. VARTM procedure using different molds

In the soft mold, the soft gums and PTFE films will
deform under the vacuum pressure and tightly
cover on the surfaces of the preform and thus
prevent the vinyl resin covering on its surfaces.
While the preform in the traditional mold will be
covered about 1mm resin layer on its radiating

243

patch when the resin penetrate into the space
between the top surface of the perform and bottom
surface of the hard mold.

was rise to 0.47 dB. It suggests that the resin layer
on the 3DMIA patch structure may also influence
its gain property, which because the resin layer will
cause the energy loss when the electromagnetic
wave propagates.

Antenna performance tests The VSWR was
measured using an AV3618 Integration Microwave
Network Analyzer. The radiation pattern and Gain
were measured in the anechoic chamber using HP
8510C Antenna Test System. The radiation pattern
was obtained from the signal received by the
antenna rotating 360 degrees. The Gain was
calculated by comparing field values of a
Reference-Gain Horn Antenna.

a

RESULTS AND DISCUSSION
The voltage standing wave ratio (VSWR) of
antenna is one of the most essential parameters in
the antenna design and application. For a
traditionally designed microstrip antenna, the
VSWR is usually required to be less than 1.5 to
make sure that the signal energy loss is relatively
low. Fig.3 showed that the 3DIMA-1 has its
minimum VSWR of 1.2 at the resonant frequency
of 1.35 GHz; the 3DIMA-2 has its minimum
VSWR of 1.5 at its resonant frequency of
1.41GHz. It means both of the 3DIMAs are proved
to work in the designed frequency range. The
deviation of antenna resonant frequencies between
the designed resonant frequency may caused by the
inaccurate prediction of the dielectric properties of
the substrate material.
a

b

FIGURE 4. Radiation patterns, (a) 3DIMA-1and (b) 3DIMA-2

CONCLUSIONS
In summary, to improve the antenna performance,
a 3DIMA without superstate resin cover was
manufactured using VARTM method with a soft
mold. VSWR and radiation pattern performance of
the 3DIMA were tested and compared with those
of a 3DIMA with a superstate resin layer. The
tested results showed the 3DIMA without resin
cover has more accurate resonant frequency.
Further more, the gain value of the 3DIMA
increased from -3.6 dB to 0.5dB after eliminating
its superstate resin cover.
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FIGURE 3. VSWR curves, (a) 3DIMA-1and (b) 3DIMA-2
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Abstract:The paper selects 18 blended yarns with kapok
fiber and other fibers, which were manufactured by
different spinning technologies, to explore the most
efficient spinning yarn technology of kapok fiber. Four
properties of these blended yarns were tested including
the fineness unevenness, breaking tenacity, yarn defects
and hairiness. According to the standards USTER
STATISTICS-2007, GB-T/398-2008 and FZ120011992,the analytical results of four properties show that the
quality of kapok blended yarn get a better level with the
improvement of spinning technology. The compact and
Ⅳ spinning technology is the optimal way to spin kapok
blended yarn with high quality, which supplies a support
of widening the application of kapok fibers in various
products.
Keywords: Breaking tenacity, Hairiness, Kapok blended
yarn, USTER statistics, Yarn defects,Fineness unevenness

middle and closed ends. It has smooth surface without
distinct convolution, and thus possesses good gloss[2].
However kapok fiber has ever not been the textile raw
material for a long time since it is so short, light and thus
owns low cohesive force while spinning.Current
worldwide studies[3]-[5] on kapok processing technology
are active. The development of kapok spinning
technology enhances the quality of the kapok blended
yarn year by year.
MATERIALS AND METHODS
2.1 Kapok blended yarns
The yarns come from different enterprises, and were
numbered as Y1-Y18 and their specifications are detailed
in Table 1. Four spinning technologies were coded as
Tech.Ⅰ-Ⅳ in which each code represents a kind of
spinning technology and special processing adopted by an
enterprise. Also,the cotton yarn Y5CY and the cotton
blended yarn Y10CY, Y14CY, Y18CY noted by the
subscript "CY" ,are comparable yarns to assess the level
of hairiness of kapok blended yarns.
All the tests were done in their respective production year.
The yarns samples were preconditioned and measured at
standard condition (T:20℃ ±3 ℃ , RH: 65%±4%) [6].

INTRODUCTION
Kapok fiber is a non-cotton, natural cellulosic fiber which
has many unique properties relatively new to the textile
industry. Kapok is a single-cell cellulose fiber with
extremely high degree of hollowness (80%~90% )[1],
which is by far the largest in natural fibers.Kapok appears
in a cylindrical shape with round or oval cross-sections,
and has a thin wall with a thickness of 0.5-2μm in the

Table 1.The specifications and technologies of kapok blended yarns and comparable yarns
NO.
Y1
Y2
Y3
Y4
Y5CY
Y6
Y7
Y8
Y9
Y10CY
Y11
Y12
Y13
Y14CY
Y15
Y16
Y17CY
Y18

Compositions
cotton/kapok/polyester
cotton/kapok/polyester
bamboo/kapok/cotton
cotton/bamboo/kapok
bamboo/cotton
cotton/kapok
cotton/kapok
kapok/cotton/modal
cotton/kapok
cotton
cotton/kapok
cotton/kapok
cotton/kapok
cotton
cotton/kapok
cotton/kapok
cotton
cotton/kapok

Blend Ratio/%
40:30:30
45:30:25
45:30:25
45:30:25
70:30
80:20
80:20
45:35:20
55:45
100
60:40
40:60
33:67
100
60:40
40:60
100
33:67

Linear Density/tex
14.5
18.2
14.5
14.5
14.8
18.5
29.5
11.3
17.3
58. 3
58. 3
58. 3
58. 3
36. 4
36. 4
36. 4
27. 8
27. 8
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Spinning & Processing Tech.
Embeddable & Tech.Ⅳ
Compact & Tech.Ⅳ
Compact & Tech.Ⅳ
Compact & Tech.Ⅳ
Compact
Ring & Tech.Ⅲ
Ring & Tech.Ⅲ
Ring & Tech.Ⅱ
Ring & Tech.Ⅱ
Rotor
Rotor & Tech.Ⅰ
Rotor & Tech.Ⅰ
Rotor & Tech.Ⅰ
Rotor
Rotor & Tech.Ⅰ
Rotor & Tech.Ⅰ
Rotor
Rotor & Tech.Ⅰ

Production Year
2009.11
2009.11
2009.11
2009.11
2009.10
2009.10
2009.10
2007.05
2007.05
2004.11
2004.10
2004.10
2004.10
2004.11
2004.10
2004.10
2004.10
2004.11

Note: In USTER STATISTICS 2007, C-ring/64* indicates the fineness level of the ring, carded, bobbin, weaving cotton yarn is 64%;JC-ring/66*indicates
the fineness level of the ring, combed, bobbin, weaving cotton yarn is 66%; CO/Modal/95* indicates the fineness level of the ring, bobbin cotton-modal
blended yarn is 95%; C-rotor/63*indicates the fineness level of the rotor cotton yarn is 63%.

breaking strength test show that the compact spinning
kapok blended yarns are all above second level, one of the
ring spinning kapok blended yarns are in third level, four
of the rotor spinning kapok blended yarns are in third
level for their low breaking tenacity.

3.1 Yarn fineness unevenness
From the fineness unevenness testing results, it is easy to
find that the kapok blended yarns, which achieve the level
5% of the ring, carded, bobbin, weaving cotton yarn in
USTER STATISTICS2007[7],are processed by the
compact spinning technology. The quality of compact
spinning yarns are relatively high, and the worst one
reached at the level of 45%. This finding states that the
compact spinning technology is beneficial to the yarn
formation of kapok fiber. However, the fineness level of
kapok yarns processed in the ring spinning technology is
relatively poor, which only cold reach at the level as high
as 68%. The fineness unevenness level of embeddable
and locatable yarn is not better than the compact yarn.
The fineness unevenness level in different spinning
technology also varies with the kapok fiber content,
which is distinct in the fineness unevenness of rotor yarn.

4 Conclusions
From the overall evaluations of the kapok blended yarns
in this paper, it could be found that the fineness
unevenness and the defect of the blended yarns made by
the compact spinning and technology Ⅳ processing are
better than that of the blended yarns made by the ring
spinning and technology Ⅲ, the ring spinning and
technology Ⅱ or the rotor spinning and technology. This
was verified by Y3 and Y4 of good evenness, low defect
and right strength. Additionally, the kapok blended yarns
made by the ring spinning technology, the breaking
tenacity of the yarns are higher, especially the yarns
treated by the processing Ⅲ which could supply the
superior grade strength to yarn. Compared with the
processing Ⅱ,the processing Ⅲ also did better on
reducing the hairiness. The kapok blended yarns made by
the rotor spinning have lower defect but with more
hairiness, and they are worse than the yarns made by the
other three spinning technologies in fineness evenness
and breaking tenacity.

3.2 Yarn defect
The results of defects of kapok blended yarns show that
the spinning technology and kapok content are key factors
to effect the defect property of yarn. Only could Thin,
Thick and Neps of the compact spinnging yarn achieve
the 5% level of carded cotton yarn in USTER Statistics.
As a whole, the defect of the ring spinning yarn is in a
low level , only can the Thin-50% of Y7 achieve at 5%
level of carded cotton yarn in USTER Statistics. The
defect level of most rotor spinning yarns are at the middle
or lower level, and vary with the linearity density.
Accordingly, the compact spinning technology has a
positive effect on reducing the defect of kapok yarn.
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3.3 Hairiness
The length and the configuration of yarns’ hairiness are
complex, and depend on the fiber’s property, the spinning
technology, the technological parameter, the twist and the
linear density of the yarn. The effect of the hairiness
varies with the end use of the yarn, in which the smooth
fabric(high count light fabric) or the anti-pilling fabric
would demand that the hairiness of the yarn are short and
few, while the fuzzing warm fabric would require the
hairiness numerous and long. The testing results of
hairiness of yarns show that the length of hairiness of the
kapok blended yarns gathers at 1mm and 2mm, especially
1mm in the most. The quantity of the hairiness of the
kapok blended yarns, since the kapok fiber is a little short,
decreases with the length rising of the hairiness.
Comparing with kapok blended yarns made by the rotor
or the ring spinning technology, those kapok blended
yarns produced by the compact spinning and Ⅳ
technology own less hairiness as 2-6 times.
3.4 Yarn breaking strength
According to GB-T(China National Standard)/398-2008
(Quality Grading Standards of Carding Cotton Yarn) [8]
and FZ (China National Standard of Textile Industry)
12001- 1992 (Grading Standards) [9]The results of
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method. In this research, the POM of Nikon
ECLIPSE LV100POL is used for fiber testing as
shown in Fig. 1.

INTRODUCTION
Traditional yarn component identification and
blend ratio measurement could be a complicated
process. The commonly used optical microscope
observation method [1] has been proved low
efficient in fiber identification especially for mixed
fibers and distinguishing between chemical fibers.
The chemical method is another commonly used
method [1], yet is unable to discern fiber
components
in
multi-component
yarns
independently. And it is also rejected in some areas
for involvement of hard acid, alkali and virose or
caustic reagents.
In this research, a physical method is proposed for
yarn component identification and blend ratio
measurement. First, the components of the yarn are
determined using the polarized optical microscope
(POM). Then for multi-component yarns, the blend
ratio shall be measured and calculated. Fiber
samples, which have been cut into short terms and
scattered, 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 blend ratio of the yarn was calculated.

FIGURE 1. The polarized optical microscope used in the
research to test fiber samples.

A fiber database is built to facilitate the fiber
identification process. Typical images obtained
with the POM of various fibers were saved in the
database as well as the information such as linear
density and production or growth area of the fiber.
The building and using of the database highly
improve the efficiency and accuracy of fiber
component testing with the POM.
Under the POM, the fiber color changes when the
angle between the fiber axis and polarizer/analyzer
varies. Thus parallel fiber samples are needed
before testing with the POM. In this research, a
high voltage electrostatic generator (EST804A,
Beijing Huajinghui Sci-tech. Co. Ltd.) is used to
create a high voltage electrostatic field so as to get
paralleled fiber samples. Fiber or yarn samples are
first cut into small terms with the length 2~3 mm
and scattered into a cluster of individual fibers.
Then they get paralleled in the high voltage
electrostatic field with one end stuck on the slide.
The schematic diagram of the instrument is shown
in Fig.2, and Fig.3 presents the schematic diagram
of the parallel fibers on the glass slide.
At last the fiber arrays are observed under the
POM. Fiber images were captured through a CCD
camera and saved in the computer. Using the image

EXPERIMENTAL METHODS
The polarized optical microscope is a specialized
optical microscope with extra polarizer and
analyzer. It has been traditionally used to identify
various fibers by measuring and calculating the
refractive index, which yet could be a complicated
process [2]. However, fiber component can be
identified
according
to
the
integrated
characteristics that the fiber exhibits under the
POM, which include the fiber diameter, colorful
stripes along fiber axis or across fiber section, and
the longitudinal configuration and cross section
pattern of the fiber, etc. Hence the fiber
identification through fiber images under the POM
gives more comprehensive and convincing
conclusion than the refractive index calculation
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processing technology, the average diameters and
the number of each fiber kind can be measured and
calculated. Hence the blend ratio of the multicomponent yarns are finally calculated [3].
Upper plate electrode

Adhesive

Slide

FIGURE 5. The image of acrylic-polyester fiber mixtures
observed under POM.

Insulating case
Lower plate electrode

Table I. The yarn component test results using the POM based
method and the chemical method respectively

Fibers

FIGURE 2. The schematic diagram of the high voltage
electrostatic field used to get paralleled fiber samples.
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(%)

S1
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Acrylic

65

10

59
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Acrylic

37

8

33

S3

Polyester

Acrylic

23

9

26

Yarn

Slide

Fiber component

Variation
coefficient

Chemical
test results
A (%)

The fiber components and blend ratio of multicomponent yarns can be measured rather correctly
and efficiently especially for acrylic-fiber
contained yarns as Table I shows. Compared with
the traditional chemical method, the testing errors
of blend ratio using the POM based method is less
than15%. And the variation coefficient can be also
no more than 10%. It is promising that the test
errors and variation coefficients shall be further
decreased if the fiber arrangement operation is
modified and get more perfect.

FIGURE 3. The schematic diagram of fibers that are paralleled
in the high voltage electrostatic field and arranged in arrays on
the glass slide.

RESULTS AND DISCUSSION
Three kinds of blend yarns were selected as the
samples. The fiber components and blend ratio
were measured using the POM based method and
the results are shown in Table I. Fig. 4 and 5
present parts of the images of mixed fiber samples.
For comparison, the chemical testing method was
performed to measure the blend ratio as well. The
chemical process is conducted according to the
national standard of GB/T 2910-1997 TextileBinary fiber mixtures-Quantitative chemical
analysis. And the test results of the chemical
method are also shown in Table I.
It is seen from Fig.4 and 5 that various fibers
present distinct characteristics under POM
especially the colors of the fiber. Hence, the fiber
identification process gets much easier as well as
counting of the numbers of particular fibers.

CONCLUSION
The experimental results prove the POM based
method is efficient in testing of fiber component
and the blend ratio of multi-component yarns.
Further more, the POM based testing process is a
totally physical process, thus it does no harm to
environment and health.
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ABSTRACT
Nozzles are the twister component of false-twist
spinning systems and the main outstanding
properties of the yarns produced on these spinning
systems is less yarn hairiness. From this point of
view, we interested to study nozzle usage in
spinning systems working on real twist principle.
Therefore, we placed an air nozzle on conventional
ring and Rocos compact spinning systems. In
particular, we analysed the effect of the nozzle on
yarn hairiness. Consequently, we indicated that the
nozzle usage is considerably effective on yarn
hairiness and Jetring and Compact-Jet spinning
systems consisting of the nozzle component
produce significantly less hairy yarns. It was
determined that the improvement in yarn hairiness
in terms of the nozzle is about 50%. Therefore,
Jetring and Compact-Jet spinning systems are
another modification of conventional ring spinning
system.

In this study, we aimed to study the effect of air
nozzle usage on conventional ring and compact
spinning systems. In particular, the effect of airflow
on the hairiness of false-twisted yarns aroused our
interest to associate the nozzle with the
conventional and compact spinning systems. The
nozzle usage on conventional ring spinning system
is called as Jetring while the system based on
combination of compact spinning system and
nozzle is named as Compact-Jet.
Many researchers studied the nozzle usage in
spinning process (Sawhney and Kimmel, 1997;
Wang et al., 1997; Jeon, 2000; Cheng and Li,
2002; Zeng and Yu, 2004; Patnaik et al., 2005).
However, in literature, there was not any effort to
incorporate the compact spinning system and
nozzle. Therefore, in this study, we also compared
Jetring and Compact-Jet yarn properties and hence
it is possible to determine the performance of the
systems.

INTRODUCTION
In false-twist spinning, many different equipments
have been using as a twisting element. These
elements can be mainly classified under three
groups: Mechanic units such as perforated
cylinders, twin disk and belts, hydraulic units and
pneumatic units. And the nozzles are the most
important example for the pneumatic twister.
Nozzles are widely used in the air-jet and Murata
air vortex spinning systems. In these spinning
systems, pressurized air having certain value is
injected into the nozzle to create an air vortex and
the fibre strand is passed through the nozzle. The
airflow in the nozzle affects the yarn structure and
properties. In particular, the yarns produced on
these spinning systems have considerably less yarn
hairiness.

2. MATERIAL AND METHOD
Yarn production
To determine the effect of an air nozzle on to the
conventional and compact ring spun yarn
properties, it was produced 100% combed cotton
Jetring and Compact-Jet yarns having Ne 30/1 yarn
count. And then compact and conventional ring
spun yarns were obtained with the same rovings
used for Jetring and Compact-Jet yarn production.
During all the yarn productions, it was given the
importance to work with the same spinning
parameters, e.g. the same twist multiplier, draft,
spindle speed and traveller type, etc.
Jetring spinning system
Firstly, a supporting device was designed and
mounted on the spinning system to enable the
nozzle usage onto the Rieter G10 conventional ring
spinning system (Figure 1). Then the air nozzle was
placed between the delivery roller of drafting
system and the yarn guide of conventional ring
spinning machine.

As it is well known, conventional ring spinning
system is the most widely used spinning system.
Nevertheless, there have been many efforts and
studies in order to improve the conventional ring
spun yarn properties. At the end of these trials,
compact spinning system was developed. In
compact spinning, it was aimed to eliminate the
spinning triangle and so improve the yarn
properties, especially yarn hairiness.
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spinning system is capable to improve the hairiness
as well as the compact spinning system.
1400

Hairiness [s3]

1200

FIGURE 1. Jetring spinning system
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Compact-Jet spinning system
In order to combine an air nozzle and compact
spinning system, the nozzle was placed between the
exit of RoCoS compact unit and yarn guide in terms
of the supporting device (Figure 2).

0

Ring

Jetring

Compact Compact-Jet

FIGURE 3. Zweigle hairiness (s3) values
4. CONCLUSIONS
In this study, we aimed to investigate the effect of
an air nozzle usage on spinning systems. The
nozzle was placed on conventional ring and
compact spinning systems. The spinning system
consisting of nozzle on conventional ring spinning
system is called as Jetring while the system based
on combination of compact spinning system and
nozzle is named as Compact-Jet. The compressed
air was injected into the nozzle. In order to
determine the effect of the nozzle, conventional
ring and compact yarns were produced without the
nozzle and pressurized air. The hairiness property
of all yarns was tested. It was found that Jetring and
Compact-Jet spinning systems give considerably
lower s3 hairiness values than conventional ring
and compact yarns. Therefore, it is possible to
improve the yarn hairiness in terms of the nozzle
usage in conventional ring or compact spinning
systems.

FIGURE 2. Application of an air nozzle on
RoCoS compact spinning system

In Jetring and Compact-Jet spinning systems,
pressurized air was fed into the air nozzle by the
compressor. The air pressure was kept at 0.75 MPa.
On the other hand, the nozzle used in this study
consists of nozzle head and nozzle body. Nozzle
body has a cylindrical cross section consisting of
main hole, injectors, twisting chamber and nozzle
outlet. In Jetring and Compact-Jet yarn production,
it was used the nozzle having the same features.
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3. RESULTS AND DISCUSSION
3.1. Yarn Hairiness Results
As it is seen in Figure 3, Compact-Jet yarns have
the lowest s3 hairiness values while conventional
ring spun yarns have the highest s3 values. On the
other hand, the hairiness of Jetring yarns is
significantly lower than that of the conventional
ring spun yarns. Compact-Jet spinning system gives
statistically significant less s3 values in comparison
to the compact spinning system. The difference in
hairiness values of Jetring and ring spun yarns is
about 48% while it is almost 50% for compact and
Compact-Jet yarns.
In addition, Jetring and compact yarns have almost
similar s3 hairiness values. Therefore, Jetring
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STATEMENT OF PURPOSE
Ramie fibre has good resistance to bacterial, mildew, and
insect attack and excellent properties of thermal
conductivity, coolness, ventilation function, and moisture
absorption. Since its high stiffness (yarn with low
elasticity) drawback, most of ramie fabrics are produced
via weaving, which results in a hard handle and itchy
feeling. Meanwhile, in order to improve ramie fabric’s
soft handle, many finish are applied which results in
inhibiting its fast moisture absorption and evaporation
properties. Therefore, in order to improve its wear
behavior, ramie knitted fabric was produced, and then
cellulase treatment and fast moisture absorption and
evaporation finish were applied.

During many activities such as sports, working and
moving, etc. perspiration and moisture were produced.
For keeping dry and comfortable feeling, the clothing
layer next to the skin must dry out quickly. It means that
the clothing has to be able to absorb perspiration and
moisture from the skin surface and transferred to the
outside layer of the fabric, and then it evaporated to the
environment. Li et al. [6] reported that polyester has a
higher velocities of moisture desorption than cotton and
wool, and knitted fabrics absorbed more water than
weaving fabrics.
APPROACH
Two types of knitting fabric were produced by single
knitting machine, which were single jersey (fabric A) and
ramie face & polyester back single jersey (fabric B). The
knitted fabrics were treated by Cellusoft L to reduce the
hairness, and then treated by RUCO-PUR SEC to enhance
its soft handle and moisture absorption and evaporation
properties. The properties of moisture absorption,
moisture evaporation and crease recovery were invigilated.

INTRODUCTION
Ramie or china grass (Boehmeria nivea (L.) Gaud.) is a
perennial herbaceous plant of the Urticaceous family.
Ramie fibre stripped from stem bast of the plant, is widely
used for the production of textile fabrics for many kinds
of cloth and decorations [1] due to its excellent fibre
characteristics. Ramie fibres are long, high tensile
strength, very fine and silk-like, naturally white in colour,
and have a high luster [2]. Other advantages are its good
resistance to bacterial, mildew, and insect attack and its
excellent thermal conductivity, coolness, ventilation
function, moisture absorption [3]. Due to the excellent
fibre properties previously mentioned, ramie fibres have,
therefore, a high potential as a raw material for textile.

RESULTS AND DISCUSSION
Crease-resistant property
Generally crease-resistant property of fabric is ascribed to
the fibre, construction and finishing. Polyester fibre has a
better stretching deformation in contrast with ramie fibre;
thus a distinction of crease recovery angle should be
existed between both fabrics since fabric B had more
polyester content than fabric A, which is 55/45 and 85/15
respectively. But it is interesting that both knitted fabrics
have a similar crease-resistant property, which crease
recovery angle is 72.5o and 67.3o for fabric A and B
respectively. It is attributed to the areal density and
thickness of fabric [7] since fabric A has higher values of
areal density and thickness (240 g.m-2 and 0.76 mm) than
fabric B (175 g.m-2 and 0.42 mm).

The traditional main ramie textile are produced via
weaving, which exists some critical drawbacks, i.e.
uncomfortable wear feeling, such as hard hand feeling
and itchy feeling to human skin, which are ascribed to the
properties of ramie fibre, yarn spinning method, fabric
construction and textile finishing.
Ramie fibre has a weaken cohesive property due to its
inherent high crystallization, orientation and stiffness [4],
which requires a high degree of twist process during yarn
direct-spinning, and results in lots of hairness on ramie
yarn surface. The hard handle and itchy performance of
weaving fabrics are ascribed to the ramie yarn’s high
degree of twist and huge hairness. Knitted fabric has soft
handle due to its fabric construction. Knitted ramie fabric
using direct-spinning ramie yarn will cause many
problems due to its weak soft and elasticity properties.
However, a Sirofil-spun ramie yarn (ramie fibres cover
polyester) can be used for knitting since it has better soft
and elasticity properties [5].

Itchy Feeling
Although ramie knitted fabric has better soft handle than
its weaving fabric, abundant hairness on knitted fabric
leads to the itchy problem because of its stiffness property.
After treating by cellulase (Cellusoft L), the itchy feeling
of both knitted fabric was tested by rubbing human short
arm; and the results indicated that the itchy feeling of both
fabrics was improved. The effect was because the tip of
ramie fibre was softened and easily bended after cellulose
treatment [8]. This may be explained on the basis that
cellulose was hydrolysed by cellulase, which resulted in
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reducing the crystalline region. Meanwhile, cellulose was
partly hydrolysed at amorphous region, which led to
increase the gap between crystalline regions. During
rubbing, a motion was easily occurred between crystalline
regions, i.e. the stiffness of ramie fibre was decreased.

CONCLUSIONS
The ramie fabric properties of crease-resistant were
improved by knitting method. On other hand, polyester in
ramie fabric, the areal density and thickness of fabrics
were also contributed to the crease resistant property.
After cellulase finishing, the stiffness of ramie fibre was
decreased and softened, i.e. the itchy feeling of ramie
fabric was improved. The properties of moisture
absorption and evaporation were developed by the
RUCO-PUR SEC finish. The more polyester contents in
the fabric, the better the moisture absorption and
evaporation properties. The enhanced soft handle of ramie
fabrics was ascribed to the knitting construction, cellulase
and finish agent.
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Transverse Wicking Effect / cm _

Longitudinal Wicking Effect / cm _

Moisture Absorption Property
As shown in Figure 1, the longitudinal and transverse
wicking effects of fabric A and B are similar, all of them
are higher than 16.0 cm/30 min. It indicates that both
fabrics have a good moisture absorption property [9]. The
moisture absorption property is ascribed to the fibre, the
yarn and the fabric construction. Ramie fibre has inherent
good moisture absorption property due to its small size
(diameter). Besides, during the ramie fibre spinning
process, since its stiffness, a high degree of twist is
essential. Yarn with low degree of twist forms a larger
diameter of capillary than one with high degree since yarn
with low degree of twist has bigger gap space between
fibres than one with high degree [10]. Furthermore,
capillary is also existed in fabric due to the gaps between
the yarns [11]. The construction of single jersey fabric
possibly imparts a good wicking effect. Despite the
polyester is hydrophobic and its mass ratio of fabrics is
different, there was not a distinction between both fabrics.
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FIGURE 1. Wicking effects of fabrics, (a) Longitudinal; (b) Transverse.

Moisture Evaporation Property
As shown in Figure 2, the water content ratio of fabric B
decreased to 6% at 24 min, and after that time, it was at a
stable level; while the water content ratio of fabric A
decreased to 6% at 30 min. it is possible due to the areal
density, air permeability and the polyester materials. In
contrast with fabric A, fabric B has low areal density, and
high air permeability. Fabric with low areal density means
that it has a larger contact surface with air. Meanwhile,
fabric with high air permeability indicates that water is
faster evaporated. Furthermore, fabric B has more
polyester contents, which can conduct the water from
inside the fabric to the surface and results in assisting for
water evaporation [12].
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FIGURE 2. Moisture evaporation property of fabric
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ABSTRACT

method. CHTAC was activated by reacting it with

Multilayer films consisting of negatively charged

sodium hydroxide at a 1:2 mol ratio. After treatment,

silver nanoparticles (AgNPs) and positively charged

the samples were sealed in bags and dried in oven.

polyelectrolyte have been fabricated on cationize

2.2 Preparation of silver nanoparticles

cotton fabrics substrates using the layer-by-layer

Silver nanoparticles were prepared by dropwise

(LBL) self-assembly technique. Moreover, the

addition of NaBH4 solution (50.0 mM, 1.0 mL) to an

ultraviolet (UV) protection property of the modified

aqueous solution of AgNO3 (0.1 mM, 100 mL) in

fabrics was investigated. The experiment results

the presence of trisodium citrate (0.3 mM) under

indicated that the treated fabrics exhibited much

vigorous stirring, the solution changed to yellow

better UV absorption properties than the untreated.

color immediately.

.

2.3. Preparation of Multilayer films

1 INTRODUCTION

The pre-treatment fabric samples were immersed

Cotton as the most popular clothes, is widely used in

into the Silver colloids for 10 min and rinsed with

summer

comfort

water, then dipped into the oppositely charged

properties. However, cotton fabrics are known to be

solution PDDA for 10 min and rinsed with water.

because

of

its

outstanding

[1]

low UV protective fabrics . Hence, it is necessary

The process was continuing until the desired number

to improve the UV protection function of cotton

of layers was achieved.

fabrics.
3 RESULTS AND DISCUSSION

There are usually many methods to improve the
UV-protection property of cotton fabrics, including

3.1 Characterization of AgNPs

sol-gel,

Recently,

The confirmation of the electrostatic properties of

layer-by-layer self-assembly method has been

the AgNPs and PDDA solutions was achieved by

widely applied to surface coating technology, which

determination of their zeta potential, this was done

was attribute to its easy process, low-cost and

in order to guarantee their correct interaction with

electroplating

and

so

on.

[2]

the cotton fabrics. The opposite charges of these two

controllable thickness .

solutions

In this study, multilayer films consisting of

were

confirmed

by

dynamic

light

silver nanoparticles and polyelectrolyte PDDA

scattering with values of: -17 mv for colloidal silver

deposited on cotton woven fabrics have been

with pH value of 5 and +55 mv for PDDA solution,

obtained

The

showing that they can interact by electrostatic forces.

fabricating procedure, surface morphology and

Furthermore, the AgNPs were analyzed by UV-vis

UV-blocking

and SEM. As shown in Fig.1(a), we observed a

by

the

self-assembly

property

of

the

method.
films

were

intensity of the characteristic surface plasmon band

emphatically investigated.

in the ultraviolet-visible spectroscopy at 400 nm,
2 EXPERIMENTS

which is attributed to the plasmon absorption band

2.1 Pre-treatment of cotton

of spherical silver particles[3]. The colloidal silver

Cotton fabrics were pretreated using the exhaust

was further investigated in detail by SEM. Fig. 1(b)
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shows that these AgNPs were mainly spherical in

3.3 UV-protection property

shape, which matched well with the spectroscopy

The ability of a fabric to block UV light is given by

results.

the ultraviolet protection factor (UPF) values.

Obviously,

the

particles

dispersed

homogeneously on glass plates, which is due to the

From Figure 3, we can see that the average

surface of AgNPs have the high zeta potential.

transmittance of pristine cotton fabric is about
20.2% in the UVR region. When the cotton fabric is
treated with three-bilayer of silver colloids, the

1.2

Extinction (a.u)

1.0

average transmittance of fabric is decreased to about

0.8

0.6

13.95% in the UVR region. The UPF factor for the

0.4

control cotton fabric is calculated to be 4.96, while it

0.2
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is 5.84, 6.42 and 7.17 for one-bilayer, two-bilayer,

Wavelength / nm

Figure 1 Absorption spectra of silver nanoparticles grown in

three-bilayer of AgNPs films, respectively. The

solution (a) and SEM image of silver nanoparticles deposited on

results illustrates that the cotton fabric treated by

glass substrates (b).

silver colloids exhibits better UV protection than

3. 2 SEM measurement
The multilayer films of AgNPs-impregnated cotton

normal.

fabrics was observed by SEM. The microstructure of

24

UVB

UVA
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the surface of cotton fabrics is shown in Figure. 2.
Fig. 2(b) and (c) shows the surface of one-bilayer,

(b)
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(c)
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(b)
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three-bilayer of AgNPs films, respectively. Compare
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with the image of Fig. 2 (a), the surface of

6
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Figure 3 UV-vis transmission spectra of normal cotton (a) ; (b-d)
one-bilayer,two-bilayer,three-bilayer of AgNPs films.

multilayer films has been roughened and the
presence of silver nanoparticles can be clearly

4 Conclusion
In summary, the sequential adsorption of PDDA and

observed. The silver nanoparticles visible on the
cotton fabrics surface in the micrographs of

AgNPs by LbL self-assembly is an efficient method

one-bilayer are less than that of three-bilayer,

for obtaining multilayer thin films on cotton fabrics.

indicating that more silver nanoparticles are

The SEM and UV-vis spectra showed that the

deposited with increase in the number of ilayers.

typical silver nanoparticles were nearly spherical
and exhibited one absorption band at 392 nm. The
SEM images indicating that the PDDA and AgNPs
were successfully alternating deposition on the
surface of cotton fabrics. In addition, the UV-vis
transmission spectra revealed that the treated cotton

(a)

fabric exhibits better UV protection.

(b)
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STATEMENT OF PURPOSE/OBJECTIVE
Since increased hydrophilicity and surface roughness of a
fiber gives a more efficient β-cyclodextrin (β-CD) finish,
we pretreated a PET fabric with either plasma or a NaOH
solution before β-CD finishing. The efficiency of the βCD finish on PET fabrics was evaluated according to the
weight gain of β-CD and the washing fastness.

dried at 85℃ for 5minutes, and then fixed at 160℃ for
30minutes. During the procedure the BTCA changed into
an anhydride form at high temperatures. Sodium hypophosphite was added in a padding bath to lower the
temperature of the anhydride formation of BTCA. The
weight gain of the finished fabrics was determined by the
weight increase.

INTRODUCTION
Β-CD is a torus-shaped, macrocyclic compound with 7 Dglucose units, and it can form stable complexes with
hydrophobic guest molecules in the internal hydrophobic
cavity [1-3]. Textile substrates treated with β-CD can be
used for hygienic and long-lasting fragrant textiles.

B-CD finished fabrics were washed for 1, 3, 5 or 10
cycles at 20℃ using a Launder-o-meter. These samples
were dyed with a 0.1M methylene blue solution for 30
minutes, and the L* values of CIELAB to examine the
washing fastness. SEM images of the β-CD treated
samples were taken after 10 washing cycles.

Cellulose fibers which are more hydrophilic than PET
fibers are efficiently grafted with β-CD. The grafting
efficiency of PET fibers is lower because of its hydrophobic property and very smooth and even surface.
Increasing the amount of the polar groups on the surface
together with the surface roughness of PET fibers will
enhance the adhesion of the β-CD on the fibers. In this
study the surface roughness and hydrophilicity of PET
fibers were increased through a plasma or alkaline
solution treatment.

RESULTS AND DISCUSSION
A plasma or NaOH-solution pretreatment of the PET
fabric affects the weight gain. Gref et al.[4] proposes
cross–linking agent BTCA rapidly reacts with a hydroxyl
group of β-CD and forms supramolecular nanoassemblies,
namely nanogels. We don’t show the FT-IR spectra or the
TGA thermograms of the finished fabrics here. However,
we have confirmed that there was no chemical bonding
between the β-CD and the PET fibers[5]. This suggests
that the supramolecular nanoassemblies of the β-CD and
the BTCA were physically attached to the surface of the
PET fibers. The increased roughness and the hydrophilic
properties of the PET fabrics with the pretreatment of
plasma or a NaOH-solution caused the weight to increase.

APPROACH
A PET woven fabric was pretreated before applying β-CD.
Two types of pretreatments, a plasma treatment or an
alkaline solution were used. The PET fabric was treated
using an electro- magnetic discharge of O2 gas at a power
of 300w for 15minutes with a gas flow rate of 150sccm.
The second method was a treatment of 5% NaOH solution
at 80℃ for 1 hour; consequently, the fabric weight
decreased by 14.8%. The description of the PET fabric
used in our experiments is shown in Table I.
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Β-CD finish was applied to PET fabrics tow of which
were pretreated and one not. The PET fabrics were
immersed in an aqueous solution containing β-CD (5%,
10% or 15%), 1,2,3,4-butanetetracarboxylic acid (BTCA,
10%) and sodium hypophosphite(5%). After that, the
fabrics were squeezed to remove the excess solution, pre-
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Figure I. Weight gain of PET fabrics treated with various concentrations
of β-CD.
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A larger weight gain and better washing fastness of the βCD finish occurred in the PET fabric pretreated with the
plasma or the NaOH solution than the fabric without
pretreatment. Methylene blue was a good indicator of the
washing fastness of β-CD finish on the PET fabric.
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Figure II. L* values of β-CD treated PET fabrics after repeated washing
cycles.

Washed fabrics were dyed with methylene blue and
examined with a SEM to confirm the washing fastness.
Methylene blue has a positively charged chromophore
which reacts with a negatively charged carboxylic acid.
Some of the carboxylic acids in the BTCA which linked
to the β-CD and some were bound to the methylene blue.
Then the β-CD treated PET fabrics were dyed. Though
the PET fiber contains carboxylic acid, the amount of the
acid is much less than that of the β-CD located on the
treated PET fabric. The L* values increased as the number
of washing increased. However, the L* values of all the
PET fabrics without β-CD finishing were higher than
those of the washed fabrics, even after 10 cycles.
Moreover, plasma or alkaline solution pretreated PET
fabrics dyed darker than the non-pretreated fabrics as the
number of washings increased. It was confirmed through
the SEM images that β-CD was left between the fibers in
the case of all the PET fabrics after 10 washing cycles.
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Figure III. SEM images of β-CD treated fabrics: (a) without pretreated

Figure IV. SEM images of β-CD treated fabrics after 10 washings: (a)

(b) alkali pretreated (c) plasma pretreated

without pretreated (b) alkali pretreated (c) plasma pretreated
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pot of 250 cm3 capacity, housed in a Turby (W. Mathis)
dyeing apparatus with medium bath circulation for 110
minutes at temperature 60 °C.
Colloidal dispersion of TiO2-SiO2 core-shell nanoparticles
was prepared using proportion of 25% of Na2SiO3 and
30% of dry TiO2. To obtain 1% or 2% of pure TiO2 in
bath, 30% or 60% of colloidal dispersion was used, which
mean 0.285 and 0.57 g, respectively.
The initial dye-bath contained x% of reactive dye
Bezaktiv Red S-3B150% (0, 0.5 or 1%), y% of TiO2 (0, 1 or
2%), 1 g/L of levelling agent (Meropan OFS, Bezema), 5
g/L of NaHCO3, and 30 or 40 g/L of NaCl. After 40 mins
of dye-bath circulation at 60°C, 0.8 or 1.2 g/L of NaOH
(32%) was added to alkaline pH adjustment. Dyed/treated
samples were rinsed in warm and then cold water, and
finally, dried at ambient temperature.

INTRODUCTION
Too much exposure to ultraviolet rays (UV-A and UV-B)
can result in skin damage such as sunburn, premature skin
ageing, allergies, and skin cancer [1]. Efforts have,
therefore been made, to provide protective clothing
against the sun, whilst still permitting outdoor activities.
The UV-ray blocking properties of textiles can vary
significantly, depending on the manufacturing parameters
of the material: type of the fibre, its structural
characteristic, presence of optical brightening agents,
dyestuffs, pigments or finishing products and its UV
absorbing capacity, and washing conditions of the
garments.
Functionalisation of various materials by nanocoating has
become a very important topic for the development of
new final products with multi-functional properties.
Among a number of nanoparticles of various size, shape,
and structure, inorganic TiO2 have received increased
interest in recent years on account of their excellent
optical properties, thermal stability, long-term life time
and lack of toxicity [2]. Despite good UV-shielding
properties of TiO2, it is also exhibits strong
photochatalytic behaviour when absorbing UV ray, and
thus, causing corrosion of textile materials (holes). To
suppress this negative effect, inert shell composed of
silica was coated onto TiO2 core.
Therefore, the aim of the presented paper was to combine
the application of TiO2-SiO2 core-shell nanoparticles and
dyeing (using reactive dye) in one-bath exhaustion
procedure to obtain superior UPF (ultraviolet protective
factor) of cotton fabric for summer cloths as well as
maximal fastness properties during usage and care.
Finally, the air permeability of treated samples was
determined, which is very important factor influencing
human comfort and well-being.

Analytical methods
Samples were colorimetrically evaluated using CIE colour
system by means of two-ray SF 600+ spectrophotometer
(Datacolor) with an Ulbricht sphere and measuring
geometry of d/8º in the spectral range of 400-700 nm
wavelengths. Also, the relative colour strength (K/S
value) was calculated from the reflectance values at the
maximal wavelength of individual sample.
The SEM-image of cotton samples was taken on a
scanning electron microscope Zeiss Gemini Supra 35 VP
(Zeiss).
The UVA and UVB fabrics’ transmissions were measured
according to Australian/NewZealand standard AS/NZS
4399:1996, over the ultraviolet spectral region of
wavelength 290-400 nm using a solarscreen 50
spectrophotometer (Varian) fitted with an integrating
sphere accessory and a fabric holder accessory. The level
of fabric’s UV protection is expressed by the ultraviolet
protection factor (UPF). The reported values are the
average of eight measurements.
The air permeability was determined according to the
standard EN ISO 9237 by means of Karl Schröder KG
apparatus and the colour fastness to light was determined
by the ISO 150 B04 standard using a XENOTEST 150S
(Heraeus) and exposed to a Xenon light source at an
irradiance of 1154 W/m2 for 15 hours.

EXPERIMENTAL PART
Materials
All trials were conducted on industrially bleached
(prepared for dyeing) cotton fabric in a plain weave, with
a weight of 139 g/m2, density of 26 treads/cm (warp) and
21 treads/cm, and fineness of 27.4 tex (warp) and 33 tex
(weft).

RESULTS AND DISCUSSION

Exhaustion procedure
The dyeing/TiO2-SiO2 nanoparticles application was
accomplished according to one-bath exhaustion procedure
using liquor ratio of 1:20 in a sealed, stainless-steel dye-

The CIE L*a*b* colour values of untreated sample and
samples treated with two concentration of TiO2 core-shell
nanoparticles (prepared in colloidal dispersion) and
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samples dyed/TiO2 applied using two concentration of
reactive dye (0.5% and 1%) and two concentration of
TiO2 core-shell nanoparticles (1% and 2%) are gathered
in Table I.
TABLE I. CIE L*a*b* colour values

Samples
Untreated
0.5% dye
1% dye
1% TiO2
2% TiO2
1% TiO2/0.5% dye
2% TiO2/0.5% dye
1% TiO2/1% dye
2% TiO2/1% dye

L*
94.27
77.04
72.01
94.45
94.19
78.47
79.12
72.34
72.66

a*
4.41
31.01
35.96
3.51
3.51
29.23
27.96
35.08
34.65

b*
-15.22
-19.83
-17.34
-11.77
-11.81
-17.98
-17.40
-16.83
-15.73

The scanning electron micrograph of cotton sample
treated with 1% of TiO2 (prepared as colloidal dispersion)
at 60°C for 110 minutes are shown in Figure 1.

C*
15.84
36.8
32.93
12.28
12.31
34.32
32.93
38.91
38.05
FIGURE 1. SEM image of TiO2-applied cotton sample

From Table I it could be observed that when increase dye
concentration from 0.5 to 1%, lightness slightly increase
and chroma decrease. TiO2 in dye-baths enlarge lightness
L* of cotton fabrics and slightly change colour (a* and
b*), i.e. dyed/ TiO2 treated samples are less red and more
yellow in comparison to the samples that were dyed only.

From Figure 1 it could be observed that TiO2-SiO2 coreshell nanoparticles were employed on the surface of
cotton fabric during exhaustion procedure, but on the
other hand, coating was not equal along the fibre.
Therefore, future work will be focused on preparation of
stable dispersion and development of such procedure,
which enable more uniform coating.

To evaluate the effect of TiO2 core-shell nanoparticles on
colour strength and colour fastness, K/S and light fastness
values were depicted in Table II as well as the mean UPF
was calculated. Also, the results obtain by measuring the
air permeability was presented.

CONCLUSIONS
The new generation of summer clothes should offer
maximum protection to solar UV radiation, therefore,
novel approach was studied by combining the application
of TiO2-SiO2 core-shell nanoparticles and dyeing (using
reactive dye) in one-bath exhaustion procedure with
intention to gain superior UV-rays’ blocking properties.
The obtained results indicating:
- Lightness and colour of dyed samples were slightly
changed when TiO2 colloidal dispersion was added into
dye-bath during one-bath exhaustion procedure.
- Application of only 1% TiO2 exceedingly enlarges
UPF, and on the other hand, not influences on fastness
properties to light.
- The higher concentration of UV absorber means the
highest UV-blocking property.
- In general, exhaustion one-bath method of combining
dye-bath and colloidal dispersion of TiO2-SiO2 is
suitable for cotton fabric treatment, although some
process optimization must be carried-out regarding
operational parameters and uniform coating.

TABLE II. K/S values, colour fastness to light, air permeability and UPF

Samples

Untreated
0.5% dye
1% dye
1% TiO2
2% TiO2
1% TiO2/0.5% dye
2% TiO2/0.5% dye
1% TiO2/1% dye
2% TiO2/1% dye

K/S

0.016
0.476
0.787
0.025
0.019
0.408
0.372
0.766
0.736

Mean
UPF
12.01
19.96
23.03
35.32
35.51
54.47
77.82
66.39
79.05

Air
perme.
116.8
112.8
109.6
109.8
106.6
106.8
105.7
104.9
103.2

Light
fastn.
4
4
4
4
4
4
4
4
4

It is evident from Table II that when dye concentration in
dye-baths was enlarged, K/S values (colour strength)
increased consecutively influencing on higher UPF.
However, the same colour strength not necessary means
the same protection against UV radiation. When the TiO2SiO2 core-shell nanoparticles were applied in the same
bath as dye, the colour strength slightly drop, while the
UPF drastically increased attaining UPF 50 or more that
defines very good or excellent protective properties.
On the other hand, the application of TiO2 had no
influence on colour fastness to light and negligible
influence on air permeability.
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Table 1. The screening culture medium

Abstract: Polyethylene terephthalate (PET) shows

Composition
DTP
KH2PO4
Na2HPO4
NH4Cl
MgSO4·7H2O
CaCl2·2H2O
FeCl3·6H2O
Yeast abstract
Agar

excellent properties for textile applications. However,
textile materials made of PET are uncomfortable poor
water absorption and adsorption due to the hydrophobic
surface. Bioprocess methods are potential tools for
synthetic fabric modification. In this investigation, a
kind of bacilli was isolated from the waste water of
PET processing factory and was employed to treat the
PET fabrics for improving the comfortable property.
The result showed that the hydrophility of the fabrics
was improved and the antistatic property was also
modified. Moreover, the anti-pilling property of the
fabrics was enhanced evidently.

Concentration（g L-1）
0.5
0.03
0.06
0.1
0.103
0.0066
0.0008
0.02
2.0

2.2 Biocatalytic surface modification of PET fabrics
Fabrics used as sample were obtained from Shanghai
Standard Office. Prior to enzymatic treatment, fabrics
were washed and then incubated in the culture solution
(Table 2) using a reciprocal flask shaker at 120 rpm.
After treatment, the fabrics were washed to remove
remaining cells and enzyme.

Keywords: Biocatalysis, Polyethylene terephthalate,
Comfortability, Surface modification, Fabric
1. Introduction
Polyethylene terephthalate (PET) shows excellent
properties for textile applications. However, textiles
made of PET are uncomfortable poor water absorption
and adsorption due to the hydrophobic surface.
Bioprocess methods are potential tools for synthetic
fabric surface modification. However, high crystallinity
negatively affects the ability of enzymes to hydrolyse
PET. Although several kinds of hydrolyzing enzymes,
such as cutinases, lipase and esterases, have been
reported to applied in modification of PET fabric[1~5],
new microorganism strains remain need to be
developed for obtaining more powerful biocatalyst in
the modification of PET fabric. In this investigation, a
kind of bacilli was isolated from the waste water and
was employed to treat the PET fabrics for improving
the comfortable property.

Table 2. The culture medium for treating PET fabric

Composition
NH4Cl
KH2PO4
Na2HPO4
NaCl
MgSO4·7H2O
CuSO4·5H2O
H3BO3
FeCI3·6H2O
MnSO4·5H2O
ZnCl2
(NH4)6Mo7O24·7H2O

Concentration（g L-1）
1.0
3.0
7.0
0.5
0.25
0.0004
0.0005
0.0002
0.0004
0.0004
0.0002

3. Results and discussion
3.1 The modification of hydrophilicity of PET
fabrics
In this investigation, capillary effect and contact angle
were used to describe the hydrophilicity of PET fabrics
(Table 3). The result demonstrated that the
hydrophilicity of fabrics increased after the process by
treating with the strain. This change may caused by the
decomposing of the phenyl and the induced hydrophilic
groups such as hydroxides, carboxyl and so on. The
improvement of hydrophilicity would do much good to
the property of PET fabrics, for example the ventilation
and the antistatic property of the fabrics would improve
offering much comfort for the wearers.

2. Materials and methods
2.1 Microorganisms and cultivation media
The microorganisms isolated from waste water of
several chemical fiber plants were incubated on agar
plates served as inoculums. The screening was carried
out using a mineral salt agar medium (Table 1). The
mineral salt agar was supplemented with 0.5 g L-1 of
the diethylene glycol terephthalate (DTP) as the model
substrate of PET.

Table 3. The capillary effect of PET fabrics
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Treating
time (d)
Capillary
effect
/cm
Contact
angle

0

1

2

3

4

5

1.0

1.5

1.9

2.4

3.1

3.5

89.7

66.8

60

58.3

57.6

57.3

3.2 The modification of antistatic property of the
fabrics
Static electricity is an important limitation for PET
fabrics in textile application. The fabrics can carry a lot
of static electricity especially in dry weather, forming
high pressure making the fabrics tie to wearer’s skin
ever sometimes causing serious accidents. The property
of PET fabrics would be largely improved if the static
electricity problem can be overcome. In this study, the
antistatic characterization of PET fabric was examined
and the experiment results were listed in Table 4.

FIGURE 1. The pilling property of PET fabrics that were not
modified

FIGURE 2. The pilling property of PET fabrics that were modified
for 4 days

Table 4. The antistatic property of PET fabrics

Treating time
(d)
0
1
2
3
4
5

Half life of static electricity/s
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139.8
120.1
100.2
78.5
59.6
36.0
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The results showed that the half life of the static
electricity decreased with the lapse of time sharply.
This indicated that the charges accumulated on the
fabrics would be conducted more quickly. The reason is
mainly because of the enhancement of the
hydrophilicity. The modified fabric can adsorb more
vapors from environment and this can facilitate the
conduction of electricity from the fabric to outside.
3.3 The anti-pilling property of the fabrics
Pilling is another problem for PET fabrics, which may
impair the aesthetic feeling of the fabrics largely.
Pilling is caused by the ruptured fiber which
accumulates on the surface of the fabrics. These
exposed fibers can be displaced in the process of
biomodification. The results were showed in Figure 1
and Figure 2. According to Standard Swatches which
were offered by the Standard Office, the anti-pilling
property of the fabrics in Figure 1 and Figure 2 were
judged as levels 3 and 5 respectively. The fabric
showed in Figure 2 was treated for 4 days and were
perfect in anti-pilling property. It may be caused that
the enzymes can wipe off the fluff on the surface of the
fabrics which is quite easy to twist together forming
pilings.
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ABSTRACT Three kinds of woven fabrics were finished
by aroma microcapsule (AM) and essence solution(ES),
And the aroma reservation effect of fabrics were tested
and contrasted before and after washing. The result shows
that the aroma reserved time of the fabrics finished by AM
is five times longer than that of the fabrics finished by ES;
when washed, the aroma reserved time of the former is
three times longer than the latter. In addition, the fiber
material, the diameter and configuration of the yarn, the
structure and the density of the fabric can all affect the
aroma absorbing capability and the aroma reserving effect
of the fabrics.

wavelength with UV-Vis. Then the essence content in the
fabric can be got according to the equation of linear
regression.
Essence percentage (mg/g)=CV/W
(2)
where, C is the concentration got from the equation of
linear regression, g/L; V is the volume of the extraction
solution, mL; W is mass of specimen,g [1,2].
RESULTS AND DISSCUSSION
Aroma reserved effect of fabrics finished by AM
Under the longest absorbing wavelength (λmax=284nm),
the essence content in the fabrics finished by AM are
separately tested with the UV-Vis after placed for 0
week,2 weeks,4 weeks,6 weeks, 8 weeks and 24 weeks.
The aroma reserved curve can be got which is shown in
Figure 1a.

INTRODUCTION
Three kinds of woven fabrics, which are usually used in
apparel manufacturing, are separately finished by AM and
ES. And the aroma reserved effects of the fabrics finished
by aroma solution are tested and contrasted.
EXPERIMENTAL
SAMPLE: Polyester plain, polyester cotton blended
poplin (65/35), cotton poplin.
Preparation of AM: (wt%) :20% aroma microcapsule:
1.0%; penetrant agent:0.2%;adhesive agent:0.45%; other:
water.
Preparation of ES(wt%):jasmine essence:1.0%;other:
water.
Aroma finishing: Dipping method is adopted with the
bath ratio 1:10. Firstly, the fabrics are dipped into the
aroma solution for one hour; then they are swinging dried
and baked for 30 minutes in the low temperature oven; and
finally the fabrics are dried in nature condition.
Preparation of the normal essence curve:22 mg essence
is placed in a 100ml measuring flask and then anhydrous
alcohol is joined in till it gets to the constant scale. After
shaken, 25ml of the mixture is taken to another 100ml
measuring flask and then anhydrous alcohol is joined in
till it gets to the constant scale. Then such a process is
repeated for another three times till five normal ES are
completed. Then the longest absorbing wavelength of the
ES is found by ultraviolet spectrophotometer(UV-Vis).
Under the longest absorbing wavelength, the absorbencies
of the five normal ES are tested with the anhydrous
alcohol being its reference. After that, equation of linear
regression can be got as follows:
C=0.1 579X+0.0016 ( r =0.99)
(1)
Test: 1 gm of the fabrics after finished is taken and broken
into pieces. Then they are put into the hermetic vessel and
100 ml alcohol is joined in. After heated in water bath,
shaken and placed for 24hr, the absorbency of the
extraction is tested under the longest absorbing

(a)
(b)
FIGURE1 Aroma reserved curve of fabrics finished by a) AM solution b)
essence.

Figure1a shows that after newly-finished by AM, the
essence content in polyester plain fabric is the least while
in cotton poplin fabric the most. That is because polyester
plain fabric is thinner and the diameters of yarns it used
are smaller so the interspace in the fabric is little. In
addition, the surface of polyester fiber is smooth so it is
difficult for the AM to be adhered to or insetted in the
fabrics; while cotton poplin fabric is thick so the
interspace is relatively more. In addition, there is natural
inflexion in surface of the cotton fiber so it is easy for
more AM to be adhere to or be insetted in the fabrics.
After placed for about half a year, the essence content in
cotton poplin fabric is less than that in the polyester cotton
poplin, which indicates that after AM finished, the
releasing speed of the essence in polyester cotton poplin
fabric is lower than that in cotton poplin fabric and the
declining speed of the essence content in polyester cotton
fabric is relatively uniform. That is because compared
with cotton poplin fabric, polyester cotton fabric is thicker
and the diameters of the yarns forming it are bigger; in
addition, though the degrees of puffing of the two fabrics
are close, the density of polyester fiber is smaller than that
of the cotton fiber, so the interspace between the fibers in
the fabric is less and it is difficult for the AM adhere to or
insetted in the fabrics to release[3].
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Among the three woven fabrics, the essence content in
cotton poplin fabric declines biggest after washed for 14
times and finally the essence content in it becomes lowest;
polyester cotton poplin fabric follows it and the essence
content in polyester plain fabric declines smallest, which
shows that the absorbing ability to AM of polyester fiber is
better; in addition, polyester cotton fabric is thicker and
diameters of its yarns are bigger so AM are mainly adhered
to or insetted in the interspace between fibers and they are
difficult to be washed off.
Aroma reserved effect finished by ES after washing
Under the longest absorbing wavelength(λmax=284nm), the
essence content in the fabrics finished by ES are separately
tested with UV-Vis after washing for 0, 1, 2, 3, 4 times.
The aroma reserved curve can be got which is shown in
Figure 2b. Figure 2b shows that the releasing speed of
essence in the fabrics finished by ES is very fast. After
washed for 4 times, the essence content in the fabrics is very
slow and its content in the three fabrics is similar, which is
less than 1mg.g-1. It indicates that the washable aroma
reserved effect of the fabrics finished by ES is bad.
Comparing Figure 2a and Figure 2b, it can be got that while
washing, the releasing speed of the essence in the fabrics
finished by ES is much higher than that in the fabrics
finished by AM solution. And it indicates that compared
with the fabrics finished by ES, the washable aroma
reserved effect of the fabrics finished by AM is greatly
improved.

Aroma reserved effect of the fabrics finished by ES
Under the longest absorbing wavelength(λmax=284nm), the
essence content in the fabrics after essence finished are
separately tested with the UV-Vis after placed for 0 day, 3
days, 6 days, 10 days, 14 days, 21 days, 28 days.
The aroma reserved curve can be got and is shown in
Figure1b. It indicates that after placed for 28 days, most
essence in the fabrics has released and the essence content in
the three fabrics is close. It shows that the aroma reserved
time of the fabrics finished with the ES is very short and
there is little difference among fabrics formed by different
materials and different structures.
Comparing Figure1a and Figure1b, it shows that the aroma
releasing speed of fabrics finished by the ES is higher; after
placed for 28 days, the essence content in the three fabrics
finished by ES is lower than that in the fabrics finished by
AM solution which are placed for 24 weeks, which indicates
that after AM finished, the aroma reserved time of the
fabrics can be prolonged greatly. In addition, the absorbing
abilities to the essence and AM of different fabrics are
different. The difference of essence content in the three
fabrics is little but the AM contents in different fabrics
distinct greatly, which shows that adhesive plays an
important part in the process of AM finishing and the
absorbing abilities of fabrics formed with different materials
and different structures distinct greatly.
Comparing Figure1a and Figure1b, it shows that the essence
contents in the fabrics newly-finished by ES are a little
higher than that in the fabrics newly-finished by AM
solution, which mainly because that compared with AM,
essence granules are very small so it is easy for them to be
adhered to or insetted in the interspace of the yarns or fibers;
while the AM granules are bigger and they are adhered to
the fabrics with the adhesive so the essence content in the
fabric lies on the quantities of AMs adhered to the fabric
and the essence content in the newly-finished fabrics is less.
Aroma reserved effect finished by AM after washing
Under the longest absorbing wavelength(λmax=284nm), the
essence content in the fabrics after AM finished are
separately tested with UV-Vis after washed for 0 time, 2
times, 6 times, 10 times, 14 times.
The essence concentration can be got according to the
equation of linear regression and the essence content in the
fabric can be got according to the formula (2). The aroma
reserved curve can be got which is shown in Figure 2a.

CONCLUSIONS
Comparing the fabrics finished by AM and ES, the essence
content in the latter newly-finished fabrics is more, but the
essence releases much quick; while the releasing speed of
the essence in the fabrics finished by AM is slower. Its
aroma reserved time is five times more than the latter fabrics
and its washable aroma reserved time three times more.
Among the three woven fabrics finished by AM, the aroma
reserved effect to polyester cotton fabric is the best and
polyester plain fabric the worst, while among the washed
woven fabrics finished by AM, the aroma reserved effect to
polyester cotton poplin fabric is the best and cotton poplin
fabric the worst.
The fiber material, the yarn diameter and configuration and
the structure and the density of the fabric can all affect the
aroma absorbing capability and the aroma reserving effect.
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(a)
(b)
FIGURE 2. Washable aroma reserved curve of fabrics finished by a)AM
solution; b) ES

Figure 2a shows that the essence contents in the fabrics
finished by AM solution decline greatly after washed for 14
times, but there are still some AM in the fabrics.
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1. INTRODUCTION
Textiles with antibacterial activity or antiviral activity
have become extremely important in the health protection
of human body [1]. The number of antibacterial agents
which are suitable for textile applications on the market
has increased dramatically in the past decades. However,
most of the antibacterial agents still have some
disadvantages which limit their applications greatly. The
uptake and durability of metals in textiles are the two big
problems of treatment for the metal antibacterial agents
[1]. The quaternary ammonium compounds(QACs) are
incompatible with the anion surfactant, and the
antibacterial activity was decreased or even expired due to
the absorption of dirt, deadly microorganisms or complex
formation between the positively charged QACs and the
negatively charged anionic detergent during repeated
laudering[2] The antibacterial activity of environmentally
friendly chitosan is pH-sensitive and limits to acidic
conditions[3]. In this paper, we reported antibacterial
cotton textiles finished with siloxane sulfopropylbetaine.

count method[5]. To investigate the washing durability of
antibacterial activity, the antibacterial rate of cotton
textile finished with SSPB was evaluated after 50 washes
according to FZ/T 73023-2006 standard method. The
leachability of SSPB from cotton textile was determined
by diffusion method on agar plate after washing one time
according to FZ/T 73023-2006 standard method. The
mechanical properties of the cotton textiles finished with
SSPB and the raw cotton textiles were evaluated using a
universal testing machine according to the standard test
method of ISO 9073 part 3 (Strip Method)[6].
3. RESULTS AND DISCUSSION
As compared to XPS spectrum of raw cotton textile, there
is a new peak at 169eV attributed to S2p in the cotton
textile finished with SSPB. And the N1s and Si2p peaks
are much higher in the cotton textile finished with SSPB.
Moreover, in the high-resolution N1s spectra as shown in
figure 1, a new peak at 402eV attributed to C-N+ of SSPB
appears in the cotton textile finished with SSPB. Thus, it
is confirmed that the SSPB is covalently bound to the
cotton textile successfully.

2. EXPERIMENTS
The
alkoxysilane
sulfopropylbetaine(SSPB)
was
synthesized according to the reference[4]. The typical
synthesis routine of SSPB is described as follows:
Diethoxymethylsilane (0.1mol), N, N-dimethylallylamine
(0.1mol) and chloroplatinic acid (0.01mmol, dissolved in
isopropanol) were added to a 250ml three-necked flask
equipped with a reflux condenser and a thermometer.
Under the continuous stirring and N2 condition, the
reaction had been carried out at 50℃ for 2 hours and the
intermediate
compound
dimethylamine
diethoxymethylsilane was obtained. Thereafter, 0.1 mol 1,
3-propanesultone (dissolved in 100ml THF) was added to
the mixture and the reaction was kept for another 4 hours
at 50℃. Finally, the SSPB was obtained after extracting
with absolute THF and drying at 80℃ vacuum for 48
hours. The SSPB is a sol-gel precursor containing
ethoxide groups that can easily hydrolyze to form silanol
groups. The silanol groups further condense among each
other or react with the hydroxyl group of cotton fiber. The
formation of covalent bonds between silanol groups of the
hydrolytic SSPB and hydroxyl groups of cotton fibers
during the finishing process imparts the cotton textile with
perdurable antibacterial activity [2, 5].The antibacterial
properties of cotton textiles finished with SSPB against E.
coli(8099), S. aureus(ATCC 6538) and C.albicans(ATCC
10231) were quantitatively evaluated using viable cell
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FIGURE 1 XPS spectrum of SSPB，raw cotton textile and cotton textile
finished with SSPB
Table 1 Mechanical properties of the raw cotton textile and the cotton
textile finished with SSPB
Samples
Mechanical properties
Weft
warp
Raw textile
breaking strength
265±28 586±63
breaking elongation
68±2.3 32.9±2.3
SSPB finished textile breaking strength
322±16 652.5±12
breaking elongation
64±4.5 37.7±1.2
Note: Each symbol indicates the means± standard errors for five
observations.

The mechanical properties of cotton textile in particular
breaking strength are usually damaged during the
antibacterial finishing process [7]. In the present work,
the breaking strength of cotton textile finished with SSPB
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92.14% and 92.62%, respectively. It is known that the
reference values of AAA class antibacterial textiles for
antibacterial rate are 70%, 80% and 60%, respectively.
Thereafter, the antibacterial rates of cotton textile finished
with SSPB are still higher than the reference value. This
indicates that cotton textile finished with SSPB has a
good washing durability in antibacterial activity against
repeated laundering. In addition, the diameters of
inhibition zone for cotton textile finished with SSPB
against E.coli, S.aureus and C.albicans are all 0 mm(after
washing one time). This implies that no antibacterial
agent is leached out from the cotton textile finished with
SSPB. It can also confirm that the SSPB is very good
immobilized antibacterial agent for antibacterial textile
applications.

is improved significantly from about 265N to 322N
(increased by 21.5%) in the weft direction and from
about 586N to 652N (increased by 11.3%) in the warp
direction as shown in table 1. At the same time, the
maximum breaking elongation is reduced slightly from
about 68% to 64% (decreased by 5.9%) in the weft
direction while it is improved from about 32.9% to 37.7%
(increased by 14.5%) in the warp direction. Therefore, the
mechanical properties of cotton textile finished with
SSPB are improved significantly as compared with the
raw cotton textile.
The antibacterial activities of cotton textile finished with
SSPB were evaluated according to the protocols described
in literature[5]. The raw cotton textile without SSPB was
used as a control sample. The bacterial colonies were
allowed to grow on the surface of the cotton textile
finished with SSPB. The antibacterial activity was then
evaluated according to their antibacterial rate. It is found
that the count for viable colonies of both bacterial is
decreased sharply after 24h in the cotton textile finished
with SSPB. The antibacterial rate of cotton textile
finished with SSPB reaches more than 99.99% against
S.aureus and 99.92% against E.coli.as shown in figure1.
This implies that the resultant cotton textile finished with
SSPB has excellent antibacterial activity against both
gram-positive S.aureus and gram-negative E.coli.
raw cotton textile

Table 2 Antibacterial activities of cotton textile finished with SSPB after
50 washes

Microorgan
isms
E.coli
S.aureus
C.albicans

antibacterial ratea
Experimental
Reference
value(%)b
value(%)c
90.30±3.2
≥70
92.14±3.0
≥80
92.62±5.0
≥60

Note：a. Test method：FZ/T 73023-2006 D7 absorption. the sample
was laundered for 50 times; .b: Each symbol indicates the means±error
limits for three observations. c: Reference value of AAA class
antibacterial textiles.

cotton textile finished with SSPB

4. CONCLUSION
We mainly report SSPB finished antibacterial cotton
textiles from their antibacterial properties and mechanical
properties. The results show that the SSPB is a very good
immobilized antibacterial agent for antibacterial textile
applications. The cotton textile finished with SSPB show
good antibacterial activities against E.coli, S.aureus and
C.albicans. And the breaking strength of cotton textiles
are improved significantly after finished with SSPB.

S.aureus

E.coli
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FIGURE 1 antimicrobial activity against the test microorganisms after
24h contact time of samples.

As mentioned above, antibacterial textiles are usually
produced by adding antibacterial agents to textiles
through finishing process. The advantages of such
application are high productivity and relatively low
processing costs. However, many textiles finished in this
way exhibit low durability against repeated laundering.
The performance and washing durability of antibacterial
functions depend on the amount of the agents imparted on
the textiles and interactions between the agents and the
fibers[7]. In this experiment, to evaluate the durability of
antibacterial, the samples had been laundered 50 times
and their antibacterial activity was further evaluated using
the same method. The antibacterial activities of cotton
textile finished with SSPB after 50 washes are
summarized in table 2. It is found that the antibacterial
rate against gram-negative bacteria E.coli, gram-positive
bacteria S.aureus and fungi C.albicans are 90.30%,
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to evaluate whether the measurement data were affected by
sample conditioning. During sample conditioning, the
samples were exposed to D65 in order to prevent
photo-chromatic change [3].

STATEMENT OF PURPOSE
The sample conditioning setting is different between the
lingerie garment manufacturing company and the colour
standard manufacturer, therefore, the influence of sample
conditioning on instrumental colour measurement on nylon
interlock fabric was studied.

The samples were also conditioned with the Setting 2 and
then measured by different spectrophotometers, one from
the lingerie garment manufacturing company and the other
one from the colour standard manufacturers to determine if
measuring by different spectrophotometers would affect the
measurement data.

INTRODUCTION
Instrumental colour measurement is one of the colour
assessment methods commonly used in the textile industry.
Spectrophotometer plays an important role in instrumental
colour measurement to provide sufficient accuracy and
repeatability for objective colour assessment of a
uniformity coloured object. However, the variations in
temperature and moisture content can lead to variations in
measurement data [1-2]. The colour characteristics of
certain dyes with photochromatic properties change after
exposing to light [3].

Colour Measurement By Spectrophotometers
Spectrophotometers Spectraflash 600 plus CT (SF600 plus
CT, used by the lingerie garment manufacturing company)
and Datacolor 600 (used by the colour standard
manufacturers) from DataColor were used to measure the
colours of the collected standard samples. D/8 with specular
component included was used as the optical geometry of
the measurement device and a large aperture was used for
the measurements. Spectral reflectance values for each
sample were obtained at 10nm intervals within the visible
spectrum, which ranged from 360nm to 700nm.

EXPERIMENT
Sample Preparation
The samples used in this study were collected from a
lingerie garment manufacturing company. 40 newly
developed colour standard samples, which were made of
100% polyamide 6.6 interlock by one of the colour standard
manufacturers, were collected from the company. The
lightness value of those standard samples was ranged from
23.59 to 94.39, while the a*b* coordinates of those standard
samples were shown in Figure 1.

After the warm-up period of 15 minutes, the
spectrophotometer was calibrated by using the black trap,
followed by the white tile and finally the green tile. This
calibration procedure was recommended by the
spectrophotometer supplier. The standard samples were
folded into four layers and measured for four times with
repositioning and 90 degree clockwise rotation between
measurements [1].

Tha a*b* coordinates of the 40 colour standard samples
in the CIELAB colour space

b* value measured by Spectrophotometer

30

20

RESULTS AND DISCUSSION
Relationships Between The Colour Standard Samples
Measured After Different Sample Conditioning Setting
In order to investigate the relationship between the
measurement data in terms of lightness (L*), red-green (a*),
yellow-blue (b*), chroma (C*), and hue angle (h*), Table I
lists all coefficients of correlation (R), determination (R2)
and p-values. It can be found that all R values between the
measurements were larger than 0.99, which indicated that
the values of colour standard samples measured after
conditioning with Setting 1 have a very strong positive
correlation with those measured after conditioning with
Setting 2 by the same spectrophotometer. Also, the p-values
between the measurement data are larger than 0.05, which
indicates that there are not significant different on the
measurement data of samples measured after conditioning
with Setting 1 and 2. The slopes of the linear equations
were used to further quantify the variation of the values of
colour samples measured after conditioning with Setting 1
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FIGURE 1. The a*b* coordinates of the 40 colour standard samples
measured by spectrophotometer in the CIELAB colour space

Those collected standard samples were labelled and
conditioned in conditioning cabinet for 30 minutes before
measuring by spectrophotometer. In this study, two different
sample conditioning settings, Setting 1 (65 ± 2% relative
humidity and 21 ± 1ºC , the current setting used for the
lingerie garment manufacturing company) and Setting 2 (50
± 2% relative humidity and 22 ± 1 C
º , the current setting
used for the colour standard manufacturer), were compared
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with respect to those measured after conditioning with
Setting 2 and summarized in Table I. The quantitative
analysis found that every increasing of 1 unit of the values
of colour samples measured after conditioning with Setting
2 caused +/- 0.0015 CIELAB units variation in the values
of colour samples measured after conditioning with Setting
1 for the components of lightness (L*), red-green (a*),
yellow-blue (b*), chroma (C*) and hue angle (h*),
respectively. It is because polyamide 6.6 is low in moisture
absorbency and thus do not significantly affected by
moisture content. The small variation may only due to the
influence of machine repeatability properties.

Although the differences between the measurement data are
not significant, the colour difference between the samples
measured after conditioning with Setting 1 and Setting 2 or
measured by different spectrophotometers may vary. The
average colour differences, DECMC(2:1), of colour standard
samples measured by SF600 plus CT after conditioning
with different sample conditioning settings was lower than
that
of
the
samples
measured
by different
spectrophotometers after conditioning with Setting 2, which
is influenced by the inter-instrument agreement between
spectrophotometers. The DECMC(2:1), of the samples
measured after conditioning with Setting 1 and Setting 2
ranged from 0.01 to 0.28 units while that of the samples
measured
by
different
spectrophotometers
after
conditioning with the same sample conditioning setting
(Setting 2) ranged from 0.08 to 0.59 units. This shows that
the influence on using different spectrophotometers was
larger than using different sample conditioning settings (i.e.
Setting 1 and Setting 2). Also, samples in grey and brown
colour generally had a larger colour differences for both
comparisons. This shows that the temperature and moisture
content may not significantly affect the measurement data
in general, but they may have more effect on some colours.

TABLE I. Summary table for the relationship between colour samples
measured after conditioning with Setting 1 and Setting 2 by SF600 plus
CT
Coefficient

L*

a*

b*

C*

h*

Slope
R
R2
P-Value

1.0002
100.00%
100.00%
0.614

1.0015
100.00%
100.00%
0.170

0.9984
99.99%
99.99%
0.432

1.0007
99.99%
99.99%
0.722

0.9996
99.99%
99.99%
0.955

Relationships Between The Colour Standard Samples
Measured By Different Spectrophotometers
Table II lists all coefficients of correlation (R),
determination (R2) and p-values in order to investigate the
relationship between the measurement data. It can be found
that all R values between the measurements were larger
than 0.99, which indicated that the values of colour
standard samples measured by Datacolor 600 have a very
strong positive correlation with those measured by SF600
plus CT with the same sample conditioning setting. Also,
the p-values between the measurement data are larger than
0.05, which indicates that there are not significant different
on the measurement data of samples measured by different
spectrophotometers. The slopes of the linear equations were
used to further quantify the variation of the values of colour
samples measured by Datacolor 600 with respect to those
measured by SF600 plus CT and summarized in Table II.
The quantitative analysis found that every increasing of 1
unit of the values of colour samples measured after by
SF600 plus CT caused +/- 0.0031 CIELAB units variation
in the values of colour samples measured by Datacolor 600
for the components of lightness (L*), red-green (a*),
yellow-blue (b*), chroma (C*) and hue angle (h*),
respectively. The small variation may due to the
inter-instrument
agreement
properties
of
the
spectrophotometers.

CONCLUSIONS AND FURUTE WORK
In the present study, the correlation between colour standard
samples measured after different sample conditioning
settings and spectrophotometers were studied. The values of
colour standard samples measured by SF600 plus CT after
conditioning with Setting 1 or measured by Datacolor 600
after conditioning with Setting 2 have a very strong positive
correlation with those measured by SF600 plus CT after
conditioning with Setting 2. Also, the p-values between the
measurement data are larger than 0.05, which indicates that
there are not significant different between the measurement
data. However, the influence on using different
spectrophotometers was larger than using different sample
conditioning settings (i.e. Setting 1 and Setting 2). Also,
some colours may be much more easily affected and thus
caution should be taken when handling those colours. As in
this study, only two conditioning settings were compared
according to the actual situations in the lingerie garment
manufacturing company and the colour standard
manufacturer. It is suggested to have more experiments to
simulate the different situations in factories.
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TABLE II. Summary table for the relationship between colour samples
measured after conditioning with Setting 2 by SF600 plus CT and
Datacolor 600
Coefficient

L*

a*

b*

C*

h*

Slope
R
R2
P-Value

1.0001
100.00%
100.00%
0.073

1.0031
100.00%
100.00%
0.544

0.9995
99.99%
99.98%
0.202

1.0022
99.99%
99.99%
0.445

0.9987
99.99%
99.99%
0.074
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Dyeing of PLA fiber with Crucumin natural dye
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PLA fiber is regarded as the outstanding “green fiber”,
which has been widely noticed in the industrial fields.
PLA fiber is commonly dyed with disperse [1]. However,
in recent years, a considerable amount of interest has been
generated for the use of natural dyes in dyeing PLA fiber
and other synthetic fibers. The growing demand for more
natural products and the toxicity problem in relation to
synthetic dyes are the principal factors in encouraging the
use of natural dyes. Natural dyes can exhibit better
biodegradability and generally have a higher
compatibility with the environment [2-3]. Recently, the
potentiality of using natural dyes in textile coloration as
anti-UV and anti-microbial has been investigated. Several
studies on the application of natural dyes have been
reported [4].

air at room temperature.
Mordanting Pre-mordanting was chosen as the process
for mordanting PLA fiber. The mordant Fe2+ was
dissolved in water to make the liquor ratio 1: 50. The
pre-wetted sample was treated with mordant solution
(10% o.w.f.) at 60℃ for 1h and then it was dyed on the
suitable dyeing technics.
Dyeing quality evaluation and fastness testing Color
values such as L*, a*, b*and K/S were measured for dyed
fabric was carried out by Color i7 benchtop
spectrophotometer.
The rubbing fastness test was carried out on the base of
national standard GB/T 3920-1997 of P. R. China.

Curcumin(1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta
diene-3,5-dione) is a natural yellow-orange dye that gives
its name to the curcuminoid family. It is the main
component of Curcuma longa L. rhizomes. Today it is
used as spice, food dye and preservative [5].

The washing fastness test was carried out on the base of
national standard GB/T 3921.1-1997 of P. R. China.

RESULTS AND DISSCUSSION

Effect of dye concentration As shown in Figure 1, the
K/S value increases as the concentration of the dye
increased up to 3% (o.w.f.), after which the fiber start to
become saturated.

To the best of our knowledge, however, it was found that
very limited work was reported on dyeing of PLA fiber
with natural dyes [6]. As a part of our ongoing interest in
exploring the dyeability of PLA fiber, the dyeing of PLA
fiber with curcumin natural dye is reported in this study.
The dyeing conditions such as the concentration of the
dye, the dye bath pH, the dyeing temperature, the dyeing
time and the mordants and the fasteness to rubbing and
washing were investigated.

40
38

K/S value

36

EXPERIMENTAL
Dyeing The dye bath of different natural curcumin dye
concentrations (1-6% o.w.f.) was prepared by addition of
1: 1 acetone-water. All dyeing experiments were
performed with 1.0 g pieces of PLA fabrics and at a
goods-to-liquor ratio of 1: 40. The pH was maintained at
2-7 adjusted with the buffer solution. The dyeing process
was carried out in a digital-thermostatic water-bath,
started at 60℃ , and then increased the dyeing temperature
at 3℃ ·min-1 to different temperatures (60-100℃ ), and
held for different durations (10-60 min). After dyeing, the
fabric samples were taken out from the dyeing solution,
then washed with soap and rinsed with water until the
washing water was colorless. Finally, they were dried by
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FIGURE 1. Effect of dye concentration on K/S value of PLA fiber dyed
with curcumin dye

Effect of dye bath pH The influence of dye bath pH on
dye exhaustion is shown in Figure 2. The K/S value level
off from pH 2 to pH 6, and then increased from pH 6.
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indicated in Table I. It is noted that after mordanting the
yellowness and vividness of PLA fabric decreased
obviously. These changes of color values may be due to
the impact of ferrous sulfate on pigment chemical
structure.
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K/S value

35
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TABLE II. Effect of mordant on color characteristics of PLA fabric
dyed with curcumin dye
L*value
a* value
b* value
K/S value
Direct
68.59
17.19
86.46
38.752
Mordant
60.61
9.42
60.80
29.933
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Table II shows the rubbing fastness and washing fastness
ratings for curcumin dye on PLA fabric. Direct dyeing
showed good rubbing fastness and washing fastness.
Unexpectedly mordant gave no improvement in these. In
this study, the complex of dye with iron metal unstable
and may result in the decrease of fastness. Anyway, the
true reason needs further experiment to determine.

FIGURE 2. Effect of dye bath pH value on K/S value of PLA fiber dyed
with curcumin dye

Effect of dyeing temperature The representative
variations of the dye on PLA as a function of dyeing
temperature are shown in Figure 3. It can be seen that the
K/S value increased with the increase of the dyeing
temperature.

Table II Effect of mordant on rubbing and washing fastness of PLA
fabric dyed with curcumin dye
rubbing fastness
Washing fastness
Dye
Dry
Wet
Fading
Staining
Direct
4
4-5
5
5
Mordant
4
3-4
4
4
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K/S value
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CONCLUSIONS
The dyeability of PLA with natural curcumin dye was
investigated. Under the optimal conditions, the dye could
penetrate into PLA and the mordants had no effect on
dyeing. Moreover, this study demonstrated that natural
curcumin had excellent dyeing performance and could
endow the PLA fabric with a brilliant yellow-orange color,
and the dyed PLA samples showed excellent washing and
rubbing fastness.
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FIGURE 3. Effect of dyeing temperature on K/S value of PLA fiber
dyed with curcumin dye

Effect of dyeing time Figure 4 shows the effects of
dyeing time on K/S value. When the dyeing time was less
than 30 min, the K/S value would rise with the increase of
time and than the K/S value would be level off, which
meant that the dyeing equilibrium was achieved at 30
min.
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FIGURE 4. Effect of dyeing time on K/S value of PLA fiber dyed with
curcumin dye

Effect of mordant For wool fabric dyed with mordant,
treatment with Fe2+ produced a noticeable color change, as
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of 5 compartments and has no top cover. Each baffled
plates and inner walls of the reactor were attached plush
materials made of acrylic fibers which can be used as
facultative microbe

STATEMENT OF OBJECTIVE
The study deals with a wastewater treatment system which is
combination of modified facultative anaerobic baffled reactor
(MFABR) and an aerobic unit. The efficient decolorization
and biological degradation of the wastewater that contains
commercially important cationic red 2GL (azo) in the
MFABR under facultative anaerobic conditions are the
research focuses.

carrier for growth and trapped the biomass to keep them
from flowing away with water. The liquid flow is
alternately upward and downward between the partitions.
Small submersible pumps were placed at the bottom of the
compartments and stirred up the sludge intermittently to
make the wastewater contact with facultative anaerobic
microbe thoroughly.

INTRODUCTION
Cationic dyes are water soluble, high brilliance and therefore
high color intensity, more difficult to decolorize, which is
becoming a major environmental concern for the textile
industries. Their dyeing wastewater contains residual cationic
dyes, acetate, sulfate, surfactant 1227 (alkyl quaternary
ammonium salts) and other auxiliaries, and is characterized
by its highly visible color，low organic content[1,2], which
supposes a serious drawback for the use of high rate
anaerobic reactors. Therefore it is necessary to investigate the
design and performance of a new facultative anaerobic
baffled reactor to treat the effluent.
APPROACH
Cationic red 2GL was used for the studies without any further
purification. Most other chemicals were at least analytical
reagent or equivalent grade.

FIGURE 1. Modified MFABR/A system: (1) feed tank; (2) MFABR (A1A5) coated inner plush fabrics; (3) aeration basin (A6); (4) settling basin;
(5) effluent; (6–9) peristaltic pump; (10) air pump.

Dyeing wastewater preparation and inocula
The wastewater used was similar to that from a continuous
dyeing process using cationic dyes. The influent contained
(mg/L): 2GL (50-500), glucose (~800), acetic acid (~190),
urea (108), KH2PO4 (45) and Na2SO4 (500). Some mineral
salts and trace elements included (mg/L): CaCl2 (40),
MgSO4•7H2O (30), FeSO4•7H2O (10), MnCl2 (0.035),
ZnSO4•7H2O (2.2), CoCl2•6H2O (0.15), NiCl2•6H2O (0.202),
(NH4)6Mo7O24•4H2O (0.39), Na2SeO3•5H2O (0.1). The
influent was neutralized by NaHCO3.

The MFABR/A system was initially started by feeding the
synthetic wastewater (glucose and acetic acid solution only,
with no dye added) using a peristaltic pump. Feeding
commenced at an organic loading rate of 0.67-0.8 g
COD/L•d. and 36 h hydraulic retention time (HRT) of
MFABR until the system reached steady state. The
biochemical reaction in the MFABR was confined to the
hydrolysis and acidification stage. The HRT of aeration
basin was 12 h and the sludge age was adjusted to 10 days.
From day 60, cationic red 2GL was added into the synthetic
dyeing wastewater. The dye concentration was gradually
increased from 20 mg/L to 100 mg/L and the glucose and
acetic acid concentration decreased at the same time to keep
the influent COD constant.

Anaerobic digested sludge used was obtained from Qingdao
Haipo River Swage Disposal Plant which treats domestic
effluent and industrial effluent, activated sludge from Ciba
Paint Wastewater Treatment Plant which treats largely paints
and dyes industrial effluent, and facultative anaerobic
activated sludge which had been acclimated for 3 months
using cationic dyes mixtures in the laboratory.

All analyses were carried out in accordance with standard
methods [3]. The concentrations of dye were determined
using a spectrophotometer (Shimadzu UV-1601 UVVisible).

Experimental procedures
A laboratory-scale MFABR/Aerobic (MFABR/A) system
made of organic glass sheet is shown in Figure 1 and
operates at ambient temperature. The MFABR is composed

RESULTS AND DISCUSSION
Effect of hydraulic retention time
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HRT and COD0=1000-1200 mg/L. Variation of effluent
COD and color removal with time is shown graphically in
Figure 3. The total color removal efficiency in the system
was obtained as over 96.6%. Also BOD/COD ratio
increased from influent 0.044 to effluent 0.776 of MFABR
and high COD removal was achieved in the wastewater
process.

The MFABR system operated continuously at different HRTs
(18 h, 22 h, 24 h and 36 h), different organic loading rate and
dye concentrations. The aeration basin was fed the effluent of
the MFABR and it operated at 6–12h HRTs and 10 days
sludge age. Corresponding to every HRT, the MFABR
operated 9 days and the samples were taken every day for
determining and averaging out.
Table I depicts the variation of MFABR effluent COD
removal and color removal efficiencies with different HRTs
in the MFABR under the condition of influent 1000-1200 mg
COD/L and dye concentration 100 mg/L. It was observed that
there are no differences in percent removal of pollutants at
18-22 h HRT. While the HRT was 36 h, compared with 24 h
HRT, the COD and color removal did not enhanced
remarkably. So 24 h HRT was the optimum condition for
cost-effectiveness and the COD and color removal were up to
53.5% and 94.8%, respectively.
TABLE I. COD and color removal efficiencies in the MFABR during
different HRTs.
HRT (h)

COD Removal (%)

Color Removal (%)

18

45.5

91.3

22

47.2

92.5

24

53.5

94.8

26

54.7

95.1

FIGURE 2. Effect of influent dye concentrations on effluent COD and
color removal efficiencies in the MFABR at a HRT of 24 h.

In the last aerobic unit, the high COD removal and color
removal were observed and they reached 82.8% and 96.8%,
respectively. Because the aerobic microbes were able to
degrade little molecular weight organic matters [4] and reduce
the COD greatly. Therefore, it can be assumed that the
cationic red 2GL was finally biodegraded into these matters
while it flowed through the MFABR. So it’s to say that high
efficient color removal should be attributed to MFABR and
main COD reduction to aerobic unit.

FIGURE 3. Evolution of effluent COD and color removal in the
MFABR/A during the different periods of operation.

CONCLUSIONS
The optimal hydraulic retention time at which the MFABR
stage operated is 24 h. The dye concentration can reduce
the COD removal efficiency, but the color removal
efficiency is still high. The main characteristics of the
system operation are highly efficient decolorization in
MFABR stage and greatly reducing COD in aerobic stage.

Effect of dye concentrations
When the MFABR was operated at 24 h HRT and
COD0=1000-1200 mg/L, the effect of influent dye
concentrations on effluent COD and color removal
efficiencies is depicted in Figure 2. Increasing the cationic
red 2GL concentration in the influent from 100 mg/L to 500
mg/L resulted in decreasing effluent COD removal efficiency
from 55.9% to 24.3% markedly. The high color removal still
observed in the MFABR maybe due to adsorption of dyestuff
carried the positive charge to activated sludge and
biomembrane formed in the inner plush fabrics. Then the dye
was hydrolyzed and acidified under the action of the
facultative microorganisms.
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Analysis of wastewater treatment performance
After the system had reached steady state, it was continuously
operated under influent dye concentration 150 mg/L, 24 h
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Vegetable dyeing has gained momentum in
recent years and extensive research is being
carried out in search of a number of newer dyes
of plant origin. It is inevitable to apply
mordants in the process of vegetable dyeing to
ensure adequate fastness to light, washing,
rubbing etc. Most of the mordants that are
currently used are metallic compounds like
ferrous aluminium sulphate, stannous chloride,
potassium dichromate etc.,and some of these
mordants are reported to develop harsh feeling
on the surface of the fabric affecting consumer’s
acceptability.

2,4-dihydroxy acetophenone,
2,5-dihydroxy
acetophenone and , 3-hydroxy acetophenone.
After the application of the mordants on cotton
fabrics, the dyeing has been carried out with
kartha ( Acacia catechu) and Indian madder
(Rubia cardifolia)
The cotton fabrics after mordanting with the test
mordants and dyeing with the two naturally
occurring dyes were tested for the fastness to
light, rubbing and microbial inhibition against
four bacteria ( two gram positive and two gram
negative ) by disc diffusion method . Our
studies showed that four of the five phenolic
mordants used yielded better fastness
characteristics and also appreciable microbial
inhibition when compared with metallic
mordants

In order to find out newer naturally occurring
mordants with are economically viable and ecofriendly, a study has been carried out with a few
mordants selected for the purpose. The selected
mordants include a flavone ( 7-hydroxy flavone,
synthesized from resacetophenone and benzoyl
chloride as the starting materials, olibergin A,
(,5,7,4’-trihydroxy-2’,6’-dihydroxyisoflavone)
isolated
by us from Dalbergia rostrata,

Keywords:
vegetable
dyeing
mordants, katha, Indian madar
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ratio of 1:50 (1 g of plant material against 50 mL of
deionized water). The extraction was accomplished
without or with the addition of two different mordants,
CuSO45H2O and FeSO47H2O, respectively, in
concentration of 2 g/L at the beginning of the extraction
procedure in order to examine the influence of different
metallic salts on yarn antimicrobial and scavenging
activity.

PURPOSE
With a view towards developing textiles of high-added
value for special application and with the growth
awareness of health and non-polluted environment, the
present research work was focused on searching the
mordant type and technique of its application to attain
natural dyeings in wide colour palette with high colour
strength, and without the impairing antimicrobial and
scavenging properties of wool yarn dyed by walnut leaves
extract.

Dyeing procedure
The exhaust dyeing was conducted using dye-bath ratio of
1:20 in a sealed, stainless-steel dye-pot of 250 cm3
capacity, housed in a Turby (W. Mathis) dyeing apparatus
with medium bath circulation for 60 minutes at
temperature 98°C. In order to achieve wide variety of
colour palette and to explore the influence of metallic
salts, which are used to improve fastness properties, two
mordants, i.e. CuSO45H2O or FeSO47H2O were also
applied during dyeing (meta-mordanting).

INTRODUCTION
Natural colouring compounds derived from different parts
of plants i.e. flowers, leaves, barks, roots and fruits using
various extraction technique are believed to be
ecologically-friendly with less negative effects on the
organism, on account of their low toxicity and noncarcinogenic nature [1]. The water extract of walnut
leaves was demonstrated to have powerful antimicrobial
and antioxidative features [2], owing to the presence of
large amount of phenolic compounds such as
naphtoquinones and flavonoids. Among naphtoquinones,
the juglone (5-hydroxyl-1,4-naphthoquinone) is of great
interest due to its chemical reactivity [3]. Because of its
tendency to create dark orange-brown stains, juglone has
been used traditionally as a natural dye for cloths and inks
as well as a colouring agent for foods and cosmetics.

Analytical methods
Samples of wool yarn dyed according to two dyeing
procedures (standard dyeing and meta-mordanting) were
colorimetrically evaluated using CIE colour system by
means of two-ray SF 600+ spectrophotometer (Datacolor)
with an Ulbricht sphere and measuring geometry of d/8º
in the spectral range of 400-700 nm wavelengths. Also,
the CIE differences in lightness (dL*) and total colour
differences (dE*) between various dyed samples were
calculated as well as the relative colour strength of
individual sample (K/S value) from the reflectance values
at 400 nm.
ASTM Designation: E 2149-01 Standard test method was
used to assess the non-leachable antimicrobial activity
(both bacterial and fungal) of dyed wool yarns under
dynamic contact condition (24 hours contact time at
ambient temperature). A gram-positive bacterium
Staphylococcus aureus (S. aureus) and fungus Candida
albicans (C. albicans) were selected since they are the
major cause of hospital-related infections and due to their
resistance to common antimicrobial agents.
The antioxidant activity was determined by mixing 1 mg
o test sample and 300 µl ABTS free radical solution
prepared by the reaction between 7 mM ABTS in H2O
and 2.45 mM potassium persulphate, stored in the dark at
room temperature for 12 h. The inhibition of ABTS
radical was monitored by spectrophotometer at
wavelength of 734 nm (25°C), and the percent inhibition
of this radical at the end of 10 and 30 min was calculated.

The present work was, therefore, undertaken to research
the potential antimicrobial properties of wool yarn dyed
using fresh walnut leaves extract against common human
pathogens such as Candida albicans (fungus) and
Staphylococcus aureus (gram positive bacterium) as well
as antioxidant activity against 2,2'-azino-bis 3ethylbenzthiazoline-6-sulphonic acid (ABTS).
EXPERIMENTAL PART
Materials
Experiments were conducted on a rough, yellowishcoloured wool yarn made from Slovenian sheep's wool by
company Soven (Selnica ob Dravi, Slovenia) for hand
knitting with a tow length of 73.6 mm, fineness of 82x2
tex and fat content of 1%.
Dye extraction
Firstly, fresh leaves of Juglans regia were separated from
the stalks and chopped into small peaces. Then, the
extraction was carried out in deionized water using liquor
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using dye-bath mordant included and meta-mordanting
(m.m.). The obtained results are depicted in Figure 2.

RESULTS AND DISCUSSION
CIE colour values, colour differences and K/S
The CIE colour values of samples dyed with walnut
leaves extract according to two dyeing procedures
(standard dyeing and meta-mordanting) are presented on
a*-b* plane in Figure 1. To evaluate the effect of applied
mordant and dyeing procedure on colour strength as well
as on colour change, K/S values were gathered in Table 1
as well as the differences in lightness (dL*) and total
colour differences (dE*) were calculated between
standard sample (original) and all other samples.

original
Fe st.dyeing
Cu st.dyeing
Fe m.m.
Cu m.m.

80

Reduction (%)

70
60
50
40
30
20
10
0

S. aureus

25
20

Axis b*

C. albicans
Microorganisms

FIGURE 2. Percentage reduction of growth of two pathogenic strains (S.
aureus and C. albicans) of dyed yarns.

original
Fe st.dyeing
Cu st.dyeing
Fe m.m.
Cu m.m.

15
10

It was observed from Figure 2 that the yarn dyed with
pure walnut leaves extract showed maximum inhibitory
effect against both the antimicrobial strains, i.e 39%
against S. aureus and 69% against C. albicans. The major
withdraw of antimicrobial strains function was perceived
when iron salt was appended during both, standard dyeing
and meta-mordanting.

5
0
0
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Axis a*

In Table II the antioxidant activities of dyed samples in
percents were depicted versus inhibition time of 10, 30,
60 and 120 min.

FIGURE 1. Position of dyed samples in a*-b* plane

From Figure 1 it could be noticed that the application of
both mordants caused changes in samples shade.
Generally, CuSO4 mordant gives greener and FeSO4 bluer
and less red hues compared to the original un-mordanted
samples dyed in accordance with standard dyeing
procedure.
Meta-mordanting technique using iron sulphate has a
major influence on total colour differences (see Table I);
dE* is 31.44 and dL* is -28.25. Notable differences were
also observed between samples dyed in dye-baths, where
iron salt were appended at the beginning of the extraction
procedure; dE* is 15.50 and dL* is -10.23. On the other
hand, the application of salts during meta-mordanting
enhances the colour strength in comparison to all other
samples.
TABLE I. CIE colour differences and K/S values

Procedure

Original shade
Dyeing mordant
included
Meta-mordanting

Mordant
(g/l)

dL*

2 FeSO4
2 CuSO4
2 FeSO4
2 CuSO4

-10.23
-6.93
-28.25
-5.07

dE*

K/S

15.50
10.53
31.44
11.51

7.35
6.91
9.77
19.93
10.22

TABLE II. Inhibition or scavenging effect (%) at different time interval

Procedure

Original shade
Dyeing mordant
included
Meta-mordanting

Mordant
(g/l)

2 FeSO4
2 CuSO4
2 FeSO4
2 CuSO4

10

30

60

120

49.2
34.3
31.0
28.1
36.5

73.6
44.6
55.4
45.2
57.2

89.7
67.9
80.6
71.2
75.6

90.2
76.2
87.5
77.6
88.4

As could be concluded from Table II the scavenging
activity of dyed samples enhance when the inhibition time
was prolonged. The best ABTS radical inhibition was
observed for sample dyed with pure leaves extract and the
lowest during dyeing with FeSO4 assistance, similarly as
when the antimicrobial activity was determined.
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Determination of antimicrobial and antioxidant
activity
Investigations were carried-out to study the antimicrobial
effectiveness of selected un-mordanted original dyed
samples as well as mordanted samples dyed according to
two dyeing procedure, i.e. standard dyeing (st. dyeing)
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Objectives

Abstract

The major objectives of the present paper are
 To assess the dyeablility of Annato seeds on
sisal fibres without the use of mordants.
 To evaluated the absorbency of the fibre at
various concentration ofhte dy, ie., Annato
seeds.
 To evaluate the fastness characteristics of
Annato dye on sisal fibres in respect of
rubbing fastness and washing fastness.

At present there is a widespread awareness and
rediscovery of the methods on the use of Natural /
Vegetable dyed textile materials due to its merits like
eco-friendly processing and majority of the vegetable
dyes do not pose toxic / allergic problems to the
wearer. Use of synthetic dyes produce toxic effluents
and the tentacles of such pollution have started to
play its havoc among all sections of the people.
Mother earth is one industrial unit from ecological
angle and the problem of pollution need to be
addressed suitably [1]. Thus, the use of the vegetable
dyes could be propagated for three reasons namely,
eco-friendly, health friendly, and for providing
employment to rural masses [2]. Vegetable dyed
textile goods have earned a niche market globally and
many textile producers have explored such market
potentials in Indian and international arena.

Materials and Methods

In the present study, the sisal fibres are softened
by treating the fibres in a concentrated NAOH
solution (100gm/litre) at room temperature to
ensure that the tenacity of the fibre is retained at
optimum level.
After a neutralisation treatment with dilute
Hydrochloric Acid, the fibres are washed in hot
and cold water to make it ready dyeing. The
vegetable dye material selected for the current
study is Annatto seeds. The major characteristics
of Annatto are as below [5].
Common name Annatto
Family
Bixacea Orellana
Habitat
Asia including India,
Africa and Tropical
America and West
Indies.
Parts used
The seeds and dried
pulp of the fruit
The dye has colorants of carotenoid group
namely Norbixin and Bixin that facilitated to dye
cellulosic fibres without the use of mordant.
Hence, the present study has been done without
any mordant.

Sisal fibre for Textile Application Overview

Among Natural fibres leaf fibres occupy important
role in the manufacture of textile products
particularly ropes, industrial cordages etc. Of several
leaf fibres. Sisal fibres are obtained from Agave
Sisalina which belongs to the genus Agave, of the
family of Agavesceae [3].
Sisal fibre is extracted from the sisal leaves. The
leaves are dark green, pointed, straight and normal
length of the leaves vary from 2.00mt to 3.00mts with
a width of 15 – 18 cm in general.

Need for the study

Sisal fibres have found its use for several textile
applications and for making a lot of industrial
products which are genuine green products. Further
due to its high tensile properties and anti-microbial
[4] and anti-corrosive properties they have been
blended with wool and coir to make carpets and
floormats etc. And application of natural and
vegetable dyes will help to enhance the utility of
these fibres for textile application and studies in this
domain will definitely add to the existing research
pool. The present study has been done to assess the
dyeability of Annato [Bixaceae] seeds on sisal fibres
and to evaluate the absorbency rates along with
fastness properties.

Experimental methods

All dyeings were done in laboratory mode and
the dyeings were carried out in four steps.
Step I :Extraction of fibre from sisal leaves
StepII: Degumming the fibre with NaOH solution
at 100gpl concentration Followed by a
washing and drying.
Step III: Preparation of dye extract of the
required quantity. This involves
powdering of the dye seeds in required
quantity and boiled in soft water to for
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Conclusion

extraction and preparing a bath with
required concentration.
Step IV: Dyeing the sisal fibre in the dye bath at
different concentrations namely 50 gpl,
100gpl and 150 gpl as below.
Dyeing Recipe
MLR
Dye source
Alkali (NaOH
TRO
Boiling

:
:
:
:
:

The study has identified that Annato seeds could
be used to produce light orange to deep orange
colours on sisal fibres depending on the
concentrations levels of the dye without the use
of any metallic mordants. Comparing the
brightness of the colour, it is found that dye
concentration is directly related to brightness.
That is higher concentrations facilitated more
brightness.
In respect of percentage of absorbency, it is
found that concentration levels have direct
relationship with absorbency. And the percentage
increase in the absorbency levels were not
uniform as 24% increase could be seen when the
concentration increased from 50gpl to 100gpl
whereas the absorbency increase was 15.50%
between 100gpl and 150gpl.
The rubbing fastness rating under dry condition
was found to be very good with the rating of 4/5
and 5 depending on the concentration. However,
under wet condition the ratings came down
significantly to 2/3 and 3/4 at the stated
concentration.
In respect of washing fastness test under change
in colour the ratings were quite good at 4/5
irrespective of the concentrations. In the case of
washing fastness test through staining on
adjacent cotton the ratings were moderate at 2/3,
2/3 and 3 respectively for concentration of 50gpl,
100gpl and 150gpl.

1:20
Prescribed concentration
3 gm/litre
2% owg.
45 minutes

Results and Discussion
Absorbency Level of Annato Seeds with
Sisal Fibre

As per the analysis the absorbency percentages were
measured at three different concentrations namely
50gpl, 100gpl and 150gpl of the dye solutions.
At 510nm wave length, the dye absorbency % was
25.3% at 50gpl concentration. The absorbency
increased to 31.6% at 100gpl concentration and
further enhanced to 36.5% at 150gpl. Thus, there was
a significant improvement in the absorbency
percentages when the concentration of the Annato
dye increased.

Fastness Ratings

The fastness results of the Annato dyed sisal fibres in
respect of rubbing and washing tests were done.
Under dry state in the case of rubbing test, the
fastness ratings were found to be very good at 4/5 in
the concentration of the dye at 50gpl and 100gpl.
And the higher concentration of 150gpl has improved
the rating to 5.
The rubbing fastness in wet conditions has
considerably affected the fastness grades when
compared to dry conditions of testing. And the
fastness ratings were at 2/3 at a concentration of
50gpl and at 3 at a concentration of 150gpl.
In the washing fastness tests, the following were the
out comes.
In respect of change in colour of the sisal fibre with
Annato seeds, there were similar ratings at 4/5
indicating Annato seed exhibited very good and
excellent ratings irrespective of the concentration of
the dye powder.
And in respect of staining on adjacent white cotton in
the wash test, lower concentration namely 50gpl and
100gpl have yielded poor to moderate ratings at 2/3.
and a marginally higher ratings of 3 was recorded at a
concentrations of 150gpl of the dye extract which
may be attributed to the sole reason of higher
concentrations.
Thus in washing fastness neither of the concentration
has resulted in any significant improvement in the
ratings except a marginal improvement at a
concentration of 150gpl of the dye powder in respect
of adjacent staining.
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Alkali solution absorbing volume / %

ASBTRACT
In this paper, a kind of nonwoven fabrics
composed
of
polyethylene/polypropylene
sheath/core fibers (ES fibers) was made by dry
web forming and through-air bonding process as
a base material of battery separators. The base
nonwoven materials were treated with
hydrophilic agent, fuming sulfuric acid and
chromic acid respectively to improve the
hydrophilic property. The properties of the
treated materials as battery separators was
estimated by the alkali solution absorbing
volume.

fuming sulfuric
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Fig.1 The absorbing property of fabrics treated
by fuming sulfuric acid and chromic acid
It can be found from Fig.1 that the fabrics have
similar alkali solution absorbing volume after
treated by fuming sulfuric acid and chromic acid.
Considering their cost and environmental
influeces, fuming sulfuric acid was selected as
the hydrophilic treatment agent used in the
following reserch.

INTRODUCTION
Polyolefine nonwoven separators are widely
used in rechargeable batteries [1,2]. Since a
hydrophilic surface is a key item for separator
materials, the polyolefine nonwovens should be
post-treated to obtain a hydrophilic surface [3,4].
In this paper, different kinds of hydrophilic
treatment methods were studied.

2. The influences of sulfonation temperature
on the hydrophilic effects
It can be found from Fig.2 that the treated ES
nonwoven fabric has the highest alkali solution
absorbing volume under 60℃.

APPROACH
A kind of nonwoven material composed of
polyethylene/polypropylene sheath/core fibers
(ES fibers) was made by dry web forming and
through-air bonding process as a base material of
battery separators. The base nonwoven materials
were treated with hydrophilic agent, fuming
sulfuric acid and chromic acid, respectively.
The hydrophilic properties of ES nonwoven
fabrics were estimated by their absorbing
volume of alkali solution, which is one of the
critical requirements of battery separators.

Alkali solution absorbing volume / %
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Fig.2 The relationship between the treatment
temperature and the absorbing volume
3. Alkali solution absorbing volume of
sulfonation treated fabrics without
hydrophiliic finishing
In orde to find out whether the hydrophilic
finishing can improve the alkali solution
absorbing property of the fabrics or not, the
fabrics were washed thoroughly with distilled
water to remove the hydrophilic agent and then
the fabrics were treated by fuming sulfuric acid.
Fig. 3 shows the results.

RESULTS AND DISCUSSION
1. Hydrophilic effects of fuming sulfuric
acid and chromic acid treatment
ES nonwoven fabrics finished on line by
hydrophilic agent were further treated by fuming
sulfuric acid and chromic acid under the same
conditions respectivley, and the results were
shown in Fig.
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Fig.3 The absorbing property of fibrics
sulfonation treated without hydrophiliic
finishing
Fig.3 shows that ES nonwoven fabrics without
hydrophilic agent on the surface have higher
alkali solution absorbing volume after they are
treated by fuming sulfuric acid. Hence fuming
sulfuric acid treated alone is a good method to
improve the hydrophilic property of ES
nonwoven fabrics.
CONCLUSIONS
ES nonwoven fabrics are commonly used as
hygiene materials and are coated with
hydrophilic agents. The alkali solution absorbing
volume of ES nonwoven fabrics treated by
fuming sulfuric acid after they are washed with
distilled water is higher than those treated by
fuming sulfuric acid with hydrophilic agents on
the surface.
FUTURE WORK
The coordinating mechanism of hydrophilic
finishing and fuming sulfuric acid treatment of
ES nonwoven fabrics will be studied in the
future.
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finished PET fabrics with β-CD had desirable hydrophilic
property, endowing them better wearing comfortability.

STATEMENT OF PURPOSE
In order to improve hydrophilic property and
comfortability of polyethylene terephthalate (PET) fabrics,
β-cyclodextrin (β-CD) was finished onto them by using
citric acid (CA) as crosslinking agent. Subsequently, the
weight gain ratio of finished PET fabric was measured.
Pleasingly, the finished fabric was soaping resistant. SEM
and FTIR showed that β-CD was finished successfully
onto PET fibers. The penetrability and moisture regain
were determined, and the experimental results indicated
that the finished PET fabrics possessed desirable
hydrophilic property, endowing them better wearing
comfortability.

2. APPROACH
2.1. Materials
PET woven fabric (surface weight = 65.1 g/m2) was
purchased from Hanzheng Street, Wuhan, China. β-CD,
CA and sodium hypophosphite (SHP) were supplied by
Shenshi Co. Ltd., Wuhan, China. Among them, SHP was
used as catalyst.
2.2. Preparation of β-CD finishing PET fabrics
The finishing process of PET fabrics was based on the
pad-dry-cure method reported in the literatures [7-8]. PET
fabrics were immersed in aqueous solutions containing βCD, CA and SHP and then passed through squeeze rolls
to produce a specified wet pickup. Thereafter, they were
dried and cured in oven at a certain temperature and time,
and finally rinsed thoroughly in hot (50 ˚C) running water
for 30 minutes and then gradually air dried under
atmospheric conditions for the characterization and
analysis.
2.3. Measurements
The weight gain of PET fabrics was calculated according
to the following equation: wt% = (Gt - G0) / G0 × 100,
where G0 and Gt were the weight of samples before and
after treatment, respectively.
SEM analysis was carried out using a scanning electron
microscope (SIRION, FEI Corp., Netherlands). A FTIR
instrument with an ATR cell (BRUKER TENSOR 27,
Germany) was used to measure the infrared spectra of the
samples.
The penetrability property was characterized by recording
diffusion time of 0.05 mL distilled water on the surface of
PET fabrics. Moisture regain of PET fabrics were tested
by using constant temperature and constant humidity box
(HHS-100L, Wuxi, China) according to GB/T 6503-2008
standard.

1. INTRODUCTION
Polyethylene terephthalate (PET) fiber has been long used
in textile industry for its excellent properties such as high
tenacity, elastic recovery, etc. However, PET fiber
possesses very few hydrophilic groups, and brings the
poor moisture regain and high static electric [1]. As a
result, it affects the wearing comfortability of PET fabric.
So, it is necessary to develop a new approach to improve
the hydrophilic property of PET fiber. Researchers have
reported some results concerning this aspect. For example,
Wang et al. [2] treated the polyester fibers with
hydrophilic finishing agents to improve their hydrophilic
property for hydroentangled nonwoven fabrics.
β-cyclodextrin
(β-CD)
is
torus-shaped
cyclic
oligosaccharide consisting of seven glucopyranose units
with twenty-one hydroxyl groups at the molecular
structure [3]. It has been used in several fields such as
flavoring agents, fragrances, pesticides and drugs [4]. The
application of CDs in the textile domain appeared in the
early 1980s [5]. Martel et al [6-7] reported the finishing of
β-CD onto cotton, wool and PET fibers with
polycarboxylic acid as crosslinking agent. The finished
textiles with β-CD could adsorb metallic cations in water
and capture and release controllably fragrances [8-9].
However, they didn’t eagerly concern the hydrophilic
property of PET fabric and the resulting wearing
comfortability.
In this paper, PET fabric was treated with β-CD in the
presence of CA as crosslinking agent on the basis of
references [7-8]. The penetrability and moisture regain of
the PET fabrics before and after treatment were
determined. The experimental results showed that the

3. RESULTS AND DISCUSSION
3.1. PET fabrics finishing with β-CD and soaping
resistant
PET fabrics treated with a mixture of β-CD, CA and SHP
resulted in a weight gain of the samples. The maximal
weight gain ratio was obtained at about 150 g/L β-CD,
100 g/L CA, 30 g/L SHP and 150 ˚C curing for 30
minutes, and could reach above 40 wt %. The soaping
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resistant of finished PET fabrics was shown in Table 1. It
is evident that some substance was treated on PET fabrics.
On the other hand, the weight of the treated PET fabrics
still increased over 30 wt % than the control even after
soaping two times. It was confirmed that the fishing effect
was permanent and soaping resistant.

3.3. ATR-FTIR analysis
The ATR-FTIR spectra of the samples are shown in Fig. 2.
The FTIR spectrum of PET fabric finished by β-CD has a
broad band at about 3400 cm-1, corresponding to the
hydroxyl groups of β-CD on the PET fabric. On the other
hand, the intensity of absorbance peak of PET fabric
finished by β-CD was weakened compared with the
control. This may be because that the film formed by βCD wrapped on the surface of PET fibers, while the
measuring data were the values of ATR-FTIR spectra.

TABLE 1 Weight gain ratio of Samples treated with different conditions.
Finished
First
Second
Samples
PET fabric
soaping
soaping
Weight gain ratio (%)
44.83
37.03
34.72

3.4. Hydrophilic property of PET fabrics
Table 2 displays the hydrophilic property of PET fabrics
before and after treatment. It can be found that the
penetrability property and moisture regain ratio of the
finished PET fabric are much higher than that of the
control sample. It means that the hydrophilic property of
PET fabrics was increased after finished by β-CD.
Because there were many hydrophilic hydroxyl groups of
β-CD treated on PET fabrics.

3.2. Morphological characterization of PET fibers by
SEM
Fig. 1 (a) and (b) show the SEM images of the control and
treated samples, respectively. The raw fibers present a
circular and smooth aspect and void spaces between fibers
on Fig. 1 (a), while irregular film and particles are visible
on the surface of the treated ones and the void spaces
between fibers are filled by successive film on Fig. 1 (b).
This suggests that β-CD was wrapped on PET fibers.

TABLE 2 Hydrophilic property of the control and finished PET fabric.
Samples
The control sample Finished PET fabric
Diffusion time (second)
63.96
2.65
Moisture regain ratio (%)
0.01
2.84

4. CONCLUSIONS
β-CD was successfully treated onto PET fabrics, and the
fishing effect was permanent. PET fabrics finishing with
β-CD possessed desirable hydrophilic property, endowing
them better wearing comfortability.
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FIG. 1 SEM photos of PET fibers untreated (a) and finished by β-CD (b).

FIG. 2 FTIR spectra of samples untreated (a) and finished by β-CD (b).
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ABSTRACT Three kinds of knitted fabrics were finished
by aroma microcapsule (AM) and essence solution(ES),
And the aroma reservation effect of fabrics were tested
and contrasted before and after washing. The result shows
that the aroma reserved time of the fabrics finished by AM
is five times longer than that of the fabrics finished by ES;
when washed, the aroma reserved time of the former is
three times longer than the latter. In addition, the fiber
material, the diameter and configuration of the yarn, the
structure and the density of the fabric can all affect the
aroma absorbing capability and the aroma reserving effect
of the fabrics.

fabric can be got according to the equation of linear
regression.
Essence percentage (mg/g)=CV/W
(2)
where, C is the concentration got from the equation of
linear regression, g/L; V is the volume of the extraction
solution, mL; W is mass of specimen,g [1,2].
RESULTS AND DISSCUSSION
Aroma reserved effect of fabrics finished by AM
Under the longest absorbing wavelength (λmax=284nm),
the essence content in the fabrics finished by AM are
separately tested with the UV-Vis after placed for 0
week,2 weeks,4 weeks,6 weeks, 8 weeks and 24 weeks.
The aroma reserved curve can be got which is shown in
Figure 1a.

INTRODUCTION
Three kinds of knitted fabrics, which are usually used in
apparel manufacturing, are separately finished by AM and
ES. And the aroma reserved effects of the fabrics finished
by aroma solution are tested and contrasted.

15

EXPERIMENTAL
SAMPLE: Cotton weft plain knit fabric, cotton rib double
1×1 stitch, soybean protein rib double 1×1 stitch.
Preparation of AM: (wt%) :20% aroma microcapsule:
1.0%; penetrant agent:0.2%;adhesive agent:0.45%; other:
water.
Preparation of ES(wt%):jasmine essence:1.0%;other:
water.
Aroma finishing: Dipping method is adopted with the
bath ratio 1:10. Firstly, the fabrics are dipped into the
aroma solution for one hour; then they are swinging dried
and baked for 30 minutes in the low temperature oven; and
finally the fabrics are dried in nature condition.
Preparation of the normal essence curve:22 mg essence
is placed in a 100ml measuring flask and then anhydrous
alcohol is joined in till it gets to the constant scale. After
shaken, 25ml of the mixture is taken to another 100ml
measuring flask and then anhydrous alcohol is joined in
till it gets to the constant scale. Then such a process is
repeated for another three times till five normal ES are
completed. Then the longest absorbing wavelength of the
ES is found by ultraviolet spectrophotometer(UV-Vis).
Under the longest absorbing wavelength, the absorbencies
of the five normal ES are tested with the anhydrous
alcohol being its reference. After that, equation of linear
regression can be got as follows:
C=0.1 579X+0.0016 ( r =0.99)
(1)
Test: 1 gm of the fabrics after finished is taken and broken
into pieces. Then they are put into the hermetic vessel and
100 ml alcohol is joined in. After heated in water bath,
shaken and placed for 24hr, the absorbency of the
extraction is tested under the longest absorbing
wavelength with UV-Vis. Then the essence content in the
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FIGURE1 Aroma reserved curve of fabrics finished by a) AM solution b)
essence.

Figure1a shows that after newly-finished by AM, the
essence content in soybean protein rib double 1×1 stitch
fabric is the most while in cotton rib double 1×1 stitch
fabric least; after naturally placed for half a year, the
essence content in the three knitted fabrics declines and
their declining speeds are close. In the end the essence
content in soybean protein rib double 1×1 stitch is the
most, which shows that the AM finishing effect to soybean
protein rib double 1×1 stitch fabric is better and its aroma
reserved time is longer. That is because of the three
fabrics, the degree of puffing of soybean protein rib
double 1×1 stitch fabric is the highest and the fabric is
thicker and softer; in addition, there is groove and
mini-bore in the surface of soybean protein fiber. so it is
easy for the AM to be adhered to or be insetted in the
fabric and the releasing speed of the AM between the
fibers is slower.
Of the three knitted fabrics, the essence content in cotton
rib double 1×1 stitch fabric is all through the lowest. That
is because, diameters of the yarns formed cotton rib
double 1×1 stitch fabric are smaller and the interspace
between the fibers is less, the volume of unit mass of
cotton fiber is bigger. so the interspace between the fibers
in fabric is less [3][4].
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finishing effect to soybean protein rib double 1×1 stitch
fabric and its washability are all better and its washable
aroma reserved time is longer.
After washed for 14 times, the essence in cotton weft plain
knitted fabric releases quicker, That is because the cotton
weft plain fabric is thinner and its structure is looser. so the
AM adhere to or insetted in the interspace between fibers
are easy to be washed off.
Aroma reserved effect finished by ES after washing
Under the longest absorbing wavelength(λmax=284nm), the
essence content in the fabrics finished by ES are separately
tested with UV-Vis after washing for 0, 1, 2, 3, 4 times.
The aroma reserved curve can be got which is shown in
Figure 2b. Figure 2b shows that the releasing speed of
essence in the fabrics finished by ES is very fast. After
washed for 4 times, the essence content in the fabrics is very
slow and its content in the three fabrics is similar, which is
less than 1 mg.g-1. It indicates that the washable aroma
reserved effect of the fabrics finished by ES is bad.
Comparing figure 3 and figure 4, It can be got that while
washing, the releasing speed of the essence in the fabrics
finished by ES is much higher than that in the fabrics
finished by AM solution. And it indicates that compared
with the fabrics finished by ES, the washable aroma
reserved effect of the fabrics finished by AM solution is
greatly improved.
CONCLUSIONS
Comparing the fabrics finished by AM and ES, the essence
content in the latter newly-finished fabrics is more, but the
essence releases much quick; while the releasing speed of
the essence in the fabrics finished by AM is slower. Its
aroma reserved time is five times more than the latter fabrics
and its washable aroma reserved time three times more.
Among the three naturally placed knitted fabrics finished by
AM, the aroma reserved effect to soybean protein rib double
1×1 stitch fabric is the best and cotton rib double 1×1 stitch
fabric the worst, while among the washed knitted fabrics
finished by AM, the aroma reserved effect to soybean
protein rib double 1×1 stitch fabric is the best.
The fiber material, the yarn diameter and configuration and
the structure and the density of the fabric can all affect the
aroma absorbing capability and the aroma reserving effect.
REFERENCES
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Aroma reserved effect of the fabrics finished by ES
Under the longest absorbing wavelength(λmax=284nm), the
essence content in the fabrics after essence finished are
separately tested with the UV-Vis after placed for 0 day, 3
days, 6 days, 10 days, 14 days, 21 days, 28 days.
The aroma reserved curve can be got and is shown in
Figure1b. It indicates that after naturally placed for 28 days,
most essence in the fabrics finished with ES has released
and the essence content in the three fabrics is close. It shows
that the aroma reserved time of the fabrics finished with ES
is very short and there is little difference among fabrics
formed by different materials and different structures.
Compared with figure 1, figure 2 shows that the aroma
releasing speed of fabrics finished by ES is higher; after
naturally placed for 28 days, the essence content in the three
fabrics finished by ES is lower than that in the fabrics
finished by AM which are naturally placed for 24 weeks,
which indicates that after AM finished, the aroma reserved
time of the fabrics can be prolonged greatly. In addition, the
absorbing abilities to the pure essence and AM of different
fabrics are different. The difference of pure essence content
in the three fabrics is little but the AM contents in different
fabrics is distinct greatly.
In a word, after naturally placed for 28 days, the essence
content in the fabrics finished by ES is much low and most
essence has released. While to the fabrics finished by AM,
after naturally placed for half a year, there is still some
essence in the fabrics to some extent. That indicates that the
aroma reserved time of the fabrics finished by AM is longer
than that of the fabrics finished by ES and the aroma
reserved effect can be improved greatly by using AM
solution to finish fabrics
Aroma reserved effect finished by AM after washing
Under the longest absorbing wavelength(λmax=284nm), the
essence content in the fabrics after AM finished are
separately tested with UV-Vis after washed for 0 time, 2
times, 6 times, 10 times, 14 times.
The essence concentration can be got according to the
equation of linear regression and the essence content in the
fabric can be got according to the formula (2). The aroma
reserved curve can be got which is shown in Figure 2a.
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FIGURE 2. Washable aroma reserved curve of fabrics finished by a)AM
solution; b) ES

Figure 2a shows that the essence contents in the fabrics
finished by AM solution decline greatly after washed for 14
times, but there are still some AM in the fabrics. And the
AM reserved in soybean protein rib double 1×1 stitch fabric
are the most, which indicates that firstly, the absorbing
ability to AM of soybean protein rib double 1×1 stitch fabric
is better and their adherence is more fast; secondly, the AM
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concentration of NaOH is lower than 13%. On the
contrary, when the concentration is higher than 14%, the
intensities decrease significantly and move toward the
lower wavenumber. This phenomenon implied that the
transform from Cellulose I to Cellulose II was occurred at
the concentration of NaOH 12%. The peak at 895 cm-1 is
for C1 which is the indicator of amorphous region of the
fiber. The intensities at 895 cm-1 are just the inverse as
that of the intensities at 1430 cm-1. The changes of the
intensities at both wavenumber are not clear, when the
concentration of NaOH is up to 16%. It indicates that the
mercerization is accomplished when the NaOH
concentration is at 16 % or above.

OBJECTIVE
The aim of this work is to characterize natural bamboo
fibers treated with sodium hydroxide for textile
applications.
INTRODUCTION
Natural bamboo fibers have attracted great attention as the
most abundant renewable biomass materials which can be
used in textile [1]. This kind of material has many
superior properties as textile materials such as high
tenacity, good thermal conductivity, resistant to bacteria,
and high water and perspiration adsorption. However, its
high crystallinity and orientation results in some
undesirable properties, such as bad elasticity, poor
wrinkle recovery, harsh handle, low dyeability and itching
when worn next to the skin for the fabrics made of them.
Mercerization process is a common used way to
ameliorate these undesirable properties. This paper will
present a study on the mercerization of bamboo fibers by
different concentration of sodium hydroxide at room
temperature.
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APPROACH
Natural bamboo fibers with a fineness of 6.0 dtex were
used. They were directly extracted from bamboo stem by
mechanical method and enzymatic degumming process.
All the bamboo fiber samples were provided by Xuesong
Co. Ltd., Hunan, China. The fibers were treated with
NaOH solutions at varied concentrations by weight from
4 to 24 % for 20 min at 20oC in order to investigate the
effect. TENSOR 27 FTIR spectrometer (BRUKER) was
used to investigate the structure change of the bamboo
fibers after treatment. For moisture regain tests, the
samples were firstly dried to constant weight and then
conditioned for 24 hours at a standard environment (20±1
o
C, 65±2 % RH), the moisture regain were calculated by
the dry weight and the weight after conditioned. The
linear densities of the samples were tested by weight
method. Mechanical properties were tested by LLY-06
electronic single fiber strength tester. The test conditions
were as follows: gauge length 200mm, preload 0.4 cN,
test speed 60mm/min, 150 times for each sample at
standard environment.
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FIGURE 1. FTIR results of natural bamboo fibers treated with different
concentrations of sodium hydroxide.
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RESULTS AND DISCUSSION
FIGURE 1 shows the FTIR spectrums of natural bamboo
fibers treated with different concentrations of sodium
hydroxide. In which, 1430 cm-1 is for symmetric bending
vibration of CH2; it is the indicator of crystallinity. It can
be found from FIGURE 1 that the intensities at 1430 cm-1
of the samples keep nearly constant when the

6.5
0

5

10

15

20

25

Concentration of NaOH (%)

FIGURE 2. Moisture regain of natural bamboo fibers treated with
different concentrations of sodium hydroxide.
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treated with different concentrations of sodium hydroxide
is consistent with the results of the strength. It also found
that the lowest modulus is achieved at the concentration
of 16% with 42 cN/dT. The relevant strength and
elongation are 3.12 cN/dT and 9.26%, respectively.
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7

TABLE I. Mechanical properties of natural bamboo fibers treated with
different concentrations of sodium hydroxide
Con. Strength
CV
Elongation
CV
Modulus
CV
(%)
(cN/dT)
(%)
(%)
(%)
(cN/dT)
(%)
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FIGURE 3. Linear density of natural bamboo fibers treated with
different concentrations of sodium hydroxide.

FIGURE 2 shows moisture regain of natural bamboo
fibers treated with different concentrations of sodium
hydroxide. It can be found that the moisture regain
increases with increase of the concentration. This is
consistent with the FTIR result. This can be explained by
that the amount of the amorphous region increases due to
the cellulose transformation and decrystallization of
bamboo fibers. and the amorphous region can absorb
more moisture.
FIGURE 3 shows the linear density of natural bamboo
fibers treated with different concentrations of sodium
hydroxide. It can be seen that the linear density decreases
when the concentration is lower than 11% due to
hydrolysis. The linear density increases with increase of
the concentration up to 16%,which is due to intracrystalline swelling. The linear density of the fibers keeps
nearly constant when the concentration is higher than
16%. This is because the mercerization process is
accomplished when the NaOH concentration is at 16 % or
above and therefore the swelling reaches the limit.
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6.80

41.42

3.34

34.77

164

34.30
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6.45

32.26

4.30

29.88
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30.22
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43.30

4.57

31.40
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39.55

4.57

36.03
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32.40

13

3.00

35.87

6.22

33.12

68

16.13

14

3.09

28.31

6.36

37.60

68

28.62

15

3.10

39.99

6.70

39.38

61

26.65

16

3.12

45.14

9.26

34.22

42

40.10

17

2.73

33.64

8.09

44.19

62

23.86

18

3.62

34.15

7.33

45.79

47

31.71

19

2.90

38.47

6.30

38.74

54

23.19

20

3.62

35.15

6.09

22.40

58

45.28

22

3.29

37.51

6.36

31.03

44

33.02

24

3.41

34.96

6.51

41.37

43

36.78

CONCLUSIONS
Natural bamboo fibers treated with sodium hydroxide
were investigated and analyzed. The experimental results
showed that mercerization is very suitable to improve the
absorption performance and reduce the stiffness of the
fibers. The result shows that the mercerization is
accomplished at the NaOH concentration 16% at room
temperature.
FUTURE WORK
The future work will focus on experimental study to
reduce the concentration of sodium hydroxide to achieve
the equivalent ameliorating effect.

TABLE I lists the mechanical properties of natural
bamboo fibers treated with different concentrations of
sodium hydroxide. The results show that the strength of
the fibers firstly increases with increase of the
concentration when the concentration is under 8%, and
then it decreases steeply with the increase of the
concentration up to 17%. The strength of the fibers
fluctuates when the concentration is over 18%. The
elongations of the fibers are just the inverse as the results
of the strength. The tendency of the modulus of the fibers
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water →bleaching → rinsing with water →dehydration
→oil-feeding → drying. The broussonetia papyrifera vent
fibers thus formed are subsequently dyeing with three
model dyes including reactive violet X-2R, reactive
orange K-G and reactive red B-4BD using the
conventional cotton fiber dyeing technology to investigate
the dyeing properties of broussonetia papyrifera vent
fibers. The procedure is as follows:

OBJECTIVE
Natural fibers have been long used as attractive materials
in textile industry for their excellent properties such as
good moisture absorption, perspiration and wearing
comfortable. Thus, many efforts have been made to
develop new kind of natural fibers that could be used as
textile materials. In this study, the effects of dyeing
temperature, calcined soda content, and electrolytes etc.
on the dyeing properties of broussonetia papyrifera vent
fiber, a kind of cellulose fibers were systematical
investigated for developing potential textile fibers.
INTRODUCTION
Natural fibers have been long used as attractive materials
in textile industry for their excellent properties such as
good moisture absorption, perspiration and wearing
comfortable. However, due to the limited production of
natural fibers, more than 60 percent fibers used in the
textile industry were the synthetic fibers, which were
mainly fabricated by refining the petroleum and
subsequently processing. But, because of the
disadvantages such as large numbers of pollutions
producing during the manufacture of synthetic fibers and
the poor wearing comfortability of synthetic fibers, many
efforts have been devoted to explore the new natural fiber
except for the cotton, wool, silk and ramie [1].
Broussonetia papyrifera vent, also named paper
mulberry, is a kind of renascent herbs widely planted in
Yunnan, Sichuan, Hubei, and other places. And, it is
reported that the excellent properties of broussonetia
papyrifera vent made it being a potential materials in
paper making and textile industry [2]. Herein, the effects of
dyeing temperature, fixation temperature, alkali content,
electrolytes, fixation time etc. on the dyeing properties of
broussonetia papyrifera vent fiber, a kind of cellous fibers
were systematical investigated for developining a
potential textile fibers.

SCHEME 1. Schematic illustration of the dyeing procedure of
broussonetia papyrifera vent fibers.

According to the dyeing procedure of broussonetia
papyrifera vent fibers illustrated in scheme1and the
applied dyeing parameters, the broussonetia papyrifera
vent fibers were dyed with reactive violet X-2R, reactive
orange K-G and reactive red B-4BD, respectively. For
control, dyeing bath without broussonetia papyrifera vent
fibers was also prepared.
Dyeing property measurement of broussonetia
papyrifera vent fibers. At the end of dyeing procedure, ,
aqueous solution in dyeing bath was withdrawn for the
analysis of the dyeing rate and dyeing efficiency of the
broussonetia papyrifera vent fiber by a UV-vis
spectrometer (). The efficency of fibers was caculated
according to the equation:
Dyeing efficiency (%) = (A0-A1)/A0 × 100

(1)

Were A0 is the absorbance of standard dyeing solution
and A1 is the absorbance of residual dyeing solution.

APPROACH
Dyeing of Broussonetia papyrifera vent fibers.
Broussonetia papyrifera vent fibers are prepared by
chemical degumming the bark of broussonetia papyrifera
vent with the following precedure[3]: sample preparation
→immersing in acid solution →rinsing with water →soda
boiling →rinsing with water →fiber forming rinsing with

RESULTS AND DISCUSSION
In order to explore the dyeing properties of broussonetia
papyrifera vent fibers, we systematically investigated the
affecting factors such as dyeing temperature, electrolytes,
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and the alkalin content during the dyeing procedure with
reactive B-4BD.
Effect of dyeing temperature. FIGURE 1 shows the
dyeing efficiency of broussonetia papyrifera vent fibers as
a funcion of dyeing temperature. Within the temperature
range of 40 0C to 60 0C, the dyeing efficiency of
broussonetia papyrifera vent fibers increased with the
temperature rising, and the dyeing efficiency could reach
up to 79.5% at 60 0C , obvisously higher than that of the
fibers at 40 0C. However, further increasing the
temperature resulted in a slightly decrease of dyeing
efficiency.

FIGURE 2. The effect of electrolytes.

Effect of caclined soda. The results in FIGURE 3
demonstrated that with the content of calcined soda, the
dyeing efficiency of fibers increased significantly. This
might be because that in the alkaline condition, more cellO- in the broussonetia papyrifera vent fibers could be
deprotonated and negatively chared as the content of
caclined soda, thus sorbed more reactive dye moleculars.
But, when the content of soda was above 10 g/L, the
dyeing efficiency inversely decreased.

FIGURE1. Effect of dyeing temperature.

FIGURE 3. Effect of calcined soda.

Effect of electrolytes. The effect of electrolytes on
the dyeing efficiency of broussonetia papyrifera vent
fibers was shown in FIGURE 2. It was obvious that
electrolytes could promote the dyeing properties of
broussonetia papyrifera vent fibers when the dye was
reactive, in agreement with the literature report[4]. When
the concentration of NaCl was lower than 30 g/L, the
dyeing efficiency of fibers was linearly increased with the
NaCl concentration increasing, and then leveled off with
furter increasing the electrolytes.

CONCLUSION
Broussonetia papyrifera vent fibers were successfully
prepared from the broussonetia papyrifera vent bark using
the chemical degumming technology. The dyeing
experiment showed that the broussonetia papyrifera vent
fibers exhibited good dyeing properties at the proper
dyeing temperature, electrolyte contentration and the
content of calcined soda.
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INTRODUCTION
Dyeing textiles with natural materials have attracted the most
attention recently in both research area and industries not
only for their natural coloring but also for additional
functions such as antimicrobial, and odor-resistant
properties. This stimulated a number of works[1, 2] to
address various natural dye stuffs which were traditionally
used or newly explored for providing eco-friendly functional
fabrics. Citrus grandis Osbeck (Dangyuja in Korean), one of
citrus species has been cultivated originally in Jeju Island,
Korea and its fruits have been used for a long time as a herb
medicine, which led us to examine dyeability and fastness
properties of the citrus-dyed cotton in a previous study[3].
Now it is required to evaluate for more varied fibers.
Therefore, in this study, we attempted to determine the
optimum dyeing conditions with mordanting effects of
Citrus grandis Osbeck as well as its fastness on lyocell fabric
noted for its comfort properties and environmentally friendly
process.

RESULT AND DISCUSSION
Optimizing dyeing conditions
In order to identify the optimum dyeing conditions for lyocell
fabric with extract of unripe Citrus grandis Osbeck, various
conditions of dyeing temperature, time, and concentrations of dye
bath were investigated along with dye uptake, K/S values as given
in Figures 1–3. Figure 1 illustrates a dyeing temperature of 60℃
seemed to maximize the K/S values for every dye concentration.

EXPERIMENTAL

Figure 1. Effect of dyeing temperature on dye uptake(70min).

Materials
A number of fresh unripe Citrus grandis Osbeck grown in
Jeju Island, Korea were picked in August. Their extract was
prepared to final solid content of dye power by the way used
in a previous work [5]. As mordants, aluminum ammonium
sulfate (AlNH4(SO4)2·12H2O), cupric sulfate (Cu SO4·5H2O),
and ferric sulfate (FeSO4·7H2O) were used without further
purification.

And the influence of dyeing duration on dye uptake was presented
in Figure 2. Up to 70 min, the K/S values increased gradually for
600% and 800%. They gave much higher dye uptake value for 70
min duration.

Dyeing
The lyocell fabric(Tencel®, 0.22mm, 1.33 g/m2) was dyed at
a liquor ratio of 1:100, dye concentrations(100–900%,
o.w.f.), dyeing temperatures(40–90℃), and durations(10–90
min) in order to determine the optimum conditions for
maximum dye uptake. Dyeing and mordanting were
performed in a shaking water bath(WSB-30, DAIHAN
Scientific, Korea). Mordanting was done in 3%(o.w.f.)
aqueous solution of each mordant with a liquor ratio of 1:200
at 40℃ for 20 min via both the pre- and post- mordanting

Figure 2. Effect of dyeing time on dye uptake(60℃).

Finally, K/S value was investigated in terms of dye conce
ntrations as shown in Figure 3. It increased gradually up to
800% and thereafter it decreased at 900%.
On the other hands, the effect of mordanting on K/S value
was give in figure 4. Both treatments including pre-and postmordanting seemed not to be effective in increasing K/S.

Dye uptake and color measurement
Dye absorbed on the fiber and color properties were
measured using a spectrophotometer(CM-2500D, Minolta,
Japan) under illuminant D65, with a 10° standard observer.
The K/S value as used generally for color strength was
finally calculated to figure out dye uptake of each dyed fabric.
As for color properties of the dyed fabric, CIE L*, a*, b* and
C* were obtained. The CIE values were converted into
Munsell’s color notation of H V/C by Munsell
conversion(ver. 11.0).
Dye fastness
Fastness was investigated on the dyed lyocell for washing
(KS K ISO 105 C01:2007), perspiration (KS K ISO 105
E04:2010), rubbing (KS K 0650:2006), and light (KS K ISO
105 B02:2010), respectively.

Figure 3. Effect of dye concentration on dye uptake(60℃, 70min).
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This paper aimed to investigate dyeability of unripe Citrus
grandis Osbeck extract for a potential use in naturally dyed
lyocell. Lyocell fabric showed maximum dye uptake, K/S
with 800%(o.w.f.) dye concentration at 60℃ and 70 min. All
of dyed fabrics showed lower K/S values regardless of the
mordant used than that of un-mordanted one, which implies
mordanting with metallic salts was not effective on
improving affinity of the dyes with lyocell fibers. The
fastness properties were reasonably good against washing,
rubbing, perspiration and light for lyocell. These results lead
us to the conclusion that dyeing with unripe Citrus grandis
Osbeck extract on lyocell will be useful in providing
naturally colored apparel fabrics.

Figure 4. Effect of mordanting on dye uptake
(60℃, 70min, 800% o.w.f.).

Color properties
Colorimetric properties of dyed lyocell were shown in Table
Ⅰ. All of dyed fabrics seemed to be colored Green Yellow
in their hue values. As dye concentration increased, lightness
rates such as V and L* got lower whereas color saturation, C*
did higher, which means that lyocell fabric with higher dye
concentrations tended to shade stronger whereas less light.
Mordanted fabrics seemed to be colored Green Yellow or
Yellow in their hue and to be more saturated than
unmordanted ones.
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Dye fastness
Dye fastness rates to washing, perspiration, rubbing, and
light for 800% dyed lyocell were summarized respectively in
Table Ⅱ. As a results, the dyed fabric was good or very goo
d for most fastness parameters whereas fair grade in color
change to washing regardless of mordanting.
CONCLUSIONS

TABLEⅠ Color properties of lyocell fabric dyed with unripe Citrus grandis Osbeck extract according to dye concentration and mordanting
Munsell
CIE
Dyeing Conditions
H
V
C
L*
a*
b*
C*
undyed
7.21PB
9.16
1.66
92.63
0.68
-4.48
0.39
100%
0.71GY
8.90
1.34
90.08
-3.94
11.46
12.11
Dye
Unmordanted concentration
300%
0.34GY
8.73
1.78
88.48
-4.88
15.08
15.84
(%, o.w.f.)
600%
0.27GY
8.66
1.93
87.80
-5.22
16.03
16.85
800%
0.52GY
8.65
1.90
87.63
-5.26
15.99
16.83
Al
9.62Y
8.60
2.09
87.22
-5.17
17.47
18.21
PreCu
3.18GY
8.68
2.16
87.92
-7.48
17.32
18.86
Fe
8.74Y
8.72
1.98
88.32
-4.60
16.77
17.38
Mordanted
Al
9.57Y
8.49
3.83
86.10
-8.11
29.65
30.73
PostCu
2.03GY
8.26
4.13
83.85
-11.42
30.43
32.48
Fe
4.98Y
7.65
2.67
77.97
-2.59
20.21
20.37
TABLE Ⅱ. Dyeing fastness properties of lyocell fabric dyed with unripe Citrus grandis Osbeck extract according to mordanting(800%)
Perspiration
Washing
Rubbing
Acidic
Alkaline
Mordanting
Stain
Stain
Stain
Color
Color
Color
Dry
Wet
Change
Change
Change
rayon
wool
rayon
wool
rayon
wool
None
2-3
4-5
4-5
4
4-5
4-5
3-4
4
4
4-5
4-5
Al
2-3
4-5
4-5
3-4
4-5
4-5
3-4
4
4
4-5
4-5
Cu
2-3
4-5
4-5
3-4
4
4
3-4
4
4
4-5
4-5
Fe
2-3
4-5
4-5
3-4
4
4
3-4
4
4
4-5
4-5
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△E
16.79
20.75
21.88
21.89
23.35
23.74
22.31
35.84
37.97
28.89

Light
3-4
3-4
3-4
3-4

Degumming and Characterization of Bast Fiber from Hibiscus

Li Huang1, Shangyong Zhang1, Ling Li1, Tao Yang1
1
Key Laboratory of Green Processing and Functional Textiles of New Textile Materials, Ministry of Education,
Wuhan Textile University, Wuhan, China
Shangyong.zhang@wtu.edu.cn
sample; sodium hydroxide, 6g/L; sodium silicate, 1g/L;
hydrogen peroxide, 5g/L; duration, 1h.

OBJECTIVE
The aim of this work is to degum and characterize the
bast fiber from Hibiscus for textile applications.

Test method The ramie chemical composition test
standard GB 5889-86 was used to test the chemical of the
bast fiber from Hibiscus. Mechanical properties were
tested by LLY-06 electronic single fiber strength tester.
The test conditions were as follows: gauge length 100mm,
preload 0.4 cN, test speed 20mm/min, at standard
environment. Fiber fineness was tested by middle cut
weighing method. Morphological structure of fiber was
captured by XSZ - HY type fluorescence microscope.

INTRODUCTION
Hibiscus, also named cotton rose, frost flower, tectona,
Genera Malvaceae. It is able to hibernate, its height is
general within 1-3 meters. Stem with stellate wool or
short pubescent, big leaf, palm shape, flower is big and
beautiful. Hibiscus use widely, its bast fiber can laid up
and weave cotton cloth; Root, flowers, leaves are used as
medicine, and external application have detumescence
detoxification effect [1].
Bast fiber of hibiscus as a natural fiber is a kind of
renewable resources. In our country, the hibiscus yield is
very rich; all localities have lots of wild chingma.
Exploitation and utilization of hibiscus, can enrich
varieties of the textile fiber yarns, and reduce the supply
shortfall of other natural fiber. Hibiscus have powerful
adaptiveness of natural environment, planting simple,
landscaping, investment cost is low. Meanwhile supply a
new choice for Technical Textiles, bast fiber of hibiscus
can used as the reinforcing material of composite material,
such as substitute for glass fiber used for building
templates, automobile interior trim panels. At present, it is
still in the primary stage, this paper focuses on the
chemical degumming processing of bast fiber of hibiscus,
with fluorescent microscope observe structure of bast
fiber of hibiscus, and test its performance with the fiber
strength tester

RESULTS AND DISCUSSION
The experimental phenomena After degumming, bast
fiber of hibiscus can be found to be bundle fiber while not
single fiber. And after second boiling, the effect of fiber
disperse is passable, besides, it has better flexibility
compared with raw bast fiber. Two kinds of reagents were
added on the process of degumming and they are JFC and
hydrogen peroxide. The bundle fibers don’s need to
bleach after second boiling, in order to improve efficiency
of degumming.
Chemical composition The experimental raw materials
are coming from the hibiscus cortical fiber of Nanhu
campus of Wuhan Textile University. As there is still no
national standard about bast fiber of hibiscus so far, so we
test it referring to the GB 5889-86 quantitative analysis
method of ramie chemical composition. And the result
compared with other bast is listed in TABLE I.

APPROACH
Raw materials Bast fiber of hibiscus used in experiment
come from Landscape trees of Nanhu campus of Wuhan
Textile University, peel off the skin from hibiscus tree
before flower in early July, then scraping green ramie bast
and dry out.

TABLE I. The chemical composition comparison of hibiscus hemp and
other bast fiber
hibiscus
ramie
hemp
flax
jute

Reagent Sodium hydroxide, 30%hydrogen peroxide,
vitriol, sodium hydrogensulfite, sodium silicate, JFC.
Experimental process Sampling → pretreatment →
washing →pickling →washing →dehydration →boiling
→washing →Knock hemp →dehydration →re-doubleboiling →washing →drying →refined chinajute.
Main technological parameter Pretreatment: JFC, 2g/L;
liquor ratio,1:20; temperature, 90 ℃ ; duration, 20min.
Pickling: sulfuric acid, 1.8g/L; liquor ratio, 1:20;
temperature,50 ℃ ; duration, 1.5h. Boiling: sample;
sodium hydroxide,6g/L; sodium hydrogensulfite, 4g/L;
sodium silicate,1g/L; duration, 2.5h. Re-double-boiling:

Oil waxy
substance

0.8-1.8

0.5-1.0

1-3

0.3-1.8

0.3-0.6

Watersoluble
substance
Pectin

9-12

4-8

5-9

0.3-0.6

——

4-7

4-5

5-7

1.4-5

1-2

Half
cellulose

8-10

14-16

5-17

12-15

14-17

lignin

16-20

0.8-1.0

3-7

2.5-5

10-13

cellulose

50-60

65-75

55-68

70-80

57-60

From TABLE I, it can be seen that the cellulose of both
bast fiber of hibiscus and hemp are similar, but all less
than ramie. Lignin of hibiscus is the most in these basts. If
fiber has more lignin, its stiffness will be bigger and
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Micro-structure In this experiment, the kind of XSZ-HY
fluorescence microscopy was used to observe the
crosswise and longitudinal micro-structure of bast fiber of
hibiscus as shown in FIGURE 1 and FIGURE 2. This bast
fiber’s shape is circle or flat. Its surface has clear stripe
but lacks of clear convolution. The fracture of fiber cell is
ellipse or irregular polygon. The structure is showed as
picture one.

elasticity, extension smaller. When using as wear fiber,
lignin should be removed as much as possible on the
process of degumming.
Fiber property According to the experiment, the average
linear density of the bast fiber of hibiscus is 37.3dtex
which is also 268 in metric number. From the result of the
test, the fiber which comes from the degumming of the
bast fiber of hibiscus has a high linear density. This is
because that after degumming, these fibers present in
bundle modality and also have partial pectin. The fiber’s
strength from the experiment is listed in TABLE II.
TABLE II. Hibiscus bundle fiber’s strength
Strength
Tenacity
Elongation
Item
cN
cN/dT
Rate
%
max
150.39
3.67
3.80

Woke of
rupture
mJ
0.50

Initial
Modulus
cN/dT
1.24

min

78.74

1.92

1.35

0.12

0.22

mean

112.23

2.74

2.40

0.28

0.81

CONCLUSIONS
From the experimental study, the conclusions can be
drawn as follows:
(1)On the bast of traditional chemical degumming
technology, two new reagents JFC and hydrogen peroxide
were added. So the efficiency and effect of degumming
were improved. Put JFC reagent into water and cook,
which can swell bast fiber of hibiscus deeply and provide
convenience for later process. Hydrogen peroxide can be
served as oxidation or disoxidation in different
circumstances. In the research of this article, it was
mainly used as oxidant and bleaching agent. In the test, it
also can be found that hydrogen peroxide can oxidize
some colloid and its bleaching effect was also ideal.
Besides, some aids, such as sodium sulfite and sodium
polyphosphate were added on the process of degumming.
With the help of adequate acid steeping concentration and
temperature, alkali application was down from 12g/L to
6g/L among industrial degumming. This reduced alkali
application which may pollute the environment.

From the experiment, it can be seen that bast fiber of
hibiscus has large strength irregularity but small breaking
elongation rate. This is a bad factor to its spinning
because of easily making broken ends on the process of
yarn manufacture. So this will reduce its labor
productivity and quality. But when used as reinforced
material of composite material, the fiber’s features can
make its advantages fully reflected.

(2)From the result of experiment, the pectin rate of bast
fiber of hibiscus after degumming is still high and in the
fiber fineness measurement test, it also can be known that
degummed ramie can’t separate into single fibers easily.
This conclusion says after preliminary degumming bast
fiber of hibiscus serving as wear fiber still has some
problem, while having research value in the areas of
ornament, household textile and reinforced composite
material and so on.
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FIGURE 1. The longitudinal structure of bast fiber of hibiscus after
degumming (×100).

FIGURE 2. The crosswise structure of bast fiber of hibiscus after
degumming (Left×100, Right×400).
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1. OBJECTIVE
The objective of this paper is to present a new
method of assessing the effective water vapour
permeability of wet semipermeable fabrics. The main
contribution lies in determination of exact ratio
between the level of cooling heat flow penetrating the
wet fabric and the level of cooling heat flow caused
by moisture evaporation from the fabric surface.
2. INTRODUCTION
This paper contains the analysis of water vapour
resistance (or permeability) of fabrics in wet state.
Fundamental papers on fabric vapour permeability
were published by Ren and Ruckman, Gibson and
others. In dry state, most of the semi-permeable
fabrics deliver the satisfactorily permeability for
water vapour, but in wet state, the water film on the
outer fabrics surface is formed, which may reduce the
effective permeability of fabric. Unfortunately, this
parameter cannot be detected by common WVP
testers, because the sample during the measurement
gets dry. One of instruments suitable for the WVP
evaluation of wet fabrics is the fast working
PERMETEST Sensora Skin Model [1].
3. APPROACH
The heat flow generated due to sweat evaporation
determines the heat lost by the body and has a cooling
effect on it. On the effect of cooling also affects the
heat flow due to moisture, which evaporate from the
surface of fabric (Fig.1, left side). However, this
cooling effect may not cool the body sufficiently,
because the heat flow caused by the temperature drop
at the fabric surface is reduced by the effect of
thermal resistance of fabric and thermal resistance of
the air gap between the fabric and a skin. In this
study, the effect of the contact thermal resistance is
neglected. Evaporative resistances (Pa*m2/W) can be
connected in series during the passage of a heat flow
(W/m2), caused by the evaporation of sweat, to the
environment (Fig.1, right side).
At first, the effect of skin cooling caused by
evaporation of moisture from the fabric surface was
analyzed. Despite the assumption of isothermic
conditions, the wet fabric becomes cooler than the
surrounding air, because the fabric surface, due to the
effect of certain fabric thermal resistance. Cooling
flow by convection coming from the fabric surface
(qfabw) can be described by equation (1), on condition
that the fabric surface is covered by a continuous
water film [1]:

Heat flow due to
evaporation from
the fabric surface

Heat flow due to
evaporation from the
skin, passing through
the fabric

Evaporative heat
flow q
Evaporative resistance
Reto of the boundary
layer
Evaporative resistance
Ret of the fabric
Evaporative resistance
Rgap of the air gap
Human skin

FIGURE 1. Heat flow generation due to sweat evaporation from
the skin surface and moisture evaporation from the fabric surface
(left side). Evaporative resistances (connected in series) during the
evaporative heat flow from the skin through the garment.

(1)
During this period, the partial pressure of water vapor
at the skin surface reaches saturation. The cooling
flow qfabw must be in equilibrium with thermal losses
by convection into the outside air and heat
conduction towards to the skin:

(2)

Thermal resistance of a fabric in wet state Rctw can be
expressed as linear function of relative moisture of a
fabric U:
(3)
The heat flow causing the skin cooling then follows
from the equations:
(4)
(5)
Equation (5) confirms that with increasing fabric
moisture, fabric thermal resistance decreases, which
causes the increase of cooling flow conducted away
from the skin. Unaffectedly, this explanation is
simplified - the increase in moisture of the fabric will
probably be followed by an increase of the mass
transfer area also. The heat flow coming from the
skin (qskin) can be then described by equation (6),
provided that the partial pressure of water vapor at
the skin surface reaches the saturated level:
(6)
The evaporative resistance (Rgap) of the relatively
narrow air layer (Eq.7) and evaporative resistance
(Reto) of the boundary layer (Eq.8) are as follows:
,
(7)
(8)
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Thus, the total heat flow (qtot) transferred through the
boundary layer on the fabric surface is given by the
sum of heat flow passing from the skin through the
fabric and heat flow caused by temperature gradient
between the skin and fabric surface, which is cooled
by evaporating of water from the fabric surface:

(10)
where: qv - the heat flow passing through the
measuring head covered by the sample, [W.m-2];
qo- the heat flow passing through the uncovered
measuring head [W.m-2].
All fabrics were tested in various states of moisture
content: 1-normal state, 2-“ultra-dry” and 3- wet state
(various). The experiment consisted of measuring the
RWVP and Ret of dry and wet fabrics without an air
layer (h = 0mm).

9)
where:
Reto, Rcgap - evaporative resistance of the boundary
layer and of the air gap (Pa*m2/W)
psat, psat,fab -saturated water vapor pressure on the skin
and fabric surface (Pa),
U-relative mass increase of the fabric with moisture
content (%), determined by weighing,
h-thickness of air gaps between the measuring
surface and the fabric (m),
α, β -convection heat and mass transfer coefficients,
pair -water vapor pressure of the outside air (Pa),
Ret – evaporative resistance of the fabric (Pa*m2/W),
pair -water vapor pressure of the outside air (Pa),
Ret – evaporative resistance of the fabric (Pa*m2/W),
Dp -diffusion coefficient related to water vapor partial
pressure and heat flow (W/Pa*m),
Rct, Rgap -thermal resistances of a fabric in ultra-dry
state and that of air gap (K*m2/W).

4. RESULTS AND DISCUSSION

FIGURE 2. Relative WVP or cooling heat flow for wet Nomex
Comfort NX DELTA (sample No. 3): lower line is the cooling
flow from the fabric surface, upper line is the total cooling flow

3.1 MATERIALS
Nomex fabrics were measured in a laboratory
with the temperature of 21-23ºC and 50-55% relative
humidity. Nomex fabrics are used to produce fabrics
having high mechanical resistance and thermal
stability for the production of thermo-resistant nonflammable clothing for firemen, military etc.
TABLE I. Specifications of the (mostly woven) tested fabrics
No

Name of the fabric

Type

Sq. mass[g/m2]

1

Nomex® Comfort 190

2/1 twill

190

2
3
4
5

Nomex® Comfort 220
Nomex Comf. NX Delta
Nomex Comf. FC Navy
Nomex® III Paris Blue
Tecashield Nomex BV
111+ membrane
Nomex Hydro (knitted)

2/1 twill
2/1 twill
2/1 twill
3/1 twill

220
265
220
260

3/1 twill

200

interlock

220

6
7

3.2. TEST METHOD
The tests were conducted with the commercial
PERMETEST apparatus. The computer of apparatus
determines the evaporative resistance Ret and the
thermal resistance Rct and RWVP of textile fabrics,
mostly according the standard ISO 11092. The
relative water vapor permeability RWVP or cooling
flow (%) was calculated from the relationship:

FIGURE 3: Relative WVP or relative cooling heat flow of all
tested samples No.1-7 at the 50% fabric moisture content
consisting of real vapour transfer through the wet fabric (bottom
level) and of evaporation from the fabric surface (upper level).

1.
2.

3.
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As follows from the experiment, the cooling heat
flow felt by the simulated skin is mostly caused by
the cooling effect from the outer surface of the fabric,
provided, that the contact thermal resistance of the
fabric with the skin is low. As shown in Fig. 2 and 3
tested fabric exhibit different water vapour
permeability in wet state. The highest WVP through
fabric shows the Nomex Hydro knitted fabric (sample
No.7), while the lowest the Tecashield Nomex BV
111 with membrane. Unfortunately, the proper WVP
of wet fabrics is quite low and represents only from
5% to 33% of total WVP. The research of this
problem continues.
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INTRODUCTION
The water absorption and transport behavior [1] of textile
materials has a significant influence on the thermal
comfort of the wearer. Various methods have been
developed to measure the wicking and absorption
properties of the textile materials, but these measurements
fall short in simulating the coupled transplanar and planar
wicking process when the garments are worn next to the
skin. To address this issue we have developed [2, 3] a
Transplanar Water Transport Tester (TWTT) to measure
the water transport behavior of the fibrous materials under
simulated profuse sweating conditions.

seen from the results listed in Table 1. It appears that
fabrics with longer weave float tend to have greater initial
absorption rate. The plain cotton fabrics with the higher
weft density exhibited a slower absorption than those with
the lower pick densities.

Fabric
Structure

Weft
Yarn
(Tex)

In the present investigation, the existing TWTT instrument
was fitted with a CCD camera to capture the image of
wetted area in real-time. The interrelationship between the
absorption rate and growing-up of wetted area were
studied and their dependency on fabric structures, densities
and yarn parameters was analyzed.

2/2 Twill
2/2 Twill
2/2 Twill
2/2 Twill
1/5 Twill
1/5 Twill
1/5 Twill
1/5 Twill
2/2 Rib
2/2 Rib
2/2 Rib
2/2 Rib
4/4 Rib
4/4 Rib
4/4 Rib
4/4 Rib
Plain
Plain
Plain
Plain
Plain
Plain

1×29.5 Cotton
1×29.5 Cotton
2×13.1 Cotton
2×13.1 Cotton
1×29.5 Cotton
1×29.5 Cotton
2×13.1 Cotton
2×13.1 Cotton
1×29.5 Cotton
1×29.5 Cotton
2×13.1 Cotton
2×13.1 Cotton
1×29.5 Cotton
1×29.5 Cotton
2×13.1 Cotton
2×13.1 Cotton
1×29.5 Cotton
1×29.5 Cotton
2×13.1 Cotton
2×13.1 Cotton
16.7 Polyester
16.7 Polyester

Table I FABRIC DETAILS
SPREADING BEHAVIOR

EXPERIMENTAL
A total of 22 different woven fabrics were produced using
the same warp yarn (viz. 1×29.5 Tex cotton). All fabrics
were scoured and bleached using the same finishing
chemicals. Out of the 22 fabrics, 20 were 100% cotton and
the remaining two polyester/cotton. Details of the various
fabrics are presented in Table 1.
RESULTS AND DISCUSSION
Water absorption and spread of wetted area on the fabric
surface can be influenced by various factors. In this study,
the effects of fabric structure, weft yarn type (i.e. single
yarn and double yarn) and weft density were investigated
and analyzed statistically.
Initial Absorption
The initial water absorption rates, representing the average
water absorption rate (in g/s) over the first twenty seconds,
are presented in Table 1.
Out of the various fabric structures, the 4/4 rib fabrics had
the highest rate of initial water absorption rate, as can be

Weft
density

WITH

Fabric
Weight

picks/cm (g/m2)
31
37
33
38
33
35
31
35
34
40
34
40
35
42
35
42
22
29
21
29
29
35

189
207
173
196
197
221
181
201
190
210
175
194
189
204
174
191
159
179
148
164
138
159

ABSORPTION
Initial
absorption

AND

Water
spreading

(g/s)

(cm2)

0.81
0.97
0.75
0.74
0.85
0.90
0.89
0.85
0.67
0.70
0.66
0.63
0.94
0.92
1.00
1.02
0.71
0.59
0.71
0.55
0.88
0.83

169.7
217.1
158.6
163.6
167.5
177.2
176.7
184.7
128.7
109.1
131.9
116.7
193.9
192.3
211.7
201.2
149.3
89.2
122.3
83.0
141.5
111.2

Spreading of Surface Wetted Area
We observed that wetted area (cm2) increases almost
proportionally against time within the initial 30-45 seconds
before the entire surface is wet.
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As was found for the initial absorption rate, the fastest rate
of spreading of wetted area was observed for the 4/4 rib
fabrics. The 2/2 twill fabric with 1×29.5 Tex cotton weft
yarn and 37 picks/cm weft density exhibited a faster
spreading rate of wetted area than the 2/2 twill fabrics with
2×13.1 Tex cotton weft yarn and 38 picks/cm weft density.
This is possibly due to the higher crimp of the 2×13.1 Tex
weft yarn that that of 1×29.5 Tex weft yarn.

warp direction. On the other hand, the shapes of wetted
areas of twill fabrics were much more elliptical. For the
2/2 twill fabrics, the principle wetting direction was the
warp direction, even though the warp density of these
fabrics were lower than the weft density. For the 1/5 twill
fabrics, the principle wetting direction were tilted towards
the twill lines of the fabric. Clearly, the twill lines had a
significant effect on the profiles of wetted area.

For the plain cotton fabrics, a significant reduction (t =
4.74, p<0.05) in the rate of spreading of wetted area
occurred with an increase in weft density, as was the case
for the initial absorption.

CONCLUSIONS
The previously developed Transplanar water transport
tester (TWTT) are coupled with a CCD camera and
successfully used to measure both the spreading of surface
wetted area and water absorption rate during the dynamic
wetting process which simulates profuse sweating. The
present study showed that the initial water absorption rate
of the fabric is almost linearly related to the wetted area of
the fabric surface. Furthermore, the coefficient of the linear
relationship depends on the fabric construction and
composition. This study also demonstrated that the shapes
of the wetted area are affected by the weave crimp and
fabric structure.

Correlation Between Initial Absorption Rate And
Wetting Area
When we plotted (see Figure I) the initial absorption rate
against the surface wetted area after 20 seconds for four
different groups of fabrics, according to the type of weft
yarns, all the points of the individual groups exhibited
linear relationships. The correlations (R2) obtained for
these samples shows that 88 to 99% of the data can be
explained in terms of the linear equations.
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1X 29.5 Tex Cotton (Lower weft density)
1X 29.5 Tex Cotton (Higher weft density)
2X13.1 Tex Cotton (Lower weft density)
2X13.1 Tex Cotton (Higher weft density)

240
220

Wetted area (cm2)

200
180
160
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Figure 1: RELATIONSHIP BETWEEN THE INITIAL ABSORPTION
RATE AND THE WETTED AREA IN 20 SECONDS

Wetting profiles of different fabric structures
The shape of wetted areas after 10 seconds of wetting time
showed that for the plain, 2/2 rib and 4/4 rib fabrics, the
shape of wetted area were only slightly elliptical along the
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STATEMENT OF PURPOSE
The purpose of this study is to improve the thermal
insulation of electrospun nanoweb, maintaining its good
breathability. In order to improve the thermal insulation ,
the surface of electrospun polyurethane nanoweb was
deposited with aluminum(Al) in vaccum, After surface
treatment, the physical properties of Al-deposited
nanoweb measured and compared with those of untreatednanoweb and the commercial waterproof-breathable
fabrics. In addition, clothing performance was evaluated
employing a sweating thermal manikin.

Experimental
In order to investigate the appearance of specimens
surface, Field Emission Scanning Electron Microsope
(jeol. japan)was used. Waterproof-breathable properties
was investigated by pore size and distribution, air
permeability (ASTM D737), water vapor transmission
(ASTM E 96), water resistance(ISO 811). Thermal
property was estimated by measuring thermal resistance
(ISO 11092). Also, the comfort performance as a clothing
system was evaluated by using sweating thermal
manikin.

INTRODUCTION
Recently, there have been extensive studies on electrospun nanoweb as its numerous nano-micro scale pores can
improve low breathablity of exsisting conventional
waterproof breathable fabrics. Previous studies in our lab
have proven the acceptablity of electrospun nanoweb as
waterproof breathable fabrics. It would be need to find out
the method to increase the thermal comfort of the
waterproof breathable nanowebs. In this study, Aluminum
was deposited onto polyurethane electrospun nanoweb to
develop a waterproof-breathable fabric with improved
thermal comfort while maintaining its breathability.

RESULTS AND DISCUSSION
Figure 1 shows a photograph of Al treated nanoweb
surface . It shows the nano fibers have regular diameters
of 250-450nm and the Al particles were seen to be well
dispersed and coated.

APPROACH
The specimens used in this study are listed in TableⅠ.

Figure 1. FE-SEM images of specimens deposited with aluminum
evaporation (left) Na-Al1(×50000), (right) Na-Al1+1(×50000).

TABLE Ⅰ.The characteristics of samples

Sample

Characteristics

PET
Nano

Base fabric (Polyester 100%)
Base fabric+ nanoweb
Base fabric+ nanoweb
+Al 200m/m x 1times
Base fabric+ nanoweb
+Al 100m/m x 1times
Base fabric+ nanoweb
+Al 100m/m x 2times
Base fabric+ PTFEweb+
H-PU coating
Base fabric+H-PU

Na-Al2
Na-Al1
Na-Al1+1
PTFE
H-PU

The experimental results showed that the pore size,
distribution, and air permeability of the Al-deposited
nanoweb decreased as the amount of Al increased. But the
water vapor transmission rate did not decrease and
maintained higher than 5000g/m2 24hr. (Figure 2)

Weight
(g/m2)
87.0
96.7
97.1
97.5
97.7
130.0
143.0

**Nanoweb: electrospun polyurethane nanoweb
PTFE: Polytetrafluoroethylene membrane
H-PU: Hydrophilic polyurethane
Figure 2. Water vapor transmissions.

294

maintained their breathability and improved thermal
comfort superior to the conventional waterproofbreathable fabrics.

However, the Al-deposited nanoweb, showed lower water
resistance than the untreated nanoweb, but still satisfying
the normal standards for practical waterproof. In addition,
the thermal resistance of the nanoweb after Al deposition
were inhanced with the increase of the Al deposition.
( Figure 3.4 )
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Figure 3. Thermal resistance of specimens by space model
(at 20℃, 65% RH condition).

.

Figure 4. Thermal resistance of specimens by space model
(at 10℃, 65% RH condition)

As a result of the wet test using sweating thermal manikin,
it was found that the water vapor resistance of the
clothing made of the Al- deposited nanoweb was higher
than that of the clothing made of the untreated. The dry
test for clothing condition had shown that the thermal
resistance of the clothing made of the Al-deposited
nanoweb was significantly higher than those of the
clothings made of the untreated nanoweb and PTFE. And
the microclimate temperature of clothing made of Aldeposited nanoweb exhibited higher values.
CONCLUSIONS
In this study, multi-functional nanoweb for waterproofbreathable fabrics was developed by depositon with Al.
The results showed that it was possible to maintain the
pore of electrospun nanoweb and enhance the thermal
insulation as well as keeping a good water permeability
performance. Also, the Al deposited nanoweb in clothing
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TABLE I. 23 factorial design of experiments

OBJECTIVE
The purpose of this study is to determine the relationship
among the knitting parameters, subjective feelings of
tension comfort and seamless knitted bra stretch tension.
Based on the results, the comfort tension range will be
established.
INTRODUCTION
According to the common industrial standard of bra
fitting, a good bra should securely fit the wearer’s ribcage
with appropriate tension, provide customer’s desired
coverage, support and shaping, be compatible to the
breast root, sternum and shoulders, and give an overall
smooth touch and aesthetical appearance. However, there
is a lack of knowledge about how bra stretch-tension
influencing on subjective comfort perception.

Input variables

Loop
density
(x1)

High level (+)
Low level (-)
Center point level (0)

P0
P20
P10

Nylon
yarn
tension
(x2)
5
1
3

Elastic
yarn
tension
(x3)
1400
2200
1800

Tensile Test
The tensile test of the eleven sample tube garments were
performed on an INSTRON 4411 (CRE type tensile
testing machine), according to ASTM D4964 standard.
The mechanical stress-strain properties of the bras were
recorded (see Figure I). The bra tension (N) when fitting
on individual subjects and their

Bra stretch-tension induces the pressure on the skin
surface. [1] Bra pressure, which affects wearing comfort,
is related to the strain-stress in the deformed fabric [2]
The subjective tightness sensation on bra stretch tension
from various key knitting parameters [3] was examined in
this preliminary study.

Wear Trial
Twenty Chinese female university students aged 21.25
±0.85 were participated on a wear trial session, which is
used to collect the subjective tension comfort sensations
of the wearer. Subjects were asked to rate the perceived
sensations on continuous rating scale. A tight-fitting and a
loose-fitting seamless bras were presented to subjects as
the standard for “too tight” and “too loose” respectively.
Every subject was asked to wear the two standard bras
before the trial section. Then, eleven sample garments
were randomly assigned to every subjects and the tension
comfort of cup regions and underband were rated. After
the trial, subjects were asked to suggest the optimal
tension comfort rating based on their perceived sensations
and own preference.

APPROACH
Garments Preparation
In this study, the garment samples were produced on a 8feed single-jersey circular knitting machine of the
SANTONI SM8-Top2 model of 14” 28G 1248Ndl, which
is a common machine for producing medium size
underwear in commercial market.
Factorial Design of Experiment
A 23 factorial design of experiment with three center
points was conducted, resulting in a total of 11 runs.
Three knitting input parameters including loop density
(x1), Nylon 6, 6 78/68/1 cover yarn tension (x2) and 20D
bare Lycra yarn tension (x3) were investigated. Suggested
by a technical designer in seamless knitting department at
FIORI (Guangzhou) Textiles Limited, the high (+) and
low (-) levels of each variable were decided and listed in
Table I. The high-low levels were set far enough to
identify the optimum settings of knitting parameters. The
other variables were kept in a condition similar to the
practical manufacturing environment in a factory.

The ratings of tension comfort were then transformed to
numbers which “0” represented “too tight” and “100”
represented “too loose”.
RESULTS AND DISCUSSION
Table II assembles the bra tension fitting on 80cm
underbust girth (y1) and the average ratings of 20 subjects
on cup regions (z1) and underband (z2). As in previous
study by Zheng [3], it was found the parameters x1 and x3
were highly correlated to bra tension. Higher elastic yarn
tension and larger loop density linked to tighter feelings
of the bras.
The optimum tension comfort ratings of cup regions and
underband were 44.1 ± 7.4 and 37.1 ± 9.5 respectively.
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95% of subjects felt the underband tension of the sample
bras was too loose while half of them reported the cup
strain was too tight. Figure II and III display the deviation
from the individual optimal tension-comfort ratings of
cup regions and underband, which was derived from the
difference between the tension-comfort ratings on each
garment and the optimum ratings given by each subject.
Within the optimal ratings (± 1SD), it was found that the
expected comfort range of tension was different from the
wearer.
Subjects with AA to D cup size would prefer the comfort
cup strain was 2 to 4 N. Underband tension in the sample
bras was not satisfied to subjects while most of them
expected a tight and secure underband. In general, the
comfort ranges of underband tensions were 4-6N, 6-8N
and 8-12N for wearer with band size 70cm, 75cm and
80cm respectively.
TABLE II. Experimental Results

Standard
order
1
2
3
4
5
6
7
8
9
10
11

Input
variables
x1
+
+
+
+
0
0
0

x2
+
+
+
+
0
0
0

x3
+
+
+
+
0
0
0

Loadelongation
(N)
y1

6.17
6.17
6.17
6.3
10.6
11.7
10.7
12.2
8.18
8.32
8.45

FIGURE II. Deviation from the individual optimal ratings of bra
tensions (± 1 S D.)

Subjective
tension comfort
ratings (Mean)
z1

59.2
54.0
58.4
54.4
36.9
29.1
37.3
28.4
39.2
43.4
41.7

z2

63.4
54.1
62.8
58.5
50
42.1
47.8
39.3
52.1
50
54

FIGURE III. Deviation from the individual optimal ratings of underband
tensions (± 1 S D.)

CONCLUSIONS
The findings indicate the relationships among the knitting
parameters, subjective feelings of tension comfort and bra
tension. The loop density and the elastic yarn tension
were the two main factors affecting bra tension. The
comfort ranges of tension were proposed.

*The random order in which runs were actually performed was
7,4,9,8,10,3,6,5,11,2,1.

FUTURE WORK
To determine the optimum seamless knitted bras for
individuals, it is needed to investigate the optimum
knitting settings for different knitting materials and
individual perferences.
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FIGURE I. Stress-strain curves of run 1 to run 11
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INTRODUCTION
Water vapor transport through textile structures is a
complex phenomenon determined by various parameters.
The mechanisms of water vapor transmission through
porous textiles involve diffusion of water vapor through
voids (openings) and diffusion through individual fibers.1
Pores in woven fabrics can be interfiber and interyarn;
thus the rate of diffusion is governed by the yarn/fabric
structure such as the size and concentration of
intra/interyarn pores and the fabric thickness. Transport of
water vapor through the fiber can be either adsorption or
absorption depending upon the fiber morphology.
Absorption involves the diffusion of water vapor through
the polymer structure of the fiber and its desorption at the
outer surface. Thus, the ability of the fibers to undergo
diffusion is governed by the hydrophilic or hydrophobic
nature of the fiber.
Although theoretical models provide meaningful insight
into the relationship between the various parameters and
moisture vapor transport of porous textiles,2-4 numerous
interrelated structural features of textiles make it hard to
generalize the analytical aspects of the mechanism of flow
through fabrics. From the aspect of providing information
for practical situations, a statistical model would be useful
as a supplement to theoretical modeling.
The objective of this study is to understand parameters
that are critical in the moisture vapor transport through
woven textiles and develop a predictive model that
describes water vapor transport of woven fabrics using
those parameters.













Mass per unit area (weight) was measured
according to ASTM D 3776-96.
Fabric count, number of yarns per inch, was
measured according to ASTM D 3775-03.
Yarn number was measured according to ASTM
D 1059-01.
Yarn twist was measured according to ASTM D
1423-99.
Yarn diameter was measured using a microscope
equipped with a calibrated micrometer.
Pore size distribution was measured by a
Capillary Flow Porometer.

Water vapor transmission
Water vapor transmission rate was measured according to
ASTM E 96-00.
Statistical analyses
Statistical analyses were performed on textile
measurements and water vapor transport data using the
SAS® system. Multivariate statistical methods including
multiple linear and multiple polynomial regressions, allsubsets-regression, stepwise regression were performed.
RESULTS AND DISCUSSION
Based on the mechanisms of water vapor transport
through porous textile fabrics, water vapor may diffuse:
(1) through the interyarn spaces; (2) through the interfiber
spaces; (3) through the fiber substance itself. In order to
have a comprehensive understanding of water vapor
transmission through a textile fabric and to obtain an
expression for the moisture vapor transport, the
contribution of each of these parts needs to be taken into
account.
Pores in woven fabrics can be interfiber and interyarn.
Structure and dimension of intra- and interyarn pores
strongly depend on hardness of twist in yarn structure and
compactness in the woven structure. Thus, textile
structural parameters that could describe the relative
magnitude of interyarn space and interfiber space should
be included in the modeling.
In this study, fabric cover factor was selected as a
possible predictor variable in the modeling to
approximate the contribution of interyarn spaces. Cover
factor describes compactness of the weaving of a given
yarn system. Relative magnitude of interfiber space could
be quantified by textile parameters such as yarn twist
factor or yarn packing factor. Twist factor is a measure of

EXPERIMENTAL
Fifteen woven fabrics with various fabric thickness,
weight, fabric construction and fiber type were selected.
Fiber types included cotton, lyocell, nylon, polyester,
polypropylene to represent different levels of hydrophilic
nature of fibers. For cotton fabrics, which are hydrophilic,
fabrics with a range of thickness, weight, and fabric count
were chosen, so that cotton fabrics from thin, open
structures to heavy, compact structures were included to
assess the influence of structural characteristics on
moisture vapor transport when intrinsic fiber properties
are controlled.
Fabric parameters

Fabric thickness was measured according to
ASTM D 1777-96.
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"twist hardness" of yarn and describes compactness in
yarns of the same size. Yarn packing factor describes the
ratio of the total fiber area to actual yarn area in the crosssection of a multifilament yarn. Yarn twist factor and
packing factor were calculated from the textile
measurements and used as possible predictor variables.
Solid volume fraction of fabric, the ratio of solid parts to
the total volume of the material, was also computed and
used as a possible predictor variable.
Since water vapor may diffuse not only through the void
spaces but also through the fiber substance, the nature of
fibers may contribute to moisture vapor transport.
Moisture regain of fiber was selected as a possible
predictor variable to represent the hydrophilic or
hydrophobic nature of fibers.
In order to represent the pore dimension of woven fabric,
mean flow pore diameter and diameter at maximum pore
size distribution were computed from the through-pore
size distribution of each specimen and used as possible
predictor variables in the modeling.
To develop a statistical model predicting water vapor
transmission through woven fabrics, regression analyses
were performed using those textile parameters. Statistical
analyses revealed that fabric thickness, fabric cover
factor, mean flow pore diameter of fabric, and moisture
regain of fiber were significant parameters affecting water
vapor transmission through woven fabrics. The final
model selected to predict water vapor transmission
through woven fabrics was a polynomial model with
linear terms of fabric thickness, cover factor, moisture
regain of fiber, and mean flow pore diameter of fabric,
and quadratic terms of cover factor, moisture regain of
fiber, and mean flow pore diameter of fabric. Thus, a
regression equation to predict water vapor transmission
(WVT) through woven fabrics is as follows:

fabric thickness and cover factor. This may indicate that
for woven fabrics that interyarn spacings may have
greater influence on moisture vapor transport than
interfiber spacings within yarns.
CONCLUSIONS
We attempted to describe moisture vapor transport
through woven fabrics in relation to conventional textile
geometry parameters and the inherent nature of fiber and
develop a statistical model predicting water vapor
transmission through woven fabrics. Statistical analyses
revealed that fabric thickness was an important predictor
of moisture vapor transmission through woven textiles.
Fabric cover factor used as an approximation of the
contribution of larger pores in the woven fabric such as
interyarn/interfiber spaces also proved to be an influential
structural parameter in predicting water vapor
permeability. Mean flow pore diameter was found to
better describe the pore dimension of woven fabric than
diameter at maximum pore size distribution in this
application, and proved to be another important
determinant of water vapor transmission through woven
fabrics. Along with structural parameters, moisture regain
of fiber, an intrinsic fiber property, had a significant
influence on moisture vapor movement. A statistical
model predicting water vapor transmission through woven
fabrics was developed based on fabric thickness, cover
factor, moisture regain of fiber, and mean flow pore
diameter of fabric, with an adjusted R2 value of 0.97.
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WVT = –0.05 – T – 0.2C –0.06M + 0.002P + 11C2
+0.025M2 – 0.0017P2
(1)
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where T is fabric thickness (mm); C is fabric cover factor;
M is moisture regain of fiber (%); P is mean flow pore
diameter of fabric (m). The adjusted R2 value is 0.97,
which indicates that the four textile parameters, fabric
thickness, cover factor, moisture regain of fiber, and mean
flow pore diameter of fabric, accounted for significant
amounts of the differences observed in water vapor
transmission of woven fabrics among the fabrics
examined.
Influence of yarn twist and yarn packing factor were
shown to be insignificant at the 5% significance level for
these experimental conditions for models that also include
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compared with any improved pants with a fastener
devised opening, small and large opening parts. This
means that the opening part of the clothing plays an

INTRODUCTION
The elderly population is consistently increasing in
Japan, and forecasted as one in four people is over 65 in
2025. Japan has an overwhelmingly high ratio of
bedridden senior citizens in comparison with the welfare
developed nations including Denmark and Sweden. A
caretaker for a bedridden senior citizen is overloaded with
various physical works including the assistance for taking
meal, changing clothes, changing the body position,
disposing excrements, and washing. In particular, the
assistance for changing clothes and disposing excrement
requires not only heavy physical but also mental burden
for a caretaker. We have designed easy-to-detach pants so
as to reduce mental and physical burdens from a
caretaker. Here the reduction of the burden was evaluated
in terms of the amount of muscle exercise by comparing
the muscle momentum required for dressing/undressing
the conventional pants with that for the pants with
improved aperture.

FIGURE 1 Comparison of the muscle activity of long palmar
muscle when wearing four kinds of pants

important role for muscle activity and an effective design
of the opening part makes easy for wearing clothes. The

EXPERIMENTS
Four kinds of pants were prepared for the present
experiments, including conventional pants and improved
pants with a devised position of a fastener, small and
large opening parts. A mass of muscle activity was
measured with an electromyogram (manufactured by
Delsys, Bagnoli Handheld EMG Systems). The
measurement involves the movement of the common
digital extensor muscle and long palmar muscle of wrist
dorsiflexion by using a dummy (12kg) lying on a bed
(height 58cm). The common digital extensor muscle is
active during pulling pants and turning a subject body,
while the long palmar muscle is used during raising pants.
We also conducted the sensitivity evaluation in 5 scales of
the SD method during the care-simulated movement by a
questionnaire. The question items consist of mental
factors (such as simple- complicated, easy-difficulty and
light-heavy), and the physical factors (such as tired-not
tired, painful-not painful). The human subject is 10
healthy women, 22~26 years old.

FIGURE 2 Influence of accessories give a muscle activity on
undressing

conventional pants require high muscle activity in
comparison with the improved pants. Dressing is in
general more difficult than undressing, and the effect of
the revised design is observed more distinctively in
dressing. The muscle activities of long palmar muscle and
common digital extensor muscle are almost at the same
level in undressing regardless of the improved openings,
but the subjective evaluation confirms the effect of
improvement on the pants opening. We examined the
influence of the accessories such as a fastener and a
string on muscle activity. Here the small and large
opening parts employed a string, and a fastener was
applied to a devised position of the opening. Figure 2
shows the results of the easy-difficulty test, but three
devised pants exhibit the same degree of difficultness and
muscle activity.

RESULTS AND DISCUSSION
We compared the performance of the improved pants
with the conventional pants with regard to dressing and
undressing. Figure 1 shows the activity of the long
palmar muscle during putting the pants on the dummy.
The conventional pants require a high muscle potential
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ABSTRACT
White-collar Women's dress is a costume that females
working in white collar industry buy by themselves and
wear in workplace. The dress is free to chose in style,
color, brand and so on, and it tends to follow the
characteristics of elegant color, simple style, delicate
fabrics and exquisist cuts. White-collar women's dress is
a miracle in Chinese career women's wear. In recent
years, with white-collar women 's request for
fashionalization and practicability in dressing more and
more obviours, the same question "unablily to determine
appropriate style" tends to make white-collar women
confused. Because they want garment to express personal
charisma and also meet vocational needs. This paper
adopts empirical investigation method through
distributing questionnaires to white-collar women. The
results of the answers were analyzed statistically. On the
basis of it, the author analysed the differences between
white-collar women 's attitudes toward career-related
apparel with undertaking fulfillment and occupational
situation. Findings indicate that undertaking fulfillment,
as one measure of personal values and interests, and
occupational situation, as an example of an environmental
factor, are both influential in determining attitudes toward
dress. Finally, methods and principles of white-collar
women's wear design were summarized from angle of
dressing attitudes.

The theoretical foundation of this study is based on the
interdisciplinary contextual approach[1] to the study of
dress and symbolic action theory.
The contextual
approach
synthesizes
elements
from symbolic
interactionism and cognitive attribution theory. The
theory considers that people's behavior has certain social
significance, and various symbols, as media, realize the
interaction and understanding among people. Following
this approach, attitudes regarding apparel cues would be
influenced by both situational factors and personal values.
Symbolic action theory bears conceptual resemblance to
the contextual approach. From the angle of sociology, it
tells us how to use products to express personal identity,
status, cultural awareness and interest, etc. The
symbolization of white-collar women's wear emphasizes
on achieving desired self-definition which is
proportionate to the social position. In job setting, whitecollar women's appropriate wear as a symbol action can
achieve a desired self-definition as well as interaction and
understanding among colleagues. Therefore, the degree of
self-definition is very important. Under the guidance of
theoretical framework, the author studies the design of
white-collar women's wear from the angle of occupation,
in order to maintain the unique style of white-collar
women's dress, and make white-collar women's dress
adapts to the vocational demand of white-collar better.
WHITE-COLLAR WOMEN'S WEAR OVERVIEW
White-collar women's wear generally means the garment
wore by white-collar women at work or engaged in
business activities. It is different from some occupational
uniforms, which was a uniform made forcefully according
to overall image needs of industry or unit, such as office
women's uniform, stewardess uniform and sells uniform
etc.. Occupational uniforms also belongs to career
women's wear. With the development of times, the
implication of career women's wear becomes more
plentiful, except occupational uniforms, it still contains
the garment bought by themselves and just limited by job
setting. We also call it white-collar women's wear.
Therefore,there is different between white-collar women's
wear and career women's wear in concept. It is only a
section of career women's wear. They are can not be
confused in conecpt.

INTRODUCTION
In contemporary society, the sense of fashion is indistinct
and complex. It is a sign and also a symbol. The choice of
fashionable dress is not only related to personal taste, but
also an comprehensive reflection of society and cultural
behavior. Fashion has complex correlation with gender,
class, consumption, identity, rights and aesthetic
appreciation. From different angles, different clothing
environments can reflect different dressing demands.
White-collar Women's dress, in short, is the garment that
white-collar women wear at work and buy it according to
their preference. A suit of suitable white-collar women's
dress can reflect wearers' personal characteristics and a
certain social status. It also should adapt to present social
and cultural situations. Therefore, the choice of whitecollar women's dress is an comprehensive research
concerning fashion design, aesthetics, social psychology
and so on. Although many experts deeply research on the
design and fashionalization of career women's wear,
fewer to study career women's wear related behaviour
combined situational factors with personal values.
Therefore, this paper will investigate the design of whitecollar women's wear from the angle of occupation.

APPROACH
Sample
In order to analyse and grasp the occupational dress
demands of white-collar women, questionnaire of this
survey was designed in three ways: psychological needs,
occupational demand of white-collar women and garment
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used. In order to reduce the total number of items and
prevent intelligence loss to the max, the initial 35 attitude
dimensions were analyzed using inter-item correlations
and principle component factor analysis.

itself. In this survey, a random sample of 150 panelists
was selected which consist of women between the ages of
25 to 40, who are employed full-time in either
professional, managerial/administrative, or clerical
occupations. These job categories were selected because it
was believed that they would be most likely to require a
professionally oriented standard of appearance than other
job classifications and that individuals employed in these
categories would hold stronger attitudes toward dress
wore when working[2]. Market investigation practice was
done by intercepting passersby with a questionnaire in
some business streets and office buildings randomly. Of
the 150 questionnaires delivered, 114 or 76 percent were
returned with 108 considered suitable for data analysis.

Undertaking
Fulfilment
Orientation Measure.
Undertaking fulfilment orientation was measured by two
items which required respondents to self-rate themselves
on the degree to which they agreed with the statements "I
think that garment can reflect my social status" and "I
consider myself an enterprising person". Respondents can
express the degree of their agreement with the statements
by the five-point Likert scale. Response categories
ranged from strongly agree (1) to strongly disagree (5).
For the analysis with demographic variables, subjects
scoring 1-2 were classified as achiever, those scoring 3
were classified as moderates, and those scoring 4-5 were
classified as nonachiever. In order to ensure the suitability
of the statement, the average score of 25 percent subjects
scoring 1-2 and the average score of 25 percent subjects
scoring 4-5 were worked out respectively. Through
comparison, there is significant difference between the
scores. So it indicates clearly that the statements can
express attitude of white-collar women toward dress wore
in job setting.

Instruments
In order to fully understand the dressing demands of
white-collar females, three measures were needed to
achieve the objectives of the study: an attitude toward
dress survey, an undertaking fulfilment orientation
measure and a demographic information measure.
Attitude Toward Dress Survey. A measure was
developed to determine attitudes toward clothing wore in
the job setting. Attitude is a synthesis consisted of
emotion, cognition and behaviour. White-collar women's
attitude toward dress, is their cognitive evaluation,
feelings towards and behavioral inclination to
occupational dress[6]. Therefore, it is necessary to design
questions about clothing-related attitude after considering
overall elements such as personal values, situational
factors and garment itself. Some items of this survey
selected from exiting scales and new ones were developed.
The former was corrected according to the purpose of this
survey; the latter can express some attitudes in job setting,
clothing style and color etc..In recognition of the
multidimensional nature of attitudes, the items were
worded to reflect fully the cognitive, affective, and
behavioral dimension of attitudes. A total of 35 initial
statements can reflect dimensions of attitude to the study.
These dimensions included concerns related to comfort,
fashionability, desire for success, economy, conformity
and concern for appearance.

Respondent Information. The demographic section of
the questionnaire collected information from each
respondent regarding age, personal income, education
level, marital status,and number of children. Each of these
demographic variables correlates with the independent
variables of undertaking fulfilment orientation.
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Factor analysis is the method to put the similar variable
group together by using
correlationship among
variables[7]. This method can reduce the complexity of the
data. And when mastering the particularity of interindependence among variables, this method should be
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Table 1. FIGURE 1 shows the image of thermal manikin
with tight fitting and loose fitting man shirts. In respect of
the quantification of clothing micro-climate volume, TC2
body scanner (white light non moving scan head method)
was used. The scanner was calibrated by a given size of
cylinder and balls before scanning of samples. For the
thermal insulation test, the environment temperature was
20ºC ±0.5 ºC; the environment relative humidity was 65%
±5% and the wind speed was 0.3 m/s. The mean skin
temperature of the manikin was controlled as constant
35ºC ±0.15ºC.

INTRODUCTION
The clothing microclimate volume is one of the essential
factors affecting the clothing thermal insulation. The
trapped air between human body skin and clothing
ensemble provided additional insulation to the clothing
ensemble. But the thermal insulation would decrease as
further increase in air volume because of higher
convective heat lost. The simplest method for estimating
the clothing microclimate volume is using garment size.
However, it is less accurate and less reliable. In fact, a
further increment in garment size will not only lead to
increase in volume, but also will cause more folding,
concave and convex area. Eventually, increment in
garment size will only lead to increase in surface area
instead of volume. Therefore, garment size is not a good
predictor for clothing microclimate volume as well as
thermal insulation. There is a need for quantifying the
clothing microclimate volume in realistic manner.
In order to measure the air volume in a more reliable and
precise manner, past researches tried to use 3D body
scanning [1, 2], vacuum suit [2, 3, 4] and circumference
model [2, 5] methods. Among the three methods, the 3D
body scanning method has been recognized with highest
accuracy and reproducibility [2]. For investigating the
relationship between air volume and clothing thermal
insulation, earlier work [1] used 3D body scanning
(phase-shifting moiré topography) method to measure the
air volume between dressing dummy and clothing, and
compared the resultant air volume with clothing thermal
insulation using thermal manikin under mild wind
condition (0.79 m/s). However, the size and shape of
dressing dummy was different from thermal manikin. It is
more ideal to use same body shape and size to conduct
both body scanning and thermal insulation test.

FIGURE 1. Thermal manikin with tight fitting man shirt (right side) and
loose fitting man shirt (left side).
TABLE 1. Specification of 7 man shirt (100% cotton, plain weave) and
trousers (103% cotton, 25% polyester, 12% rayon, twill weave)
Measurement (inch)
Weight
Thickness
Sample
Size
(g)
(mm)
14.5
33
*
Man shirt XXS
191.85
0.24

The plan of this research is to investigate the relationship
between clothing microclimate volume and the resultant
thermal insulation. A TC2 3D body scanner (white light
non moving scan head method) (http://www.tc2.com/)
was used to obtain the clothing microclimate volume
based on thermal manikin body – Walter [6, 7, 8]. At the
same time, the thermal insulation was measured by the
thermal manikin.

Trousers

XS

14.5 - 33 *

194.26

0.24

S

15 33.5 *

198.46

0.24

M

15.5 - 32.5 *

204.65

0.24

L

16 - 33 8

215.83

0.24

XL
XXL

16.5 - 34.5 *
17 - 35 *

229.92
244.36

0.24
0.24

L

36 - 39.5 **

492.08

0.60

*measurement of neck circumfernce and sleeve length (inch)
**measurement of waist and length (inch)

RESULTS AND DISCUSSIONS
The results of the clothing microclimate volume and
thermal insulation measurement are shown on TABLE 2.
The resultant thermal insulation of clothing ensembles
were expressed in Clo and the value for each clothing
ensemble was subtracted by the nude value (0.532 Clo).

EXPERIMENTAL
7 man shirts with different size and same trousers were
put on the thermal manikin for 3D body scanning. The
specifications of the man shirts and trousers are shown in
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As shown in FIGURE 2, in general, the resultant thermal
insulation increase in decreasing manner as clothing
microclimate volume increase. Initially, an increment in
volume will lead to sharp increase in thermal insulation.
However, beyond 20000 cm3, an increment in volume
only leads to relative small change of thermal insulation.
Eventually, as shown in FIGURE 2 sample XL, the
thermal insulation even decreases as volume increase.
Such finding was consistent with previous research’s
finding [1]. However, the previous research [1] was
limited to four samples and the volume change was within
10000 cm3. This research finding further verified the
relationship between clothing microclimate volume and
resultant thermal insulation as this research used 7
samples and larger range of volume change. A
polynomial equation is obtained based on the scatter plot
in FIGURE 2. The r2 is equal to 0.979.

CONCLUSIONS
This study has investigated the effect of microclimate
volume on thermal insulation using 3D body scanner and
thermal manikin. By using the same thermal manikin for
body scanning with clothing ensembles and for thermal
insulation test, the discrepancy between dressing dummy
and thermal manikin was totally eliminated and the results
were more realistic. A predication model (r2=0.979) of
thermal insulation using clothing microclimate volume is
established based on experimental results as shown in
FIGURE 2. However, the sample of this research is
limited to man shirt and one layer clothing ensemble. In
future, it is recommended to include different types of
garments with single and multilayer.
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In TABLE 2, the volume of sample XL is larger than
XXL. It is because the sample XXL has more folding,
concave and convex area, which causes an increase in
surface area, but decrease in volume. Since the draping of
garment was very complex due to various folding,
concave and convex surface, it was necessary to utilize
the 3D body scanning method to measure the clothing
microclimate volume and surface area precisely and
realistically.
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TABLE 2. The results of clothing microclimate volume and change of
intrinsic thermal insulation (Clo) of 7 clothing ensembles.
Size

Clothing
Ensembles
(Man Shirt and
Trousers)

XXS

14.5 - 32

14823.306

0.299

XS

14.5 - 32

17282.200

0.380

Volume (cm3)

Δ Intrinsic Thermal
Insulation (Clo)

S

15 - 33

19377.953

0.440

M

15.5 - 32.5

20447.868

0.443

L

16 - 33

21515.729

0.469

XL

16.5 - 34.5

26664.941

0.479

XXL
17 - 35
26318.300
0.512
*The volume of nude thermal manikin is 73314.849 cm3 and the thermal
insulation is 0.532 Clo.
Change of Intrinsic Thermal Insulation (Clo) Versus Air
Volume

ΔIntrinsic Thermal
Insulation (Clo)

0.600
0.500

ΔIntrinsic Thermal
Insulation (Clo)

0.400
0.300
0.200

2

y = -2E-09x + 9E-05x - 0.6311

0.100

2

R = 0.9789

Poly. (ΔIntrinsic
Thermal Insulation
(Clo))

0.000
0

10000

20000

30000

Air Volume (cm cube)

FIGURE 2. Change of intrinsic thermal insulation of clothing
ensembles versus clothing microclimate volume
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shape of moulded bra cups so as to facilitate the bra cup
development process.

STATEMENT OF PURPOSE
This study aims to propose an efficient and economic
approach of measuring and evaluating the threedimensional geometric shape of moulded bra cups so as to
facilitate the bra cup development process in intimate
apparel industry. The effects of cup sizes and light
conditions on the accuracy of cup measurements will be
discussed.

APPROACH
In this study, a simple low-cost desktop 3D scanner was
proposed for assessing the shape geometry of bra cups. A
series of polyurethane foam cups of different sizes
ranging from size 34B to 36DD was prepared by using a
contour moulding machine, New Pads DM-021HP4-2PR,
at laboratory. With a simple supporting device that three
spherical target balls are fixed at different heights as
registration references, foam cups can rest in its natural
position during scanning. The key features and surface
coordinates of the cup samples (outer cup surface) will
then be accurately obtained. The effects of cup sizes,
foam cup positions (Figure 1) and light environment
during scanning on the practical uses and accuracy of the
system on evaluating the 3D shape of foam cups were
investigated.

INTRODUCTION
Today, bra cup moulding process has led a seamless era
revolutionary innovation in the intimate apparel industry.
By using contour moulding machines with suitable mould
heads design, three-dimensional (3D) bra cups that
provide adequate shape, support, comfort and softness in
respect to different styles and end-uses of the products
can be produced efficiently. Nevertheless, the traditional
3D mould head design process is highly complex, timeconsuming and error-prone due to the large variations of
cup styles and cup sizes. To assure the quality of the
design process, the 3D geometric shape and dimensions
of foam cups must be assessed and quantified accurately.
Since the bra cups are very soft and readily deform, noncontact measuring methods are necessary to examine both
the outer-profile and the inner-profile for the precise
characterization of foam cups. Yu [1-2] has developed a
shadow moiré topographic system to capture the 3D
image of measuring moulded foam cups, and assess the
shape conformity of the moulded cup by comparing its
sectional profiles with the cup template. More recently,
the development of 3D scanning techniques makes it
possible to acquire the accurate 3D geometry of the bra
cups. The Hong Kong Productivity Council [3] has
acquired a laser system to capture the 3D profiles of bra
cup samples. Yick et al. [4-5] used an optical 3D
digitization system that is able to capture over one
hundred thousand points in less than one minute which
ensures the spatial resolution and accuracy of the cup
shape evaluation process. The surface coordinates of cup
samples, master moulds and/or plastic templates provided
and specified by the customers can be accurately
obtained. The key features of the surface are constructed
and revised from point clouds that greatly enhance the
efficiency and precision of the mould head design and
grading process. However, up to now, the 3D scanning
techniques are not commonly used in the industry due to
the high costs of advanced technologies. This study
therefore aims to propose an efficient and economic
approach of measuring and evaluating the 3D geometric

(a)

(b)

FIGURE 1. Schematic diagram of machine setting and foam cup
positions (a) convex position and (b) concave position.

RESULTS AND DSICUSSION
Foam Cup Position
In this study, a total of 13 cup samples were scanned in
both convex and concave positions respectively. Based
on the 3D cup images, cup dimensions such as armhole,
neckline, across bust, bottom, ear to bust point (BP), BP
to bottom, cup height, etc. were measured and compared.
Results revealed that foam cup position during scanning
has a major impact on the image quality as well as the
corresponding cup dimensions being taken from the 3D
cup image. The percentage differences between the two
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cup positions obtained at armhole, bottom and bust point
(BP) to bottom are presented in Figure 2. Results
indicated that in large cup sizes (samples H to M), the cup
dimensions obtained from the concave position were
consistently higher than the measurements obtained from
the convex position, ranging from 0.32% to 7.53%. In the
case of standard cup size of 34B (samples A to D), the
corresponding dimension differences were relatively low,
ranging from -2.14% to 1.64%. This phenomenon may be
explained by their image processing and merging
differences when handling large cup samples. In concave
position, to obtain a complete 3D image of bra cup, each
cup sample must be scanned for at least 4 views, at
interval of 90° around the foam cup. By combining the
images, an entire 3D image of bra cup can be acquired
through mesh registration and merging. Significant
deformations were also detected due to the gravity
especially near the cup rims in large cup samples. In the
case of convex position, a single view scanning was
adopted at standard cup sizes, whilst 4-view scanning
with image merging was only implemented in large cup
samples of H to M. Hence, when cup samples were
scanned in convex position, the image processing time
can be shortened and the errors at image merging can be
eliminated in standard cup sizes. This approach also
resulted in less cup deformations, leading to high
accuracy of foam cup evaluation.

FIGURE 3. Cup Dimension differences obtained from different light
conditions (dark, room light and bright light) at cup sample C.

CONCLUSIONS
As shown above, the simple low-cost scanner proposed in
this study can efficiently assess the 3D shape geometry of
bra cups. Cup samples are suggested to be scanned in
convex position. This approach not only shortens the
image processing time and reduces errors at image
merging in standard cup sizes, but also avoids potential
cup deformations in large cup sizes, offering high
accuracy of foam cup evaluation.
Since light
environment has major effects on the quality of the
scanned images and dimension differences at bust point
region, the light source and amplitude during foam cup
scanning should be controlled carefully so as to optimize
the accuracy of the scanning system.
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FIGURE 2. Cup Dimension differences obtained from different machine
setttings and cup positions amongst various cup samples.

Light Environment
Considering the effects of light environment (viz.,
scanning in dark condition, room light condition and
strong light condition) on the quality of 3D cup images, it
is observed that light environment greatly affects the
quality of cup images as well as the accuracy of cup
dimension. For example, in dark condition, a clean and
complete 3D cup image of sample C can readily be
obtained by using a single view scanning. The edges
along the cup rims were smooth and clear. However,
when the sample was scanned in room light condition, its
cup surface was relatively vague and consistently broken.
The image quality further deteriorated that the armhole
region was almost faded out when a strong light was used.
As shown in Figure 3, significant cup dimension
differences were observed amongst the 3 light
environments. Room light and strong light conditions
resulted in relatively lower values of cup measurements
particularly across the bust point region as compared with
dark environment.
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INTRODUCTION
The structural appearance and fit performance of a bra
directly influence the purchase decision of consumers.
Desired breast shape and its beauty, believed as the
crucial factor for the structural design of bra products, has
been investigated by previous studies [1-3]. The distance
between two bust points, the height of the bust points
were primarily considered as the key measurements
affecting breast beauty. On the other hand, good fit and
comfort of a bra are mainly determined by patternmaking
and proper sizing system. Yu et al. summarized
anthropometric measurements and related technologies
regarding the development of bra sizing systems [4].
Recently, Zheng et al. established a new bra sizing system
whereby more accurate sizes of a bra can be determined
according to two measurements [5].

Engineering Research Centre. 43 females who working on
intimate apparel design were chosen as judges to answer a
nine-scale questionnaire using the BBSAS. 66
anthropometric measurements were also taken for
investigation.
Pearson correlation analysis was conducted so as to
investigate the relationship between the breast shape
beauty and the anthropometric measurements. Correlation
coefficients around 0.5 indicate the correlation between
scores of beauty assessment and the measurements.
Selection of key measurements related to bra sizing
The second phase of study is based on the results of
Zheng et al.’s work related to the development of the new
Chinese bra sizing system. Through analyzing a set of
103 nude breast measurements from 456 subjects aged
between 20 and 39, 8 factors and their loaded
measurements were identified as the most significant
measurements influencing the size code of a bra using
principle component factor analysis [5]. In current study,
we filtered out the measurements showing high estimated
loadings above 0.8 with the relevant 8 factors respectively.
The selected measurements included circumference,
breast angles, distance, width, thickness, volume and
curvature.

Although the breast beauty and the fit of a bra from the
perspective of sizing have been largely studied, crucial
questions have not yet been answered related to the
relationship between breast sizing, breast beauty and
measurements. These questions include 1) what
measurements can significantly influence both the breast
beauty and bra sizes; 2) how the desired breast beauty can
be correlated with the fit of a bra; and 3) how the bra fit
and comfort can be fully implemented with the structural
design of a bra . This study aimed to enhance the
communication among breast beauty, breast sizing and
measurements. Based on the findings of the study, the
above questions can be answered.

Finally, the anthropometric measurements significantly
affecting both breast beauty and bra sizing are identified
according to the results of correlation analysis and factor
analysis.

APPROACH
The methodology of the study is three-phased. Firstly, the
relationship between breast beauty assessment results and
anthropometric measurements was firstly explored.
Secondly, based on the early work [5] of the author, the
most significant measurements affecting bra sizes were
identified. Finally, the correlation of the breast beauty and
the bra sizing is analyzed based on the first two steps.

RESULTS AND DISCUSSION
Table I is the results of correlating the anthropometric
measurements with the breast beauty assessment. 11
measurements have significant correlations with breast
beauty. ** and * represent that correlations are significant
at the 0.01 level and 0.05 level respectively. As shown in
Table II, based on the principle component factor analysis
results [5], 31 measurements with high estimated loadings
were finally selected and can be regarded as the important
measurements affecting the development of a bra sizing.

Breast Beauty Assessment
A breast beauty subjective assessment system (BBSAS)
was developed to evaluate the beauty of breasts. 75
female subjects aged 20-39 were selected for assessment
from the anthropometric database of BIFT-Aimer Human
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TABLE I. Pearson correlation between measurements and breast beauty assessment

Measurements
P.C.
Measurements
P.C.
Measurements
P.C.
Vertical length RBP to UB .715** Ratio of hip
.569**
.485**
Bust height◎
Gnathion height
-.610** Whole body volume◎
-.526**
.464**
Weight◎
-.610** Length from RSP to RBP
-.526**
-.460**
UB depth◎
Bust width◎
-.610** Chest width
-.509**
Chest girth◎
P.C.: Pearson correlation, UB: under bust, RSP: right shoulder point, RBP: right breast point, FNP: front neck point
Measurements
UB girth
UB depth◎
Calculated BMI
Chest girth◎
Calculated VHI
Weight◎
Median chest depth
Torso body volume
Bust girth
Chest depth

TABLE II. High estimated loadings between measurements and eight principle component factors

F.L.
0.94
0.935
0.909
0.907
0.885
0.883
0.876
0.869
0.867
0.866

Measurements
UB width
Whole body volume◎
Bust depth
Bust width◎
Upper torso body volume
Angle B of right breast
Aspect ratio of the breast_1
Chubbiness ratio of the breast
Aspect ratio of the breast_2
Distance from BP to UB line

Measurements
Centre breast depth
Width of the breast_a_inner
Width of the breast_b_inner
Length from right breast cross-section
Inner arc length of right breast
Depth from LMP to OMP of breast
Whole body height
Chest height
UB height
Bust height◎
Orientation of the breast (angle)
F.L.: factor loadings, UB: under bust, BP: bust point, LMP: lower-most point, OMP: outer-most point

It is important to notice that there are measurements marked
by ◎ in the two tables that can affect both beauty
assessment and bra sizing. The main findings include that:
1) in order to fulfill requirements of size-fitting and breast
beauty of bra products, six measurements are absolutely
crucial among all the measurements besides those
measurements which are conventionally taken; 2) the breast
beauty and bra size may not be affected only by the breast
region of a body while the overall profile of a body such as
weight, whole body volume can also be influential factors;
3) Among the six measurements, only bust height can
positively influence the breast beauty, the other five
measurements show negative correlations to the breast
assessment score.
CONCLUSIONS
In this study, we investigated the relationship among the
anthropometric measurements, breast beauty and breast
sizing. The aim of the research was to identify the
measurements that can play significant roles in both breast
beauty and bra sizing, which are believed as two important
aspects influencing bra structural design, fit and comfort
respectively. We found there are six measurements that can
influence on both aspects. In other words, in order to create
well-fitting lingerie products with fulfilling the design
requirements concurrently, these six measurements are
crucial and should be carefully measured and utilized.
FUTURE WORK
The future work may include the following aspects:




To apply the findings of the study to the practical
lingerie product development;
To enrich the sample size and background of the
subjects;
To include male judges on the breast beauty
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F.L.
0.859
0.857
0.853
0.822
0.82
-0.947
0.94
0.923
0.886
0.844

F.L.
0.841
0.92
0.907
0.875
0.853
0.839
0.932
0.919
0.887
0.859
0.876

assessment.
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structure in which backing threads are fully covered by
face threads after combination. The study showed that full
backed structure designed under layered-combination
design mode is capable of expressing color shading effect
of each thread when figuring solely in the face of fabric.

INTRODUCTION
Jacquard fabric is generally designed in a planed design
mode. Limited by the craftsmanship of freehand, the
design of traditional jacquard has always been a passive
process for mechanical imitation [1]. Digital jacquard
design can be approached in a layered-combination mode,
in which design data of the jacquard fabric is all
processed and controlled in the computer [2, 3]. It
provides a technological basis to innovate traditional
jacquard fabric.

Top
view

Brocade is a classic traditional jacquard silk fabric
constructed with weft-backed structure [4, 5]. In this
paper, inspired by the feature of backed structure of
Chinese brocade, the innovative design principles and
design methods for full-backed effect digital jacquard
fabric were proposed based on the application of fullbacked structure and the deployment of digital layeredcombination design mode. Resultant digital fabric
features dual nature of merging Chinese brocade and
digital design technology. The color expression of
backed-structure jacquard fabric has been improved and
the design efficiency has been enhanced. This study
provided a feasible way for the innovation of traditional
backed structure jacquard fabrics.

Sectional
view

(a)Non-backed
(b) Partial-backed
(c) Full backed.
FIGURE 1. Design of gamut weaves for face layer.

Gamut weaves design
The weave structure design of full-backed jacquard fabric
can be classified into three parts: face weave design,
backing weave design and middle weave design. Figure 2
shows the method of designing gamut weave in face layer,
i.e., face weave design. In this case, 16-threads sateen
was selected as basic weave and the added value of
weaving points among two weaves is 8 (half of repeat of
basic weave).

DESIGN PRINCIPLE AND METHOD
Since the theory of computer technology was originated
from the principle of figured information control over
jacquard, it is applicable to digitize objective images
directly into woven structure under layered-combination
design mode proposed in previous study [6, 7]. By using
layered combination design method and shaded gamut
weaves, several colorless single-layer structures can be
combined to form a compound colorful structure, which
enables jacquard fabric to shows mega level mixing
colors and fine color shading effect. The key technical
point of layered-combination design mode that merged
colorless digital jacquard design and colorful digital
jacquard design lies in the design and combination of
gamut weaves. Fabric structure designed by layeredcombination mode can be divided into three categories,
i.e., single-layer structure, backed structure and layered
structure. The backed structure is a kind of compound
structures produced by the combination of several singlelayer structures and each single-layer structure is designed
by tailor-made gamut weaves. The backed structure has
three types: full backed, partial backed and non-backed.
As shown in Figure1(c), full backed is a compound

FIGURE 2. Design of gamut weaves for face layer.

Full-backed compound weave design
Based on the features of face weaves, relevant middle
weaves and backing weaves were designed respectively.
It meets well the technical requirement of being covered
fully by face threads. Figure 3 shows the design method
of three-wefts-backed structure featuring full weft-backed
effect. In this case, each weft has 15 weaves with gradual
color changing effect. It means that each figuring weft in
the face of fabric could be designed to express color
shading effect up to 15 grades for each figuring thread.
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face

middle

backing
FIGURE 3. Layered design of three-wefts backed structure.

Design illustrations
Giving the design principles and methods of full-backed
structure jacquard fabric, appropriate design illustrations
were created. It helps to describe clearly the design effects
and highlighted the advantages of this design innovation.
Figure 4 and Figure 5 shows the real fabric effect of
three-wefts-backed jacquard fabric designed by layeredcombination design mode. Figure 4 shows clearly the
color shading effect of full-backed structure that only one
weft is figuring in the face of fabric, other two wefts are
covered fully by face weft; Figure 5 is a design
illustration with complex digital image and in which three
wefts express smooth color shading effect respectively in
the face of fabric.

CONCLUSIONS
In this paper, the innovative design principles and
methods for full-backed effect digital jacquard fabric
were introduced via the application of full-backed
structure and layered-combination design mode. It has
proved by proper design illustrations that weaving pattern
produced on face of fabric is capable of expressing
smooth coloring shading effect for each coloring thread
that traditional Chinese brocade cannot achieve. In
addition, since layered-combination design mode is
originated from design principle of digital image, there is
literally no restriction in selection of digital image to
produce digital fabric. It is envisaged that the results
achieved from this study hold promising prospects for
wide creative and commercial applications.
Since full-backed effect digital jacquard fabric design
under layered-combination design mode is a new design
concept for jacquard innovation, the design illustrations
presented in this paper adopted a typical design method.
Had there been more time, it would have been desirable
for experiments to be done on other full-backed structural
design methods so as to identify more valuable results
with regard to the interrelationship between full-backed
structural design method and final fabric effect.
ACKNOWLEDGMENT
This research was funded in part through a grant of the
National Natural Science Foundation of China (NSFC
No.61040024) and the Qianjiang Talent Scheme
Foundation of Zhejiang Province (No.2010R10097).
REFERENCES
[1] Grosicki, Z.J., “Watson’s advanced textile design”,
Newnes-Butterworths, London, (1977), 83-102.
[2] Ng M.C.F. and. Zhou J.; “Innovative layeredcombination mode for digital jacquard fabric design”,
Textile Research Journal, 79 (8), (2009), 737-748.
[3] Osaki K.; “High quality color reproduction on
jacquard silk textile from digital color images”, AUTEX
Research Journal, 3(4), (2003), 173-179.
[4] Helmut W., “50 years of weaving technology”,
International Textile Bulletin, 3, (2004), 54-56.
[5] Li J.L.; “Modern silk woven photograph and its
structure design features”, Silk Monthly, 3, (2004), 11-13.
[6] Zhou J. and Ng M.C.F.; “Principle and method for
structural design of digital woven fabric”, Journal of
Dong Hua University, 23(4), (2006), 7-12.
[7] Zhou J. and Ng M.C.F.; “Principle and method of
compound structure design of digital woven fabric”,
Journal of Textile Research, 28 (5), (2007), 47-50.

FIGURE 4. Color shading effect of fabric with full-backed structure

Digital image
Fabric effect
Details of fabric
FIGURE 5. Design practice and fabric effect
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Abstract
KANSEI is a Japanese term which means
psychological feeling or image of a product.
Kansei Engineering, in this paper, is introduced
into garment design to translate the consumers'
psychological feeling about the monochrome
stripe on white knitwear into perceptual design
elements and study the quantified relationship
between them, which is suggestive and helpful
for designers and customers. In this study, 56
representative monochrome stripes on white

knitwear were selected as the samples and 9
word-pairs were selected as the appraisal words.
The questionnaires were distributed to 110
college students of Soochow University and
then the data results were analyzed by using
statistical software SPSS 13.0. Through
analysis, two main Kansei factors were
extracted and the relationships between the
customers’ psychological feeling and the
perceptual design elements of the monochrome
stripe on white knitwear were presented.

311

An Empirical Study for Chinese Elderly Clothing
Consumption
Wei Cao, Yi Cai
California State University Northridge, Northridge, CA 91330
Email: wei.cao@csun.edu; yi.cai@csun.edu
lived in urban, suburban, or rural areas from 20
regions (which include provinces, municipalities
and cities) in China by using survey procedures of
both questionnaire and face-to-face interview
(China Research Center on Aging, 2006).

STATEMENT OF PURPOSE
As one of the pioneer studies to describe the
seniors' demographic and attitudinal profiles with
regard to their apparel consumption, the purpose of
this research is to bring attention on the elderly
population in China from academic, public, and
apparel industry. Through understanding diversities
of the elderly consumer market segmentation, the
retailers and manufacturers will be better to
succeed their apparel business in China by tailoring
their market strategies to satisfy elderly customers’
specific needs. Specific objectives of this research
are: (1) to analyze Chinese elderly clothing
consumption pattern that could provide necessary
information for the retailers and manufacturers to
make effective decisions on new product
development and marketing strategies and (2) to
explore the future research directions to meet
elderly individual’s clothing needs.

Cluster analysis is a multivariate statistical method
that can be used to group or classify individuals or
objects based on particular characteristics that they
posses (Hair, Anderson, Tatham, & Black, 1995).
This exploratory technique has been widely applied
in marketing and consumer research for its
partitioning ability. Researchers have applied
cluster analysis to segment apparel consumers
based on demographics (Preez & Visser, 2003),
geographical differences (Dichson, Lennon,
Montalto, Shen & Zhang, 2004), and
psychographic/lifestyle characteristics (Okazaki,
2006). The current study used a statistical program,
Two-Step Cluster in PASW 17.0; this has been
suggested as appropriate in clustering large data
sets with mixed attributes (Norusis, 2010). The
method is based on a distance measure that enables
data with both continuous and categorical attributes
to be clustered. The Schwarz’s Bayesian Inference
criterion (BIC) was used to select the clusters.

INTRODUCTION
Similar to global trends of aging, the number of
elderly population aged 65 and over, in China has
also been increasing. Elderly peoples’ attitudes and
behavior to apparel have changed accordingly with
the great changes in China’s economy. The apparel
industry has not paid much attention to this large
group of consumers. Many studies regarding the
clothing consumption needs of elderly people have
used limited samples and produced questionable
findings, which made it difficult for companies to
satisfy the mature market with effective action.
They are still uncertain as to whether they should,
or how they should, go about marketing to the
mature market. Knowledge of unique needs of this
growing segment will assist in formulating
effective marketing strategies and business
practices, and to improve the life quality of elderly
people.

RESULTS AND DISCUSSION
Overall, respondents had an average age of
approximately 70 years. About 59 percent were
male. On average, they spent approximately 8
years in school. A majority of the respondents lived
in urban areas (96.4%). A majority of the
respondents (94.8%) were still working to earn
incomes; and the average annual family income
was 23,260 Yuan (approximately US$ 3,300). A
little more than one fourth (22.7%) of the
respondents were living alone; however, over 90
percent of the respondents did not need care at the
time of the survey. With regards to their apparel
consumption, on average, the respondent spent 283
Yuan annually on clothing.

APPROACH
The data was based on a national sample of
Chinese elderly population, aged 60 and over. Data
collection took place from June 1, 2005 to June 1,
2006, covering 20, 000 samples (the sample
population of 65 years and over were 8233) who

There were 6,866 valid cases in the cluster
analysis. The auto-clustering algorithm indicated
that a two-cluster solution based on the BIC value.
The resulting clusters 1 and 2 contained 3,539 and
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issues, there was no difference between the two
clusters.

3,294 cases, which corresponded to 51.5% and
48%, respectively. An outlier cluster of 33 cases
(0.5%) was identified and excluded from the
subsequent analysis.

CONCLUSIONS
The current research presented a segmentation of
the Chinese elderly apparel market in terms of their
clothing expenditure. By analyzing factors which
may influence elderly peoples’ apparel
consumption such as age , gender, education,
working status, living condition, residence, family
income etc, by considering the attitudinal variables
involved social and monetary concerns, and
feelings of helplessness, happiness, and
inactiveness, significant differences in mean
apparel consumption were detected at p < .05 at
different levels for all variables. Second, bivariate
correlation analyses revealed significant
correlations (p < .01) between the apparel
consumption and the continuous demographical
and attitudinal variables.

In cluster 1, the proportion of female respondents
was substantially greater than that of male
respondents. Almost all respondents were still
working to earn income. The mean age of the
respondents was 70.2 years and they had attended
school for about seven years on average. In terms
of living conditions, the respondents lived
primarily in urban areas and about a half of them
were living with a spouse or children; however, a
majority of them did not need care from family
members. Cluster 2 was characterized by primarily
male respondents who were slightly younger than
those in cluster 1 (all of the comparisons were
statistically significant); with higher educational
level and higher family income. Similar to cluster
1, a majority of the respondents in cluster 2 were
still working, and a majority of them were living in
urban areas. All respondents in cluster 2 were
living with a spouse or children and almost none of
them needed care. Respondents in cluster 2
participated, on average, fewer social and
community groups than those in cluster 1;
nevertheless, respondents in both clusters had
limited social and community-group participation.
A one-way ANOVA showed that respondents in
cluster 2 spent significantly more on clothing
(mean = 461 Yuan and Std. = 524) than did those
in cluster 1 (mean = 128 Yuan and Std. = 251) (F
(1, 4,958) = 4.6, p = .03).

FUTURE WORK
It is important to keep monitoring the major needs
of the dramatic increases aging population. Some
suggestions for future research include: (1) to
conduct qualitative research with in-depth
interviews with elderly individuals in China and (2)
to investigate apparel needs for elderly individuals
including differences in health, abilities,
workplaces, geographical settings, and different
cultures and social norm.
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significant economic benefits.
At the present stage, T5 should be chosen as the extensive
illumination lamp in garment factory workshop, and LED
fluorescent lamp may be used in a small area.

STATEMENT OF PURPOSE
In view of present situation of high energy consumption
for apparel manufacturers, the reasons for high energy
consumption were analyzed in this thesis which tries to
explore effective solutions to the mentioned problem from
three aspects of energy-saving in illumination, energysaving in sewing equipment and energy-saving in pressing
equipment. And several different reform programs are
presented after feasibility analysis, payback period
method and other aspects of comprehensive analysis to
identify the most suitable rehabilitation programs for
garment production enterprise.

2. Sewing Equipments Energy Saving Reform
To save sewing equipments energy is mainly to reduce the
waste of electrical energy of sewing. Energy-saving
sewing machine which adopts direct drive system does
not consume electricity without sewing, the power rating
is only 0.0532kW per hour on average, 127.68 kW•h per
year. However, the power rating of industrial Sewing
machine based on EC motors is 0.2202kW per
hour，528.48kW•h per year. (the operation time is 8h/d,
25d/month, 12month/year). Each energy-efficient
industrial sewing machine saves 400.8 kW•h per year
than traditional industrial sewing machine with a 1.4 yearpayback period[4].

INTRODUCTION
At present the main energy consumption of garment
factory is: fluorescent lamps for lighting, power
consumption of sewing machine, vapour which is
consumed by pressing equipments，and air-conditions.
Thereinto, air conditions are seasonally used, and its
service time is at most 5 months per year[1]. This paper
looks for energy saving reform plan from 3 aspects of
energy-saving in illumination, energy-saving in sewing
equipment and energy-saving in pressing equipment
according to present situation of garment factory.

Sewing equipment can also be replaced with the existing
energy-saving motor, and the motor can be synchronized
with the sewing machine, to achieve the purpose of
energy-saving. A energy-saving motor costs only RMB
300 more than traditional one, but electricity fee can save
RMB 400 per year，and the cost can be recovered
through savings in electricity costs in 9 months.

APPROACH
1. Lighting Energy Saving Reform
At present, the garments factory often uses T8 fluorescent
lamp which was energy-saving in the past, but with the
advance of energy-saving technology, lighting reform has
necessity and practicability[2].

Energy-efficient industrial sewing machines need a lot of
cost in one-off. By comparison, to change energy-efficient
electric motor for existing sewing machine can realize the
aim of energy saving and cost reducing and efficiency
improving with a very low cost.

T5 fluorescent lamp is better than T8 fluorescent lamp in
the main performance index of light source such as
luminous efficiency, lamp life and color rendering, but in
terms of the above factors, LED(Light Emitting Diode)
fluorescent lamp is better than T5. LED fluorescent lamp
does not enjoy country subsidy, and its price is ten times
as much as T5 which enjoys country subsidy. A T5
fluorescent lamp of 14W costs RMB 23.1 and A 28W,
RMB26.6[3]. If a garment factory lights 12h every day, 25
days per month, the average price is 0.90 RMB/kW•h,
then, monthly electricity bill for the use of a T8 lamp is
45W×12h×25d÷1000W×0.90RMB/kW•h =12.15RMB.
With a T5 energy-saving lamp used in the same light
conditions,
the
monthly
electricity
bill
is:
28W×12h×25d÷1000w×0.90RMB/kW•h =7.56RMB

2.1 Pressing Equipments Energy Saving Reform
Against the serious waste problems of the vapor in
traditional way, absorbing stream and reclaiming stream
by condensing vapor can effectively solve the problems
(Fig.1).
Each group is divided into three parts. Suppose a group
has 20 irons, and the first part has 12 irons, second part, 6
irons, and the last part, 2 irons. The vapor which is
utilized by 2 irons in the last part is provided by 6 irons in
the second part, and the vapor which is utilized by 6 irons
in the second part is provided by 12 irons in the first part.
After pressing equipments reform, one third of the irons
utilize the near reclaimed vapor, and the energy and water
can be saved 30% more than before. In pressing, the
vapor valve is open all the time yet the vapor is not
wasted, so the efficiency of the ironers is improved. At the
same time, the managers don’t need to supervise operators

It could save electricity 4.59 RMB per month, and has
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to close the valve, thus the workload of managers is
reduced. The vapor is fully absorbed, and there is no
longer hot vapor exhausted into factory area, so the sight
of ‘clouds roll’ is avoided.

and their inability to take risk in investment and
technology, the thesis puts forward a proposal that they
adopt Energy Performance Contracting which is quite
mature abroad. Energy-saving benefits can be shared
without first-phase investment. Therefore this method can
reduce production costs as much as possible and enhance
economic efficiency, which also benefit the cleaner
production, energy saving and emission reduction of the
clothing industry.
CONCLUSIONS
Clothing manufacturing enterprises should carefully
analyze the cause of the high energy consuming, save
energy and reduce the cost bit by bit, resolutely eliminate
backward production of high consumption of energy,
heavy pollution and low efficiency, and strengthen
management of energy saving and cost to improve market
competitiveness.

Fig.1 The Energy-saving Facility for Section Absorbing Stream
and Reclaiming Stream by Condensing Vapor

Haiyang Qing Hong Garment Co., LTD invested RMB
63,000 to reform the pressing equipments in Dec. 2007.
There were 32 ironing tables which were installed two
groups of vapor economizers. The consumption of vapor
is 286 ton per month before reform. After reform, the
consumption is 234 ton per month. There are 52 ton vapor
saved per month, and the economic ratio is 18.2 percent,
and the money saved per year is RMB 98,800. The
payback period is 63000÷98800=0.6 year.
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RESULTS AND DISCUSSION
For the garment factories with meager profits, especially
small and medium enterprises, there aren’t much money
to invest new type of advanced energy-saving technology,
so the energy saving reform plan must be low-invested,
low cost, quick-returned and the energy saving
technology must be mature and stable, and should not
affect the normal production. The reform in this paper just
follows this principle and chooses the existing mature
technology. The cost of single item within RMB10,000,
the maintenance costs is low, and the payback period is
about a year, good effect in energy saving could be
received in very low investment.
Aiming at the lack of energy transformation funds for the
small and medium-sized garment production enterprises
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pattern, structure and style, garment can decorate
body deficiency and enhance body physical
attractiveness. These three visual cues can not
point to the deficiency of body shape. So in this
investigation, we mainly analyze the relationship
between key body proportions and attractiveness
ratings and make a predict model for
attractiveness rating which also can point to the
deficiency of body shape.

1 INTRODUCTION
In women, three potential cues to physical
attractiveness have been proposed, body mass
index (BMI), volume height index (VHI) and
waist-to-hip ratio (WHR), which also can predict
female body attractiveness ratings.A lot of
research work has focused on WHR, BMI and
VHI. There was a weak negative linear
relationship between WHR and the optimal
WHR for attractiveness was 0.7 [1, 2]. Tovée
and his co-workers proposed that BMI is a far
more important factor than WHR in determining
the attractiveness of a female body [3]. Fan et al
showed that VHI is the most important and
direct visual determinant of female physical
attractiveness by analyzing the attractiveness of
three-dimensional (3D) scanned images [4,5].

2 METHODS
80 undergraduate students, who were enrolled at
Tianjin Polytechnic University, were invited to
view and rate the attractiveness of fifty 3D body
scanning movie clips showed as figure 1. The
images were presented in a random order and the
participants were presented with the entire set of
images once before they were asked to rate. This
was done to make the participants aware of the
range of the variability of body images, and to
encourage the participants to use the entire set of
attractiveness ratings from 1 (least attractive) to
9 (most attractive).

However, on the view of the decorative function
of garment, WHR, BMI and VHI have some
localization. Since the uneven deposition of
body fat, some body parts appear undesirable
deficiency which influent body beauty. By color,

FIGURE 1. An example of a movie clip in the stage of starting, 3s, 6s and 9s, respectively.

3 Results and Analysis
3.1 Principle Component Analysis (PCA)
The shape and size of bust, waist and hip is the
most important for the judgment of body
attractiveness. On the basis of measurements of
these three body segments, twenty seven body
proportions were selected which can express
female body shape character better.

key body proportions were used to analyze the
relationship with attractiveness ratings. Since the
30 body proportions may be correlated, Principle
Component Analysis (PCA) was applied to find
independent principle components. Using SPSS,
six components were chosen for further analysis.
Using MATLAB, a principle component
transformation matrix was obtained.

Including of WHR, BMI and VHI, there are 30

3.2 Quadratic Model
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A quadratic regression model was established
using the ‘rstool’ function in MATLAB to
predict the attractiveness ratings from the six
independent components. The r2 of this model is
0.862 with the p<0.01. However, no individual
independent component is significant related to
attractiveness ratings.
3.3 Canonical analysis
Since the quadratic regression model above is
not significant, we do canonical analysis to find
the major axes of the response surface by
rotating the axes and transform the quadratic
gradients into canonical form. Using orthogonal
transformation method, the quadratic regression
model can be transformed to canonical model as
Eq 1.
y = 3.891+ 0.160 (m1 - 0.069)2 + 0.028(m 2 + 4.016)2

+ 0.007(m3 +13.001)2 - 0.010(m 4 + 6.515) 2
 0.038(m5 + 0.471)2 - 0.052(m6 -1.303)2

（1）

4 DISCUSSIONS
Since not all components were chosen to
calculate the optimum ratios and some
components with small variance were taken out,
the predicted ratings were not consistent with the
evaluated ratings. Using SPSS, the liner
regression equation is y = 0.927x + 0.383 with
R2 = 0.958. From the equation above, it can be
suggested that there is a significant correlation
between the predicted and evaluated ratings.
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(IFTH) has permitted to develop an eco-friendly 3D
nonwoven which has proven to exhibit interesting
properties compared with foams used for upholstery in car
industry [2].

PURPOSE OF THIS STUDY
Polyurethane molded flexible foams are key components
of shoes and contribute to wearer comfort in many
different ways. This foam can be laminated with other
fabrics or materials. PU sole has many advantages: low
density, soft, comfortable and lightweight; dimensional
stability, long storage life; excellent wear resistance,
resistance to bending properties; excellent shock
absorption, slip resistance; good heat resistance; good
chemical resistance and so on.
In addition, polyurethane foams show high durability and
perform well from the beginning to the end of a day.
Comfort is of utmost parameters required for shoes soles.
Comfort experience is a combination of many different
factors, including aesthetics. Foam thickness, foam
hardness and foam resilience are the main parameters
which determine the general properties of these materials
and mainly their comfort.
This work is focused on the PU foam replacement in the
sole multilayer fabrics used for shoes. Indeed, the
multilayer structure currently used composed of PU foam
and decorative fabric does not offer ability for recycling
or reusing and are not as comfortable as possible.
In the frame of the French competitiveness cluster
―
Vehicle of the Future‖ solutions to replace polyurethane
foam layer in the car upholstery by 3D nonwoven have
been proposed and developed. The 3D nonwoven used is
issued of a patented process developed by
N.Schlumberger [1]. This 3D nonwoven is obtained
through verticalisation of fibres web. Thickness and
physical or mechanical properties can be tailored
depending on the requested application. Thanks to this
innovative process, it is aimed to try to propose
innovative solution for new sole shoes development.

The VERTILAP® process (Figure 1) is a vertical lapping
system whereby a tow or a web is pleated thanks to
folding elements. The VERTILAP® process was firstly
designed as an experimental prototype of 20cm width fed
with a bicomponent co-polyester/polyester tow. It was
adapted for tows presenting a count lower than 30 ktex. It
is composed of four main functions: the opening and
defibering of the tow, the verticalisation of the tow, the
extraction and condensation of the pleats, the
thermobonding and the lamination of the 3D pleated
structure.

FIGURE 1. The VERTILAP® process range

The VERTILAP® experimental prototype is controlled
through the following parameters: tow’s count, speeds
before and after the verticalisation zone, temperature of
the verticalisation zone. In the mean time, the laminating
process has been regulated through the speed, the pressure
and the temperature.

INTRODUCTION
Possible solutions for PU foam replacement have been
proposed for several applications, such as spacer fabrics
presenting a vertical orientation of the yarns (weaving,
knitting) or a vertical orientation of the fibers
(nonwoven). The vertical orientation of the fibers
improves the mechanical properties of the fabric and
primarily for the compression ones. Analyses of the
existing 3D textiles technologies have shown that the
nonwoven technology provides the better solution in
terms of cost and productivity, but their structure does not
present a perfect vertical orientation of the fibres. A
collaborative research project developed in the frame of a
French consortium composed of research laboratory
(LPMT as project leader), textile industrialists
(N. Schlumberger, AMDES, Protechnic, Landolt, Dollfus
& Müller, Rhenoflex Dreyer), textile technical centre

FUTURE WORK
After analyzing the obtained pleated products obtained
thanks to the prototype range and observed the versatility
of their properties which could be manufactured, a new
version of the range has been decided and developed in
the frame of the same cluster thanks to financial support
of French Alsace Region and the ―
Département du HautRhin‖. This collaborative research project has been
labeled by the French competitiveness cluster ―
Vehicle of
the Future‖ in 2006 and the French ―Fib
res Innovative
cluster‖ in 2009. It mainly consists of an upgrade of the
first range with the following characteristics: 5-50mm
height, 1m width, and speed of production of 35m/min.
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APPROACH: SOLE SHOES PROPERTIES
In order to validate this 3D nonwoven product, physical
and mechanical tests have to be performed in order to
compare the classical material and the new developed
one. Few data are available for sole specification. They
mainly depend on final application. In our case, sole for
classical shoes, 6mm height are considered (see Table I).
TABLE I. Sole specification

Nominal Density
(kg/m3)
23+1
Applicable
Standards

Hardness 'N'
(at 35% compression)
735-800
ASTMD: 3574

FIGURE 2. The VERTILAP® process range

However, it is important to note that subjects had at least
one area on the sole of the foot with a pressure ≥6 kg/cm2
(~588 kPa) and that soles are submitted to repetitive
compression/relaxation. The mechanical characterisation
will be focused on the compression behaviour because it
is the most important property to reproduce on the new
3D product if compared with the PU foam. The
compression behaviour will be evaluated using ASTM
3574 standard (Standard Test Methods for Flexible
Cellular Materials—Slab, Bonded, and Molded Urethane
Foams) on a universal screw driven testing machine
(Instron 33R4204) fitted with 5 kN load cell with circular
indentor of 203 mm diameter. The tests will be performed
in static mode. A sanding paper will be fixed on the
surface of the fixed compression plate of the Instron
machine in order to eliminate any slippage of the sample
during the test. The indentor is brought down in contact
with the specimen to establish a reference height. This is
allowed by a series of preconditioning loading segments
and a test loading sequence. Data is captured during the
test loading sequence which generally includes a dwell
time. Results are then calculated which commonly include
loads at defined % indentations or deflections (here 35%).
Several cycles of compression will be performed with a
rest time of 10s between each cycle. The stress
deformation curves will be plotted. The maximal stress at
35% deformation of the initial thickness and the
dissipated energy will be determined.

FIGURE 3. The VERTILAP® process range

Some preliminary results of the compression behaviour
have shown that the 3D nonwoven and PU foams used for
sole shoes globally present the same characteristics. In
fact, they present the same resilient property and, in some
cases, the 3D nonwovens are more resilient than the PU
foams [3]. For example, the laminated 3D nonwovens
with spun-bonded nonwovens are more resilient and
dissipated less energy than the automotive multilayer. In
the case of five compression cycles, it has also been
observed that the 3D nonwovens are more resilient and
dissipate more energy than the tested PU foam.
CONCLUSIONS
PU foam replacement in the sole multilayer fabrics used
for shoes has been studied. 3D nonwoven manufactured
thanks to patented process allowing verticalisation of
fibres web are good candidate as they are presenting
comparable compression properties. Further work will be
conducted to confirm the obtained preliminary
mechanical results and additional tests have to be done to
confirm appropriate thermal comfort properties.
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A thermal comfort approach has to be carried out to
complete the study. For that purpose, it is aimed to
measure thermal insulation thanks to KES-FB7
Thermolabo device (Kato Tech, Japan). The
measurements will be performed at 23°C during 60s on a
sample surface of 25 cm². Air permeability measurements
will be performed thanks to Air Permeability tester FX
3300 LABOTESTER (Textest Company, Switzerland)
under a pressure of 98 Pa on a surface of 5 cm². Both
apparatus will be customized in order to minimise the air
leakage and the heat losses on the lateral edges (Figure 2
& Figure 3).
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Technical University of Liberec Faculty
of Textiles
e: lubos.hes@gmail.com
Mr Petr MIKES
Technical University of Liberec
e: petr.mikes@tul.cz
Dr Stanislav PETRIK
Elmarco s.r.o.
e: stanislav.petrik@elmarco.com
Ms Veronika SAFAROVA
Technical University of Liberec
e: jiri.militky@tul.cz

FRANCE
Prof. Dominique C. ADOLPHE
ENSISA–University of Mulhouse
e: dominique.adolphe@uha.fr
Prof. Laurence SCHACHER
ENSISA–University of Mulhouse
e: l.schacher@uha.fr

Mr Andy CHU
Graham C (Hong Kong) Ltd
Prof. Jintu FAN
The Hong Kong Polytechnic University
e: tcfanjt@inet.polyu.edu.hk
Ms Siyan FANG
The Hong Kong Polytechnic University
e: serena.fong@polyu.edu.hk
Dr Bin FEI
The Hong Kong Polytechnic University
e: tcfeib@inet.polyu.edu.hk
Mr Jie FENG
The Hong Kong Polytechnic University
e: 09900750r@polyu.edu.hk
Mr Henry GAO
Cotton Incorporated
e: hgao@cottoninc.com
Dr Fuan HE
The Hong Kong Polytechnic University
e: hefuan.hefuan@inet.polyu.edu.hk

HONG KONG

Dr Chupo HO
The Hong Kong Polytechnic University
e: tccpho@inet.polyu.edu.hk

Ms Ziqian BAI
The Hong Kong Polytechnic University
e: tcbaizq@inet.polyu.edu.hk

Dr K.C. HO
Hong Kong Research Institute of Textiles
and Apparel

Mr Haider BARMA

Dr Hong HU
The Hong Kong Polytechnic University
e: tchuhong@inet.polyu.edu.hk

Hong Kong Research Institute of Textiles
and Apparel
Ms Qing CHEN
The Hong Kong Polytechnic University
e: chenqing_1130@hotmail.com

Prof. Jinlian HU
The Hong Kong Polytechnic University
e: tchujl@inet.polyu.edu.hk
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Dr Chi Wai KAN
The Hong Kong Polytechnic University
e: tccwk@inet.polyu.edu.hk
Ms Ka Bo Krista KO
The Hong Kong Polytechnic University
e: 06902252r@polyu.edu.hk
Ms Wai Fong LAU
The Hong Kong Polytechnic University
e: 09902257r@polyu.edu.hk

Ms Mow Nin SUN
The Hong Kong Polytechnic University
e: tcsunmn@inet.polyu.edu.hk
Prof. Xiao-Ming TAO
The Hong Kong Polytechnic University
e: tctaoxm@inet.polyu.edu.hk
Ms Ka Po Maggie TANG
The Hong Kong Polytechnic University
e: 10900624r@polyu.edu.hk

Mr Max LAU
Epro Development Limited

Prof. Timothy W. TONG
The Hong Kong Polytechnic University
e: pptong@polyu.edu.hk

Dr Jimmy KC LAM
The Hong Kong Polytechnic University
e: tclamj@inet.polyu.edu.hk

Mr C.K. WANG
U.S. Pacific
e: ckw@us-pacific.com.hk

Dr Harry LEE

Dr Xin WANG
The Hong Kong Polytechnic University
e: tcxwang@polyu.edu.hk

TAL Apparel Limited, Hong Kong
Dr Sunny LEUNG
The Hong Kong Polytechnic University
e: tcleungs@inet.polyu.edu.hk

Mr Kai Lam WONG
Costin New Materials Group Limited
e: osterwong@costin99.com

Ms Qiao LI
The Hong Kong Polytechnic University
e: 08902991r@polyu.edu.hk

Dr Wai Keung Calvin WONG
The Hong Kong Polytechnic University
e: tcwongca@inet.polyu.edu.hk

Mr Yanping LIU
The Hong Kong Polytechnic University
e: y.p.liu@polyu.edu.hk
Mr Hongsheng LUO
The Hong Kong Polytechnic University
e: 08901681r@polyu.edu.hk
Ms Pavithra ONKARAIAH
The Hong Kong Polytechnic University
e: 08901275r@polyu.edu.hk
Ms Dlugosch SABINE
The Hong Kong Polytechnic University
e: sabine_dlu@web.de
Ms Jing SHEN
The Hong Kong Polytechnic University
e: 08900518r@polyu.edu.hk

Ms Wai Yin WONG
The Hong Kong Polytechnic University
e: INTI.WONG@polyu.edu.hk
Dr Yuen Shing WU
The Hong Kong Polytechnic University
e: tcjohnwu@inet.polyu.edu.hk
Mr Zhuang XIE
The Hong Kong Polytechnic University
e: xie.zhuang@polyu.edu.hk
Prof. John Haozhong XIN
The Hong Kong Polytechnic University
e: tcxinjh@inet.polyu.edu.hk
Mr Lap Yan YEUNG
The Hong Kong Polytechnic University
e: tckyeung@inet.polyu.edu.hk

Mr Dahua SHOU
The Hong Kong Polytechnic University
e: 09900240r@polyu.edu.hk
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Mr Weijing YI
The Hong Kong Polytechnic University
e: weijing.yi@polyu.edu.hk
Ms Annie YU
The Hong Kong Polytechnic University
e: 10902598r@polyu.edu.hk
Mr Wei ZHENG
The Hong Kong Polytechnic University
e: 10901123r@polyu.edu.hk
Dr Zijian ZHENG
The Hong Kong Polytechnic University
e: tczzheng@inet.polyu.edu.hk
Mr Edward ZHUANG
Cotton Incorporated
e: ezhuang@cottoninc.com

JAPAN
Prof. Kanji KAJIWARA
Shinshu University
e: kajiwara@shinshu-u.ac.jp
Dr Masatomo MINAGAWA
Yamagata University
e: minagawa@yz.yamagata-u.ac.jp
Prof. Chiyomi MIZUTANI
Otsuma Women’s University
e: chiyomim@blue.ocn.ne.jp
Prof. Tetsuya SATO
Kyoto Institute of Technology
e: tsato@kit.ac.jp

MONGOLIA
INDIA
Prof. Natesan NAGARAJAN
Deemed University
e: nsnrajan@yahoo.co.in
Prof. Ramasamy SEERANGARAJAN
Gandhigram Rural University
e: arshree_23@yahoo.co.in

Dr Chuluun ALTANTSETSEG
Mongolian University of Science
and Technology
e: altaa_ch@yahoo.com
Dr Ariunbolor DAVAA
Mongolian University of Science
and Technology
e: ariunbolordavaa@yahoo.com

IRAN
POLAND
Ahmad BAGDELI
Islamic Azad University
e: bigdeli.fiber2010@yahoo.com
Dr Fatameh DADASHIAN
Amirkabir University of Technology
e: dadashia@aut.ac.ir
Ms Leila JAVAZMI
Isfahan University of Technology
e: L.Javazmi@tx.iut.ac.ir

Dr Monika Bogustawska BACZEK
University of Bielsko
e: mboguslawska@ath.bielsko.pl
Prof. Zbigniew STEMPIEN
Technical University of Lodz
e: stemp@p.lodz.pl
Dr Malgorzata ZIMNIEWSKA
Institute of Natural Fibres
and Medicinal Plants
e: gosiaz@iwnirz.pl

Prof. Mohammad KARIMI
Amirkabir University of Technology
E: mkarimi@aut.ac.ir

REPUBLIC OF KOREA

Ms Samera SALIMPOUR
Qazvin Kar Higher Education Institute
e: s.salimpour@kar.ac.ir

Ms Youngjin CHAE
Yonsei University
e: marinzi@naver.com
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Ms Youngjoo CHAE
Yonsei University
e: fchae@paran.com
Dr Gilsoo CHO
Yonsei University
Prof. Haewon CHUNG
Inha University
e: hwchung@inha.ac.kr
Ms Hye Ree HAN
Seoul National University
e: luckyherry@hanmail.net
Dr Eunae KIM
Yonsei University
Prof. Joon Ho KIM
Yeungnam University
e: joon@yu.ac.kr
Dr Keum Seo KIM
Seoul National University
e: kks77@snu.ac.kr
Prof. Seung Jin KIM
Yeungnam University
e: sjkim@ynu.ac.kr
Ms An Rye LEE
Jeju National University
e: ejyi@jejunu.ac.kr
Ms Jiyeon LEE
Yonsei University
e: jylee06@yonsei.ac.kr
Ms Kyung LEE
Yonsei University
e: 2gyung@paran.com
Prof. Seungsin LEE
Yonsei University
e: sl158@yonsei.ac.kr
Mr Chung Hee PARK
Seoul National University
Prof. Jun Hyeong PARK
Yeungnam University

Prof. Eunjou YI
Jeju National University
e: ejyi@jejunu.ac.kr

SLOVENIA
Prof. Darinka FAKIN
University of Maribor
e: darinka.fakin@uni-mb.si
Dr Alenka OJSTRSEK
University of Maribor
e: alenka.ojstrsek@uni-mb.si

SWITZERLAND
Dr Rudolf HUFENUS
Empa Swiss Federal Laboratories for
Materials Testing and Research
e: rudolf.hufenus@empa.ch
Dr Rene ROSSI
Empa Swiss Federal Laboratories for
Materials Testing and Research
e: rene.rossi@empa.ch

THAILAND
Ms Kanya BUTTARAJ
Maejo University
e: kanya@mju.ac.th
Dr Arunee KONGDEE
Maejo University
e: arunee.k@mju.ac.th

TURKEY
Mr Ismail BORAZAN
Istanbul Technical University
e: ismailborazan07@yahoo.com.tr
Dr Funda Cengiz CALLIOGLU
Suleyman Demirel University
e: cfunda@mmf.sdu.edu.tr
Mr Noorullah SOOMRO
Cukurova University
e: nssoomro@hotmail.com/nsoomro@cu.edu.tr
Dr Thamizhisai PERIYASWAMY
Central Michigan University
e: periy1t@cmich.edu
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Dr Demet YILMAZ
Suleyman Demirel University
e: dytextile@gmail.com

Dr Jian QIN
Kimberly-Clark Corp.
e: jqin@kcc.com

Dr Mehmet Emin YUKSEKKAYA
Usak University
e: mehmetemin.yuksekkaya@usak.edu.tr

Dr Moon W. SUH
North Carolina State University
e: moon_suh@ncsu.edu

UNITED KINGDOM
Mr Matthew MORRISSEY
University of Leeds
e: pss5mpm@leeds.ac.uk
Prof. Chris RUDD
University of Nottingham
e: chris.rudd@nottingham.ac.uk
Prof. Robert YOUNG
University of Manchester
e: Robert.Young@manchester.ac.uk

UNITED STATES
Ms Mary Ann ANKENY
Cotton Incorporated
e: mankeny@cottoninc.com
Prof. Gajanan S. BHAT
The University of Tennessee
e: gbhat@utk.edu
Dr Wei CAO
California State University
e: wei.cao@csun.edu
Dr Susan CHRISTOFFERSEN
Philadelphia University
e: ChristoffersenS@philau.edu

Dr Peter TSAI
University of Tennessee
e: ptsai@utk.edu
Prof. Larry Clifton WADSWORTH
U.S. Pacific & University of Tennessee
e: larryw@us-pacific.com.hk
Mr Dong Jin WOO
Cornell University
e: dw233@cornell.edu
Mr Ming ZHANG
University of Georgia
Prof. Xiangwu ZHANG
North Carolina State University
e: xiangwu_zhang@ncsu.edu
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Dr H. Young CHUNG
(retired from Donaldson Company)
e: hooyoungchung@yahoo.com
Dr Ian R. HARDIN
The University of Georgia
e: ihardin@fcs.uga.edu
Dr Shulong LI
Milliken and company
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