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SESSION 1A
MODIFICATION OF FIBER AND
POLYMER SURFACES

Chemical Reinforcement of High-Performance Polymers
Duane L. Simonson, Bernadette A. Higgins, Michael R. Papantonakis,
Rick Everett, and R. Andrew McGill
US Naval Research Laboratory, 4555 Overlook Ave., SW, Washington, DC 20375
Email: duane.simonson@nrl.navy.mil, mcgill@nrl.navy.mil
PURPOSE
This work outlines a strategy for improving
polymer-nanoparticle interactions to enhance the
dispersion of nanoparticles. The example system
studied here includes oxidized carbon nanofibers
(CNFox) into polypropylene via melt extrusion. [12]
INTRODUCTION
We have developed a new approach for chemically
crosslinking polymer fibers which avoids radical
formation and subsequent polymer chain
scission/damage during modification. The new
techniques allow rapid reactions under relatively
low temperature conditions on fiber surfaces and in
bulk polymers without the generation of volatile
reaction products such as water or methanol. This
reaction scheme can also be applied to a range of
polymer types including fillers to enhance
dispersion and reduce cluster/void formation in
melt processed composites.

clearly visible and generally align in one direction
parallel to the melt flow. Above the 2% level for
all fillers, more voids appear in elongated fashion,
mostly between
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RESULTS AND DISCUSSION
The SEM images of the 1 wt% loading of
CNFoxCl2cSi (Figures 3-4, high and low
magnification) show minimal void and cluster
formation. At the air interface CNFox tubes are

CNFoxAH

FIGURE 1. Structures of as-received CNFox, phenyltrichloro
silane treated (CNFoxPh), and allyldichlorosilane treated
(CNFoxAH) nanofibers.

OH
O Si

APPROACH
Figures 1-2 show the products of the different
chemical treatments utilized with CNFox.
Treatments were done with air-free techniques
under a dry nitrogen atmosphere. The CNFox was
washed with tetrahydrofuran, toluene, and then
suspended in fresh toluene with a magnetic stir bar.
The chlorosilane was added dropwise and stirred at
room temperature for 12-24 h. The fibers were
collected by filtration and washed with fresh
toluene, 2-propanol, DI water, and methanol.
Melt extrusions were carried out with a Custom
Scientific Instruments LE-075 extruder. Isotactic
polypropylene (Aldrich) and modified and
unmodified fillers were manually added to the
hopper with no premixing or extra treatment.
Fibers were drawn through a 1/8 in. circular orifice
and spooled to the takeup reel at ~3 m/min. XRay
tomography was performed with a Skyscan 1172
instrument.

O
Si
H

CH3

O
Si
O

OH

OH

OH

OH

CNFoxMeClcSi

CNFoxCl2cSi

FIGURE 2. Structures of CNFoxMeClCSi, phenyltrichloro
silane treated (CNFoxPh), and CNFoxCl2cSi

the residual clusters of carbon. XRay tomography
in Figure 5 shows the composite at 0.5% by
weight. Figure 6 shows the same filler at 3%. The
higher conectration shows these aggregations and
voids in cross section. Elimination of void
structures is an important component to preventing
premature fiber fracture under loading. A simple
optical photograph is shown in Figure 7 to
illustrate the improved dispersion achieved with
CNFoxPh in polypropylene when compared with
the as received CNFox at identical loading. The
darker fiber color observed with CNFoxPh clearly
indicates an improved dispersion of carbon
nanofibers in the polypropylene.

orientation during melt drawing. Fiber pullout and
breakage are both observed upon freeze fracturing.

(B)

FIGURE 3. SEM of fiber freeze-fractured surface of
polypropylene composite. Filler is CNFoxCl2CSi at 1 wt%.
Fiber diameter is 200 um.

FIGURE 6. Cross sectional XRay Tomography of
polypropylene composite fiber at 0.5% CNFoxPh.

FIGURE 4. SEM of freeze-fractured surface of polypropylene
composite fiber. Wider view shows good dispersion of
CNFoxCl2CSi without clumping.

FIGURE 7. Photograph of polypropylene composite fiber with
treated (CNFoxPh, top) and untreated (CNFox, bottom) fillers
both at 1 wt%.

FUTURE WORK
Fabrication of fibers with good control of fiber
diameters is an important next step to allow
mechanical testing to be performed and sensible
comparisons to be made. The use of a high shear
technique may improve nanoparticle dispersal and
allow higher weight loadings.
Further
characterization of orientation of CNFox within
fibers will be examined by XRD.

(A)
FIGURE 5. Cross sectional XRay Tomography of
polypropylene composite fiber at 0.5% CNFoxPh.

CONCLUSIONS
The use of silane treatments to aid in dispersion of
CNFox into polypropylene provides void-free
composite fibers up to ~2 wt% filler. The fiber
color and uniformity from SEM studies show
complete carbon fiber dispersion and limited
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Nano-Structured Functional Cellulose Fibers
You-Lo Hsieh
University of California, Davis, CA 95616, USA ylhsieh@ucdavis.edu
Polysaccharides and proteins are the most
significant
polymers
in
nature,
contributing toward the structure and
functions of cells. Cellulose is the major
polysaccharide in plants and the nature's
most abundant polymer. In contrast to
other poly- or oligo-saccharides, cellulose
is unique in that it has the highest structure
regularity, both chemically and physically,
and has the potential to become the major
renewable sources for a great variety of
chemical feedstock and materials,
including engineered nano-materials. The
challenges, however, are in making
cellulose soluble into stable solutions for
processing. In cellulose, the steric effect
of -1,4-D(+)-glucopyranose building
blocks in long chain length and the
extensive inter- and intra-molecular
hydrogen bonds contribute to their highly
rigid and crystalline structure that is
challenging to process and convert.
This paper presents the approaches to
prepare cellulose nanocrystals and to
create new chemical functionality and
nano-structured fibrous materials from
cellulose and their derivatives.
Cellulose nanocrystals in the forms of rods
(10-50 nm diameters, 200-400 nm long),
spherical (10-100 nm), and networkstructured morphologies have been
prepared by acid hydrolysis and freezedrying. These cellulose nanocrystals have
highly Iβ crystalline structure with sharper
(200) crystal lattice (2θ=22.6°) and (1 1 0)
planes (2θ=14.7°) and much smaller
mesopores (average diameter=91.99 ±
2.57 Å) than the micropores (214.64 ±
7.23 Å) in the original cellulose. The BET
surface area of these cellulose nanocrystals

is 13.362 m2/g, ~10 times of the original.
The super high specific surface and
hydroxyl functionality were utilized to
significantly improve the strength of
electrospun membranes.

Chemical reactivity of the cellulose
primary (C6) and secondary (C2, C3)
hydroxyl
groups
allows
chemical
modification
to
impart
significant
improvement in solubility and thermal
behavior, thus enhanced processibility, to
afford efficient electrospinning from
various aqueous and organic solutions.
The chemical and structural potential of
cellulose has been exploited by coupling
chemistry and polymer physics principles
in electrospinning to reduce fiber sizes to
nanometer ranges, to create novel
morphology, and to alter surface
chemistry. Examples include hybrid and
multi-component fibers of sheath-core,
nano-porous structure and multiple
stimuli-responsive hydrogel and enzyme
bound fibers. Surface reactions and
grafting add further chemical functionality
such as hydrophilicity-hydrophobicity and
protein/enzyme binding as well as
molecular approaches of adsorption,
ligand binding and electrostatic layer-byThese
layer
(LBL)
self-assembly.
functional cellulose nanofibrous scaffold
have potential for applications such as
catalysis, separation, super-hydrophobic
surfaces, sensors, drug-delivery and
medical diagnosis, etc.
Acknowledgement: Findings from
research conducted by P. Lu, J. Du, L. Li,
L. Zhang, B. Ding, J. Xie, H. Chen, Y.
Wang, X. Jin, T. Dankovichand H. Liu.

Application of Low Level, Uniform Ultrasound Field for
Acceleration of Enzymatic Bio-processing of Cotton
Brian Condon, Michael Easson, Val Yachmenev, Allan Lambert, Chris Delhom and Jade Smith
Southern Regional Research Center; 1100 Robert E. Lee Blvd, New Orleans, LA 70124, US
bcondon@ars.usda.gov; Michael.Easson@ars.usda.gov
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effectiveness by significantly increasing their
reaction rate. It has been established that the
following

specific

features

of

combined

enzyme/ultrasound bio-processing of cotton are
critically important: a) cavitation effects caused
by introduction of ultrasound field into the
enzyme processing solution greatly enhance the
transport of enzyme macromolecules toward the
substrate’s surface, b) mechanical impacts,
produced by the collapse of vacitation bubbles,
provide an important benefit of “opening up”
the surface of solid substrates to the action of
enzymes, c) the effect of cavication is several
hundred times greater in heterogeneous systems

occur at ~50 C, which is the optimum
temperature for many enzymes.

Fiber Surface Modification and Coloration by Electrostatic
Assembly Followed by Covalent Fixation
Marcus Foston, Christopher Hubbell, Fred Cook and Haskell W. Beckham
Georgia Institute of Technology, Atlanta, GA, USA
beckham@gatech.edu

Fibers are surface modified and colored using a
large variety of chemicals applied from solution,
dispersion, or emulsion. The goal is to transfer and
bond 100% of the chemical to the fiber. Anything
not on the fiber ends up in the effluent, which often
must be treated and cleaned before disposal.
Higher add-on yields are typically achieved if the
chemical and fiber are oppositely charged [1].
Once in contact with the fiber surface, textile
chemicals remain there or diffuse into the fiber,
depending on the specific function of the chemical.
The chemical is then held to the fiber by a variety
of mechanisms: (1) non-bonded interactions, (2)
ionic bonds or (3) covalent bonds. Non-bonded
interactions exist when a chemical is physically
adsorbed onto a fiber; it does not lend permanency
to the applied chemical, especially on fiber
surfaces. Ionic bonds are much stronger, but
covalent bonds are the only ones that impart true
permanency to the applied chemical.
We have been exploring a new method for
application of dyes and finishes that will improve
exhaustion and fixation yields while achieving
maximum permanency. The concept is illustrated
in Figure 1. Textile chemicals are modified with a
new ionic group so that they bear a complementary
charge to the charge on the fiber. The ionic
attraction promotes high-yield add-on during the
exhaustion and leveling step. Following
application, heating converts the ionic bonds to
covalent bonds, thus imparting permanency (see
Figure 1).

The functional groups that make this possible are
shown in Figure 2. They are moderately strained
cyclic
ammonium
or
sulfonium
groups
(collectively known as “onium” groups) [2].
R
N

N
R

S

N

FIGURE 2. Moderately strained cyclic ammonium or
sulfonium groups that can be ring-opened to eradicate
the ionic charge.

Once incorporated into a textile chemical, a
reactive ionic group serves to attract the chemical
to fiber via electrostatic assembly. The ionic group
can then be eliminated by a nucleophilic ringopening reaction initiated by heat. The mechanism
for the ring-opening reaction of a moderately
strained onium group is shown in the diagram
below.
R
N

-+

Chemical

+

Chemical
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heat
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FIGURE 1. Reactive ionic groups may be used for highyield application of textile chemicals to fibers. Certain
ionic functional groups can be converted into covalent
bonds by heat treatment, thus lending permanency to the
fiber-chemical linkage.
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Reactive ionic functional groups are easily
incorporated into existing and common textile
chemicals. We have successfully prepared reactive
ionic forms of the following textile chemicals:
(1) water-resistant hydrocarbon finish

CH3(CH2) 16CH2

(A)

N

CF3SO3

(B)

(2) stain-resistant fluorochemical finish

CF3(CF2)5CH2CH2

N

CF3SO3

(3) water-repellant silicone finish

C4H9 Si O Si

C 3H6 O C 2H4

FIGURE 3. Micrographs of a piece of nylon carpet after
a drop of water (containing red dye for better
visualization) has been placed on the surface: (A) treated
with a reactive ionic fluorochemical followed by heating
and washing, and (B) untreated.
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n
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(4) reactive dye [3]
O2N

N

N

N
CH2CH2 N
OTs

All were prepared from commercially available
starting materials containing a hydroxyl group that
we converted into a reactive ionic group. All were
successfully applied to fibrous substrates and the
ionic bonds converted to covalent bonds following
heating.
For example, a reactive ionic
fluorochemical was applied to a piece of nylon
carpet and rendered the carpet highly waterrepellent as shown in Figure 3. Details of the
syntheses of these reactive ionic chemicals, their
application to fibrous substrates, and conversion of
the ionic bonds to covalent bonds will be discussed
in this presentation.
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SESSION 1B
ELECTROSPINNING AND
NANOTECHNOLOGY

Electrospun nanoyarns for probing minute amounts of liquids
Taras Andrukh, Daria Monaenkova, Chen-Chih Tsai, Konstantin G. Kornev
School of Materials Science & Engineering, Clemson University
kkornev@clemson.edu
ABSTRACT: The most challenging task in
bioengineering and medicine is the extraction of
biofluids from a hidden internal part of the organism.
The material suitable for microprobe design is
required to be flexible, maneurable and thin enough
to penetrate capillaries and small pores. Also, the
probe should be able to absorb sufficient amount of
biofluid. Electrospun nanoporous yarns seem to
satisfy all these requirements. In this paper, we
describe absorption properties of electrospun
nanoporous yarns and analyze their efficiency for
probing minute amounts of liquids.
INTRODUCTION
Nanofibers have gained great attention in recent years
as promising materials for building different
constructs and nanodevices (1-3). Nanofibers can be
made porous, hollow, and can be bundled and twisted
into yarns (1-4). Because of their flexibility and
porosity, these nanofiber yarns show great potential
as materials for probing and mapping tissue fluids. In
this paper, we describe the probes made of nanoyarns
from Polyvinylidene Fluoride (PVDF) and its blends.
PVDF is notorious for its chemical inertness and
thermal stability due to the presence of –CF2- groups
(5,6). Moreover, its surface can be chemically
modified to adjust wettability and compatibility with
the test liquid (6). PVDF nanofibers and blends were
successively electrospun by many groups (4). We
describe a method for electrospinning of PVDF
nanoporous fibers which can be applicable as the
probes. We study absorption and wetting properties
of these yarns and establish relations between these
properties and the fiber morphology.
RESULTS AND DISCUSSION
The yarns produced from PVDF/PEO nanoporous
fibers are shown in Figure 1. The fibers appear
highly porous and their diameters span the range
from 0.6 μm to 1.8 μm with 1.2 μm average.

a

When the pores in a material are measured in
nanometers, the material absorption becomes very
slow (7). Typically, slow absorption by nano and
micrometer pores satisfies the Darcy’s law (5), which
assumes that the flow velocity is proportional to the
pressure gradient. The yarns made of nanoporous
fibers have two-level pore hierarchy: nanometer
pores inside the fibers and micrometer pores between
the fibers. Therewith, the absorption kinetics is
expected to be distinguishable from that observed in
nanometer pores (7,8). In experiments, the droplets of
wetting nonvolatile liquid, ethylene glycol, with
viscosity 3.03 mPa·s and surface tensions 27.47
mN/m were deposited on two types of yarns, made of
porous and solid nanofibers. The solid nanofibers are
shown in Fig. 1a) and the porous nanofibers are show
in Fig.1 b) and its surface is shown in Fig.1 b. The
drop absorption was filmed and the change of the
volume of these droplets as a function of time was
recorded. The drop volume was defined by fitting the
drop profile with Carrol’s unduloid (9).
As seen from Figure 2, the yarns with porous
nanofibers absorb droplets much faster. The time of
complete absorption appears to be about ten times
smaller for yarns with porous nanofibers. The
absorption for both cases follows the square-root of
time law known as the Lucas-Washburn kinetics (5).
The slopes of fitting lines in Figure 2 are called the
absorption constants. For nonporous fibers the
absorption constant was found to be c ~0.008 and for
porous fibers it was about three times greater, c ~
0.025.

V0-V/V0

0.8
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0.4
0.2

b

10
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FIGURE 1. Structure of solid PVDF yarn, b) surface of porous
nanofibers.

20

30

40

t1/2

FIGURE 2. Absorption of Ethylene glycol by PVDF porous
(green) and nonporous (red) nanofiber yarns. V0 is the initial
volume of the drop and V is the volume of visible drop at time t .
The time is measured in seconds.

The Lucas-Washburn theory suggests that the
interfiber channels control the transport in the yarn.
This theory, however, does not account for the pores
in the nanofibers. On the other hand, the capillary
action in nanoporous materials is known to be
superior (7-8). As the pore radius decreases to
nanometers, the suction pressure, i.e. the difference
between the atmospheric pressure Pa and liquid
pressure Pl, increases. Namely, the capillary pressure
defined as the pressure jump at the meniscus sitting
in a pore of radius r , is estimated as Pc = Pa-Pl ~ 2/r
( is the surface tension). Therefore, the nanopores
become active players in absorption experiments and
qualitatively explain why porous nanofibers should
provide the faster absorption rate. However, to
explain quantitatively the observed kinetics, the
Lucas-Washburn law must be modified.
We derived a new theory of drop absorption by
fibers with double porosity. This theory states that the
incremental change of the droplet volume V(t) at
time t can be written in the form which is convenient
for comparison with the experiment:
(V0-V)/V0=c ·t1/2
where

c2

A
V0

2 Pc k y



[ y  (1   y ) f ] .

(1)

In the case of non-porous fibers the equation for
absorption constant c is reduced to
A
V0

2 Pc s k y

(2)
y .

In equations (1) and (2), we introduced two
porosities, f and y, and two permeabilities, kf and ky.
The index f corresponds to the nanofiber, and y
corresponds to the interfiber channels. The yarn
permeability ky is considered as the permeability of
the yarn made of the same fibers without pores. A is
the cross-sectional area of the yarn, and V0 is the
initial volume of the drop just after deposition.
deposited drop, and  is viscosity.
c2

COMPARISON WITH EXPERIMENT
Using experimental data, we can check equations (1)
and (2). We assume that the filaments are closely
packed to form a hexagonal elementary cell. The yarn
porosity in this case is estimated as y 50%, and its
permeability as ky  αd2, where d is the fiber
diameter, and α is a constant (7). Substituting this
relation in eq. (2), the constant α can be found from
experiments on non-porous fibers, where Pcs ~ 2/dc
and dc is the radius of interfiber channels estimated
from Figure1a) as dc ~ 1.2 m. Assuming that the
packing density of the yarns is the same, this αconstant can be used for porous fibers as well.

Substituting this constant in eq. 1 we estimated the
capillary pressure and hence an effective pore radius
in the nanofibers as rp  2/Pc. Experiments on
different yarns give the pore radius in the range rp 
0.1m.
Using the image analysis, we estimated the
average radius of interfiber channels as 1.2 m for
both types of yarns. Figure 1b) give the average pore
radius in the fibers as 0.1 m. Thus, the absorption
experiments and SEM micrographs give similar
values for interfiber channels and pores in the fibers.
The observed ratio of the average channel size to the
pore size was approximately 10. This explains the
observed difference in absorption constants c.
CONCLUSION
We proposed and proved that the liquid absorption
can be significantly accelerated if the material is
made with two-level pore hierarchy. We created
nanometer pores inside nanofibers and micrometer
pores between the nanofibers. It appears that
nanometer pores build up large capillary pressure
while micrometer pores facilitate the liquid transport.
If the pores in the nanofibers are ten times smaller
that the interfiber channels, the drop absorption can
be accelerated in ten times! Therefore, changing the
packing density of nanofibers in the yarn and the size
of pores in the fibers, one can achieve controlled
transport of testing liquids.
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ABSTRACT
The aim of this study was to develop stable
interconnected carbon nanofiber materials for
electronic applications. This was achieved by sideby-side
bicomponent
electrospinning
of
polyvinylpyrrolidone (PVP) and polyacrylonitrile
(PAN) polymers, followed by carbonization under
high temperatures. The structure and capacitance
properties of the carbon nanofiber materials have
been characterized. Changing the PVP/PAN ratio
in the precursor nanofiber changed the structure
and capacitance properties of the carbonized
nanofiber materials.
INTRODUCTION
Interconnected carbon nanotubes (CNTs) and
carbon nanofibers (CNFs) are promising materials
for electronic applications, in flexible electrodes
and thin-film transistors for instance. Increasing the
degree of connections between different CNTs or
CNFs is important for the development of CNT
and CNF based electronic devices and conducting
structures [1, 2]. Branched CNTs have been
synthesized for this purpose using pyrolysis at
temperatures of around 1000ºC [3]. Branched CNF
network has also been synthesized at room
temperature using radio frequency supported
microwave plasma [4].
Here we report a novel technique of controlling the
interconnectivity of CNF networks by direct
pyrolysis of side-by-side bicomponent nanofibers
electrospun from polyvinylpyrrolidone (PVP) and
polyacrylonitrile (PAN) polymers. We also
changed the PVP/PAN ratios to examine how this
affects the interconnectivity between the CNFs and
associated structure and capacitance properties.
APPROACH
PVP/PAN
bicomponent
nanofibers
were
electrospun with a microfluidic spinneret
previously developed in our laboratory [5]. As
depicted in Fig. 1(a), two polymer solutions, PVP
(Mw~1,300k, 22 wt%) and PAN ( Mw ~150k, 10
wt%) in dimethylformamide (DMF), were fed

separately into the two inlet channels of the
spinneret. The two solutions then converged in the
same outlet channel where a laminar flow was
formed, because of the small channel dimension
(0.8 mm in inner diameter) and controlled flow
velocity. Electrospinning of the laminar fluid at the
outlet channel end resulted in side-by-side
bicomponent nanofibers. For the electrospinning in
this study, the applied voltage and collecting
distance were set at 23 kV and 15 cm, respectively.
To understand the influence of PVP/PAN ratio on
the resultant carbon fiber, four different PVP/PAN
ratios (approx. 30/70, 40/60, 70/30, 90/10, w/w)
were chosen, and the carbonized products were
labeled as CNF01, CNF02, CNF03, and CNF04,
respectively.

FIGURE 1. a) microfluidic spinneret for electrospinning sideby-side bicomponent nanofibers; b) SEM image of PVP/PAN
side-by-side bicomponent nanofibers, c) SEM image of the
bicomponent nanofibers with the PVP-component dissolved
(insert TEM image of cross-sectional view).

All the PVA/PAN nanofibers were carbonized in a
tubular furnace (TF55035C-1, Lindberg/Blue M)
under the same condition. The basic carbonization
procedure was: room temperature to 300 °C (2 hrs
in air), 300~500 °C (2 hrs in N2), 500~970 °C (1 hr

in N2), and 970 °C ~ room temperature (cooling
naturally).
The morphology of the side-by-side PVP/PAN
nanofibers was observed under SEM (LEO 1530)
and TEM (JEOL JEM 2100). The porous feature of
the CNFs was also examined by gas absorption
method (Micromeritics, P/P0 0.05-0.30, degassed
at 300°C). The capacitance properties of the carbon
nanofiber matrices were investigated with an
electrochemistry workstation (EChem V2.0.7).
RESULTS AND DISCUSSION
A typical SEM image of the as-spun nanofibers is
shown in Fig. 1(b), which shows that the fibers
were mostly separate rather than joined together or
interconnected. To confirm the side-by-side
bicomponent cross-sectional configuration, the
PVP component was dissolved from the as-spun
fibers and the remaining fibrous morphology is
shown in Fig. 1(c). It was evident that the PVP was
removed from the fiber side, and the remaining
PAN showed a “U” shaped cross-section, which
was further verified by the insert image taken
under the transmission electron microscope (TEM).
Figure 2 shows the morphology of the carbonized
side-by-side PVP/PAN nanofibers. It is apparent
that as the PVP concentration increased (from
samples CNF01 to CNF04), the fiber-fiber
interconnections became apparent. At high PVP
compositions, the carbonized nanofibers were
fused together to form a stable and well
interconnected mesh, which should improve the
thermal as well as electric conductivity.

increase in the interconnectivity of the carbonized
nanofibers, there was an increase in the surface
area and a reduction in the pore size of the
nanofiber mesh, which is as expected. It is worth
noting though that the capacitance value dropped
slightly, from 86 to 82 F/g, when the PVP/PAN
ratio was changed from 70/30 to 90/10. It is also
worth noting that the carbon fibers were not
activated, as indicated by the relatively small
surface area. This aspect warrants further
investigation.
TABLE 1. Pore characteristic and capacitance properties of the
carbonized CNF samples
PVP/PAN
BET Surface Pore Size Capacitance
(nm)
(F/g)
Ratio (approx.)
Area (m2/g)
(Sample ID)
30/70 (CNF01)
27.7
87.5
63
40/60 (CNF02)
30.3
59.5
66
70/30 (CNF03)
99.7
43
86
90/10 (CNF04)
298.7
26.5
82

CONCLUSION
Well-interconnected carbon nanofiber networks
were prepared by pyrolyzing a side-by-side
bicomponent nanofiber precursor co-electrospun
from two polymers (PVP and PAN). The network
structure, surface area and pore characteristics of
the resultant carbon nanofiber materials can be
controlled by changing the PVP/PAN ratios in the
precursor fibers. At high PVP composition, the
carbonized nanofiber materials had excellent
stability and capacitance performance.
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ABSTRACT
The electrospinning process is a way to produce
nanofibers that can be used with a wide variety of
polymers. Through a complex stretching effect
generated by electrical charge, electrospinning
transform a droplet of polymer into the nanofibers.
In the process parameters, the rheological
behaviours of the solution determine the
spinnability. In the case of polymer solution, the
macromolecular arrangement governs these
behaviours.
To
precisely
define
the
electrospinnability of the polymers, our researches
have been focused on evaluation of the solution
behaviour through rheological characterization. In
this
study,
the
two
solutions,
Polyacrylonitrile/Dimethylformamide
and
Polyamide-6 and Polyamide6-6/Formic acid have
been rheologicaly tested. Through theses results it
has been possible to link the mechanical
requirements of the electrospinnability and the
macromolecular configuration of the polymers
chains.
INTRODUCTION
Researches have shown that the viscosity affects
the diameter of the electrospun fibers. Baumgarten
[1] pointed out that when the viscosity increases,
the spinning drop geometry changes from
approximately a hemispherical geometry to a
conical geometry. The direct consequence is the
increase of the length of the jet. The fiber diameter
also increases with the solution viscosity and it is
also approximately proportional to the inverse of
the jet length equal to the distance existing between
the needle tip and the collector plate. Colman & al.
[2] have worked on asymmetric instability seen in
electrospinning and by comparison a theoretical
stability analysis. They have found a correlation
between the simulation prediction and the fluid
viscosity and the viscoelasticity. Applied
researches have been focused on elongational
rheology [3], [4] to better define the electrospun
jets and the formation of beads on filaments. It can

be concluded that, viscosity of polymer solution
and viscoelastic properties are major parameters
that must be controlled. Colby et al. highlight the
rheological behaviour of polymer solutions with a
macromolecular view and determine four different
concentration regimes including the dilute,
semidilute unentangled, semidilute entangled, and
concentrated regimes [5]. The entanglement
concentration, Ce, is the limit where the
mechanical behaviours severely change caused by
the physical macromoleculs linkage. McKee
determines the modifications of the concentration
regime for different branched fibers, with different
polymer chain length and their correlations with
electrospinnability [6].
RESULTS AND DISCUSSION
Rheological study
Shear stress sweeps from 0.6 to 600 Pa were
performed on PAN and PA-6 polymer solution
from 2 to 25 wt % in respectively DMF and Formic
acid at 25  0,3°C. All polymer solutions showed
Newtonian behavior over this range of shear stress.
The figure 1 shows intrinsic viscosity of polymer
solution as a function of weight concentration for
polyacrilonitrile and polyamide.
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FIGURE 1. Intrinsic viscosity of two types of polymer versus
concentration in ambient condition

The polymer contribution to the 0 was studied by
defining the specific viscosity (sp) in Eq. (1)

 sp 

0 s
s

(1)

The entanglement concentration (Ce) and
concentrated regime (C**) were determined using
the method employed by Colby et al. [6] Ce and C**
were found to be 3 and 6 wt% respectively for
PAN, and 6 and 14 wt% respectively for PA-6. As
expected, the two curves are separated in different
parts, with a different coefficient of direction. That
difference in coefficient of direction is linked to the
macromolecular conformation of the polymer
chains. The last part of the two curves, with the
upper coefficient is a concentrated domain with a
stronger macromolecular arrangement.
Dynamic oscillatory rheology
This kind of solicitation allows to determine the
dynamic viscosity *, G´ and G’’, corresponding
respectively to the elastic component and the
viscous component of complex modulus G*.
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FIGURE 2. Visco-elasctic modulus of PAN spinning solution

Thanks to this method we will show that according
to dilution regime, we observe evolution
concerning visco-elastic behaviour of the solution,
because of the macromolecule arrangement. The
solution presents a liquid comportment at low
frequency, but when the frequency increases, the
elastic modulus increases.
Electrospinning of PA-6
Different solution concentrations (5, 10, 15, 20, 25
wt%) have been prepared by dissolving PA-6 chips
in Formic Acid (90%) for electrospinning step.

FIGURE 3. SEM photo of PA-6 nanofibers 25 wt%

The morphological properties of electrospun
nanowebs have been investigated by Scanning
Electron Microscopy (SEM). Fig.3 illustrates the
SEM photos of the PA-6 nanofibers which have
been electrospun from a 25 wt% polymer solution.
At a low polymer solution concentration (5 wt%),
it has been impossible to spin and just small
polymer droplets have been generated, but for
higher concentrations (10 and 15 wt%) electrospun
nanofibers have been obtained. Due to the increase
of the concentration, decrease of branched fibers
amount could be observed. The differences of the
observations in nanofibers structure and diameter
between the two concentrations could be linked to
the differences in the polymer solutions.
CONCLUSION
Electrospinning largely depends on the polymer
concentration and more precisely on the
macromolecule arrangements into the solution. In a
dilute state there is not any entanglement between
chains so it is impossible to obtain nanoweb.
Depending on the dilution regime, it is possible to
obtain different nanoweb morphology. Two
different concentrations of polymer solutions of
PA-6 are chosen for electrospinning. The
differences between two nanowebs in terms of
diameter regularity and homogeneity could be
explained by a better stability of the Taylor cone
during the spinning process. This stability could be
caused by a better cohesion between the polymer
chains in the solution or a stronger macromolecular
arrangement. It will be interesting to focus on the
viscoelastic properties thanks to dynamic
rheometry to highlight the importance of polymer
solution domains.
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Introduction
The synthesis of nanocomposites has attracted a great
deal of attention due largely to their unique physical
and chemical properties [1]. These novel materials
find relevance in areas as diverse as catalysis,
microelectronics,
sensing,
magnetics,
electrochemistry, and optics. For this presentation,
we examine the incorporation of electroluminescent
quantum dots (QDs) into wide band- gap
semiconductive ceramic nanofibers (NFs) which may
have great potential as future photonic materials for
sensing and energy storage. Colloidal CdSe quantum
dots are spherical, highly emissive inorganic particles
that have unique electroluminescent properties that
are dependent on particle size [2]. While QDs may
have immense prospect as future photonic materials,
ways to incorporate them into functional substrates
for practical applications have to be sought. We
selected ceramics made from titanium dioxide (TiO2)
and zinc oxide as model semiconductive substrates
because they are inexpensive, non-toxic and
biocompatible as well as efficient photoactive
electron carriers. Ceramic nanofibers and CdSe QDs
were generated using sol-gel procedure coupled with
electrospinning and chemical synthetic method
involving non-coordinating solvents, respectively.

gel preparation, Ti (IV) isopropoxide and polyvinyl
pyrrolidone (PVP) were dissolved in acetic acid and
ethanol with different ratios. For ZnO NFs gel
preparation, zinc acetate and polyvinyl alcohol
(PVA) were dissolved in water and than electrospun.
CdSe QDs were synthesized from CdO and Se
precursors in octadecene solvent according to the
procedure reported by Elizabeth and co-workers [2].

Figure1. Electrospinning of ceramic NFs by using
Sol-Gel Procedure

Materials and Methods

Results and Discussion

Sol-gel chemistry was used to get ceramic nanofibers
in accordance to the procedure used by Li and Xia
[3]. The schematic of the sol-gel process is shown in
Figure 1. Briefly, metal oxide precursors were mixed
with compatible polymers and solvents and then the
prepared gel was electrospun. Electrospinning,
nanofiber mats were calcinated at high temperatures
to form crystalline ceramic phase and eliminate
organic compound from the nanofibers. For TiO2 NFs

We began by synthesizing CdSe QDs using a
procedure that involved the use of noncoordinating
solvents. The UV/Vis absorption spectra of CdSe in
octadecene are shown in Figure 2. As seen from
Figure 2, the synthesized CdSe QDs colors are
changing from left to right depending on nanoparticle
size [4]. The bigger the particle size of QDs the more
absorption they have in the visible region. This is
explained by the quantum confinement effect. As
particle size increases, the band gap between the

NFs before calcination, iv) Ti(IV)isopropoxide/PVP
NFs after calcination at 500oC

valence and conduction bands decreases. Quantum
confinement decreases the spacing between energy
levels as the nanocrystallite size is increased [5].

2nm

8nm

CdSe QDs

We determined the nature and crystallinity of the
electrospun ceramic nanofibers by x-ray diffraction
(XRD). Figures 4 and 5 provides the XRD spectra of
the TiO2 and ZnO nanofiber mats before and after
calcination, respectively. As can be observed, the
characteristic crystalline faces of TiO2 and ZnO NFs
were apparent after calcination while no crystallinity
was observed before calcination except for the XRD
spectral peaks coming from the crystalline organic
polymer compounds [6].

Figure 2. a) UV-vis spectra of as synthesized CdSe
quantum dots. b) CdSe quantum dots with different
nanoparticle sizes. From S1 to S7, particle size
increases [2].
We also electrospun TiO2 and ZnO precursor
solutions mixed with electrospinnable polymers.
Various solution concentration of ceramic and
polymer were tried. Figure 3 shows the scanning
electron images of TiO2 and ZnO electrospun fibers.
As can be seen in Figure 3, at the certain
concentration well uniform TiO2 NFs were obtained.
This wasn’t obtained for ZnO nanofibers. Different
solution
concentration
and
electrospinning
parameters will be tried to get more uniform ZnO
nanofibers.

(i)

Figure 4. X-Ray Diffraction patterns of a) TiO2 NFs.
Red: Before calcinations (No crystalline face), Blue:
After calcinations.

(ii)

(iii)
(iv)
Figure 3. SEM images of i) zinc acetate/PVA NFs
before calcination ii) zinc acetate/PVA NFs after
calcination at 600oC (iii) Ti(IV)isopropoxide/PVP

Figure 5. X-Ray Diffraction patterns of ZnO NFs.
Red: Before calcinations (No crystalline face), Blue:
After calcination.

Conclusion
Pure porous electrospun TiO2 and ZnO nanofibers
were obtained by sol-gel procedure using Ti (IV)
isopropoxide
and
zinc
acetate
precursors,
respectively. The obtained ZnO nanofibers are less
uniform than those of TiO2. In order to obtain more
uniform ZnO nanofibers different solution
concentrations and process parameters will be tried.
CdSe quantum dots were synthesized successfully
with different particle diameters. UV-Vis spectra
indicates absorption at different wavelengths which
was directly related to the particle size of the
quantum dots .
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STATEMENT OF PURPOSE
Main objective of this study is to provide
fundamental understanding and knowledge of the
technical issues related to forming engineered
composite structures from short fibers with desired
orientation and high aspect ratio using newly
developed electrostatic web forming system.
INTRODUCTION
Properties of short fiber reinforced composite parts
fabricated from bulk molding compound (BMC) or
sheet molding compound (SMC) depend on the
properties and orientation of reinforcement fibers,
resin type, filler and other constituents.[1] Current
short fiber web forming systems for SMC do not
provide positive control over the final fiber
orientation distribution (FOD) of produced
preforms. Such a controlled orientation will lead to
the production of improved composite structures
with superior, consistent performance as compared
to the currently produced composites based on
Bulk and Sheet Molding Compounds (BMC/SMC),
which in-turn provides opportunities for producers
of composites for light weight, high-speed low
energy-consuming cars, boats, and aero-space
applications.
The use of electrostatics to control fiber positioning
has been studied with regard to electrostatic
spinning, and has shown its significance in
controlling fiber movement [2-3]. The main
principle of this system is that the charged species
can experience orientational torque in an
electrostatic field. The movement of this unipolar
charged fiber can be controlled positively by the
electrostatic field forces acting on it. This
electrostatic positioning technique is widely used
in the flocking (electro-static fiber coating) and
electrostatic yarn spinning processes [4-7].
EXPERIMENTAL
The developed system consists of fiber feeding
system, aspirator/ electric-charging, electrode box
for orienting fibers, and a vacuum table system for
web forming (Fig.1) For effective fiber motion
control, the experimental fibers (polyester and
nylon staple fibers) were treated with a conductive
surface finish to obtain a fiber surface resistivity

within a range of 106-108. The 25 Fractional
Factorial Experimental Design was used to
determine the effects of (A) electrostatic field
strength, (B) aspirator outlet air speed, (C) fiber
feed rate, (D) suction air speed, (E) fiber length,
and their interactions on the FOD in unidirectional
fiber web. The FOD histograms of produced webs
were obtained by an image analysis technique. The
FOD indices were calculated from the histograms
by using the fractions of fibers whose orientation
angles were within +/- 10 from the machine
direction and the best fit of histogram with cosinepower functions [8].

FIGURE 1. The experimental set-up.

RESULTS AND DISCUSSION
An Analysis of Variance (ANOVA) was performed
using a ½ replicate model of 25 factorial designs of
Resolution-V experiment. The ANOVA tables for
nylon (not listed) and polyester (see Table I) fiber
show that in the case of nylon fiber, except the feed
rate, all other independent factors have a highly
significant influence on the fibers orientated in the
MD, while a similar results were obtained except
the factor D (suction air speed) was not significant
for polyester fiber webs.
We obtained the best fiber orientation distribution
of polyester (Fig.2) and nylon (Fig.3) webs under
the processing conditions of (A) higher level of
electrostatic field strength (450 kV/m), (B) higher
level of aspirator outlet air speed (300 m/min), (C)
higher fiber feed rate (5 m/min), (D) lower level of
suction air speed in vacuum web former (60
m/min) and (E) shorter fiber length (12.7 mm).

TABLE I. ANOVA for polyester unidirectional fiber web
*F0.05(1,5) = 6.60, **F0.01(1,5) =16.25

Sr.
Factor
No.
1
A
2
B
3
C
4
D
5
E
6
AD
7
AE
8
BC
9
BD
10
DE
11 Error
Total

df

SS

1
2213
1
220.4
1
133.7
1
34.89
1
1000.
1
331.1
1
101.9
1
33.84
1
26.13
1
26.70
5
57.01
15 4179.14

MS

F

Signif

2213
220.4
133.7
34.89
1000.
331.1
101.9
33.84
26.13
26.70
11.40

194
19.3
11.7
3.06
87.7
29.0
8.94
2.96
2.29
2.34

**
**.
*
**
**
*
-

get positive control over fiber motion in the
electrostatic fiber orienting zone. By cascading the
unidirectional fiber orienting zones in desired
orientation, the short fiber performs with
engineered FOD can be produced. It is expected
that by adding z-directional fiber deposition
(flocking), the 3D short fiber performs with
predetermined fiber orientation can be fabricated.
The most important processing variables
influencing the fiber orientation distribution were
electrostatic field strength and the length of the
fibers. These variables can be set in varied
combinations with the appropriate level of the
other important parameters to get higher fraction of
fibers oriented along the electric filed direction of
the electro-static fiber orienting zone.
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STATEMENT OF PURPOSE/OBJECTIVE

Comfort is an important aspect for fabrics.
For active sportswear, the water transport
property of fabric is important to keep the
skin dry for promoting comfort during
sweating. The aim of this study is to develop
a knitted fabric simulating the branching
network of a plant to enhance the liquid
water transportation.

The object of the present study is to develop
a two-layer knitted fabric, using circular
knitting machine, closely imitating the
branching network of a plant. In this
structure, two or more (three or four) yarns
were combined together at the bottom layer
like the main stem of a plant, were opened
up to the individuals at the top layer as
happened for the branches of a plant.

INTRODUCTION

Biomimetics of the branching structure of a
plant or tree in the woven fabric [1-3] can
enhance the water transportation of it. In our
previous study [4], a two-layer knitted fabric
was developed, where two yarns were
combined in the bottom layer were opened
up at the top layer with the help of an
additional yarn present only in the top layer
of the fabric. By grouping more yarns in the
bottom layer and single yarns in the top
layer we imitated the branching network and
increased the surface area to the volume
ratio, which simulate the branching network
of a plant to some extent. Though such
structure enhance the water absorption
property of it, but they failed to meet the
exact branching structure of a plant, where
one stem divided into two or more branches
that ensures continuation of same materials
from bottom to the top of it.

APPROACH

A total number of 16 fabrics were developed
on a circular knitting machine using a
standard structure (Structure 1) and three
plant structures (Structure 2, 3 and 4) with
different yarn combinations (20 Ne, 32 Ne
cotton and 150 D polyester). Details of the
structures are given below:
Structure 1-control structure in which
individual yarns in move from back to face
as observed for a standard interchange
double jersey fabric.
Structure 2- two yarns combined together at
the back side and individualized at the face
side.
Structure 3- three yarns combined together
at the back side and individualized at the
face side.
Structure 4 –four yarns combined together at
the back side and individualized at the face
side.

All fabrics were tested for the liquid water
transport property on Transplanar Water
Transport Tester [5, 6] and Moisture
Management Tester. [7]. Furthermore, water
vapor permeability and air resistance were
measured to understand the contribution of
the fabric towards other comfort aspects.
RESULTS AND DISCUSSION

It was observed that regardless of yarn type
fabrics with branching network (Structure 2,
3 and 4) impart benefit in terms of water
absorptions, air-permeability, and vapor
permeability comparing with that of the
standard interchanging double jersey fabric.
For all plant-structure fabrics a faster one
way transport (indicates the movement of
water from back side to face side if it) was
observed. Fabric samples with Structure 2
design exhibited faster water absorption
among four types structure, whereas other
fabric properties, such as air-permeability,
vapor permeability, were observed to be
improved for fabric samples with Structure3.

Future work

We will investigate the model of these
branching networks.
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CONCLUSIONS

In this study, a set of novel knitted structures
were successfully developed on the circular
knitting machine by mimicking the
branching network of plant or tree. Based
on the tests conducted in this study, it was
evident that fabrics made out of this novel
structure process significantly faster initial
water absorption and one-way transport
against conventional interchanging double
jersey fabrics. Results also reflected that air
and vapor permeability of these fabrics are
improved, which makes these fabrics
suitable for the sportswear.
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ABSTRACT

Comfort of fibrous materials occupies an
important
role
in
their
end-use
applications. Comfort is a complicated and
nebulous phenomenon that involves not
only the mechanical and structural
characteristics of the basic units which
make the textile material, but also involves
physiological and psychological factors.
Among the many different factors that
influence the comfort an important
attribute is the moisture vapor transport
(MVTR). This issue is of more importance
in natural fibers like cotton which make
them uniquely suitable for apparel
applications. Infact, cotton is pre-sold to
its customers based on its comfort. The
hypotheses that favor this argument are: 1)
the presence of the convolutions in cotton
result in pores when the fibers are made
into compact textile structures and 2) the
presence of hollow lumen in the fiber,
which enables lateral transport of vapor. In
other words, from the structural point of
view, both lateral and longitudinal
channeling of vapor through cotton textiles
enable enhanced moisture vapor transport
providing improved comfort. To our best
knowledge, there has been no detailed
study to understand the influence of the
basic chemistry of cotton on the moisture
vapor transport. Recent studies from our
laboratory
have
shown
that
oligosaccharides which form the building
block of cotton influence the moisture
vapor transport in cotton. Sugars like

verbascose, sucrose and ribose and other
oligosaccharides such as M-3a, M-1, ANβ, AN-3, AN-6 and AN-7 influence the
transport of vapor through cotton.
Biochemical analysis of cotton as shown
in Figure 1 was carried out to extract the
sugars in cotton to
Cotton Sample
understand
their
Cold Water Extraction
influence
of
MVTR.
Insoluble

Soluble

0.1N HCl, 100°C, 30 min

Insoluble

Soluble

Acetic/Nitric, 100°C, 30 min

Insoluble

HPAEC

HPAEC

Soluble

2N TFA, 100°C, 2 hr

HPAEC

HPAEC

FIGURE 1. Biochemical Analysis of Cotton

Cottons grown over three year period in
three different states (Georgia, Texas and
Mississippi) were used to spin yarn and
subsequently knitted; so that the MVTR of
the fabrics can be evaluated using BS
7209. Results as shown in Table 1 indicate
that aforementioned sugars have negative
correlation on the MVTR of cotton. In
other words, the presence of these sugars

reduces the transport of vapor through the
cotton. These sugars can serve as
biomarkers
for
engineering
next
generation
cotton
for
enhanced
breathability. While undertaking this
study, which used fabrics for evaluating
the MVTR revealed the difficulties
associated with obtaining huge quantities
of cotton from breeders for spinning and
the subsequent fabric manufacture.
Therefore it was essential to device a
friendly method which can utilize fibers
for evaluating the MVTR of cotton.
TABLE I. Correlation between cotton sugars and MVTR

Sugars
AN-ß
AN-3
AN-6
AN-7
M-1
M-3a
Ribose
Sucrose
Verbascose

Correlation
Coefficient
-0.67
-0.59
-0.64
-0.56
-0.51
-0.76
-0.53
-0.56
-0.87

A method has been devised which can
evaluate the MVTR of cotton in fiber
stage. Such a tool will be valuable for
cotton breeders in quickly obtaining the
MVTR data. This presentation will feature
results from the multidisciplinary study
involving the basic understanding of the
influence of basic sugars on cotton’s
MVTR and the methodology used to
obtain the MVTR of cotton at fiber level.
More importantly, the methodology
developed is not only limited to cotton
fibers but also can be used for all staple
fibers. We will present the new results of:
1) influence of sugar vs. MVTR and 2)
fiber MVTR evaluation method.
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INTRODUCTION
Household fabric softeners were introduced to
consumers in early 1950’s in order to maintain the
handle and freshness even after the several
washings. Their hydrophilic parts contain
quaternary ammonium, which adsorb readily on
negatively charged fiber surfaces [1]. The long
aliphatic chains are then oriented towards the
outside of the fiber which act as excellent boundary
lubricants between yarns and fibers. Linfield et al.
and Hughes and Koach have examined the
conditions that determine the amount and rate of
cationic softeners adsorption of cotton toweling
[2]. But it is still difficult to predict the adsorption
level of the softeners on the textiles surface as it
depends on the factors like fiber type, construction,

type of yarn used textile parameters and uniformity
of deposition.
APPROACH
Softener deposition can be characterized by pick up
amount and deposition uniformity. We used fiber
type, fiber fineness, yarn construction and knitting
structure as input and softener pick up and
uniformity index as the output for decision tree
(Data mining tool to describe influencing factors in
order of significance). Softener deposition was
determined by cationic titration method while
softener deposition uniformity is being quantified
here by BPB dyeing followed by image processing
method.
RESULTS AND DISCUSSION
0,18
0,16
0,14
Cations pick up (WT%)

ABSTRACT
Domestic fabric softeners are products which
impart to clothing and fabrics a feel or handle
which is soft and pleasing during wear or use. One
of the main problems in studying household fabric
softener is to estimate the softener pick up by
different kind of fabrics. Solvent extraction
followed by cationic titration is the most common
approach to determine the cationic softener level
present on the textiles. This method has the
limitation not being able to observe the uniformity
of the fabric softener present on the fabric. The
nonuniformity enhances the chances of variation in
the softener present on fabric at different position
of the textiles. In order to gain a satisfactory
visualisation of uniformity and to determine the
level of softener present on the fabric, we have
approached colorimetric method. The basis of this
method is that the Bromo Phenol Blue (BPB) dye
has a low affinity for the textile, but binds to the
cationic surfactant in the fabric conditioner. In this
study, we tried to find the influence of fibre type,
fibre fineness and knit construction on the amount
of softener pick up by the fabric. Decision trees are
developed to explain the cationic softener pick up
depending upon the factors mentioned above. We
have also quantified the nonuniformity of softener
deposition. We used the Quadrant method based
on Image processing to define nonuniformity of the
softener deposition.

0,12
0,1
0,08
0,06
0,04
0,02
0
VµJ VµR VµI

VRJ VRR VRI

VOJ

PµJ PµR PµI

PRJ PRR PRI

Sample code

Figure: 1 Cationic pick up amount in weight %
Decision
tree
developed
(Figure:2) for cations pick up
shows that fibre type is the key
factor for softener pick up; this is because of high
zeta potential difference of viscose and PET fibre
which is critical for cationic softener deposition.
The fibre type is also a key factor but fineness of
fibre also plays roll for the pick up amount of
softener: micro fibres provide more surface area
per unit weight for the softener deposition and is
also responsible for more affective capillarity
action. So there will be more softener pick up
compared to the case for a regular fibre. In the case
of Viscose fibers, release of water during spin
drying is not related to capillary effect because of
fiber swelling which close the capillary, so viscose
micro fibers doesn’t enhance the softener pick up.

porosity of the interlock structure. Decision tree
was developed for uniformity index (figure: 4),
which indicates that porosity of fabric is key factor
for
uniform
deposition.

FIGURE 2 Decision tree for softener pick up

SOFTENER UNIFORMITY:
Fabric samples were dyed with BPB; images of
these fabrics were taken by flat bed scanner and
converted into binary form. The image is divided
into a number of windows.(4,9,16,,,,,,,i2) The mean
and the variance (% black fraction of the image
representing deep blue colour of dye) is calculated.
If the numbers of pixels are random then it should
follow the ‘Poisson Distribution’. We used chi
square test to check the fitness of the observed
distribution with Poisson distribution. Uniformity
index is computed.
2 

observed var iance S 2 ………...(1)

observedmean
x
in

UniformityIndex  (1 



i2
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i

…………(2)
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i
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FIGURE 4 Decision tree for uniformity index of diffent
knitted samples

CONCLUSION: The important finding of the
work was the result of the decisions trees for the
softener pick up, which not only describe the
important constructional factors responsible for the
cationic softener deposition but also can be used
for the prediction of softener pick up for a given
fabric of a particular fibre type and structure. It was
found that fibre type (cellulosic or polyester) is key
factor for softener pick up but fibre fineness also
affect softener pick up.. The porosity of fabric is
the key parameter for level of deposition
uniformity and it can be quantified by image
processing.
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INTRODUCTION
Chemical modifications of polyolefin fibers were
produced by using radical graft polymerization in
extruders, and several acyclic and cyclic halamine
precursors were successfully grafted onto
polypropylene and polyethylene. The chemically
modified fibers could be converted to biocidal Nhalamine polymers by rinsing with a diluted chlorine
bleach solution.
The final products exhibited
powerful antimicrobial properties against Escherichia
coli and Staphylococcus aureus, and the functions are
refreshable and durable.
The structures and
performance of the modified fibers are characterized
and evaluated by using different instrumentation
methods. The modified polymers can be meltblown
to nonwoven structures and the products can be
applied in antibacterial wipers, air and water filters,
and respirators. This article will discuss certain side
reactions involved in production of halamine biocidal
polyolefin fibers. In this study, several acyclic Nhalamine precursor compounds were grafted onto
polypropylene and polyethylene, and then the
extruded products were converted to N-halamine
structures by chlorination in diluted bleach.
Relationship between structures and reactivity of
these monomers toward macroradicals and biocidal
action of the grafted products were examined. The
thermal stability of the modified polymers was
studied, certain side reactions were identified, and
solutions were proposed.
EXPERIMENTAL
Materials Polypropylene and low density
polyethylene granule were purchased from Aldrich
(Sigma Aldrich, US). N-tert-butylacrylamide
(NTAAM) and methacrylamide (MAM) were
obtained from TCI (TCI America), and N-tertbutylmethacrylamide (NTMAM) (Frinton, US) was
used as received. Unless specified otherwise, dicumyl
peroxide (DCP) was used as a primary initiator.
Sample preparation Modification of polymers was
carried out in a 3 PC mixer on a Brabender PlastiCorder ATR (C.W. Brabender, USA) at 175°C and
50 rpm for 10 min, unless otherwise mentioned.

Nitrogen gas was purged above the mixing chamber
to reduce oxidation during reactions. The initial
concentration of monomers was 150 to 450mpm
(mole per million parts of polymer), while the
peroxide was 4 to 12mpm (mole per million parts of
PE). All 40g reactants (PP or PE, monomer, and
peroxide) were dry mixed together for 5 min before a
fast (< 0.5 min) introduction into the preheated
chamber.
Characterization The grafted samples were purified
by dissolving in boiling xylene following by
precipitation of soluble part in acetone. Grafted
polymers were separated by filtration, washed several
times with acetone and then dried at 60°C under
vacuum to reach a constant weight. Very thin films of
the purified samples were obtained by pressing 0.10.15 g sample between PTFE covered aluminum
sheets under 0.1MPa pressure at 180°C for 45s.
Fourier transform infrared (FTIR) spectra were taken
on a Nicolet Magna IR-6700 spectrophotometer from
4000 to 400cm-1 with a 0.1cm-1 resolution. At least
two spectra were acquired per sample. Thermal
properties of the polymers were examined by using a
differential
scanning
calorimeter.
DSC-50
(Shimadzu, USA).
Chlorination of grafted samples The purifiedgrafted samples were produced into micro-size fibers
through immiscible blending extrusion based on
previously reported method [1-3], and then the
grafted fibers were immersed in diluted chlorine
bleach (approx. 1500 ppm available chlorine)
containing 0.05wt% of a nonionic wetting agent,
Triton TX-100 for 90min at room temperature. The
fibers were washed thoroughly with distilled water.
An iodometric titration method was used to quantify
the available active chlorine content of the grafted
samples based on a previously reported method [1-3].
Antibacterial assessment Antibacterial properties of
the grafted samples were examined according to a
modified American Association of Textile Chemists
and Colorists (AATCC) test method 100 against
Gram-negative bacterium Escherichia coli K-12 (E.

coli) and Gram-positive bacterium Staphylococcus
aureus ATCC 12600 (S. aureus). Viable bacterial
colonies on the agar plates were counted after
incubation at 37oC for 24h.
RESULTS AND DISCUSSION
The
chemically
modified
polymers
were
characterized by using FTIR. All grafted samples
showed characteristic peaks of polymers, and the
functional groups of grafted monomers. However,
samples that were grafted with acyclic vinyl amide
monomers were not as thermally stable as the ones
modified by cyclic monomers due to degradation of
amide bonds under high temperatures. Based on
processing requirements and thermal stability of the
materials, proper conditions were selected and proven
workable for the selected monomers.
The grafted polymers were extruded into fibers, and
consequently converted to halamine structures. The
halamine fibers were examined against S. aureus and
E. coli following a modified AATCC test method
100-1999, and the active chlorine contents of the
grafted fibers were measured by a titration method.
All grafted fibers with sufficient active chlorine
content provided powerful antibacterial properties
showed effective antimicrobial activities.
Table 1. Bacterial reduction percentage of the
activated grafted samples
Bacteria
Conc.
MAM7
NTA7

E. coli
7

S. aureus

1.0x 10 CFU/mL

2.0 x 107 CFU/ml

0.5 h contact time

0.5h contact time

99.999
99.9

99.999
70.0
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RESULTS AND DISCUSSION
The preparation of silver NP was as follows: 25
mL AgNO3 aqueous solution (0.01 M) was added
drop-wise to 100 mL PEG aqueous solution (20
g/L) at 90 C under vigorous stirring, and the
reaction was carried out at 90 C for 2 h. As can be
seen in Figure 1, after the reaction, the initial
transparent color converted to various colors
depending on the molecular weight: light golden
for PEG 2 and PEG 34 (34 kg/mol); orange-red for
PEG 100; and brown for PEG 600 (600 kg/mol)
and PEG 4000 (4,000 kg/mol), indicating the
formation of NP. In UV-Vis spectra, a single peak
centered at 420 nm is appeared for PEG 100, 600,
and 4000, which is attributed to the plasmon
resonance of silver nanosphere. PEG 2 has been
reported to form silver NP in melts at 80-120 C
[1] and in aqueous solution at 80 C [2], but the
absorptions of PEG 2 and PEG 34 were too small
to compare with that of PEG 100. Since the
reduction of silver ions occurs through the
oxidation of hydroxyl groups of PEG to aldehyde
groups [3], it is surprising to see that PEG 100
having much smaller active sites for the reduction
with the molar ratio of OH/Ag+ equal to 0.1

exhibited higher intensity than PEG 2 whose molar
ratio is 6.8. This result signifies that the molecular
weight of PEG plays an important role in the
formation of silver NP. Based on the polymer chain
length dependence of the crossover concentration
(c*) from dilute to semidilute solution, highmolecular-weight polymers are overlapped at very
low concentration, e.g., c* of PEG 100  2 mg/mL
[4]. This network formation of long polymer chains
is expected to facilitate the local aggregation of
silver atoms by controlling their diffusion. On the
other hand, the dilute solution of PEG 2, where
polymer chains are separated by large expanses of
water, is considered to be less favorable medium
for the formation of NP, although it has high
reducing capability. The further increase of the
molecular weight to PEG 600 and PEG 4000, the
absorption peaks became weak and broad resulting
from the lack of hydroxyl groups and high
viscosity that may interrupt the regular aggregation
of silver atoms, respectively.

(a) 2k (b) 35 k (c) 100 k (d) 600 k (e) 4000 k
1.2

MW of PEG (kg/mol)
4000
600
100
35
2

1

Absorbance
mm)
Intensity(1.8
(a.u.)

ABSTRACT
Silver nanoparticle (NP) was synthesized by a
simple and environmentally benign procedure
using poly (ethylene glycol) (PEG) as reducing
agent and stabilizer in the aqueous solution, and
their
antimicrobial
properties
on
greige
(mechanically cleaned) cotton and bleached cotton
fibers were investigated. UV-Vis spectra and TEM
micrographs showed that high-molecular-weight
PEG (100 kg/mol, PEG 100) generated higher
formation of silver NP than low-molecular-weight
PEG (2 kg/mol, PEG 2), although it has much
lower reducing sites. This is attributed to the
entangled polymer matrix that assists the local
aggregation of silver atoms and their growth in
solution. The NPs obtained from PEG 100 were
spherical, and well-dispersed with a diameter of ca.
2 nm. These nano-sized particles having large
surface area were efficiently loaded on cotton fiber
surface to exhibit excellent antimicrobial activity
against both Staphylococcus aureus (S. aureus) and
Klebsiella pneumonia (K. pneumonia).
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FIGURE 1. Photographs and UV-Vis spectra of silver colloidal
solutions prepared with different molecular weights of PEG.

With the regular aggregation and stabilization of
particles by the high-molecular-weight PEG 100 in
the aqueous solution, well-dispersed silver NPs

with a diameter of ca. 2 nm, were obtained (Figure
2).

significant difference in particle size between 0.5
and 2 wt%, but larger particles and their
agglomerations at 3 wt%.

a

b

c

FIGURE 4. TEM micrographs of silver NPs prepared with
different concentrations of PEG 100: (a) 0.5, (b) 2, and (c) 3
wt%. Scale bar is 20 nm.

FIGURE 2. TEM micrograph of silver nanoparticles
synthesized by PEG 100. The particle size is ca. 2 nm. Scale bar
is 20 nm.

The increase of PEG 100 concentration from 0.5 to
2 wt% yields the gradual color change from yellow
to orange-red. At 3 wt%, the solution turns to be
dark red-brown (Figure 3). The absorption peak in
UV/Vis spectra enhanced as increasing the
concentration up to 2 wt%, resulting from higher
reduction due to the increased number of hydroxyl
groups. However, 3 wt% exhibits broad peak over
longer wavelength, indicating the existence of
polydispersity of particle size.

The silver colloidal solutions diluted with distilled
water were then applied on greige and bleached
cotton fibers with a simple immersion-extractingdrying method. In Table I, both cotton fibers
exhibited excellent antimicrobial property at 11
ppm with showing 99 and 99.9 % reductions for S.
aureus and K. pneumonia, respectively. No
antimicrobial activity of the greige cotton at 7 ppm
may be due to the hydrophobic surface nature from
waxes and pectins, which impedes efficient
absorption of aqueous solution.
TABLE I. Bacterial reductions on greige and bleached cotton
fibers treated with two concentrations of silver NP.
Bacteria
Conc. of silver
NP (ppm)*
Initial No. of
bacteria
Greige cotton
No. of bacteria
after 24 h
Bleached cotton
No. of bacteria
after 24 h

S. aureus
0

7

K. Pneumoniae
11

0

7

11

2.5×10 5 2.5×10 5 2.5×105

2.7×10 5 2.7×10 5 2.7×10 5

>4.9×10 6 >4.9×10 6 2100
(- )
( -)
(99)

>4.9×10 6 >4.9×10 6 100
( -)
( - ) (99.9)

>4.9×10 6
(- )

>4.9×10 6 <100 <100
(- )
(99.9) (99.9)

3300
(99)

1000
(99)

Concentration of silver NP was calculated from No. of OH.
The figure in parenthesis is % reduction of bacteria.
(a) 0.5 % (b) 1 % (c) 1.5 % (d) 2 % (e) 3 %
1.2

Conc of PEG (%)

Intensity(1.8
(a.u.)
Absorbance
mm)

1

0.8

(d)

0.6

(c)

3
2
1.5
1
0.5

CONCLUSIONS
Well-dispersed silver NPs with a diameter of ca. 2
nm were successfully synthesized in the aqueous
PEG 100 solution at 90 C, and showed good
antimicrobial properties on greige and bleached
cotton fibers.
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FIGURE 3. Photographs and UV-Vis spectra of silver colloidal
solutions prepared with different concentrations of PEG 100.

In good correlation with the change in optical
features, TEM micrographs (Figure 4) show no
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THE APPLICATION OF “BRUSH” POLYMERS” TO ACHIEVE
ANTIMICTROBIAL PROPERTIES ON POLYMER
AND FIBER SURFACES
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An antimicrobial agent is defined
as a substance which kills or inhibits the
growth of microbial cells [1]. There are
two general types of antimicrobial
agents; one that kills the microbe is
called a microbicide and one that stops
the growth of microbes a called
microbistat. Antimicrobial agents play
vital role in various areas such as health
care, hospitals, food packaging and
storage, water purification, dental care,
household sanitation, etc [2]. Finishing
the textile material with antimicrobial
agents protects the user of a textile
material against microbes related to
aesthetic, hygienic or medical problems
and protects the textile material itself
against biodeterioration from mold,
mildew and rot-producing fungi.
There are three different means
by which these finishing agents work,
namely 1) controlled release mechanism,
2) the regeneration principle, and 3) the
barrier or blocking action. In the first
mechanism, the textile material is
finished with a leachable type of
antimicrobial agent which is consumed
over a period of time. This type of
finishing agents looses effectiveness
after few laundry washes. Another
problem associated with this type of
finishing agent is microbes developing
resistant strains against the finish. In the
second mechanism, the finish must be
reactivated by some additional step after
use. For antimicrobial halamine finished
fabrics the reactivation can use chlorine
bleach.

In the third mechanism, the
fabric can be finished with an inert
physical barrier coating material or
surface coatings which can kill microbes
on contact [3].
The use of polymeric antimicrobial agents for textile materials
holds
much
promise.
Polymeric
antimicrobial agents have the advantages
of being stable, non-volatile, durable,
non-permeable through skin, nonleachable, efficient and selective [4].
Polymeric antimicrobial agents can be
designed to endow desired functional
properties to the finish. There are
number of different antimicrobial
polymers and co-polymers reported but
there is insufficient research available on
application of these polymers on textile
material.
After a number of research
efforts involving creation of quaternized
polyethyleneimine [5,6,7], Klibanov and
group successfully attached quaternary
PEI to textile fibers such as cotton, wool
and nylon. However, the application
process involves several steps and will
be difficult to incorporate in current
production lines for textiles [8]. In order
to utilize the benefits of these polymers
for textiles it is important to modify
these polymers so that application
process is simplified, for example by the
exhaust method. The main aim of this
work is to design and optimize novel
reactive copolymers which can be
applied to cellulosic textile materials

This research attaches reactive
groups to quaternarized PEIs. One of
the approaches synthesizes reactive
groups that utilize vinylsulfones to
create antimicrobials that react with
hydroxyl and amine groups on fiber
polymers. This allows application by
exhaustion methods with little loss of
chemical through hydrolysis.
The
synthetic process proceeds through
deacylation
of
poly
(2-ethyl-2oxazoline), synthesis of an intermediate
phenolic that is then reacted with a
dibromoalkyl to form a linking group
that is reacted with the PEI to form a
reactive antimicrobial polymer. This
study explores the effect of PEI
molecular weight on reactivity of the
linking groups, on the ability to create
optimum spacing of the polymers on the
surface of the cotton fibers, and on the
viability
of
the
polymers
as
antimicrobials against both Gram
positive and Gram negative organisms.
A second reactive approach using
cyanuryl chloride as the basis for linking
the PEI is also being explored, and
preliminary results will be reported.
using a relatively simple application
method such as the exhaust method.
In this research, hydroxy reactive
groups were incorporated on the
backbone
of
PEI
polymers.
Chlorotriazine and vinyl sulfone groups,
which are well known reactive groups in
reactive dyes, were grafted on to PEI
polymers to create new block
copolymers.

Market Lessons for Fiber Science Researchers―A Case Study
Glen E. Simmonds, glen.e.simmonds@usa.dupont.com

Researchers in both academic and industrial science
commonly aspire to find the next significant
breakthrough in their corner of technology.
Breakthroughs are hard to come by and many of us
have a very limited number of them, if any, in our
careers. However, achieving a technical breakthrough
doesn’t guarantee commercial success and years of
effort can fall into the abyss of unfulfilled potential.
This example is presented as a case study to offer
helpful insights to researchers in their quest to see
their efforts come to fruition in the marketplace.
Understanding of the market and global forces are
every bit as critical to success as the underlying
science.
DuPont Versaspun yarn technology went from a
concept in 1997 to receiving innovation awards at the
2003 ITMA exhibition in Birmingham, UK. This
technology
reduces
synthetic
spun
yarn

manufacturing from ten steps to two and allows the
production of spun yarn from materials not capable
of being processed with conventional technologies.
Customization of yarns, rapid turnaround time, low
inventories and small lot sizes are all facilitated by
the technology. Unique yarn and fabric properties
can be achieved. Yet despite these advantages, there
are no commercial products or equipment in use
today. While there are admittedly some technical
limitations and disadvantages, the primary factors
related to the current state of the technology are all
market oriented. This outcome, unfortunately, is far
more common than is understood by the research
community at large. Therefore, it is incumbent upon
both academia and industry to equip scientific
researchers with competent, ongoing market
understanding and interpretation. It is also critical
that researchers devote time and energy to this vital
but often neglected aspect of their endeavors.

SESSION 3A
MEDICAL APPLICATIONS OF
FIBERS AND TEXTILES

Nanofibers for Self-Diagnosis of Bacterial Vaginosis
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STATEMENT OF PURPOSE/OBJECTIVE
In this project we have focused on making simple
colorimetric fiber-based sensor suitable for daily
use in early detection of bacterial vaginosis (BV).
INTRODUCTION
Bacterial vaginosis is the most common vaginal
infection in women of childbearing age. BV is an
infection caused by a change of normal vaginal
bacterial flora, characterized by profuse vaginal
discharge. In the United States, 29% of women
between the ages of 14 and 49 years and as many as
16 % of pregnant women have BV [1]. In pregnant
women, the presence of BV is strongly associated
with preterm birth, a risk that is mitigated by early
diagnosis and treatment with oral clindamycin [2].
Thus, it is highly desirable to have a simple noninvasive self-diagnostic test that would enable a
patient to monitor her BV status on a regular dayto-day basis. Such a test would be especially
valuable because in ~50% of cases, BV patients
have no noticeable vaginal discharge, thus leading
to delayed diagnosis and potentially dire
consequences later, especially for pregnant patients.
APPROACH
The diagnosis of BV is generally made using the
Amsel criteria [3]. This test is considered positive if
three out of the following four criteria are satisfied:
(i) presence of abnormal vaginal discharge, (ii)
elevated vaginal pH (>4.5), (iii) positive amine
odor, and (iv) presence of clue cells on Gram stain
or saline prep of vaginal secretions. This test is
laborious and requires extensive lab skills, often
leading to poor sensitivity for BV.
One approach to the diagnosis of BV is based on
the detection of the enzyme sialidase produced by
bacteria that are not normally present in the vagina.
A number of colorimetric tests, such as recently
FDA-approved BVBlue [4], have been proposed for
detection of sialidase. Use of these tests, however,
requires patient’s visit to a doctor’s office.
Our project focuses on the fabrication and testing of
surface-modified fibers suitable for early
colorimetric detection of BV. Such fibers can be
incorporated into female panty liners for selfdiagnosis or used for point-of-care analyses.

Nylon yarn with high surface area was purchased
from Middleburg Yarn Company. Because most of
colorimetric substrates for sialidase contain a
negatively-charged D-N-acetylneuraminic acid
moiety we have modified fibers to obtain positive
surface charge in 3 steps. First, fibers were treated
with radio frequency plasma to form surface
reactive groups such as –COOH and -OH. After
that we have attached poly(glycidyl methacrylate)
polymer to the surface which gave us reactive
surface epoxy groups. Finally fibers were modified
by polyethylenimine with positive amino groups.
The procedure resulted in the formation of ultra
thin layer of positively charged polyelectrolyte on
the fiber surface which serves as the anchor for
electrostatic attachment of the negatively-charged
sialidase substrate (Fig. 1). We have used the
cyclohexylammonium salt of 5-bromo-4-chloro-3indolyl- -D-N-acetylneuraminic acid (BCIN) as a
sialidase substrate. Binding efficiency was
measured by reading optical density of BCIN
solution at 280 nm before and after incubation with
modified fibers. It has been established, that we
have reached approximately a monolayer BCIN
coating on fibers.

FIGURE 1. Schematic illustration of the approach for fibers
modification.

RESULTS AND DISCUSSION

Our preliminary experiments show that colorimetric
sialidase substrate can be readily and with high
yield immobilized on polymeric fibers surfacemodified by covalent attachment of a cationic
polymer. In vitro study shows that the fibers change
color from white to bright blue in the presence of
sialidase. Modified fibers were incubated with
0.06 U of sialidase in PBS buffer for 2 hours to
show that the fibers change color from white to
blue (Fig. 2). In distinction with BVBlue test this
reaction we did not have to add an alkaline solution
to reveal the colorimetric signal, which makes them
much more suitable for the proposed applications
than those treated by BVBlue reagent.

TABLE I. Pilot data from clinical trial.
Pt #

Amsel

Wet prep

Nugent

Fiber

1

p

n

7

faint

2

p

p

10

faint

3

p

p

8

blue

4

p

p

10

blue

5

n

n

8

neg

6

p

p

6

neg

7

n

n

6

faint

8

p

p

5

neg

9

p

p

9

blue

10

n

n

6

neg

FUTURE WORK
Further research is needed to optimize the amount
of the substrate attached to the fibers to achieve
higher specificity of the test. More clinical trials
need to be made to collect statistical data on the
sensitivity of thefibers. More broadly, the results
obtained during this study will serve as the
springboard for the development of a novel family
of active biosensors embeddable in everyday
household items.

FIGURE 2. BCIN-treated nylon fiber changes color from white
(A) to blue (B) in the presence of 0.06 U of sialidase from
Arthrobacter ureafaciens in phosphate buffer saline (pH 5.5).

A clinical study with human subjects was
conducted in association with Greenville Hospital
System. In this procedure the vaginal fluid of the
patients were incubated with small piece of fiber
and change in color was detected. Standard
methods of detection of BV such as Nugent and
detection of clue cells (wet prep) were also carried
out. The pilot data showed 70% coincidence of the
results obtained using unoptimized chemically
modified fibers with the results of the Amsel test,
currently used as a “gold standard” for BV
diagnosis (Table I).
CONCLUSIONS
In
conclusion,
we
have
electrostatically
immobilized colorimetric sialidase substrate BCIN
on positively charged polymeric fibers. These fibers
change color from white to bright blue in the
presence of sialidase and have been successfully
used to diagnose BV in human patients.
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INTRODUCTION
Tissue engineering is an interdisciplinary field with
the goal of developing therapeutic solutions for tissue and
organ failure by enhancing the natural wound healing
process via cellular transplants, biomaterals, and the
delivery of bioactive molecules. Capillary channel
polymer (CC-P) fibers fabricated by melt extrusion have
aligned micrometer scale surface channels that may serve
as biomimetic, physical templates for tissue growth and
regeneration. This inherent surface structure offers a
unique and industrially viable approach for cellular
topographic guidance on three dimensional constructs.
Within the human knee, the anterior cruciate
ligament (ACL) is composed primarily of fibroblast cells
and extracellular matrix organized in a parallel structural
alignment consistent with their biomechanical function in
resisting tensile loading. The ACL possesses limited
capacity for intrinsic healing and regeneration, and
therefore injuries require surgical reconstruction to restore
joint stability and prevent the premature onset of
degenerative joint disease. Over the last thirty years, a
variety of non-degradable, synthetic fibers (polyethylene
terephthalate (PET), polypropylene,
polytetrafluoroethylene, carbon fibers) were evaluated in
ACL reconstruction [1]. However, a widely accepted
prosthesis has not been achieved due to differences in
mechanical properties relative to the native tissue and an
inability to obtain long-term, stable fixation.
In this fundamental study the ability of various linear
density CC-P fibers were evaluated for their ability to
support the adhesion, alignment, and organization of
human dermal fibroblasts and the synthesis of type I
collagen as preliminary steps toward ACL regeneration.
EXPERIMENTAL
CC-P fibers were prepared via melt extrusion of PET
(Wellman 0.84 IV) through a custom spinneret and
collected on Sonoco bobbins using a Leesona winder.
CC-P fiber dimensions were measured from prepared
cross-sections using light microscopy.
For cell seeding, CC-P fibers were coiled around Ushaped support frames and attached at the ends using a
medical grade ultraviolet curable adhesive. The fibers
were sterilized in 70% ethanol and then coated with 20
g/ml fibronectin protein for 1 hour to promote cell
adhesion. Each frame was placed in the well of a six well
plate, submerged in 4 ml of Dulbuecco’s Modified Eagle
Medium (DMEM), and four hundred microliters of a
dense solution of fibroblast cells (approximately 106) was

applied. The samples were incubated for 24 hours and 2
weeks at 37oC and 5% CO2.
At the conclusion of each time point one third of the
cell seeded CC-P frames were fixed in 4%
paraformaldehyde for 20 minutes at room temperature for
fluorescence microscopy. The second third of the fiber
containing frames were fixed in 2.5% glutaradehyde,
dehydrated in graded ethanol, and dried using a critical
point CO2 drying technique. These frames were then
sputter coated with platinum for scanning electron
microscopy (SEM). The third set was snap frozen in
liquid nitrogen for cellular quantification and measuring
total collagen content.
RESULTS
The linear densities of the CC-P yarns produced on
the Hills Research and Development melt extruder were
measured to be 5 dpf, 9 dpf, 19 dpf, and 29 dpf. These
fibers displayed elliptical cross-sections with 2 major and
6 minor grooves (Figure 1). The approximated diameters
varied with the varying linear density (Table I).

FIGURE 1: Typical cross-section for 19 dpf melt spun
CC-P fiber embedded in resin (SEM 900x).
TABLE I: CC-P fiber channel dimensions.
Capillary Channel Polymer Fiber Dimensions
Major Channel
Width
Height
(µm)
(µm)

5 dpf
9 dpf
19 dpf
29 dpf

16 ± 2.9
25 ± 3.3
30 ± 5.9
53 ± 17.6

13 ± 2.4
17 ± 3.0
25 ± 3.2
35 ± 7.9

Minor Channels
Width
Height
(µm)
(µm)

6 ± 0.9
10 ± 1.4
14 ± 3.3
21 ± 6.9

6 ± 0.8
9 ± 1.2
13 ± 2.7
19 ± 5.6

Initial observations made by SEM from the 24 hour
period indicated even distribution of cells across all fiber
surfaces and axial alignment of the NHDF cells along the
CC-P fiber axis. At 2 weeks it was observed that the cells
within the channels had become confluent on the surface
of the 5 and 9 dpf fibers, the cells were mostly confluent

50 µm

50 µm

A

B

FIGURE 2: A. 5dpf CC-P fiber with nuclear elongation
similar to that of the ACL, B. 29 dpf fiber displaying
more rounded nuclei and greater lateral spread of the actin
cytoskeleton. Images taken at 24 hours and 200x
magnification.
The results of the Picogreen cellular proliferation
assay indicated that cell numbers increased with
increasing surface area (Figure 3). Likewise, the
hydroxyl praline (collagen quantification) assay indicated
a linear increase with the amount of Type I collagen with
the 5, 9, and 19 dpf samples at the two week time point.
There was less collagen observed on the 29 dpf fibers
than the 19 dpf fibers (Figure 4). As would be expected,
there was no measurable collagen production at 24 hours.
Cell proliferation
24 hours

Hydroxyproline Assay
2 weeks
350
300
250
200
150
100
50
0
5

9

19

29

Fiber (denier per filament)

FIGURE 4: Near linear increase in the average amount of
collagen per frame for 5-19 dpf CC-P fibers.
CONCLUSIONS
CC-P fibers offer a novel approach to translating
principles of topographic guidance into 3-dimensional
constructs that may serve as templates for the
regeneration and tissue engineering of organized cellular
structures such as the ACL.
The novel cross section of the CC-P fiber geometry
provided the necessary surface topography to align cells
along the axis of each fiber denier. All four fiber deniers
demonstrated the ability to support cellular attachment,
nuclear elongation parallel to the fiber’s axis, cellular
proliferation, and aligned matrix production.
The 9 dpf fiber appeared to provide the best overall
characteristics for a tissue engineering approach to
ligament regeneration. The channel dimensions were
large enough to promote cell growth, but small enough to
provide the necessary restriction to induce cellular and
matrix (type I collagen) alignment.
Future studies will be focused on loading the fibers in
a cyclic, uniaxial fashion to determine whether NHDF
cells can be further aligned by uniform one dimensional
strain, greater ECM production and organization can be
achieved, and whether additional tensile strength can be
imparted on these scaffolds.
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FIGURE 3: Near linear increase in cell numbers with
increase in fiber denier
.

Volume of Hydroxyproline
(µg/frame)

on the 19 dpf fibers, while the 29 dpf fibers had not yet
achieved confluence. Observations of the CC-P fiber
frames using confocal microscopy indicated the presence
of type I collagen and suggested an organizational pattern
concurrent to that observed in SEM images captured at
the 2 week time point.
The results of the DAPI nucleic acid stain performed
at 24 hours and 2 weeks revealed sustained elongation of
cellular nuclei aligned parallel to the length of the fiber in
all samples. The nuclei of the cells residing on the 5, 9,
and 19 dpf fibers were found to elongate in a similar
fashion to those of the native ACL tissue (Figure 2A) [2].
Samples imaged on the 29 dpf fiber were less elongated
(Figure 2B). Staining of the actin cyctoskeleton displayed
the loss of longitudinal organization of the cell’s
cytoskeleton with increase in the CC-P fiber’s channel
diameter.
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PRESENTATION OBJECTIVES
Following a brief overview of skin structure and immune
functions, in this talk, we will:
 Highlight current roles of polymers, fibers, and
composites in de novo tissue engineering [1, 2];
 Review controlled release of protein factors and
antibiotics in integuments that enhance skin
restoration and scar-free healing [3, 4];
 Advance prospects for using segmented trehalose
siloxane polymers 4, Figure 1[5]; and
 Show our progress to date on generating fibers and
membranes for use with biological tissues
(synthesis, and structural, physical, and biological
characterizations).
Figure 1. Trehalose Siloxanes

3.
4.

Formulate membranes that could serve as temporary
integuments (e.g., inset in Figure 1);
Test materials mechanically, cellularly, and in
animals (future work) [8].

INTRODUCTION
The skin is the largest self-generating appendage that
separates internal organ systems from the external
environment. It comprises an epidermis, basement
membrane, dermis, and subdermal fat layers that
collectively perform protective, sensory, trophic,
immune, endocrine, and homeostatic functions [1].
Since the recording of events on clay tablets, humans
continue to invent, use, and discuss formulations for skin
healing, rejuvenation, substitution, and regeneration [2].
Herein, we show our early results on biocompatible
trehalose siloxane fibers and membranes.
EXPERIMENTAL
Synthesis and Structural Characterization: Trehalose
was converted to segmented siloxanes and new
structures were characterized by multidimensional NMR,
DSC, TGA, and DMA.

The inset to left shows a transparent,
pliable, and biocompatible trehalose
siloxane membrane generated using 4

PROGRAM APPROACH
1. Transform trehalose to libraries of well
characterized siloxanes [5, 6].
2. Test biocompatibility on polymers in cell lines
(current presentation) [7];

Polymer Hydrophilicity by Contact Angle
Measurements: Glass slides were dip-coated with
polymers 4 (10mg/mL in hexafluoroisopropanol, HFIP).
Contact angles were studied using Contact Angle
Measuring Instrument DM700 (Kyowa Interface
Science, Co, Ltd. Japan)[6]. Drop = 2micro-L; RH =
36%; T = 22deg.C; Control = poly(dimethylsiloxane)
1kD.
Cell Adhesion and Biocompatibility of 4 were studied
in ninety-six well glass culture plates with 4
immortalized cell lines cultivated in presence of
polymers 4a-c [7]. These (180mg) were dissolved in
hexafluoroisopropanol (HFIP, 3mL) and 50 micro-L of
solution was injected in each well, and dried over night
at 45 deg. C. Sterilization was effected with ethylene
oxide gas and culture plates dried in vacuo (2hPa, 24h,

25deg.C). The cell lines were NIH/3T3; Human
umbilical cord vein endothelial cells HUVEC; HeLa;
and PC12 (pheochromocytoma, a cell line derived from
rat adrenal medulla) were studied. PC12 coated with
collagen was used as control. Proliferations were
assayed using WST-8 Assay Kit (Kishida Chemicals)
with a SpectraMax 190 reader (Molecular Devices) at
450 nm. Each assay was done in triplicate (n=3) and
data were averaged. Cells incubation was under 5%
CO2 at 37 deg. C.
RESULTS & DISCUSSION
Synthesis and Structural Characterization: Structures
in Figure 1 were confirmed using a variety of two
dimensional NMR; gel permeation; DSC; TGA; and
DMA methods. Their discussion is not possible in this
preprint and will be addressed in the talk.
Polymer Hydrophilicity: Results of a contact angle
study are shown in Figure 2 and suggest that material
hydrophilicity increased concomitantly with decreasing
contact angles and the number of siloxane repeating
units within the polymers (all data are not shown).
Figure 2. Contact angle Measurements.
DAT-HMTS = 4a; DAT-PDMS-580 = 4b; DAT-PDMS 1000 =
4c;

FUTURE WORK
Our next steps are to: (a) scale up syntheses of the new
polymers; (b) study their dynamic mechanical
characteristics under operating parameters of
implantable materials; (c) blend polymers to optimize
hydrophilicity, mechanical performance, and
biocompatibility; and (d) select and study new temporary
integuments in animals according to NIH guidelines [8].
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Cell adhesion and biocompatibility Micrographs of
cell growth (2000 and 10,000 cells per well), days 1 and
4 for all polymers 4a-c and statistical data are not shown
herein due to space limitations. These will be discussed
in detail in the presentation. Proliferation and shape for
all cell lines appeared to be good for the more
hydrophilic polymers, e.g. 4a. Other polymers showed
varying results from good cell growth and shape to no
growth. Increased cell adhesion and growth implies
increased biocompatibility.
CONCLUSIONS
This is our first report on developing trehalose siloxane
polymers for biological applications. Our results are
satisfactory, and we are learning to process these
materials for the development of temporary covers for
injured skin.
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Large numbers of patients suffer
from diseases of the vascular system,
resulting in a clear clinical need for
developing functional arterial replacements
[1].
Synthetic grafts such as woven
polyethylene terapthalate (PET) and
extended polytetrafluoroethylene (ePTFE)
have been widely used for peripheral
vascular reconstructions. [2]
Vascular grafts are not enough
mechanically compatible with the host
arteries they are to replace. There are many
studies carried on the mechanical
properties of these grafts. But, dilation is
the main problem which is not concluded
yet. Thus, some of the mechanical
properties of these grafts were determined
using devices developed in our laboratory.
Synthetic fiber fabrics used as
vascular grafts have some complications.
In earlier studies, it has been shown that
the most frequent causes of failure in
vascular grafts are due to dilation,
aneurysmal failure, anastomotic rupture
and bleeding through the interstices and
infection. Most such failures have been
wholly or partially linked to the
mechanical or in particular compliance
mismatch between the graft and host
artery. It has been demonstrated that the
compliance of biological grafts is more
compliant than those of current
noncompliant vascular grafts. Most of
porous polymeric vascular scaffolds
showed compliance mismatch in the initial
stage after transplantation due to their
rigidity.

As compliance mismatch increases, graft
patency decreases [3]. This may be
important in determining the long-term
success of vascular graft materials. [4]
Vascular grafts are made of basic
textile structures such as woven or knitted
fabrics because of their vessel like
mechanical properties which helps to
transfer the blood during cardiac pulse. In
many cases polyester is used as a main
material.
Therefore, differences in
performances are due to structures of yarn
and fabric.
There are certain properties of
vascular
grafts
(biocompatibility,
biodegradability, porosity, etc.) in order to
function properly in biological medium.
One of them is porosity. When the porosity
of the graft is high, healing in the long-run
has better results but it lasts as bleeding.
Therefore it must be treated against
bleeding. This is done in either chemical or
thermal means.
By means of compaction we reduce
bleeding, but what the change in dilation
is. Since the yarn corresponding to the
radial direction of fabric (example; weft
yarn in widthwise direction of woven
vascular grafts) carries the main pressure
of flowing fluid, we investigated the
fatigue behavior of this yarn.
In this study chemical treatment is
applied to the yarn specimens made of
polyester fiber and following recipes were
used. Polyester yarn used is semidull and
texturized.

Trade Name

Chemical Formula

Structural Unit

Dacron

Polyethylene terapthalate

( COO -

-

- COO- CH2-CH2)n

Figure 1. Polyester material used for vascular grafts
Chemical Treatment;
Solution 1: Trichloroacetic acid Metyhlenclorit
Solution 2: Triethanol Amin
Bath Ratio: 20:1 liquid to sample
ratio
Washing Recipe;
Rinsed in tap water and dried at
100.degree.C for 5 minutes
Amount of shrinkage is determined
Fatique Tests;
Load interval is certain amount of
breaking load
Tests were carried out for each
chemical and immersion time groups
Test device: Private machine
designed in our laboratory
Solutions are chosen from the list
of U.S. Pat. No: 3,853,462. Also three
immersion times, 30”, 5’ and 10’ were
determined to see the effect of time.
Fatique tests were carried out by means of
a test device which we have specially
designed in our laboratory. The results are
statically evaluated employing variance
analyses.
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The patency rate of small diameter (<6mm)
vascular grafts has been disappointing due to the
development of anastomotic intimal hyperplasia
(IH) and the thrombus formation[1, 2].
Polyurethane has been used to solve the IH and
thrombus problem due to its excellent elasticity and
biocompatibility, and a microporous structure can
be successfully fabricated in the wall using
different methods. However, the application of
polyurethane can not meet the clinical requirement.
In this study, One composite small-diameter
vascular graft has been successfully fabricated
using polyurethane (PU) and superfine silk fibroin
powder (SFP), it was also reinforced with an elastic
weft-knitted tubular fabric in the middle of the wall.
Structure of the prepared vascular graft is similar to
that of native blood vessel which has three layers: a
middle layer (elastic weft-kintted fabric) and an
outer layer and an inner layer (PU and SFP).
Heparin-releasing system was prepared using SFP
as heparin carrier in composite vascular graft for
improving the antithrombogenicity. Release of
heparin can be controlled by design of the wall
thickness and the total amount of heparin loaded,
and the composition ratio of SFP to PU in the
wall[3].
To evaluate the tissue compatibility of PU/SFP
composite membrane, the membrane were
implanted subcutaneously in 20 week-old mice,
and the mice were sacrificed respectively after the
implantation of 1, 2, and 4 weeks. Mechanical
properties of vascular graft were evaluated using an
Instron 5566 Universal Testing Machine. To
evaluate the biocompatibility in vivo, composite
vascular graft was implanted into the carotid artery
in adult dog. The graft patency was confirmed after
6 months using NMR. The sample was taken out
after the implantation of 1 year. The thickness of
neointimal hyperplasia was carefully observed

using light microscopy and the degree of
endothelialization was evaluated by SEM.
The fractured cross section of the small diameter
vascular graft was examined using SEM. In Fig. 1,
the diameter and wall thickness of graft is about
4mm and 0.5mm, respectively. The vascular graft
has three layers: an outer layer, a middle layer and
and an inner layer.

Fig. 1 the SEM image of small diameter vascular graft. The
diameter and wall thickness is about 4mm and 0.5mm,
respectively.

Fig. 2 The histological response to the blend films with
different powder contents after embedded in mice for 1 week. (a.
negative comparison; b. SFP: PU=0/100; c. SFP/PU=50/50;
SFP/PU=70/30).(1: muscle-fibrin; 2: inflammatory cells; 3:
fibrin-tissue; S: silk-fibroin powder.)

To demonstrate the biocompatibility of the
PU/SFP composite membranes in vivo, fabricated
PU/SFP composite membrane were implanted
subcutaneously in mice. All mice were observed
for mortality and signs of overt toxicity every day
after the implantation throughout the study. White
blood cell (WBC) count was examined using an
automated hematology analyzer. No behavioral
changes or visible changes of physical impairment
or neurological toxicity were observed during the
post-operative examinations or at the time of
sacrifice. Complete blood count of the implanted
animals was within normal limits throughout the
study. Fig. 2, The histological response to the blend
films with different powder contents after
embedded in mice for 1 week, showed that there
was a minimal inflammatory response initially.
These finding indicated that PU/SFP composite
membrane possess tissue compatibility and do not
cause systemic toxicity, but transient local
flammatory reactions was observed at the
implantation site, which ussally subsided over
time.

A SFSP/PU was 1/9
B SFSP/PU was 3/7
C SFSP/PU was 4/6
D SFSP/PU was 5/5
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The small diameter vascular graft (diameter:
5mm, wall thickness: 0.5mm) was implanted into
the carotid artery in adult dog for examining
patency rate. The graft patency was confirmed after
6 months using NMR. In Fig. 4, the composite
vascular graft functioned well without clot
formation on the blood contacting surface even
when it was implanted into a dog carotid artery for
more than 6 months.
A new type of vascular graft, which has the
same structure as that of native blood vessel, was
fabricated using an elastic fabric as reinforcing
material. The results indicate that the composite
vascular graft has good mechanical properties in
radial direction and can withstand repetitive
expansion and contraction. Animal experiment
results showed that composite vascular graft may
be used in clinical surgery.

A

30

Fig.4 the NMR image of vascular graft 6 months after
implantation. Section B is composite vascular graft.

30

Displacement(mm)

Fig.3 Tensile curves of composite microtubes in different
SFSP content ratio (polyster/spandex was 50/50, the wall
thickness was 0.50mm )

The mechanical property of vascular graft in
radial direction was measured with different
PU/SFP blend ratios. In Fig. 3 showed that the
breaking strength and the initial modulus decreased
as the SFP content increase. However, the results
indicate that as-prepared composite vascular graft
has good mechanical properties in radial direction
and can withstand repetitive expansion and
contraction.
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Thermal treatments of Alcell were carried out in a
controlled vacuum oven. Samples (600g) were
treated under vacuum at 160oC, 180oC, and 200oC,
respectively, for times in the range of 1 to 24 hours.
The resulting glassy materials were weighed for mass
loss and ground for analysis, pelletization, and fiber
spinning. The samples were characterized with
respect to Tg (DSC, TA instruments Q200), Tm
determination (Fisher-Johns method), mass loss
profile (TA instruments Q5000IR) and rheology
(Aries AR500).

The spun fiber samples were stabilized under various
conditions, followed by carbonization to 1000°C. The
resulting carbon fibers were examined for
morphology, mass loss, shrinkage, diameter, and
mechanical properties.
RESULTS & DISCUSSION
The residual mass of the thermally-engineered lignin
decreased with time and temperature (Figure 1a),
while the rate of mass loss decreased significantly
with time of treatment. The Tg of the lignin increased
with increasing time and with increasing temperature
and exhibited a similar plateau effect (Figure 1b).
Similarly, the melting point increased with increasing
temperature and time; e.g., from 137oC to 174oC for
the sample treated at 160oC for 24 hours. The thermal
pretreatment resulted in the progressive removal of
residual solvents, and possibly of rosin and lower
MW lignins, rather than any substantial coalescence
and/or crosslinking of the lignin.
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The thermally-treated Alcell samples were pelletized
under suitable conditions (Randcastle RCPC-0625
Recirculator Compounder with a strand pelletizer)
and melt spun into fibers on pilot scale equipment
manufactured by Alex James & Associates
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EXPERIMENTAL
Alcell™ provided by Lignol Innovations (Canada) is
an Organosolv-pulped, high purity lignin material
obtained as a byproduct of the manufacture of
cellulosic ethanol. The Alcell lignin was dried at
80oC under vacuum prior to use.

(Greenville, SC) fitted with a 12 hole (150μ
diameter) spinneret. The Alcell fibers obtained were
examined for diameter and structural integrity by
scanning electron microscopy (SEM). Detailed DSC
and TGA thermal analysis studies of the lignin fibers
were made to correlate the thermal engineering
conditions with the properties of the lignin fibers as
spun, as stabilized, and of the carbon fibers
subsequently obtained.

Res. Mass (%)

INTRODUCTION
Lignin, a sustainable, renewable resource material, is
being evaluated for the low cost production of carbon
fiber for automotive and other applications. We
previously reported the successful production of
carbon fiber from a solvent extracted lignin [1] and
from other lignins [2]. However, it was found that the
lignin fiber, produced by the melt spinning of the
solvent extracted lignin, was difficult to stabilize (i.e.,
render infusible) and thus carbonize. The long
stabilization time, due to the fiber’s low Tg, led to the
conclusion that thermal engineering of a lignin
feedstock could ultimately raise the Tg of the lignin
and thereby of the spun fiber. This would permit a
higher temperature of stabilization, which would
reduce stabilization time as well as overall processing
times. The thermally-engineered lignins were
evaluated in terms of their rheological properties,
melt spinning ability, morphology, stabilization and
carbonization properties, and ultimately mechanical
properties of the carbon fibers obtained.

Pretreatment time (Increasing)

Pretreatment time (Increasing)

Figure 1. a) Mass loss & b) Tg, due to pretreatment.

Rheology data reflected the changes in the Tm of the
lignin; e.g., the viscosity of the thermally-treated
lignin progressively increased with time and

temperature of treatment. It was found that as Tg and
Tm increased with the level of pretreatment of the
lignin, the melt spinning temperature could be
increased accordingly; e.g., from 162oC for untreated
lignin to 235oC for the sample pretreated at 200oC for
4 hours (Table 1).

slower rate would exhibit a higher mass loss and thus
lower diameter.

(a)

(b)

Table 1. Melt and spin properties of thermally engineered Alcell.
Tem p

Tim e

(oC)
160

(hours)
0
2
4
8
24
6
4

180
200

Tg

Tm (FJ) Pellets

Spun

(oC)
93
105
120
125
126
134
154

137
152
167
170
174
179
184

149
176
direct
186
193
199
216

162
182
176
200
209
226
235

However, as the temperature of fiber melt spinning
was increased, the range of available spinning
temperatures for each sample decreased to the point
that the most heavily treated samples could only be
spun over a 4oC range; furthermore, samples that had
been treated at 200oC for more than 4 hours or at
180oC for more than 6 hours could not be melt spun
at all, because the spinning temperature was so high
that it resulted in crosslinking of the lignin during
extrusion (under air). In addition, the diameter of the
fiber that could be drawn increased for the most
heavily treated lignins, making it almost impossible
to obtain the target fiber diameter of 10 microns.
This was a consequence of the decreasing distance
immediately below the spinneret over which the fiber
could be drawn down in diameter before it was
“quenched” (about 10 cm in air) below the Tg of the
material.
To produce a carbon fiber, the precursor fiber must
first be stabilized to maintain its physical form during
carbonization at elevated temperatures. The driving
force for maintaining fiber integrity is the ability of
the lignin to crosslink to increase its molecular
weight, which in turn progressively increases the Tg
of the material above the thermostabilization
temperature. The effect of the thermal engineering of
the Alcell lignin on fiber properties was marked. For
example, untreated lignin with a Tg of 104oC yielded
a fiber that could not be stabilized at heating rates as
low as 0.01oC/min to 225oC; in marked contrast, the
lignin treated at 180oC for 6 hours, with a Tg of
145oC, yielded a fiber that could be stabilized at a
more acceptable rate of 0.3oC/min to 225oC.
Variations in the rate of stabilization of a given lignin
sample yielded stabilized fibers with differing
diameters, with faster stabilization rates resulting in
larger diameter fibers (Figure 2). This was associated
with different stabilization yields; fibers treated at a

Figure 2. Fiber spun from Alcell heat treated at 160oC for 24h and
stabilized at a) 0.05oC/m (14.4μ) and b) 0.2oC/m (16.4μ) to 250oC.

Carbonization of the stabilized fibers to 1000oC
resulted in good quality carbon fiber with diameters
as low as 8.5μ, strength 104 ksi (0.72 GPa), modulus
6.7 Msi (45.9 GPa) and up to 45% yield, depending
on the various stabilization and carbonization
conditions used in the comparative study.
CONCLUSIONS & FUTURE WORK
Based on an extensive process study, the thermal
engineering of Alcell lignin, and by extension of
other Organosolv (solvent)-pulped lignins, has been
demonstrated to be a crucial processing step with
respect to the potential use of this type of lignin as a
feedstock for the manufacture of low cost carbon
fiber. In on-going (and future) work, Alcell lignin is
being pelletized and fiber melt spun under a nitrogen
atmosphere, which avoids premature crosslinking and
permits the use of lignin of higher Tg with the
potential to increase stabilization rates to those
associated with mesophase pitch-based fibers.
Ultimately, it is envisaged that it will be possible to
achieve Alcell lignin fiber stabilization isothermally
over a short period of time. This work is continuing
alongside parallel efforts to produce lignin-based
carbon fibers for composite applications, which
includes an examination of crosslinking agents and
the use of advanced stabilization methods.
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INTRODUCTION
In our previous study, we developed a flame
retardant finishing system based on a hydroxylfunctional organophosphorus oligomer (HFPO),
shown in Scheme 1, in the presence of a bonding
agent for cotton and cotton blends. We successfully
applied HFPO combined with dimethyloldihydroxyethyleneurea (DMDHEU) as a bonding
agent for cotton fleece. The treated cotton fleece
achieved “Class 1” flammability with little changes
in fabric whiteness and hand. However, the
DMDHEU used in the flame retardant system was
a formaldehyde-based reagent, which must be
considered as a major disadvantage because World
Health Organization has classified formaldehyde as
a carcinogen for human.
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RESULTS AND DISCUSSION
The cotton woven fabric treated with 12.0% HFPO,
4.0% BTCA and TEA at different concentrations.
The fabric thus treated was cured at 170°C for 2
min and subjected to one home laundering (HL)
cycle. HFPO, TEA and cotton cellulose all have
hydroxyl groups and all are able to esterify the
BTCA on cotton under the curing condition.
Therefore, an increase in the TEA concentration
resulted in an increase in the esterification of TEA
and a decrease in the esterification of cotton, thus
decreases the amount of HFPO bound to cotton as
indicated by the decreases of phosphorus
concentration as TEA concentration was increased.
Because the amount of the ester retained on the
cotton fabric after laundering depends on the
esterification of cotton by BTCA, the amount of
HFPO on the cotton fabric decreased as TEA
concentration was increased.
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SCHEME 2. Reaction of TEA on the cotton/nomex blend
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In order to enhance the flame retardance of HFPO,
we added triethanolamine (TEA) as a reactive
additive to provide synergistic nitrogen to the
HFPO system. TEA is a hydroxyl functional
compound, previously we found that TEA is able
to bond to cotton by its esterification with BTCA
on a cotton/nomex blend (Scheme 2). The
objective of this research was to investigate the use
of HFPO/BTCA/TEA system to reduce the
flammability of cotton fleece, and the roles TEA
played as a reactive additive in the flame retardant
system on cotton.
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5.0
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FIGURE 1. LOI (%) of the cotton woven fabric treated with
12.0% HFPO, 4.0% BTCA and TEA at different concentrations
with and without one HL cycle.

The LOI data of the cotton fabric thus treated is
shown in Figure 1. Before laundering, the LOI of
the treated fabric increased from 25.5 to 27.2% as
the TEA increased from 0 to 6.0%. Since the
treated cotton fabric was not washed and the only
difference among those treated samples with
different LOI was the TEA concentration, the
increase in LOI value was evidently due to the
increase in the nitrogen content on those fabric
samples as a result of higher TEA concentrations
used in the HFPO/BTCA/TEA formulas. The

(w/g). When the cotton fabric was treated with
2.0% BTCA, the PHRR of the treated cotton
decreased to 210 (w/g). When the fabric treated
with the combination of 2.0% BTCA and 6.0%
HFPO, the HRC and PHRR of the fabric thus
treated were decreased further to 176 (w/g) (Figure
2). The data demonstrated that the flammability of
the cotton was further reduced when the HFPO was
used in combination with BTCA. Combining 6.0%
HFPO with 2.0% BTCA also reduced the
temperature at PHRR by 54ºC (from 378 to 324ºC)
and the peak decomposition temperature of cotton
from ~300 to ~260ºC (Figure 4).
290
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140

90
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-10
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The 45º flammability of the cotton fleece treated
with HFPO/BTCA/TEA at different concentrations
and subjected to dry-clean/home laundering
(DC/HL) procedure was shown in Table 1. The
fleece treated at 3.0% HFPO and 1.0% BTCA
remained “Class 3” flammability after the DC/HL
procedure. By comparison, the cotton fleece treated
at 3.0% HFPO, 1.0% BTCA and 0.5% TEA passed
the 45º flammability test and achieved “Class 1”
flammability. Thus, the data demonstrated that
TEA enhanced the flame retardant performance of
the HFPO/BTCA system.
TABLE 1. The 45° flammability of cotton fleece treated with
HFPO/BTCA/TEA with or without TEA after DC/HL.

HFPO (%)

BTCA (%)

TEA (%)

0
3.0
3.0
6.0
9.0

0
1.0
1.0
2.0
3.0

0
0
0.5
1.0
1.5

45° Flammability

Cotton-2.0% BTCA

190
HRR (w/g)

overall decrease in LOI for the treated fabric after
laundering was due to the removal of HFPO,
BTCA and TEA not bound to cotton as well as the
removal of the catalyst (NaH2PO2). The LOI first
increased from 21.4 to 22.0% as the TEA
concentration increased from 0 to 2.0%, then
decreased to 20.2% as the TEA concentration
further increased to 6.0% (Figure 1). The change in
LOI of the treated cotton fabric after laundering
reflects the two conflicting influences of TEA on
the flammability of the treated cotton. The first
increase in LOI from 21.4 to 22.0% indicates that
when the TEA concentration is low, its positive
effect of providing synergistic to the HFPO system
predominated. The decreases in LOI at higher TEA
concentrations revealed that as the TEA
concentration became higher than 2.0%, TEA’s
negative effect of reducing the HFPO bound to
cotton by competing with HFPO to esterify cotton
cellulose outweighed its positive effective and
consequently the LOI of the treated fabric
decreased as shown in Figure 1. Therefore, the data
clearly show that the optimization of TEA
concentration in the finishing system is critical.
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FIGURE 2. The HRR curves of untreated cotton woven fabric,
the cotton woven fabric treated with 3.0%BTCA, and that
treated with 9.0%HFPO and 3.0% BTCA (after one HL cycle).

The bursting strength of the untreated fabric was
9.1 kgf/cm2, and it became 6.3 kgf/cm2 after the
fleece was treated with 6.0% HFPO, 2.0% BTCA
and 0.5% TEA, representing 69% retention of the
original strength. One observed that the strength
retention of the treated fleece increased as the
HFPO concentration was increased. The improved
fabric strength at higher HFPO concentration was
probably due to the reduced crosslinking of cotton
by BTCA.
CONCLUSIONS

(Class)
3
3
1
1
1

We applied microscale combustion calorimetry
(MCC) to study the effect of HFPO and BTCA on
the heat release rate (HRR) of cotton. The cotton
woven fabric was treated with BTCA and also with
the combination of HFPO/BTCA. The PHRR
versus temperature curves were shown in Figures
2. The PHRR of the untreated cotton was 246

The MCC data proved that BTCA by itself was
able to reduce the flammability of cotton, and the
combination of BTCA with HFPO further
decreased cotton’s flammability. The combination
of HFPO and BTCA was effective in reducing the
flammability of cotton fleece, and the addition of
TEA enhances the performance of HFPO/BTCA
upon the optimization of its concentration by
providing synergistic nitrogen. The application of
HFPO/BTCA/TEA caused acceptable strength loss
of the treated cotton fleece.
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Statement of Purpose
The objective of this research is to combine the traditional
polymeric materials with nanoclays to engineer new
hybrid monofilaments for nontraditional industries using
extrusion process.
Introduction
Polymeric composite materials are reinforced with
nanoparticles to obtain certain properties. Basically, the
nanoparticles are dispersed in the polymer matrix at low
amounts, most of the times less than 6% by weight [1].
Nano particle reinforced nanoparticles have been studied
in recent years because of their superior strength,
modulus, reduced gas permeability, improved solvent
resistance and heat distortion temperature [2, 3, 4].
Polymeric properties can be improved even at low loading
without negative effect on density, transparency and
process ability [1].
One of the most important nanofillers is layered silicates
(nanoclays). The polymer layered silicate nanocomposites
are based on separation and dispersion of the clay
platelets in polymer matrix, and this dispersion range goes
from simple intercalation to complete exfoliation of the
silicate layers [3].
Most of the time, polymer/clay nanocomposites have the
combination of good processibilty characteristic of the
polymers, and great physical properties of the clays such
as mechanical, thermal, and electrical properties [5].
Polypropylene-nanoclay nanocomposites are interesting
for industrial applications because PP is one of the most
widely used thermoplastic polymer and nanoclays are
effective as filler materials. However, there are some
difficulties to form these nanostructures. Nanoclays are
known to be naturally hydrophilic while PP has no polar
groups in its backbone and therefore, it is a hydrophobic
polymer. Most of the time, poor interfacial bonding
between the PP matrix and clay surface is obtained with
low level of dispersion of the clay plates [1]. Pretreatment
of clays using ammonium salts or alkyl phosphonium
makes the clays organophilic; the modified clays are
called organoclays [2]. In addition, compatabilizers (PPg-MA) are also used to improve intercalation/exfoliation

of the organoclay and maximize its interfacial contact
with the polymer matrix polymer [2, 4].
The features of the extruder and screw configuration are
important to obtain good organoclay dispersion. Better
dispersion can be achieved by longer residence times in
the extruder. In some cases, having a higher melt
viscosity is useful in obtaining dispersion , because of the
higher stresses that can be enforced on the clay particles
[6.] Other parameters such as barrel and die temperature,
draw-down ratio, and heater temperature can be adjusted
for better exfoliation. Correct setting of these parameters
can change the reinforcing effect, agglomeration of clay,
and synergistic effect on nanoparticles [4].
Some of the polypropylene monofilament application
areas are nets and fabrics for agricultural end uses,
geotextiles, any kind of sun breakers, sun blinds, shade
nets, wind walls, safety nets, swimming pool covers,
reinforcements in various coated products (such as
plastics, and papers), filtration, carpeting, packaging, as
filler fibers in concrete, and medical sutures.
Approach
Polypropylene 30 melts copolymer, with flow rate of 34
g/ 10 min, and density of 0.91 g/cm3 was used. Pure
polypropylene monofilaments and polypropylene
monofilaments with 1.0 wt% Cloisite 15A nanoclay, and
wt %10 Fusabond 613 compatabilizer were produced with
a single screw extruder machine. The temperature was
400 °F for barrels and 420 °F for die zones; the screw
speed was set at 80 RPM. A drawn-down ratio of 7 was
applied to the monofilaments.
Instron mechanical tester, DSC, and TGA test machines
were used to measure the mechanical and thermal
properties.
Results and Discussion
Mechanical results show that tensile stress decreased by
adding nanoclay (TABLE I). However, it has been reported
that nanoclays have reinforcing effect [3]. The differences
may be due to dispersion level of the nanoclays: when
surface area of dispersed clay increases, particle size
decreases and this leads to higher tensile properties.

TABLE I. TENSILE TEST RESULTS
Tensile Stress (MPa)
Neat PP Monofilament

311.68361

PP 1.0 wt% clay monofilament

289.72611

DSC results (TABLE II) indicate that melting point
decreased slightly by adding nanoclay while there is no
drawing on monofilaments. However, the melting point is
almost same when clay reinforced monofilament is
drawn. It was observed that the amount of the nanoclay
per unit length the undrawn monofilament was more than
the drawn one, and this may cause low molecular weight
and low melting point. Crystallinity temperature (Tc) and
percent of crystallinity (Xc) values increased sligthly,
possibly because nanoclays act as nucleating agent for PP
matrix crystallization. TGA results indicate that
degradation temperature increased by adding nanoclays
due to heat barrier effect of the nanoclay structures.
TABLE II. DSC AND TGA VALUES OF PP MONOFILAMENTS
TC(°C)
XC
Tm
Degradation
(%)

(°C)

Temperature
(°C)

Neat PP

130.19

39.11

168.8

130.62

41.17

168.9

420.1

monofilament
with 1.0 wt%
nanoclay
PP
monofilament

130.9

40.8

166.8

Nanoclay reinforced PP monofilament structures were
produced with extrusion machine.A commercial nanoclay
was used in this study. There were mechanical and
thermal changes in PP properties with the addition of
nanoclays. Proper mixing is important to disperse the
nanoclays and compatabilizer uniformly during the
process. The formation of hybrid monofilament structures
are affected by the amount, polarity and types of clays,
compatabilizers, and processing parameters.
Future Work
Different amounts and types of nanoclays will be used to
obtain different properties. A twin screw extruder will be
used for better dispersion of the clays in polymer matrix.
The resulting pellets will be run at single screw extruder
to make reinforced monofilaments.
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STATEMENT OF PURPOSE
The ability to measure the strain of an individual
yarn is essential for the understanding of
mechanical properties of fabrics. The deformation
of a single yarn in a Kevlar® fabric that undergoes
push-rod stretching is investigated using a noncontact technique called photogrammetry. This
technique involves the use of two CCD cameras
that are fitted with macro-lens to record stereo
images of the fabric during stretching. The change
in the arc length between a set of points are
tracked. The strain is then calculated from the arc
length on any location.
INTRODUCTION
The use of woven Kevlar fabric is prevalent in
many applications such as body armor, helmet and
composite structure. The performance of these
fabrics is influenced by yarn material properties,
yarn geometry, yarn architecture, boundary
condition, crimping, friction, etc [1]. The ability to
measure the strain on the individual yarn can
provide insight into the yarn-to-yarn interactions in
a fabric. Photogrammetric analysis has been used
to measure the deformability of fabrics and textile
composites [2,3]. Lomov et al. studied the in-plane
deformation of yarns in a fabric that underwent
shearing using 2D photogrammetry [3]. Nonoptical techniques have also been used to measure
the strain in yarns. Chocron et al. weaved a nickelchromium wire that can measure strain into a fabric
[4]. Here, this paper presents a 3D
photogrammetric analysis on a Kevlar fabric that
undergoes a push-rod stretching test.
APPROACH
A 5x5 plain-weave Kevlar® fabric is used in the
stretching test (5 warp yarns per inch and 5 weft
yarns per inch). The fabric is clamped down onto a
steel frame that has a circular aperture diameter of
5.08 cm. The push-rod has a 1.905 cm diameter
metal ball attached at the end of the rod. An in-line
load cell is used to measure the applied force. A
screw rod is used to provide the forward movement
(in the z-direction) of the push-rod. The surface of
the fabric facing the cameras is painted in a speckle

pattern with ink for displacement tracking. Two
CCD cameras (Photron SA1, Photron USA, Inc.)
are used to generate stereo images of the deforming
fabric. The cameras are placed behind the target
fixture, along the z-direction. The field of view is 5
cm x 5 cm and it is centered on the location of the
push-rod ball contact point. The stereo images are
analyzed using a commercially available
photogrammetric
software
program
called
ARAMIS (GOM GmbH, Germany, distributed by
Trilion Quality Systems). The displacement
sensitivity is at least 1.7 microns [5].
The
displacement on a particular yarn cross-over is
tracked by a set of tracking points on the yarn.
FIGURE 1 illustrates the tracking points. The
Hencky strain is calculated by the change on the
arc length between a set of 4 points (Eq. (1)):
l
  ln( )
(1)
lo
where  is the Hencky strain, l is the deformed arc
length and lo is the un-deformed arc length. The
average strain on the yarn cross-over is an average
from three sets of tracking points, shown in
FIGURE 1. The axes shown there are the global
coordinates. The points are aligned with the yarn
axis, which is not necessarily parallel with the
global x-axis.

#1

#2

#3

#4

Principle yarn cross-overs

FIGURE 1. The field-of-view of the fabric in the steel frame
and three sets of points on the yarn for displacement tracking on
yarn cross-over #2.

RESULTS AND DISCUSSION
Figure 2. shows the total displacements of the
fabric at four different applied forces. The relative
displacement error between neighboring points is
no more than 2.5 microns.

the lowest strain is near the clamp boundary. The
loads are not transmitted uniformly along the yarn.
The secondary yarns and the principle yarn in the
orthogonal direction share part of the loading. A
similar strain distribution plot on the orthogonal
principle yarn was also obtained, but not shown
here.
CONCLUSIONS
The local strain along a yarn in a fabric that
undergoes stretching is successfully measured
using a technique call photogrammetry. The
minute changes in the arc length on the yarn are
tracked. The strain is then calculated. The ability
to measure the local strain on the individual yarn is
a valuable tool to examine the mechanical
behaviors of the fabric.

FIGURE 2. Displacements at applied forces of 0 N, 110 N, 206
N, and 438 N, respectively.

The strain tensor can not be evaluated from the
deformation gradient that derives from the
displacement vectors in this experiment. The
fabric is not a rigid-body. There are crimps in the
yarn that can straighten out first before the yarn is
actually strained. The yarn can also slip past other
yarns that can create a false sense on the strain.
The best method to calculate the strain is to track
the changes in the arc length at the yarn cross-over.
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ABSTRACT
Due to its very good chemical resistance and strength
retention at elevated temperatures, polyphenylene
sulfide (PPS), an engineering thermoplastic polymer
(ETP), is 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 detailed
research study of manufacturing PPS fibers using
melt spinning and further enhancement of tensile
properties by drawing and annealing experiments, a
study lacking as of today, was the focus of the
present research. It is expected that through this
detailed investigation, PPS fibers with better tensile
properties can be obtained.
INTRODUCTION
Widely studied isothermal crystallization kinetics of
PPS by several investigators [1,2,3,4] has shown that
with increase in polymer MW, the rate of
crystallization and crystallizability decrease. Time
and temperature sensitivity of PPS above its melting
temperature decreases the crystallization rate constant
[2] due to chemical changes [5,6,7]. Under hot stage
optical microscope, Zhang et al [ 8 ] observed
acceleration in crystallization due to shear.
Drawing the fibers using capillary rheometer, over a
hot plate at various temperatures, resulted in increase
in birefringence with draw ratio [9]. 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 [ 10 , 11 ]. Birefringence
achieved was close to its intrinsic value of 0.333 [10]
and crystalline orientation factor (fc) was reported to
be increasing to 0.982 and 0.986 with zone drawing
and zone annealing respectively [11]. With increase
in annealing temperature from 100°C to 285°C, the
lamellar spacing and crystal size increased [12].
In the wake of limited studies on PPS fibers reported,
present research was undertaken to elucidate the
relationship between polymer MW and fiber
processing conditions on the development of
morphology and tensile properties of the drawannealed fibers.

EXPERIMENTAL METHODS
Three variations of Fortron® linear PPS polymers (1P,
2P and 3P) in the pellets form were characterized for
MW and MWD using Polymer Labs’ high
temperature GPC. The influence of temperature and
shear rate on the shear viscosity was investigated
using ACER 2000 capillary extrusion rheometer.
Fibers were melt spun using pilot scale Fourne’
single screw extruder with screw l/d of 24. Spinneret
used consisted 12 holes, each 0.8 mm in diameter and
l/d of 10. Melt spinning parameters varied were takeup velocity, extrusion temperature and throughput.
As spun fibers were drawn to maximum extent and
annealed at various temperatures using SAHM
drawing unit in one zone and two zone draw set-up.
The average of five weight readings of 1 m length
was taken to determine fiber denier. The tensile
properties of 10 single filaments were measured
using Thwing-Albert tensile tester, according to the
standard ASTM D-3822 [13]. Degree of crystallinity
(X) was evaluated by DSC and WAXS using
equations 1 and 2 respectively:

X 100
(1)
where, ΔHf is the heat of fusion of the sample
is
determined from the DSC thermogram and
the heat of fusion of 100% crystalline PPS and was
taken as 112 J/gm [14].

(2)
where, I is the sum of WAXS diffraction intensities,
and subscripts c and am refer to crystalline and
amorphous fractions respectively.
Birefringence was determined using polarized light
optical microscope and 20 order compensator.
Crystalline orientation factor was estimated using the
method described by Maemura et al [15].

Material–process-structure-properties
relationship
was statistically analyzed using software JMP 8.0.
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.
Tenacity and birefringence of as-spun fibers were
found to be increasing with increase in polymer MW,
increase in take-up velocity and decrease in
throughput. Influence of extrusion temperature on asspun fiber properties was found to be not statistically
significant. WAXS pin hole patterns revealed that
although there is increase in crystalline orientation
with increase in take-up velocity, the changes are not
significant. Approximately 10-15% crystallinity, as
calculated from DSC thermogram, was found to be
developed in the as-spun fibers depending upon the
process conditions. The model of above discussed
variables was found to be statistically effective (88%)
to explain the as-spun fiber tensile properties.
An optimum in draw temperature was observed to be
lower for low MW polymers and higher for high MW
polymers. Based on thermo-mechanical analysis,
visco-elastic effects, as a factor of MW and melt
spinning process parameters, were found to be the
cause behind this phenomenon. Fibers with close to
intrinsic birefringence and high level of crystalline as
well as amorphous orientation led to the fibers of
tenacities equal to 5 gpd (FIGURE 1). It was
observed that annealing controlled the morphological
development of fibers (FIGURE 2) significantly.
Also observed was that the optimum take-up velocity
is different for different MW grades of PPS. Two
zone drawing led to slight increase in the drawability
than one zone drawing. The fiber tenacity that could
be achieved by two zone drawing was found to be
higher than that by one zone drawing. With high MW
polymer, under optimum process conditions, two
zone draw-annealed fibers of tenacities equal to 6
gpd were obtained (FIGURE 3).

FIGURE 3. Effect of one zone vs two zone drawing (a) tensile
properties; (b) morphological properties.

CONCLUSIONS
Fiber tenacities around 4 gpd were obtained by
spinning at high take up speeds. Route adopted to
manufacture as-spun fibers influences draw-annealed
fiber properties to a good extent. Significant
improvements in the morphological and tensile
properties occurred upon draw-annealing. Annealing
showed larger influence on fiber structure-properties
development than drawing alone.
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STATEMENT OF PURPOSE
The aim of this study is to determine the effects of
processing parameters such as temperature, screw motor
speed and winding speed on physical and structural
characteristics and mechanical performance of
unmodified and pure PP cast films. The properties
examined include thickness, crystallinity, tear strength,
tensile strength and burst strength.

INTRODUCTION
Polypropylene (PP) finds various new uses in commercial
film applications because of its properties such as
thickness, resistance to tear, tensile and burst,
transparency, clarity, gloss and haze. Since PP has high
tensile strength and elongation at break, lower
permeability and good chemical resistance as well as low
prices, it has been used in various packaging and other
specialty applications [1].

The characteristics of cast PP films show differences not
only due to their chemical structures and the additives and
resin modifiers added, but also due to their processing
parameters during extrusion process. Therefore,
determining the processing parameters and process
conditions in cast film extrusion is seriously important to
obtain the exact properties of the films for their end uses.

Cast film technology is the simplest technology to
produce polymeric films in which the molten polymer is
extruded through a slot die fed by a single-screw extruder
onto a chilled roll that is quenched in order to be cooled.
Then, the solidified film is taken up from the chilled roll
by a nip roll (take up roll) and transferred to a winding
unit after the edges are trimmed. A very limited amount
of orientation is obtained in the film by this process and
the orientation can be found both by the ratio
between the die thickness and film thickness and the ratio
between the extrusion speed and the take up speed. Since
the orientation can be easily determined in this method,
cast film technology is a low cost and easy-to-handle
process [2].

APPROACH
Polypropylene pellets commercially named as “30 Melt
Copolymer Natural” with a density of 0.91 g/cm3 and an
MFI of 34 g/10 min were bought from Premier Plastic
Resins Company. No modifiers and additives were added
while producing the PP cast films.

Wayne single screw extrusion machine having a 15.24 cm
(6”) cast film die was used to produce polypropylene (PP)
cast films in combination with a chilled roll and a nip
(take up) roll. The polymer melt was quenched onto a
chilled roll. The film was taken up through a pair of nip
rolls onto a winder.

Instron 5565 universal testing machine was used to
perform tensile and tear tests. Burst strength was tested
using Mullen burst tester. For thickness tests, Testing
Machines Inc., (TMI) micrometer was used. Crystallinity
tests were performed on all film samples using the TA
instruments’ differential scanning calorimeter (DSC).

Thirteen PP films were produced using the cast film
technology. The machine parameters such as temperature,
screw speed and winding speed were changed while
producing the films to observe the effects of these
parameters on film properties. The machine parameters
that were changed during the manufacturing process can
be seen in TABLE 1. The barrel temperatures were the
same from the feed end to the die for each production.

RESULTS AND DISCUSSION
One of the extrusion machine parameters in film
manufacturing process is the screw motor speed.
Thicknesses of the films 2, 3, 4 and 12 were measured to
analyze the effect of screw motor speed on thickness
(Figure 1). As the screw motor speed increases, the
thickness of the films also increases since the screw
transfers more polymer from the barrel to the die.

TABLE I. Machine parameters changed during manufacturing process
of the films

Film#

Temperature
(°C)

Screw Motor
Speed

Winding Speed
(m/s)

1

204.4 (400 F)

400 RPM

0.09144 (18 FPM)

2

221.1 (430 F)

400 RPM

0.09144 (18 FPM)

3

221.1 (430 F)

500 RPM

0.09144 (18 FPM)

4

221.1 (430 F)

300 RPM

0.09144 (18 FPM)

5

190.6 (375 F)

400 RPM

0.09144 (18 FPM)

6

221.1 (430 F)

400 RPM

0.1016 (20 FPM)

7

221.1 (430 F)

400 RPM

0.13208 (26 FPM)

8

221.1 (430 F)

400 RPM

0.16764 (33 FPM)

9

215.6 (420 F)

400 RPM

0.09144 (18 FPM)

10

221.1 (430 F)

400 RPM

0.1524 (30 FPM)

11

221.1 (430 F)

400 RPM

0.11176 (22 FPM)

12

221.1 (430 F)

600 RPM

0.09144 (18 FPM)

13

226.7 (440 F)

400 RPM

0.09144 (18 FPM)

FIGURE 1. Screw motor speed effect on film thickness.

The other extrusion machine parameter in film
manufacturing is the winding speed. Therefore, to
analyze the effect of winding speed on thickness,
thicknesses of the films 2, 6, 7, 8, 10 and 11 were
measured (Figure 2). As the winding speed increases, the
thickness of the film drops since the increase in winding
speed stretches the film and makes it thinner.

FIGURE 2. Winding speed effect on film thickness.

The effects of screw motor speed, winding speed and
temperature on tensile, tear and burst strength were
investigated as well. Their effects on crystallinity were
also examined.

CONCLUSIONS
Thin mono-layer polypropylene (PP) films were produced
from an extruder through a 15.24 cm (6”) cast film die.
The effects of processing parameters such as temperature,
screw motor speed and winding speed on physical,
mechanical and structural properties of produced cast
films such as film thickness, tear strength, tensile
strength, burst strength and crystallinity were analyzed.
By changing only one parameter each time, the influence
of processing parameters on the physical, mechanical and
structural properties of each film was investigated. It is
found that changes in processing parameters affect the
properties of PP cast films in different manners both in
machine (MD) and cross (transverse) direction (CD).
FUTURE WORK
Some resin modifiers appropriate for PP can be used in
order to improve the extrusion process for getting more
homogenous cast film structure.
The mechanical,
structural and physical tests will be performed to
investigate the effect of the modifiers.
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Structure and Properties of Meltblown Nanofiber Webs
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ABSTRACT
Melt blowing has been known to produce nonwoven webs
with fiber diameters in the range of a few microns. With
recent advances in technology, it has been possible to
produce nonwoven webs with diameters in the range of
few nanometers. There has been continuing interest in
nanofibers for filtration and related applications. The
meltblown approach allows the production of nanofiber
webs from thermoplastic polymers with relatively higher
production rate.
BACKGROUND
Nanotechnology has offered novel products, which have
superior control over a wide range of applications. In
the past decade, electrospinning has become one of the
most powerful tools to produce nanofibers with
diameters in the range of 1nm to 1000 nm. Because of
their very high specific surface area, nanofibers may be
used as high efficiency filter media, scaffolds for tissue
engineering, sorbents, artificial blood vessels, and
wound dressing material.
Electro-spinning involves supply of precise and constant
amount of either polymer melt or polymer solution into
a syringe. The droplet at the tip of the syringe is applied
with a very high voltage, and the electrical forces stretch
the drop into a viscoelastic polymer jet [2]. The fine jet
dries as the solvent evaporates, and stretches and bends
in the instability region to form nanofibers. The
nanofibers lay in a haphazard array on the collection
device to form a nonwoven web. The most important
challenge confronting electrospinning is the extremely
low production rate. The mass rate of fiber production
from a single jet is typically between 0.1 gm/ hr to 1.0
gm/hr. Some advances have been made to address this
issue, including a two-layer electrospinning system [3],
the use of multiple spinnerets [4], and a capillaryless
method by using a rotating cylinder [5]. The mutual
interference phenomenon amongst the multiple jets is a
serious issue in multiple jets spinning [6].
All the applications of the nanofibers would be a distant
dream for humanity and all the ingenuity, effort, energy,
money and knowledge acquired, so far, until and unless,
the cost of production of the process becomes
industrially viable. So, to attain mass production of
nanofibers is one of the important needs. This approach
uses the melt blowing process that has been known to
produce nonwoven webs with fiber diameters in the
range of a few microns. Such an approach will allow the
production of nanofiber webs from thermoplastic

polymers at industrial scale production rate and
consequently, lower the cost of production.
EXPERIMENTAL
Melt blowing is a one-step process in which highvelocity air elongates molten thermoplastic polymer
fibers. A thermoplastic fiber-forming polymer is
extruded through the state of the art specially designed
dies, into converging streams of air that rapidly form
fine fibers. High velocity air attenuates the fibers, as
they emerge from the specially designed dies.
Moreover, the same air streams convey the fibers on to
a collector. Enroute, these fibers are exposed to cooler
quench air, that helps solidify the nanofibers. Finally,
these nanofibers are laid onto the collecting screen
surface, forming a self-bonded nanofiber web. Two
different types of polymers, polypropylene (PP) and
polyesters (PET and PBT) have been successively
processed.
The diameters of nanofibers were measured using a
scanning electron microscope at several magnifications.
The nonwoven webs were tested for air permeability,
filtration efficiency, pressure drop and pore size
measurements according to INDA standard tests.
RESULTS AND DISCUSSION
Our initial research efforts have been to produce
nanofibers in our melt blown pilot line, which is
comparable to commercial lines. Whereas, typical
processing conditions result in fiber diameters in the
range of few microns with typical commercial melt blown
resins such as PP and polyesters, the processing
conditions were significantly modified to see whether
nanofibers can be successfully produced, and if so, what
range of fiber diameters can be achieved. The initial
efforts were with the 20-inch wide pilot line, where the
throughput, melt temperature and air flow conditions were
adjusted to achieve the production of ultrafine fibers. The
SEM photographs shown below (figure 1A) indicate the
presence of nanofibers in the range of 100-300nm.
However there are also decent numbers of micron size
fibers. The fiber diameter distribution is shown in figure
1B.

and novel approach to produce nanofibers, at the
industrial scale. Further research is being done with two
different dies with finer holes and larger hole density.
These special nanofiber dies have resulted in
consistently finer fibers with a narrower fiber diameter
distribution.

Figure 1. SEM photograph showing nanofibers (A) and
fiber diameter distribution in the web (B).

SUMMARY
The nanofibers are randomly laid in the web.
Nanofibers produced from this process have diameters
in the range of 50 nm to 2000 nm. The production rate
of this novel process is around 200 gm/min, which is
phenomenally 10,000+ times the highest rate of
production from the conventional single syringe
electrospinning. Hence, nanoblast process is a unique
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STATEMENT OF PURPOSE
The aim of this study is to determine the effects of
two different thermoplastic elastomers on the
toughness of polypropylene (PP). Tensile, impact
and 3-point bending tests are conducted to
determine mechanical properties of the samples;
scanning electron microscopy (SEM) analysis is
applied to find out morphological properties while
differential scanning calorimetry (DSC) analysis is
applied to determine thermal properties.

INTRODUCTION
Polypropylene (PP) was invented in the 1950s and
became one of the most widely used polymers
among thermoplastics. PP has many industrial
applications including interior and exterior
automobile parts such as injection molded bumpers
and dashboards for cars [1]. PP is a low cost, multifunctional thermoplastic; but PP shows brittle
failure under certain loading conditions [2].
Mixing brittle thermoplastic matrices such as PP,
PE as well as polyamides, polycarbonate and poly
(ethylene terephtalate) (PET) with rubber makes
them tougher. Some studies have been done on
toughening of several polymers such as
polypropylene, polyamides and polyethylene [3-8].

For rubber toughened polymers, the shape, content,
size, and size distribution of the dispersed phase
particles have major effects on mechanical
properties of polymer/elastomer blends [5]. In
blends of polymers and elastomers, an increase in
impact strength is observed while, on the other
hand, elastic modulus and yield stress decrease.
Impact behavior of a material can be improved by
optimizing
crystalline
morphology
of
semicrystalline polymers with controlled heating,
by blending a rubbery phase, or by adding

reinforcers such as fibers or fillers to the matrix
[8].
APPROACH
Polypropylene copolymer (PP) from Premier
Plastic Resins (30 Melt Copolymer Natural
Polypropylene) having a melt flow rate (MFR) of
34g/10 min at 230°C, and a density of 0.910 g/cm3
was used in this study. Two different thermoplastic
elastomers used in this study with the codes of F1
and F2 are Versaflex®OM 3060-1 and
Versaflex®OM 9-802 CL from GLS Corporation,
respectively.

The pellets used in blends were dried in a vacuum
oven at 100°C overnight before using. The blends
were prepared by in-situ mixing using an EM
30/100 Battenfeld injection molding machine, with
a 180-185-185-180°C temperature profile from
nozzle to barrel and at 50°C mold temperature. The
blends and their compositions are given in TABLE
1. The samples were injected into a mold to
produce tensile (ASTM D638-03), 3-point bending
(ASTM D790) and impact (ASTM D256) testing
bars.
An average value of at least five
measurements was reported for test results. DSC
analysis and SEM analysis will be done on the
samples to investigate thermal and morphological
properties of samples.
TABLE 1: Sample codes and blend compositions.
Sample Code

PP (wt %)

F1 (wt %)

F2 (wt %)

PP
F1
F2
PP/F1
PP/F2

100
_
_
50
50

_
100
_
50
_

_
_
100
_
50

RESULTS AND DISCUSSION
Tensile properties were measured with a 5565
model Instron universal testing machine. Standard
tensile tests were carried out according to the
ASTM D 638-03 standard test method on injectionmolded dog-bone specimens. The test specimens
had 102 mm length, 13 mm width and 3.16 mm
thickness. The gauge length was 51 mm for
injection molded specimens in standard shape.

The semilog graph of tensile test stress-strain
curves is given in FIGURE 1 where tensile strain is
in logarithmic scale.
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FIGURE 1: Stress-strain curves of F1, F2, PP, PP/F1 and
PP/F2 materials.

3-point bending tests are carried out according to
the ASTM D790 standard test method. The results
are shown in FIGURE 2.
50

PP
Flexural stress (MPa)

3-point tests show that flexural strength is
decreasing and flexural strain is increasing when
PP is toughened with elastomers F1 and F2.
FUTURE WORK
Impact strength tests will be conducted.
Morphology of blends will be examined by
scanning electron microscopy (SEM) to determine
the particle size distribution in samples. Thermal
properties of samples will be evaluated using
differential scanning calorimetry (DSC) analysis.
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CONCLUSIONS
In tensile tests, addition of thermoplastic
elastomers F1 and F2 to PP increased the energy at
break values of the blend and decreased its
modulus. Toughening of polypropylene was
achieved by blending of PP with both of the
thermoplastic elastomers. Tensile tests show that
brittle characteristics of PP turns to be ductile both
in PP/F1 and PP/F2 blends.
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FIGURE 2: Mean graphs of 3-point bending tests of PP, F1,
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ABSTRACT

An alternate to the current reliance on
fossil resources to produce chemicals and
materials is the sustainable harness of the
energy and molecular building blocks of
biomass.
Replacing components of
traditional composites with biobased fibers
is no longer a prospective; the automotive
industry has been substituting traditional
composites with green composites to
reduce weight and gain ductility, i.e.
Ford’s green composite of polypropylene
and kenaf fibers. Most biofibers such as
coir, flax, hemp or sisal have limited
mechanical properties as dictated by their
crystallinity and cellulose contents.
Esparto (Stipa tenacissima), a short
cellulosic fiber known for its dimensional
stability and high tensile strength is
assessed here, as reinforcing agent for
green composites, for suitability to replace
conventional fibers.
Performances of resultant green composite
samples were evaluated in terms of fiber
matrix interfacial properties and the
mechanical performance of the composite
system. A subsequent numerical model is
derived and applied to a small unit of a
unidirectional
microcomposite
unit
constituted of a set of esparto fibers,
randomly oriented and packed in a matrix.
Planar stress and planer strain loading
modes were analyzed to predict both the
overall and localized deformations of the
microcomposite unit under consideration.
Effects of the main parameters that govern

the interfacial properties and the resulting
loading response were analyzed through
the numerical model and limited tensile,
flexural and bending experimental testing
of the samples. Such approach was used to
identify strength and weakness of green
composites and develop tools to predict
both the necessary green composite
composition and required fiber surface
treatments. Such optimization would help
produce a customized green composite
addressing given load configuration with
specific deformation response.

Polymer Blends and Composites Derived from Biopolymers
Suraj Sharma
Department of Textiles, Merchandising & Interiors
350 Dawson Hall, University of Georgia
Athens, GA 30602
ssharma@uga.edu

OVERVIEW
Fabrication and evaluation of biodegradable
materials from natural resources have attracted
significant attention because of sustainability and
dwindling petroleum reserves. This research
focused on fabricating biodegradable composites
from natural polymers such as proteins and
describing the properties of plastics made from
these biopolymers. Specifically, plastic samples
from partially denatured, animal co-product
proteins, such as feathermeal and bloodmeal, were
successfully produced through the compression
molding process. The molded bioplastics
demonstrated modulus (stiffness) comparable to
commercial synthetic plastics such as polystyrene,
but lacked toughness, which is common among
plastics produced from natural feedstock and/or
their byproducts. Therefore, this research used
blends of undenatured and partially denatured
proteins to improve toughness. Plastic molding
conditions for undenatured animal proteins, such as
chicken egg white albumin and whey, and animal
co-product proteins, such as feathermeal and
bloodmeal were experimentally identified in order
to prepare their blends. Plastic samples from these
biomacromolecular blends demonstrated improved
mechanical properties. Properties such as modulus,
tensile strength, and elongation were also predicted
using theoretical models known for polymer blends
and composites.
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Abstract
In this study, the pulps were carried out
from waste textiles and cotton linters mixing
which is new and high productive method by
soda-oxygen-perborate process. The compare
point of view chemical, physical and optical
properties of these pulps were carried out.
1. Introduction
The pulp and paper industry has been
growing rapidly as the nation’s population and
economy have grown in Turkey. As a result,
there has been a big demand for pulp and paper
raw materials. Agricultural residues, such as
wheat straw and cotton stalks, Textile industry
wastes such as waste textile fibers and cotton
linters are traditional raw materials for
Turkey’s paper industry.
There are abundant agricultural residues
available in Turkey. Wheat straw, cotton
stalks, waste textile fibers and cotton linters are
the top four in terms of availability and
amount. The use of agricultural residues in
pulping has many advantages including
reducing the need for disposal, which
currently increases farming costs and
environmental deterioration through pollution,
fires, and pests (Alcaide et al. 1993).
In this study, firstly chemical composition
and fiber morphological properties of waste
textile fibers and cotton linters were
investigated and then soda-oxygen-perborate
cooking methods were compared from the
viewpoints of screened yield, physical and
optical properties of pulps obtained.
2. Method
Chemical analyses of Cotton linters and
Waste Textile Fibers were made according to
the
TAPPI
Standard
Test
Methods
(Anonymous, 1992) with the exception of
holocellulose determined by Wise’s sodium

chloride methods (Wise, and Karl. 1962). Fiber
properties were measured with a Vizopan light
microscope.
Waste textile fibers and cotton linters were
cleaned. Cooking experiments were made in an
electrically heated laboratory rotary digester of
15 liters capacity and maximum pressure of 25
kg/cm2, each charged with 400 grams of ovendried raw material (200 g waste textile fibers
and 200 g cotton linters were mixed).
All pulps were washed and screened on a
0.15 mm slotted screen. Screened pulps were
beaten to 50±3 °SR freeness levels in a valley
beater and hand sheet were made on a Rapid
Kothen machine. Physical and optical tests of
hand sheets were measured according to the
TAPPI Standard test methods.
3. Results and Discussion
18 experiments were performed for
determine optimum soda-oxygen-perborat
cooking conditions. NaOH rations were varied
at three levels as 8%, 10%, and 12%, Pulping
temperature were varied at three levels as
120°C, 140°C and 160°C; oxygen pressure
were varied at two levels as 6 and 8 kg/ cm².
For all trials Na2BO3, MgSO4, cooking time
and liquor to raw material were taken as
constant: 5%, 0.5%, 60 minute and 5/1,
respectively.
Highest physical properties were obtained
by soda-oxygen-perborate process because of
the protective effect of a perborate on
carbohydrate fraction. On the other hand, the
lowest physical properties are obtained by
soda-oxygen-perborate pulping, because of the
degradation effect of oxygen.
In order to evaluate the influence of
different pulping variables on screened yield,
breaking length, tear index, burst index, ISO
brightness and ISO yellowness; to determine
the existence of differences between these

180 minutes for soda and kraft
processes, which means much less
cooking time and lower production
cost as a result of less chemical and
energy used.
5. In the same condition soda-oxygenperborate pulps of cotton linters and
waste textile fibers are superior to soda
and kraft pulps in terms of pulp yield,
physical and optical properties and
bleachability.
6. The use of cotton linters and waste
textile fibers in pulp and paper
industry are of great importance for the
majority of developing countries.
Soda-oxygen-perborate
pulping
processes present new possibilities and
interesting solution to the raw material
problem in pulping.

variables, the simple analysis of variance were
carried out on the relevant values of these 18
experiment.
In such a way, the statistical analyses were
permitted to determine most convenient levels
of variables in terms of paper properties.
When examining the principal variables it
can be seen that the most important three
factors are alkali charge, temperature and
oxygen pressure.
Incase of 8% alkali charge, 120oC cooking
temperature and 6 kg/cm2 oxygen pressure
screened yield is highest. It seems that the
oxygen is effective on pulping and pulp
brightness and yellowness due to the sufficient
of alkali and sodium perborate.
Screened yield, breaking length and brust
index of cotton linters and waste textile fiber
pulps decreased with increasing alkali charge,
temperature and oxygen pressure. Tear index,
ISO brightness and ISO yellowness of cotton
linters and waste textile fiber papers increased
with decreasing alkali charge, temperature and
oxygen pressure.
Cotton linter and waste textile fibers
screened pulp yield tear index and ISO
brightness are highest compare with the all of
them. Breaking length and burst index of
cotton linter and waste textile fibers papers
higher than rye straw and tobacco stalks
papers. But, breaking length and burst index of
corn stalks and wheat straw papers higher than
cotton linter and waste textile fibers papers.
Consequently, soda-oxygen-perborate
pulping of cotton linters and waste textile
fibers offers the following advantages over the
conventional processes such as soda and kraft.
1. Cotton linters and waste textile fibers
soda-oxygen-perborate pulps are more
easily beaten, hence lower energy
consumption in beating will occur.
2. NaOH alone is poor and non selective
delignification agent and the presence
of oxygen and perborate, cooking time
and
temperature
shorter
than
conventional process.
3. The problem of air pollution
associated with kraft process is totally
eliminated; in addition water pollution
is reduced by using less chlorinated
chemicals.
4. Maximum treatment time was found to
be 60 minutes compared to 120 and
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This presentation will introduce some
fundamental problems unique to fibrous
materials to make a case that fibrous
material by itself suffices as a branch in
materials science. Fibrous materials actually
share more common scientific issues with
other porous materials (including particulate,
biological and other well recognized and
better studied heterogeneous soft media),
than with fiber, or more general, polymer
science. This realization and distinction are

critical to the identity and even survival of
our discipline - thus we can build our own
fundamental scientific knowledge base to
reflect the complexities and uniqueness of
fibrous materials and to change the
stereotype that our discipline at best is
merely a mini sub branch under polymer
science, and what we do is a simple practical
application of the research results from
polymer scientists.
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STATEMENT OF PURPOSE
An improved continuous dyeing process for
coloration of heavy-weight (60-70 oz/yd2),
residential nylon carpet has been developed.
Potentially, the new continuous coloration process
will give beck-quality, level-dyed, heavy-weight
Nylon 6,6 carpet at speeds ~2-3 times those now
utilized with conventional lines. The only change
to the existing continuous dyeing process is the
insertion of a preheating device [1] (commercially
marketed as the Machnozzle®) that applies steam
through a slot onto the carpet after the dye
applicator to rapidly increase the carpet
temperature before subjecting it to conventional
dye fixation steaming.
INTRODUCTION
The carpet industry has wished for many years to
convert the coloration of heavy weight (60-70
oz/yd2 face fiber) residential nylon carpet from
batch processes to continuous processes. However,
on typical pad (or slot apply)-nip-steam-wash
continuous carpet dye lines, the slow speeds
necessary to process heavy weight carpet on
continuous dye lines (10-15 yards/min.),
precipitated by the longer dwell time required in
the steamer, is a detriment to productivity. By
comparison, light-to-medium weight nylon carpets
(30-45 oz/yd2 face fiber) are routinely processed on
the same continuous lines at linear speeds of 30-40
yards/min.
APPROACH
Materials – Heavy-weigh Nylon 6,6 carpet (pile
yarn weight 65 oz/yd2), acid dyes and auxiliary
chemicals were provided by Mohawk Industries
Inc., as well as dye formulas for three shades light, medium, and dark (see TABLE 1).
TABLE 1. Dye formulas of nylon6,6 carpet
g/L
Dark
Medium
Dyes
Yellow
1.3912
0.2611
Red
0.8147
0.0542
Blue
1.4250
0.050
Wetter
2
Chelate
0.5
Buffer
1.0

Light
0.0297
0.0141
0.0104

Experimental - The carpets were cut into pieces of
12 by 12 inches. The carpet sample was soaked in
3L of dye solution for 30 seconds, and passed
through a set of squeeze rollers two or three times
to give wet pick-ups in the range of 370-380%. The
saturated sample was preheated using the
Machnozzle®, followed by steaming in an
atmospheric box steamer. The dyed carpet sample
was then washed in cold water, and water excess
was removed by vacuuming. The sample was
dried using a tumble dryer and conditioned for at
least 4 hours in a standard testing laboratory before
color measurement. Three samples were prepared
and measured for one set of test parameters.
To determine optimum pre-steaming conditions,
various Machnozzle® parameters were tested,
including slot opening (6, 11.5, 17.5 and 21.5
mils), steam flow rate (5, 6.3, and 7.5 lb/hr-inch),
and the location of the Machnozzle® slot relative
to the surface of the carpet (separation distances
from the tips of the tufts of 0.25, 0, -0.25 inches).
The test parameters were first investigated using
the medium-shade formulation of acid dyes. After
optimization, tests were then conducted to
determine the effects of pre-steaming using the
Machnozzle® on light and dark shades composed
of the same acid dyes as the medium shade.
Color Measurement - Dye fixation was examined
by measuring the CIE L*, a* and b* color values of
the face and back of the dyed carpets using a
Hunterlab Reflectometer Ultrascan XE. Five
different locations on each sample were measured.
The color difference (Del E) based on the reference
samples was calculated to represent the extent of
dye fixation and shade development.
RESULTS AND DISCUSSION
Dyeing Fixation in Atmospheric Steamer –
Dyeing tests without pre-steaming were first
conducted to determine the required steaming time
for the dye fixation in the atmospheric steamer for
light, medium and dark shades. The color
differences measured on the carpet face and back

are showed as a function of steaming time in
Figure 1. The color difference, Del E, is based on
the samples dyed at steaming times of 210, 600 and
1200 seconds for light, medium and dark shades,
respectively. Notice that Del E is very small for
times equal to or greater than 150, 180, and 600
seconds for light, medium and dark shades,
respectively. Therefore, the samples with steaming
times in the atmospheric steamer of 150, 180, 600
seconds were selected as the reference samples.
The color values for these reference samples were
used for evaluated the level of dyeing for the
samples pre-steamed using the Machnozzle®.

color differences of samples with pre-steaming
followed by steaming for various times, based on
the reference samples. Pre-steaming using the
Machnozzle® reduced the required dye fixation
steaming times in the atmospheric box steamer to
60, 60, and 240 seconds (from 150, 180, and 600
seconds for the steamer-only dyed carpets) for the
light, medium and dark shades, respectively.
TABLE 2. Color differences between carpet samples with presteaming using Machnozzle® and the reference (steamer-only)
standard samples
Steaming time
(Sec)
Light Shade
Steaming only 150
Pre-steaming
60

Color difference
Carpet face
Carpet back
0.0
0.3

0.0
0.3

Medium Shade
Steaming Only 180
0.0
0.0
Pre-steaming,
60
0.8
0.4
90
0.6
(-)1.1
Dark Shade
Steaming Only 600
0.0
0.0
Pre-steaming 120
2.4
3.6
180
1.3
1.3
240
0.7
0.7
420
0.7
0.8
(-) indicates a darker color than the reference sample
FIGURE 1. Color difference vs. steaming time for three shades.
The color difference, Del E, is based on the samples dyed at
steaming times of 210, 600 and 1200 seconds for light, medium
and dark shades, respectively.

Machnozzle® Optimum Operation Parameters
on Dye Fixation - The experimental results
showed that the optimal location of Machnozzle®
relative to the surface of the carpet (or the tuft tips)
was zero distance, i.e., the slot just touching the
tuft tips. Dye liquid was visually expelled from the
carpet surface when the Machnozzle® steam slot
was located 0.25 inches above the tuft tips, but the
phenomenon was not observed for the zero and
0.25-inch- below tuft tips locations. At a constant
steam flow rate to the Machnozzle®, the slot
opening of 6 millimeters (smallest value used in
the study) generated the smallest color difference
from the reference sample for the medium shade.
When the same volume of steam at different flow
rates was delivered to the carpet sample at the zero
height level, followed by steaming for 60 seconds,
test results indicated that the highest steam flow
rate achievable in the laboratory system gave
samples the closest color values to the reference
samples.
Effect of Pre-steaming Using Machnozzle® –
Carpet, pre-steamed by the Machnozzle® using the
optimum operational conditions, was dyed in light,
medium, and dark shades. Table 2 summarizes the

CONCLUSIONS
Preheating via applying steam through a slot onto
the carpet after the dye applicator was shown to
potentially increase continuous, heavy weight
Nylon 6,6 carpet dye line process speeds by a
factor of 2-2.5X.
Test samples were not
sufficiently large to assess the effect of the
preheating on side-to-side or end-to-end color
levelness. All tests were conducted with the
preheating device mounted outside of the
atmospheric steamer which limits the heat up rate
due to the presence of air. Future mounting of the
pre-steamer inside of a pilot-scale atmospheric
steamer should yield even further reductions in
required dye fixation steaming times for coloration
of heavy face weight residential carpets.
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INTRODUCTION
The study of fiber fly generations during yarn
preparations for either knitting or 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.
It is being considered as a bigger problem than it
used to be due to the fact that it is becoming a
mandatory regulation for textile mills to prepare a
healthier and safer working environment for their
employees. Not only does fiber fly generation
cause an unhealthy working environment for
people due to the intensity of the dust, but it also
affects the quality of the products because of the
possible contamination of the fiber fly to the
products. In this study, fiber fly generations during
warp preparation were studied emphasizing the
role of fiber properties, the influences of yarn
spinning parameters, and the effects of the
different parts on the warp preparation machine.
MATERIALS AND METHOD
The study of fiber fly generation requires intensive
measurements in order to have an accurate test
results. Therefore, the data were collected from a
commercial weaving factory for different types of
yarns due to the fact that the data cannot be
compiled from the laboratory experiments. One of
the warp preparation machines as seen in Figure 1
given below at the company was chosen and
modified in order to collect the data for this
experiment. The modification on the machine was
only made to collect the fiber fly easily during the
warp preparation; and it was not affecting the
working conditions of the warp preparation
machine. In this study, three different yarns were
chosen. The total number of ends in one beam was
4032 yarns with the reed number 16 and the length

of the warp was about 6 thousand meters for each
beam used in the tests. Warp yarns have been
processed by using the same modified warping
machine with a special filter installed to the
warping machine. Then, the collected fiber fly was
weighted by using a laboratory type scale.

Figure 1. Picture of the Machine with Data
Collection Points
RESULTS AND DISCUSSION
Among all fiber properties, the fiber length and
spinning types have the greatest effects on the
amount of the fiber fly generated during the
processes. Additionally, unwinding speed, yarn
tension, and package conicity have also a
significant effect on the fiber fly generations
during the warp beam preparation processes. It
was found that the vortex yarn was generating the
minimum amount of the fiber fly during the warp
preparation while the carded ring yarns were
giving the maximum amount of the fiber fly
during the processes as given in Figure 2 with
respects to the machine parts at which fiber fly
collected.
CONCLUSION
Fiber fly generation problem is getting more
attention for textile mills due to the regulations
requiring a clean working environment for
employees.

Figure 2. Relative Fiber Fly Distribution in Each Sector of Warping Machine

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 fiber fly
generated during the warp preparation. The
spinning type was another important factor
affecting the fiber fly generation during the
process. As found in this research, the vortex yarn
is giving the least amount of fiber fly if compared
to the ring or rotor yarns. Additionally, some
precautions, such as suction units can be installed
to the different parts of the machines in order to
reduce the amount of the fiber fly at the working
environment. Although, this will not reduce the
total amount of the fiber fly generated from the
yarn but this will help to keep the working
environment cleaner and safer for the employees.
5. REFERENCES
1.

2.

3.

Barella, A., Torn, J., and Vigo, J. P.,
Application of a New Hairiness Meter to the
Study of Sources of Yarn Hairiness, Textile
Res. J. 41, 126-133(1971).
Brown, P., A Preliminary Study of the FiberLength Distribution in Fly Produced During
the Weft Knitting of Cotton Yarns, Textile Res.
J. 48, 162-166(1978).
Bühler, G., Rieder, O., and Haussler, W., Fiber
Fly, A Serious Problem for the Knitting
Industry, Knitting Tech. 10, 163-166 (1988).

4.

5.

6.

7.

8.

9.

Bühler, G., Rieder, O., and Haussler, W., The
Reduction of Fiber Fly by Obtaining the Best
Possible Results from the Knitting Yarns,
Knitting Tech. 12, 35-39 and 208-211 (1990).
Knapton, J. J. F., Knitting of High Quality
Double Knit Cloth: Part 2, Knitting Times, 41,
44-49 (1972).
Lawrence, C. A., and Mohamed, S. A., Yarn
and Knitting Parameters Affecting Fly During
Weft Knitting of Staple Yarns, Textile Res. J.
66, 694-704 (1996).
Lee, J. R. and Ruppenicker, G. F., Effects of
Processing Variables on the Properties of
Cotton Knitting Yarns, Textile Res. J. 48, 2731(1978).
Pillay, K. P. R., A Study of the Hairiness of
Cotton Yarns Part I: Effect of Fiber and Yarn
Factors, Textile Res. J. 34, 663-674(1964).
Yuksekkaya, M.E., 2008. A Study of Fly
Generation during Raising, J. Textile Inst. 99
(2), 169-176.

FUTURE WORK
The study of fiber fly generation will be extended
to include different yarns and manufacturing
processes.
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Technical Innovation in Haute Couture
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Haute couture simply means “high sewing.” Since
it started in the late 1800’s with Charles Fredrick
Worth, haute couture has represented the perfect
combination of time, place, art, fashion, and
cultures. Although haute couture is still done by
hand, a number of new techniques and materials
have been used in revolutionary, exotic design.
Paul Poiret, who was a historically unusual
designer, changed the modern silhouettes from
hourglass line to the modern straight line look. For
this, he freed women from corsets. He tested his
extraordinary design ability by inventing bras,
hubble skirts, and pants for women.

FIGURE 2. Madeline Vionnet working on draping without
patterns.

FIGURE 3. Elsa Schiaparelli’s black silk crepe with plastic zips.

FIGURE 1. Paul Poiret’s “1002nd Night” dress.

Madeline Vionnet still influences the fashion
world with her bias technique, handkerchief
hemline, halter and cowl necklines. She did not
sketch but draped, cut, and sewed directly on the
figure. This technique became a principle of
draping.
Elsa Schiaparelli, who was one of the art nouveau
artists, worked on surface design with surrealists
such as Salvador Dali, connecting art to fashion,
while Paul Poiret worked with a fauvist Raoul
Duffy. Schiaparelli was a pioneer, not only in
surface design but also in material usage. She
shocked the world by using synthetic fabrics and
working class materials for evening dress, e.g.
nylon zippers, ceramic buttons instead of hook and
eyes.

Recently, Miuccia Prada surprised the fashion
world by introducing nylon bags, which are
flexible, colorful and washable. Gianni Versace
developed chrome-prints which made the designers
clearly express bright hues. Issey Miyake
developed various fabric finishing techniques in
order to connect fashion to human bodies. He is
regarded as a brilliant fashion artist rather than a
fashion designer per se.
In this presentation, we review revolutionary and
experimental works done by fashion designers who
developed smart fashion with the textile industry.
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Introduction
The French Polynesia is composed of 5
archipelagos Societé, Tuamotu, Gambier, Marquise
and Austral. These 101 islands cover an area
equivalent to the European countries as shown in
figure 1 (5 030 00 km²) with an emerged area equal
to 3 521 km². Its population is composed of
259 706 citizens scattered over the islands and
atolls with a concentration on the island of Tahiti
(178 173 citizens) [1].

The coprah industry employs more than 10 000
persons and it is the biggest agriculture business
for these islands.

2008 Export - 69 680 k€
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FIGURE 2: Local products exported in 2008

FIGURE 1: European and Polynesian overlapping maps

In terms of resources, the French Polynesia can
count on the tourism, the black pearl industry
(trade mark “Perles de Tahiti”), the agriculture
with the nono purée and the culture of coprah.
The figure 2 [1] gives the figures of the French
Polynesia’s incomes for the year 2008 generated by
the exportation of the local production. The pearl is
definitively the main income, but the coprah is
ranked at the second place with 5% of the whole
export in value (raw oil + monoï).
The coprah is the inside layer of the coconut as
shown in figure 3, it is dedicated to the oil
extraction done by the Huilerie de Tahiti. The raw
oil is mainly exported to European countries or
dedicated, for a small fraction of it, to the
production of the Monoï (Tahitian trade mark
product -AOC).
Problematic

Moreover this activity is one of the key factors for
the stabilization of the population on the islands.
Unfortunately, the coprah has seen its production
maintained or slightly decreased along the years as
it is shown on figure 4. The incomes of the
islanders have not increased during this time and
the migration process has continued.

1. Coir; 2. Skin; 3. Shell 4. Coprah
FIGURE 3: components of a coconut

The problematic is then to find additional incomes,
linked to the coprah culture, for island’s farmers.
Methodology

A group of scientists from different laboratories
(BIOTEM and LPMT) has started to work together
for this purpose.
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this one will provide the stabilization of the soil for
a period of 3 to5 years and will be degraded in the
time. The final stabilization will be given by the
vegetation, thanks to the roots networks. The figure
6 displays what such kind of stabilization look like.

FIGURE 4: Production of coprah oil and Monoï

A analyze of the material, issued of the coprah
industry, has been done. It appears that the coprah
is then only product to be valorized; the other
products such as the shell and the coir are usually
burned or abandoned on the ground. In order to
fulfill the initial requirements, we have to think to a
valorization that can be done on the coprah
production location. Moreover, en regard to the
labor force and the shipping costs, the new
applications have to be located in French Polynesia
or in the neighborhood.
The Polynesia islands such as Tahiti, Taa’a,
Raiatea or the Marquises are called “Tall Island”
because they are issued of tall volcanoes (the
higher pick of Tahiti is 2241m high). Induced by
this geographical situation, every civil engineering
works deal with slopes and excavations and soil
stabilization is one of the main problems in this
country which have an high pluviometry (more
than 2000mm/an).
Up to now, the selected solution to stabilize the
slopes is to project on them concrete after having
fixed the soil with steel net. The result is shown on
figure 5. This solution is not very respectful of the
nature and do not authorize the water to penetrate
in the soil, then the rain streaming catches soil
particles, brings them directly to the lagoon and
pollute it.
In regard to this problem, one obvious question has
emerged “Will coco fibers matt or nonwoven,
could improve the soil stabilization and how?”.
Taking the works that have been carried out in
Europe and US using natural fibers for soil
stabilization into account, this question has
received an affirmative answer, but many factor
and parameters has to be defined.
Proposed solution
In fact, the proposed solution is to use the coir to
produce nonwoven that will be used as geotextile,

FIGURE 5:Consolidation of slope with concrete projection(left)
FIGURE 6:Consolidation of slope with vegetalisation (right)

This solution will answer to the whole
requirements, providing new incomes to farmers by
the transformation of the coir into nonwoven, using
this nonwoven as geotextile applications for the
civil engineering works in the Tall islands and at
least assuring a stabilization of the soil thanks to
indigenous vegetations avoiding the erosion
process previously described.
In order to perform this solution, contact have been
taken with the different actors of the French
Polynesia to form a working group that will follow
the steps described in figure 7.
The services that have been contacted and that are
interested to be involved in are, the ministry of
French Polynesia of Environmental Care (MEv),
the ministry for Civil Engineering (MEqu), the
Research Delegation of the French Polynesia
(Recherche), the Rural Development Office (SDR),
the LPMT and the BIOTEM Laboratory

FIGURE 7 : Different steps of the project with actors
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INTRODUCTION
Many processes in materials science and engineering
depend on interactions of droplets with porous
materials. Printing on textile materials is an important
practical example where the interactions of droplets
with fibrous materials cannot be put in a conventional
scheme of drop/substrate interactions 1-4. Fibrous
materials possess a hierarchical pore structure with a
broad distribution of pore sizes ranging from hundred
micrometers down to nanometers 5. Therefore,
understanding of drop interactions with such
materials and revealing the role of wetting, capillary,
and viscous forces are critical for engineering
applications. In order to separate different physical
effects, we first study the role of capillary forces and
the finger prints of this phenomenon. The fibrous
structure is modeled by a porous membrane with
nano/micro rough structure.
APPROACH
Alumina membrane with 20 nm pores (Whatman)
was used as a model substrate. AFM picture
(Figure1a) of the membrane surface reveals porous
surface with the broad size distribution of bumps and
pores. The optical microscopy (Olympus BX 51)
reveals some micro channels crossing the membrane
surface (Figure1b, the diameter of the reference wire
is 70 um).

monitored using BX 51 (Olympus) microscope and
MotionPro X3 camera (Princeton Instruments).
Raman Spectrometry (Thermo Scientific DXR Smart
Raman Spectrometer) and drop optical profilometry
(Zygo 6300) were used to describe the drop profile.
To analyze the effects of substrate wettability on
kinetics of drop absorption, we proposed to look at
the drop interaction with a single capillary. We
prepared substrates from Poly Dimethyl Siloxane
(PDMS) with single open channels running
perpendicularly to the surface.
RESULTS AND DISCUSSION
Drop spreading. We observed very unusual behavior
of small droplets on the membranes: they spread over
the substrates by forming terraces (Figure 2 insert).
The evolution of the terraces follows the square-rootof time kinetics suggesting that the spreading and
absorption is controlled by the capillary action of
nanopores. In Figure 2, we report the kinetic curves
characterizing the drop spreading. Both TBP and
DEP liquids show the same tendency which suggests
that the terrace formation is a result of the substrate
morphology. The spreading factor was introduced as
the ratio of the i-th ring diameter, Di, to the initial
drop diameter, D0.
2
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FIGURE 1 a) AFM picture and b) Microscope picture of alumina
membrane surface. As a reference, a wire with 70 µm diameter
was placed on the membrane surface, Figure b.

The needle with 110μm external diameter was used
to deposit droplets on the membrane surface. We
experimented with two different liquids, Diethyl
phthalate(DEP) and Tributyl phosphate (TBP). These
liquids were chosen because of their low vapor
pressure to ensure that the evaporation is not
significant. The drop spreading and absorption was
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FIGURE 2 0, I , II, III steps of the DEP drop expansion on the
surface of alumina membrane. The insert shows drop with 3
terraces formed. The kinetics of the precursor film, which is seen
as the second ring appeared after the terrace formation, is shown in
Figure 1 by the blue dots, the terrace is shown by the red dots, and
the semispherical cap is shown by the green dots. The initial radius
of the drop sitting on the surface was 2.2 mm.

This spreading factor was plotted as a function of
time. We observed four distinguishable steps of the
spreading process, shown as 0, I , II, III steps in

Figure 2. The vertical dashed lines are the
demarcation lines separating different stages of
spreading. The main terrace structure (semispherical
cap and two rings) has spontaneously formed during
zero stage. In the first stage, we observed the
expansion of a) drop and b) both rings ahead it. In the
second stage, the drop shrinks while the rings keep
spreading until they reach a quasi steady state. The
blue arrow shows the moment when the
semispherical cap transforms into a pancake formed
by the first ring. The third stage is a result of
spreading, evaporation, and absorption.
Drop-pore interactions. It appears that the external
surface of the sample can be significantly altered by
the contaminants. Therefore, one has to distinguish
between the energy of open surface and the energy of
pore surface. We developed a theoretical criterion of
drop penetration into a single capillary based on the
balance of capillary pressure. This scenario has been
traditionally used in fiber science [5]. In Figure 3a,
we show the schematic for drop absorption when the
substrate surface is wettable and the channel surface
is not.
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FIGURE 3. Schematic for derivation of the criterion for drop
penetration into a pore. R-radius of the drop curvature; θ-contact
angle; V-droplet volume; Pl-pressure; Pg -air pressures, b) PDMS
substrate with 300 microns channel and water drop sitting without
capillary invasion, c) the phase diagram for the drop penetration
boundary. The initial size of the drop and the capillary cannel
radius are known.

Calculations show that this criterion significantly
depends on the contact angle, especially for small
droplets. There are cases, when the droplet cannot
invade the pores even if the material is made

wettable. The experiments with water droplets on
PDMS substrates with the channels (Figure 3b)
confirm the existence of different scenarios of drop –
pore interaction. In order to alter the surface energy
of pores, we treated PDMS with silanes.
CONCLUSIONS
We observed that the droplet spreading on porous
materials with a broad range of pore sizes proceeds
through terrace formation and the terrace expansion
follows the square root of time kinetics. We showed
that this regime of drop spreading is mostly
controlled by the capillary action of nanopores. These
results suggest that the drop spreading cannot be
stopped and it proceeds at different time scales
measured from seconds to months. The study of drop
penetration into a single capillary revealed that the
penetration criterion can be significantly altered by
the pore size and surface energy.
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INTRODUCTION
Electrospinning has been considered a versatile
method for producing nanofibers, which have
generated great interest for use in a number of
areas, including tissue engineering and filtration,
due to their high surface area to volume ratio and
high porosity [1]. Mechanical properties of
nanofibers are important for these and other
applications. Although much work has been carried
out in the area of electrospinning technology over
the past decade, little has been focused on the
structure of electrospun webs and their mechanical
properties. This work was undertaken to generate
an understanding of the structure and the resulting
mechanical properties of electrospun webs. These
webs are usually unoriented and their mechanical
properties will be a function of both the properties
of constituent fibers and the number of fibers
supporting force during tensile tests. A structural
model was developed that characterized the
structure of a given web and predicted the number
of fibers in a given sample lying at different angles
that will be gripped between the jaws of a tensile
tester. This knowledge along with that of the
tensile properties of constituent fibers also allowed
us to develop a model that predicted the tensile
behavior of the web. In the preliminary work we
have conducted, we assumed that the fibers at the
cross-over points were not bonded.
APPROACH
Using PEO as the polymer and water as the
solvent, a series of electrospun webs were
produced. The primary variables used were
polymer concentration and time of spinning, the
latter influencing the linear density of the web.
Scanning Electron Microscope was used for
determining the morphology and orientation of
fibers in the web. Peak stress, peak strain, initial
modulus and yield point values of the web were
obtained from the tensile tests. Based on the
structural analysis of electrospun web, a
mechanical model using force analysis method was
developed for predicting the stress-strain
properties. Electrospun web was assumed to have
randomly oriented fibers. The web was assumed to
be made up of a number of discs superimposed on
each other, each having fibers oriented parallel to

each other with a spacing (S) (Figure 1), and a
constant increment (γ) in the angle existing
between the fibers of successive discs. It was also
assumed that there was no fusing or bonding
between the fibers at the cross-over points.

FIGURE 1. Schematic representation of discs in a
web showing constant spacing between fibers.
Equations were derived for calculating the spacing
between fibers, the number of fibers and their
lengths gripped between the jaws, the angular
orientations of the fibers and number of cross-over
points between the fibers.
Number of fibers gripped between the jaws
b
x sin j  y cos j
(1)


S

j a

In this S, the spacing, is given by xyTπd/(4Mνf), M
is mass of given specimen of length y and width x,
T is fabric thickness, a is given by (tan-1(y/x)/ γ), b
is given by ((π-tan-1(y/x))/ γ), d is fiber diameter, nd
is number of discs (T/d), νf is fiber specific volume
and γ is the angular interval between the successive
discs (π/nd).
From the known properties of single fiber and the
angular orientation of the fibers in a given test
specimen, load-elongation properties of the web
were predicted. Using “Force method”, tensile
properties of electrospun web was modeled.
Equation to find the peak load in web is as follows:
b
x sin j  y cos j
(2)
Peak load 
 F  l   sin j


j a

S

Elongation in fiber corresponding peak load
elongation in fabric,
( y  l p ) 2 sin 2  j  ( y  l p LT ) 2 cos 2  j 
l  
sin  j

1

2

y,

F-force in fiber at elongation Δl, Δlp-peak
elongation in fabric.

For determining stress-strain properties of single
fiber, tensile tests were conducted on bundles of
aligned fibers. The latter were produced using
collector strips separated with a gap [2]. Effects of
polymer concentration and distance between needle
and collector plate on the mechanical properties of
single fibers were also examined. The predicted
tensile properties were compared with the
measured values of the web.
RESULTS AND DISCUSSION
PEO of 8, 10 and 12.5% concentrations used for
producing electrospun webs led to nanofibers of
210nm, 325nm and 550nm diameter, respectively.
It was found necessary to adjust the voltage and the
distance between the needle and the collector plate
to get a stable Taylor cone [1]. The required
voltage increased with increase in polymer
concentration. Results showed that with increase in
concentration, the peak stress, the initial modulus
(Figure 2) and the yield stress values decreased,
and the peak and yield strain values increased.
Time of spinning and specimen width showed no
effect on the tensile properties of the web.

FIGURE 2. Effect of polymer concentration on
initial modulus values
In case of single fibers, it was observed that with a
decrease in distance between needle and collector
system, fiber diameter increased. This was because
the reduced flight time gave the jet smaller draw
ratio and resulted in larger size fibers. Polymer
concentration showed similar effects on single
fiber properties as it did on those of the webs.
Increase in distance between the needle and
collector system led to increase in peak stress and
initial modulus values, which was due to increased
draw ratio and, therefore, improved molecular
orientation of chains.
The values of peak stress, predicted by Eq. (2),
matched closely in terms of trends with those
obtained experimentally. To account for the
difference between the actual measured and
predicted values, a correction factor K, given by

the ratio of the measured peak stress to the
predicted peak stress, was introduced. The value of
K was found to lie within a factor of about two
(Figure 3).

FIGURE 3. Effect of polymer concentration on K
values (which are within a factor of 2)
From the results found experimentally and the fact
of the value of K lying largely above 1, one could
conclude that the fibers in the electrospun webs
were bonded to some extent at the cross-over
points. This now leads to the suggestion that the
structural model used for characterizing the tensile
behavior should be modified by including a level
of bonding at the cross-over points.
CONCLUSIONS
A structural model is proposed that characterizes
the geometry of the electrospun web and allows
one to calculate the parameters needed for
predicting the tensile properties of the fabric. The
effects of processing variables on the tensile
properties of such webs were examined. With
increase in polymer concentration, fiber diameter
increased and molecular orientation decreased.
This caused a decrease in peak stress and initial
modulus and increase in strain values. With
increase in spinning distance, flight time increased,
and as a result fiber diameter decreased and
molecular orientation increased. These caused
increase in peak stress and initial modulus values.
Although during the electrospinning process, the
solvent is presumably evaporated, the results show
that the fibers at the cross-over points are still
bonded to some extent.
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STATEMENT OF PURPOSE
The purpose of the study is to investigate US
consumers’, especially college students’ attitudes
toward and behavior related to purchasing
sustainable textile and apparel products. The
apparel and textile industry, as one of the largest
and the most influential industries in the world in
terms of the degree of globalization, the size of the
market, and the number of employees, should be
and is shifting focus from traditional practices
towards using more sustainable, eco-friendly
approaches in the designing and making of
products, such as 1) designing and developing
products made by natural fibers, 2) looking for
alterative use of products before disposal, 3)
promoting fiber and fabric recycling, 4)
controlling and minimizing waste and toxic
finishing treatments, 5) lowering manufacturing
and material cost and improving the benefit to
human beings [1]. With the sustainable ideology
rapidly expanding in the U.S., many companies
and retailers, such as Nike, Nordstrom, Levi
Strauss & Co., H & M, Wal-mart, and Target, have
created or made commitment in producing or
selling sustainable textile and apparel products, and
the market share is predicted to keep rising [2].
Also, surveys have shown that U.S. consumers are
becoming aware of the sustainability issues and
would be willing to purchase sustainable products
[3].
INTRODUCTION
As globalization expanding and markets
intertwining, it is important to have a clear
understanding of U.S. college students’ reaction to
sustainable textile and apparel products. However,
little research has investigated their attitudes
toward and behavior related to sustainable textile
and apparel products.
There is a great deal of research to be done on this
topic. For example, consumers are increasingly
expecting companies to do all they can to make a
positive impact on the environment but
determining which products are most sustainable or
even really sustainable at all is as difficult as ever.

Contributing to the dilemma facing consumers is
an increasing amount of information, scientific and
politically driven, trustworthy and suspicious, that
purports to have a definitive gauge on the state of
the environment. Also, some who consider
themselves very green are not always willing to
change their consumption habits and behaviors in
favor of the environment. Findings from the
current research will shed some light on how
consumers think and behave and whether there is a
gap between their attitudes and behaviors. Also, the
findings from this research will benefit for the
companies and retailers in the U.S. who are
endeavoring in or ready for this green campaign to
be better positioned themselves in the competitive
global market by satisfying customers’ needs and
preferences in sustainable textile and apparel
products.
APPROACH
The current study will develop a framework which
is based on the tenets of Fishbein and Ajzen’s
Theory of Reasoned Action [4]. This theory
indicates that an individual’s behavior is
determined by his/her behavior intention. The
intention is determined by not only this
individual’s attitude toward the behavior, but also
the subjective norm, and the relative importance
between the attitude and the subjective norm.
Empirical research indicates that the relationship
between
consumers’
understanding
in
sustainability and their purchase intention towards
sustainable textile and apparel products is not
direct; other factors such as demographics and
personality traits may serve as mediators [5].
The developed questionnaire was distributed to a
convenience sample of 117 college students in the
U.S. Prior to data collection, a focus group
interview were conducted with California State
University Northridge students in the U.S. (n=30)
to test the structure, wording, and scale items for
each construct; the difficulty and ease of answering
the questions, and the time required to complete the
questionnaire. The validity and reliability of the
questions were evaluated and modified based on

the literature review and the results of the focus
group interview.
RESULTS AND DISCUSSION
It seems sex, age, education, income lack of any
association with clothing purchase. This finding
maybe is due to the limitation in convenient sample
collection. 90 percent students are female, in their
early 20’s, have limited income before graduation.
Consumer opinion leadership and innovativeness
for sustainable product categories are highly
related traits. However, they are not positively
associated with purchasing sustainable textile and
apparel products because college students are
deficient in the knowledge of sustainable textile
and apparel products. They didn’t have
considerable experience with the product category
and therefore were not able to influence others’
purchasing behavior. Their involvement with
sustainable products was limited due to less
education in organic products and expose to the
current market. Another reason in understanding
students’ indifference in this new trend could be
the high price of the available sustainable products
in the market. They couldn’t afford to purchase
with little income. Both the social-identity function
of attitudes and the person-identity function of
attitude were negatively related to purchasing
sustainable products behavior.
CONCLUSIONS
The findings from this study will address the gap
between the available sustainable textile and
apparel and consumers’ reaction, which could be
translated into company’s product design and
development, assortment and supply chain,
operational footprints and retail business. The
cooperation between vendors and customers will
give industry talent a chance to shine. This study
will also contribute to cross-cultural analysis in
academia.

FUTURE WORK
The current study also will contribute to the
literature by developing a comprehensive
framework which incorporates a variety of factors
important to consumers’ textile and apparel
consumption. The future study will expand the
Reasoned Action Framework by examining not
only individuals’ attitudes, subjective norms, and
behavioral intentions, but also demographical and
socioeconomic factors, personality traits (e.g.,
innovativeness, opinion leadership, product

involvement, product knowledge, social-identity
function, and personal-identity function), and
perceived value factors (e.g., price, quality
attributes, country of origins, etc.).
The
interrelationship among those factors will be
analyzed using a Structural Equation Modeling
approach.
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STATEMENT OF PURPOSE/OBJECTIVE

The wettability of wool fabric was defined as the

In this paper, the pre-heating method was applied to

time in seconds for a drop of water to sink into the

improve the efficiency of corona discharge. And the

fabric[2]. Five areas were taken in each sample and

relationship among the output voltages, pre-heating

the results were averaged.

time and pre-heating temperatures was investigated.
TABLE I Process parameters of corona discharge treatment

INTRODUCTION
Wool clothes without appropriate finishing will not

Parameter

Possible values

be comfortable for wearing, mainly due to the water

Pre-heating temperature ( C)

40; 60; 80; 100

repellence of wool scales. Traditional wool finishing

Treatment time (s)

30; 40; 50; 60

process is that peel off the scale in order to get water

Output voltage (kv)

10; 12

o

absorption property. However, this process will not
only lead to lose the strength of fabric but also

RESULTS AND DISCUSSION

consume huge amounts of water and different

The curve in Figure 1 shows the influence of

reagents, which make this process unacceptable

different

because of environment protection. Corona discharge,

discharge voltages on water-absorption time. Taken

as a kind of plasma treatment

[1]

pre-heating

temperatures

and

corona

, is particularly

as a whole, higher pre-heating temperature leads to

suitable for wool finishing process. Recently, there

shorter water-absorption time under the same

have been a lot of papers concerning the modification

condition. Corona discharge can produce high-energy

of the hydrophilic of wool treated via corona

particles[3]. There are two main transformations. One

discharge; however, little further investigation on

way is to be converted into the kinetic energy of

pre-heating before corona discharge was performed.

moisture and protein molecular; the other way is used

In this paper, the pre-heating process was applied

for modification which always takes place on the

before corona discharge, and the relationship among

surface of wool fiber. Therefore, it is most probably

the output voltages, pre-heating time and pre-heating

that during the pre-heating treatment, the moisture on

temperatures was discussed.

the wool

fabric sample volatilizes with the

pre-heating treatment. The moisture on the surface of
APPROACH

wool fiber volatilizes quickly, but the one inside is

Corona discharge was carried out on an atmospheric

obstructed by the scales. It needs more time to get

pressure, and the equipment model is SDCD 16-2-10,

out of the fiber. Thus, there will be different content

which manufactured by Dalian No. 9 Electronic

of moisture inside the fiber with the same pre-heating

Incorporation. The process parameters are listed in

treatment time and the same energy of particles. As a

Table I. When one parameter changed, the other

result, the wool fiber contains more moisture will

parameters were held constant.

consume more energy in moisture volatilizing, by

other

words,

less

energy

was

consumed

in

higher voltage can produce more activity particles

modification. Just as figure 2, with the same

and the particles is used in oxidizing -CONH- or

pre-heating temperature and output voltage, when the

etchings.

pre-heating time prolongs, the water-absorption time

When the number of discharge particles increases,

is shorter than the no extension one.

more energy will be transformed into kinetic energy
of protein, and the reactivity of molecular can be
improved. Thus it takes less treatment time to get the

120

same level of modification. However, the wool fabric

110

may be burned when the treated voltage is extremely

o

erature, C

100

Pre-heating temp

90

high at the same time.
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14.0
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11.0
10.5
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efficiency of corona discharge. The water-absorption

FIGURE 1 Effect of different pre-heating temperatures and

time is decreased from more than 1800 seconds to

discharge voltages on the hydrophilic properties of the treated

less than 1 second after corona discharge. The water

wool fabrics.

absorption time of the wool fabric sample is 57
seconds when treated 60oC temperature and 14 kV

Therefor, the energy from pre-heating will be mainly

voltage. The water absorption time is decreased to

transformed into the kinetic energy of molecular

less than 1 second when the temperature increases at

when

reducing.

80oC and other conditions stay unchanged, all of

Consequently, it can raise the utilization rate of

these results is useful for improving the efficiency of

electron energy of corona discharge, which conduces

wool

to curtail water-absorption time on the same

technology.

the

content

of

moisture

is

fabric

finishing

manufacture

via

this

experimental conditions.
FUTURE WORK
We will discuss the relationship among thickness of
fabric, pre-heating temperatures and pre-heating
100

time.

60

Pre-heating time,
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Computational tools, supported by experimental
measurements, have advanced the understanding of
heat and mass transfer through clothing layers and
the consequences for human heat balance, comfort,
and protection.

ramifications such as wicking/condensation, and
the subsequent steam formation in firefighter
clothing due to wet protective clothing layers [29],
or liquid effects on protective clothing component
performance [30].

Human thermal physiology models treat bioheat
transfer within the human body and exchange
processes with the outside environment, while
mimicking the human thermophysiological control
system. Effects such as vasodilation and
thermogenesis (shivering) are included, in order to
calculate skin and core temperature, sweating rates,
respiratory heat and vapor loss, and human heat
balance [1-9]. However, these advanced thermal
physiology models usually incorporate simple
treatments of clothing heat and mass transfer based
on steady-state measurements. Dynamic clothing
behavior such as water vapor sorption,
condensation, and wicking, has been included in
later versions of computational thermal physiology
models [10-15] and advanced physical models
[16]. Studies on the effects of external wind, body
movement, and condensation [17, 18] have
explored the consequences of non-steady-state
clothing properties on human heat balance, but do
not include the full range of phenomena known
from studies of the physics of heat and mass
transfer in textile materials [19-26]. Noticeably
lacking is the incorporation of wetted or partially
wet fabrics into many of these types of coupled
simulations.
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ABSTRACT
In this study the morphological and mechanical
properties of PA-6 electrospun nano-webs were
investigated. Three concentrations (15, 20 and 25
wt%) of PA-6 were electrospun. SEM and AFM
photos were taken to precisely observe the nanowebs longitudinal and cross-sectional morphology.
To study the heating effect on the nano-webs, the
PA-6 nano webs were heated in different
temperatures. The deformations were investigated
by the SEM photos. This work is an introduction to
mechanical characterization of the nano-webs that
will be done by our group in LPMT; in this
perspective some results of the preliminary tests
like UHNT to determine the elastic modulus are
presented.
INTRODUCTION
Nowadays, PA-6 has been used widely as one of
the most important thermoplastic polymers thanks
to its very good properties such as mechanical
properties, good thermal stability and fire
resistance [1]. The electrospinning process uses a
high voltage electric field to produce electrically
charged jets from polymer solution or melts. The
highly charged fibers are field directed towards the
appositively charged collector, which can be a flat
surface or rotating drum, to collect fibers [2]. Due
to the high surface area to mass ratio of the
obtained fibers, proposed applications for
electrospun products are as filters for the separation
of micro-scale particles, as reinforcing fillers in
composite materials, as open-wound protecting and
as controlled release materials for pharmaceutical
uses [3]. Most of studies on electrospinning have
been focused on its phenomena and on processing
control parameters. Very limited work on the
mechanical properties of electrospun products
exists [4]. L. Liu et al. studied the mechanical
performance of laminated composites incorporated
with nanofibrous membrane using the ASTM D790
standard to understand the flexural behavior [5].
Experimental procedure
PA-6 pellets were obtained from ACROS
ORGANICS, USA. Formic acid 90% was

purchased from Fisher Scientific. Different
solutions with different concentrations were
prepared dissolving the PA-6 pellets in Formic
acid. Stirring was used to expedite dissolution. The
polymer solutions at the concentration of 15%,
20% and 25% were electrospun in ambient
pressure, humidity and temperature with the
electrospinning machine that was designed and
built in LPMT. The distance between the needle
and collector, feed rate of polymer solution and
applied voltage are variable according to the
polymer solution concentration that is reported in
Table I.
Table I. Electrospinning Parameters.
Parameters
Valued
Polymer
PA-6
Solvent
Formic acid
Concentration
15, 20, 25 (wt %)
Applied voltage
18-28 (kV)
Distance
6-14 (cm)
Needle diameter
0.9 (mm)
Collector
Aluminum foil

The morphological characterization of the obtained
nano-membrane is preformed, using scanning
electron microscope (SEM) for longitudinal and
cross sectional microscopy after coating the
samples with gold in vacuum. Some samples were
heated in the laboratory heater to study the
morphological deformations of the electrospun
nano-webs when they heat in excess of their
melting point temperature. After heating process,
the SEM micrographs were taken to compare them
with normal samples. Another method that was
used to investigate the nano-web morphology was
AFM (Atomic Force Microscopy) analysis. Two
different concentrations of PA-6 with different
electrospinning conditions were morphologically
studied using this method (Figure3).
To characterize mechanical properties, the elastic
modulus of PA6 nano-webs was evaluated using
the especial method (UNHT- Ultra Nanoidentation
Tester). This method is based on pressing over the
samples and measuring the elastic modulus. This
test was done by CSM Instruments, Switzerland.

Result and discussion
To take the cross-section SEM photos of nanowebs, the samples were sandwiched between two
cardboards and very thin cuts of them were coated
with gold in vacuum. The thickness of the PA-6 is
between 2 to 4 µm depending on the
electrospinning condition (Figure 1). After heating,
the PA-6 nano-web SEM photos show that melting
and deformation start from 270 °C (Figure 2), in
fact up to this temperature there is not any change
in nano-web structure while the melting point of
PA-6 is approximately 220 °C.

Figure 1. PA-6 Cross-section SEM micrograph

Figure 2. PA-6 nano-web after heating (270 °C)

AFM photos of PA-6 nano-web with two different
electrospinning conditions show different geometry
(Figure 3), in fact the nano-web with higher
electrospinning voltage gradient shows a noncircular cross-section (Figure 3b). Two jointed
nano-fibers with different diameters can be
observed. This can be explained either by Taylor
cone instability or multi-jet formation during the
electrospinning process.

Figure 3. AFM photos of PA-6/25 wt% nano-webs, a) Applied
Voltage: 22 kV, Distance: 9 cm, b) Applied Voltage: 28 kV,
Distance: 6 cm

The results of mechanical tests show elastic
modulus equal 5.9, 6.1 and 5.7 MPa respectively
for maximum force equal 25, 50 and 100 µN
(TableII).

Table II. Elastic mo
dulus (MPa).

Data : 1
Data : 2
Data : 3
Data : 4
Data : 5
Mean
Std Dev

PA-6
25 µN
5.9
6.4
6.3
5.4
5.5
5.9
0.4

PA-6
50 µN
6.8
5.8
6.4
5.2

PA-6
100 µN
4.3
6.9
6.9
4.6

6.1
0.7

5.7
1.4

CONCLUSION
In summary this work describes the different
methods that were used to characterize the PA-6
nano-webs. For morphological characterization
AFM technique can help us to observe more
precisely the morphological details. This technique
following by Scanning Electron Microscopy, will
give us more information about the nano-web
cross-sectional morphology. The effect of heating
on the nano-webs is of interest. Increasing the
melting point of PA-6 after electrospinning can be
explained by the changes in polymer structure
during the electrospinning process. In the case of
mechanical characterization the preliminary study
started using UNHT method which give some
information about elastic modulus and it will be
continued by tensile, bending and fatigue tests.
FUTURE WORKS
This study is a preliminary work to characterize the
PA-6, PA-66 and PA-6/PA-66 nano-membrane
composite based on nano-nonwoven, mechanical
properties such as tensile, bending and fatigue tests
are the main characterization field that will be
done, in this way the nano-membrane fabrication,
optimization of electrospinning condition and
morphological studies have been done and now this
work focuses on preparing homogenous samples to
do the mechanical tests.
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OBJECTIVE
US troops now have to carry 100+ pounds of
equipment and other necessary items through
rough terrain. The body armor component is 10 to
34 lbs depending on whether the ceramic plates are
inserted. The heavy rigid body armor wears on
troops joints, is hot, and limits their mobility. This
project is focused on lightening the load carried by
US troops by improving the strength and fiber
interaction of ultra-high molecular weight
polyethylene (PE) fibers.

glycidol (4 mL) was added and the reaction was
allowed to proceed at room temperature overnight.
Polylurea: The urea reaction employed toluylidene
diisocyanate (0.3 mL) and phenylene diamine (0.22
g) to react with PE fibers in DMF. Phenyl
isocyanate: PE fibers in dimethylacetamide were
reacted with 1 mL of phenyl isocyanate and
allowed to react for 24 h at room temperature.
PE fiber
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O
O
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INTRODUCTION
PE fibers were developed in the 1980’s from a gel
spinning process. This process led to the discovery
of very strong fibers that have been incorporated
into ballistic protection, ropes, and gloves. [1] PE
fibers are chemically resistant and significantly
lighter than the aramid based high performance
fibers. Drawbacks to PE fibers include a low
surface energy, creep, and a low thermal stability.
As a consequence, PE fibers interact weakly with
neighboring fibers and/or a matrix. In composite
armor applications the weakly interacting PE fibers
can give rise to delamination which can decrease
the ability of the fibers to resist the energy of a
ballistic impact. [2-4]
EXPERIMENTAL APPROACH
PE fiber modification (acids and solvents). PE
fibers (Dyneema SK76®) were modified with
several different solvents and acids. The solvents
used include THF, methanol, acetone, and toluene.
The fibers were allowed to sit for two hours
individually in each solvent. The acid treatments
included various acids (chromic and piranha) and
solvent pre-treatment. The piranha solution was a
70/30 mix of H2SO4/H2O2, to which PE fibers were
added. The reaction proceeded 1.5 h. Chromic acid
was prepared with Cr2O7/H2SO4/H2O (7/150/12
w/w/w). The PE fibers were added to the chromic
acid and the reaction proceeded for 4 h at 50 ºC. [3]
PE fiber modification (polymers). The oxidized
groups generated with THF/piranha were reacted
with glycidol, polyurea, and phenyl isocyanate.
(Figure 1) Glycidol: PE fibers were added to
CHCl3. BF3(OEt)2 was added (100 μL) and finally

CH3

PE fiber
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O

O

n
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O

O
NH

NH
n

H

Polyurea

FIGURE 1. Polymers grafted from PE fibers.

RESULTS AND DISCUSSION
SEM of fiber surfaces. Figure 2 shows SEM
images taken of the fibers before treatment, after
solvent washing, and after acid treatment. The
surface coating in Figure 2a was not consistent
throughout the entire fiber but after exposure to the
various chemical treatments the individual crystal
platelets became more visible, and the surface
coating was visually confirmed as removed.
2 m
2 m 3 m

FIGURE 2. SEM of PE fibers (a) as received, (b) solvent
washed and (c) acid treated.

XPS of PE fibers. FTIR showed no discernable
peaks associated with the expected oxidized
groups.
Instead the surface chemistry was
examined with XPS (Figure 3) to determine the
amount of oxygen and carbon on their surfaces.
XPS measurements were made with a spot size of
400 nm. The as received fibers contained oxygen
in addition to carbon due to the proprietary surface
coating. THF washing decreased the amount of
oxygen by removing the coating, followed by an
increase in oxygen with acid treatment due to the
oxidation of the PE fibers. In these studies, the
THF/piranha exhibited the largest increase in
oxygen content.
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with methanol increasing for both the glycidol and
urea. The dispersive surface energy for the polar
functionalized fibers decreased which was
expected. There was an increase in the dispersive
surface energy for the phenyl isocyanate fibers due
to the non polar phenyl ring replacing the oxidized
groups.
70
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FIGURE 3. XPS data for PE fibers

Inverse gas chromatography (iGC) [4] for PE
fibers. XPS data is limited to select 400 nm spot
sizes, so it does not necessarily provide a complete
picture of the modified fibers. In order to examine
the entire surface chemical properties, the iGC was
utilized to probe the PE fibers physicochemical
properties. The PE fibers are the stationary phase
in these experiments and a number of probe vapors
are used to examine the amount of interaction.
iGC analysis of the polymer fibers for the THF
washed and acid treated are shown in Figure 4.
The as received fibers have a lower than expected
dispersive (non-polar) surface energy due to the
proprietary surface coating when compared with
PE powder. The acid treatments THF/chromic acid
and THF/piranha resulted in increased dispersive
surface energy due to removal of residual surface
coating. The increased specific surface energy
could be from oxidation of the surface which was
confirmed by XPS. The THF/piranha fibers were
used in the subsequent polymer grafting reactions.
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FIGURE 5. iGC data for polymer functionalized PE fibers

CONCLUSIONS
Several surface chemistry treatments of PE fibers
were performed to examine the potential for
improving fiber-fiber and fiber-matrix interactions.
The surface chemistry of PE fibers were
characterized using XPS and iGC and the results
show a polar or non-polar surface energy change
depending on whether a polar or non-polar surface
treatment was used.
The results for both
techniques make chemical sense with the various
chemical treatments utilized.
FUTURE WORK
The full characterization of the PE fiber surface
chemistry (polymer grafted) needs to be explored
further. In addition, mechanical testing is in
progress with single and bundle fiber testing to
determine enhancement or degradation in fiber
strength with the surface modifications.
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FIGURE 4. iGC data for solvent and acid treated PE fibers

iGC for polymer coated PE fibers. XPS for PE
fibers oxidized/glycidol exhibited an increase in
the oxygen content of ~5 atomic % over the acid
treated fibers. FTIR also confirmed this result.
iGC results (Figure 5) showed a similar trend with
the interaction of the polar functionalized fibers
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INTRODUCTION
We start to develop fibers that exhibit ratedependent viscoelastic properties owing to the
presence of a fluid core with distinctive rheological
characteristics. The fluid shall be confined inside a
suitably structured fiber core that induces fluid
flow upon fiber bending.
Instead of using hard shell components to dissipate
the energy of the impact, state-of-the-art-concepts
of impact protective garments rely on flexible
materials including the following approaches: a)
Multi-layer systems based on woven aramid fabrics
impregnated with a shear-thickening fluid (STF)
[1-3]. The STF (silica particles/polyethylene
glycol) fully wets the fabric penetrating between
the filaments within the yarns [1, 2, 4]. b) Threedimensional spacer textiles impregnated with a
dilating silicone composition [5-7]. c) A resiliently
compressible composite comprising a foamed
elastomeric synthetic polymer matrix, a polymerbased dilating and a fluid, the latter two being
distributed through the matrix [8].
In approaches b) and c), developed and marketed
by Dow Corning [9] and d3o [10], respectively, a
putty-like dilating silicone material is applied. EP
1644445 [11] describes a bi-component fiber with
a polymer-based dilating material in the core.
Reports on the use of spinodal decomposition [12]
in polymer processing or fiber melt spinning are
not found in the literature, but some patents exist.
The use of Saffman-Taylor instabilities as an
alternative for the generation of fingering
structures with a certain fractal dimension is well
known for the Hele-Shaw geometry between two
flat plates [13]. This type of instability occurs when
a fluid of low viscosity is injected into a fluid of
higher viscosity. It also occurs in cylindrical
geometries, where it is far less known and studied
[14].
Reversible shear thickening is generally observed
in the high shear region of concentrated colloidal
dispersions of non-aggregating solid particles in
classic solvents [15, 16], such as particles

suspended in glycol or water [17]. Above 300 °C,
ionic liquid based nanoparticle dispersions are an
alternative [18, 19] due to their low vapor pressure;
high thermal stability and ability to stabilize
particles [20, 21].
APPROACH
The challenges of this project involve the
intentional use of non-equilibrium multicomponent polymer melt flow behavior to generate
the desired fiber core geometry - filled with a fluid
of desired rheological properties. The point is that
both, the polymer phase behavior, as well as the
high-temperature fluid rheology will also
decisively affect the melt spinning process used to
produce the fibers. Mechanical bending shall then
induce complex fluid flows inside the core of the
finished fiber - resulting in a rate-adaptive
mechanical damping effect.
A successful rheological core fiber must exhibit
significant coupling between fiber bending and
core fluid flow. Such a fiber does not exist yet and
we need to address two fundamental aspects here,
namely a) generation of suitable polymer-fluid core
geometries using non-equilibrium physical effects
during melt-spinning and b) experimentally
establish the correlation between the fiber
mechanical response and the internal fluid
rheology via fiber analytics.
Our pilot melt spinning plant enables the prototype
production of mono-, bi- and tri-component fibers
with various cross-sections and material
combinations with a throughput of up to 5 kg/h.
Mono- and multifilaments with a fineness in the
range of 0.15 - 20 tex (mg/m) per filament can be
produced. The plant is, on one hand, a very flexible
setup with features corresponding to an industrial
plant; on the other hand it requires only a small
throughput starting at 100 g/h, enabling us to work
with very precious materials.
Molten polymers can be merged just before a
spinneret capillary, so that the filament consists of
joined components. The viscosity of a polymerfluid mixture that we want to use as the fiber core

will in some cases be too low for a conventional
screw extruder. Thus a customized piston extruder
has been developed to cope with the expected
range of processing viscosities. Furthermore,
unconventional spinnerets have to be designed that
enable partial mixing/demixing of polymer-fluid to
be injected into the fiber core at different locations
in the spinneret.
DISCUSSION
We need to define the experimental window(s),
given by the overlap between the diversity of
morphologies that can be obtained via meltspinning, and, the morphologies required for
efficient fluid coupling. For illustration, Figure 1
shows a model of two possible cross sections of a
rheological core fiber. The fluid flow induced by
fiber bending or squeezing is sketched by red
arrows. It illustrates how fluid flow from local
reservoirs across constrictions will an important
role.

well as for the thermo- or rate-adaptive damping in
fiber-reinforced high-performance composites.
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When a fluid of low viscosity is injected via
pressure gradient into a fluid of higher viscosity,
one can observe a fingering fluid morphology. This
phenomenon is called the Saffman-Taylor
instability [22]. It is widely studied for the socalled Hele-Shaw type geometry of two transparent
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Saffman-Taylor instability also occurs in
cylindrical geometries, which resemble the fiber
core in our project.
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OBJECTIVE
The aims of this investigation are to compare the
vertical velocity of the whole breast (VVWB) in a
no-bra condition and seven sports-bra conditions,
and to analyze the factors controlling vertical
breast velocity for improving sports bra design.

position i performing some activity with some

INTRODUCTION
Increased breast comfort was attributed to reduced
vertical breast velocity during activities [1].
However, previous studies mainly focused on
assessing the displacement of breast [2-9]. The
vertical velocity of the center of breast [1, 2] the
whole breast (VVWB) was unknown.

w it 
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wearing condition ( d t )
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APPROACH
Four healthy female subjects with breast sizes 34B
to 36C were invited to join the study. The subjects
performed walking and running activity on a
treadmill at 3 km/h and 7 km/h respectively, and
then performed stepping up and down on a 24 cm
high platform under different conditions- wearing
no bra and wearing seven different styles of sports
bras (SB1 to SB7). Six marker positions (M1 to
M6) were selected to present the whole breast
movement. Four spherical retro-reflective markers
with 9.5mm diameter were attached to the skin on
four reference positions (C7, IJ, PX and T8) for
representing the thorax. Four redundant positions
(BR, BL, BI and BO) were used to define the
Breast Coordinate System (BCS) [10].
Three-dimensional trajectories of all markers were
obtained with a 6 camera Vicon system (Vicon
612, Oxford Metrics, Oxford, UK) with a sampling
frequency of 60 Hz in Global Coordinate System
(GCS).
The data were transformed from GCS to BCS. The
VVWBs were evaluated when subjects performed
three activities.
The VVWB is described by the deviation of the
whole breast. The calculation process is as follows:
(1) Calculating the mean of the velocity of the

i 1

* v t is the index to evaluate the VVWB.
RESULTS AND DISCUSSION
Figure 1 shows that the average VVWB was the
largest during running and was the smallest during
walking. The VVWBs were smaller under sports
bras than braless condition in the three activities.
This finding reveals the sports bras can control
breast movements during activities, which is
consistent with the results of previous studies [6, 8,
9].
SB1 and SB2 are single layer encapsulation bras.
However, SB2 has less elastic cup material and
higher neckline. These features made the VVWB
of SB2 smaller during all the three activities with
better control of breast movement. SB3, SB4 and
SB5 have double-layered cups and racer back. SB3
and SB5 are compression bras, while SB4 is an
encapsulation bra with inner cup pads. Only SB5
has slings inside the cups. The VVWB of SB3 was
the largest, followed by SB4 and then SB5 during
walking and stepping but during running the
VVWB of SB5 is larger than SB4 instead. This
may be due to the sling and the cup pads.
However, in this study, it cannot be drawn that
which type of sport bra (encapsulation bra and

compression bra) is more effective to control breast
movement.

[2] Gehlsen G, Albohm M, “Evaluation of sports
bras”, The Physician and Sportsmedicine, Vol.8,
No.10, 1980, pp.88-97.
[3] Lorentzen D, Lawson L, “Selected sports bras:
a biomechanical analysis of breast motion while
jogging”, The Physician and Sportsmedicine,
Vol.15, No.5, 1987, pp.128-139.
[4] Eden KB et al., “Three dimensional kinematic
evaluation of sport bra design”, Medicine and
Science in Sports and Exercise, Vol.24, Suppl,
1992, p.187.
[5] Mason BR, Page KA, Fallon K, “An analysis of
movement and discomfort of the female breast
during exercise and the effects of breast support in
three cases”, Journal of Science and Medicine in
Sport, Vol.2, No.2, 1999, pp.134-144.

FIGURE 1 The VVWB for subjects performing three activities
under eight wearing conditions

SB6 and SB7 are encapsulation bras with moulded
cups, slings, and underwires. The shoulder strap of
the SB6 is wider, so its VVWB was smaller during
the three activities.
CONCLUSIONS
In conclusion, wearing sports bras can control
breast movements during activities. To reduce the
VVWBs, the bra should have less elastic cup,
higher neckline, wider shoulder strap, inner cup
sling and pads.
FUTURE WORK
To ensure that sports bra can effectively control
breast movement during activities, it is needed to
further investigate how the mechanical properties
of the breast, the materials of sports bra, and the
style of the sports bras affect the breast movement
during different activities.
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Wetting behavior of solid materials has recently
gained a great deal of interest from both academia
and industry since the applications of such
materials are far reaching and include high
performance technical textiles including protective
gear. As a surface with a water contact angle
exceeding 150° is called a superhydrophobic
surface, we define a surface having an oil contact
angle over 150° as a superoleophobic surface.
Since the wettability of a solid surface is
determined by two parameters, the chemical
composition and the morphology of a rough
surface, the combination of these two factors has
been used for the development of a
superhydrophobic and superoleophobic surface.
The apparent contact angles of dodecane droplets
deposited on a 50:50 nylon:cotton blended woven
fabric (NyCo) are measured, and the characteristics
required for a superoleophobic surface are
described.
In
order
to
make
NyCo
superoleophobic, NyCo multifilament twill woven
fabric is treated with fluorosilane which has a very
low surface tension and provides more roughness
to the fabric by generating protuberances in the
form of fluorosilane condensates on the fiber
surfaces (Figure 1).

predicted the apparent contact angles on a
fluorosilane-grafted NyCo multifilament twill
woven fabric. Using chemical and mechanical
modifications of NyCo, a surface having dodecane
contact angles of greater than 150° and water
contact angles of greater than 165° has been
prepared (Figure 2). Good agreement between the
predicted values and the observed contact angles
was
obtained.
A
superhydrophobic
and
superoleophobic surface has been created by
designing a metastable Cassie–Baxter rough
surface.

FIGURE 2. A dodecane droplet on a rough surface
of fluorosilane-treated NyCo.
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FIGURE 1. SEM micrograph of fluorosilanetreated NyCo.
From the Young contact angles of water and
dodecane on a fluorosilane-grafted nylon film, we
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ABSTRACT:

2. APPROACH

The objective of this paper was to investigate the

Isotactic Polypropylene (MFR = 45 g/10 min)

dyeing properties of superfine down powder and

was obtained from Panjin Co. Ltd., China. Down

iPP/dyed superfine down powder composite fibers.

fiber of duck was purchased from Maolong-wuzhong

Superfine down powder showed a decrease in K/S

Down Co. Ltd., Shaoxing, China. Acid red dye-138

value as compared with down fiber. With the increase

was

in dyed superfine down powder content, the K/S

Guangzhou, China. Na2SO4 and CH2COOH were

value of iPP composite fiber increased, especially

supplied from Kedi Co. Ltd., Tianjin, China.

obtained from

Haisheng

dye Co. Ltd.,

when the amount of dyed superfine down powder
was over 8%. In addition, iPP composite fibers were

The dyeing of superfine down powder follows a

incompleted when the amount of dyed superfine

traditional exhaust dyeing procedure. The dyeing

down powder was over 10%.

solution contained 3 % (o.w.f.) acid dye and 10 %
(o.w.f.) Na2SO3 with a liquid ratio of 1:50 (M:L).

1. INTRODUCTION

The PH value of dyeing solution was adjusted to 5.8

PP has wide range of applications, such as

by acetic acid. Superfine down powder were put into

packaging, pipes, textiles and films, however only

acid dyeing solution at 28 °C. The temperature of

the isotactic PP (iPP) is normally used to fabricate

solution was heated up to 90 °C and then kept 1 h for

textile fibers. [1] The iPP fiber is undyeable because

adequately absorbing dye. Finally, dyed superfine

of insufficient chemical affinity between iPP fiber

down powder was washed to remove absorptive dye.

and dyes and high degree of crystallinity of iPP. [2]
So far the vast majority of iPP fiber is colored with

Preparation of iPP/dyed superfine down powder

pigments. [3-4] Dyeable iPP fibers are commercially

composite fibers was accomplished by using

available, but can not meet the requirement of

spinning machine (Dynisco, Polymer Test, USA) at

apparel application. A large amount of down fiber

190 ºC. The amount of dyed superfine down powder

was sent to landfills after usage. In fact, this is a huge

was 0%, 1%, 3%, 5%, 8%, 10%, repectively.

waste of time and energy sources, and pollutes the
The K/S of samples were measured using a

environment greatly. In this paper, down fiber was
grounded into superfine down powder, and could be

computer

color

matching

system

(Uv-visible

also dyed by acid dye just as down fiber. So, it was

spectrophotometer) with illuminant D65 and 10°

expected that iPP/dyed superfine down powder

standard observer condition. Relation color strengths

composite fibers could have the same dyeing

are

properties of wool, silk or down feather. The purpose

Kubelka-Munk as follow:

of this paper was to determine whether the dyeing
properties could be improved through preparing

calculated

based

on

the

equation

K / S  1  R 2 / 2 R

of

(1)

iPP/dyed superfine down powder composite fibers,

Where K refers to the coefficient of absorption, S is

and to compare the dyeing properties of down fiber

relation to the coefficient of scattering, and R

and superfine down powder.

responds to the reflectance of the dyed samples.
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The optical photographs of iPP/dyed superfine

Composite iPP fiber (1%)
Composite iPP fiber (3%)
Composite iPP fiber (5%)
Composite iPP fiber (8%)
Composite iPP fiber (10%)
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down powder composite fibers were measured by a

5

K/S

digital camera (SAMSUNG, L730).
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3. RESULTS AND DISCUSSION

1

K/S values of down fiber and superfine down
powder were shown in Figure 1. With the increase in
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red dye concentration, the K/S values of down fiber
and

superfine

down

powder

increased.

The

interesting thing is that superfine down powder

FIGURE 2. K/S value of iPP/dyed superfine down powder
composite fibers with different superfine down powder content.

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
FIGURE 3. Optical photographs of iPP/dyed superfine down
9

Down fiber dyed
in dye concentration of 3%
Down fiber dyed
in dye concentration of 10%
Superfine down powder dyed
in dye concentration of 3%
Superfine down powder dyed
in dye concentration of 10%
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4. CONCLUSIONS
The results of this paper confirmed that the

3
2

addition of dyed superfine down powder into iPP

1

fiber could improve the dyeing properties of iPP

0
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powder composite fibers with different powder content.
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composite fibers largely. This meant that superfine
down powder could act as a carrier, which can

FIGURE 1. Comparison of K/S value of down fiber and superfine

introduce acid dye into iPP fiber. It was worth noting

down powder at 90 ºC.

that K/S value was increased largely when the

The K/S values of iPP/dyed superfine down

amount of dyed superfine down powder was over 8%.

powder composite fibers with different filler content

In addition, superfine down powder showed a

were shown in Figure 2, and the optical photographs

decrease in K/S value compared with down fiber.

of all samples were shown in Figure 3. It could seen
clearly that the addition of dyed superfine down

REFERENCES

powder into iPP fiber could improved the dyeing

[1] S. M. Burkinshaw, P. E. Froehling, M. Mignanelli, The effect

properties of iPP composite fibers largely. With the

of hyperbranched polymers on the dyeing of polypropylene fibres,

increase in dyed superfine down powder content, the

Dyes Pigments, 53, 33, 2002, 229-235.

K/S value of composite iPP fibers increased. It was

[2] A. Seves, T. De Marco, A. Siciliano, Blending Polypropylene

worth noting that K/S value was increased largely

with Hydrogenated Oligocyclopentadiene: A New Method for the

when the amount of dyed superfine down powder

Production of Dyeable Fibers, Dyes Pigments, 28, 4, 1995, 19-29.

was over 8%.

[3] Ahmed M. Polypropylene fibres-science and technology.
Amsterdam: Elsevier, 1982.
[4] J. Shore In: Nunn DM, editor. The dyeing of syntheticpolymer
and acetate fibres. Bradford: Dyers Co. Pub. Trust, 1979.

Shaped fibers as a gateway into micro and nano worlds
Alex Lobovsky, PE
Advanced Fiber Engineering, LLC
8 Floral Ct
Westfield, NJ 07090
Phone: 1-908-420-0092
E-mail: alobovsky@afiber.com

Polymeric fibers have been made in
various cross-sections in order to
enhance their properties and
performance. The desired properties may
range from stiffness, luster, and dirt
hiding capabilities in the case of carpets
and textiles, to attraction and retention of
dust in filtering applications, to increase
in surface area and permeability for
hollow fiber membranes.

In addition a number of various product
prototypes were fabricated with the spun
shaped fibers that verified fiber shape
efficacies and improved product
performance.

Modern spinneret capillary
manufacturing technology such as EDM
(Electrical Discharge Machining) allows
quick and inexpensive fabrication of
elaborate capillaries shapes, thus giving
us an ability to test hundreds capillary
designs.

Lately new discoveries made in the field
of nano-technology and bio-scaffolding
pose a new challenge of handling and
orienting substances on the scale of 10-6
to 10-9 m.
The shaped fibers with their nano and
micro sized geometric features and
variety of materials present a flexible
and inexpensive solution.

As a result testing of over 400 capillary
designs and studying polymer flow
effects in capillaries we have developed
technology to produce practically any
fiber shape.

Combining fiber shape technology with
multi-component fiber spinning offers
even greater opportunities for new
products with unique properties.

This presentation gives dozens of
examples of fiber shapes and discusses
their potential applications.
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INTRODUCTION
Thanks to the recent progress in preparation of
fibers and nanofibers with different properties, idea
of smart textiles attracts much attention. Sensors
responsive to various conditions can be
incorporated into house-hold items such as Tshirts, napkins, panty liners, etc. The fiber-based
colorimetric biosensor for detection of sialidase in
small droplets of vaginal fluid has been discussed
recently [1]. In many situations, when the probe
and sensor is hidden in internal part of the material
and the change of its color is impossible to detect,
it is attractive to have another mechanism of liquid
detection. In this paper, we analyze the mechanism
of stress transfer through fibrous material by
absorbed droplets. For sensoric applications, the
fundamental understanding of this mechanism is
crucial. Most works on wicking in porous media
[2-4] are devoted to fully saturated media.
Relevant studies describe adsorption-induced
deformations in aerogels [5], experiments on
forced injection of liquids in deformable porous
materials [6], and deformations in hair threads and
stacks of thin membranes caused by capillary
action [7-9]. To the best of our knowledge, the
stress analysis in fibrous materials during wicking
has never been discussed in the literature. In this
paper, we analyze the wicking experiments to
reveal the fingerprints of the stress transfer through
the fiber network.
APPROACH
Before proceeding to the analysis of the stress
distribution in fibrous materials, we consider a
model example of a capillary. We assume that the
capillary is fixed horizontally with a constant force.
When a drop of the wetting liquid is brought in
contact with the capillary, the liquid spontaneously
invades the bore attempting to wet its internal
surface. If the capillary is sufficiently long, the
absorption process is not very fast and one can
safely assume that the meniscus takes on its
equilibrium semispherical shape dictated by the
Laplace law of capillarity. The pressure under
meniscus Pl is below the atmospheric pressure Pa,
and the pressure difference is the Laplacian
capillary pressure, Pc at x=L(t) (Figure 1). The
application of the Hagen-Poiseuille’s law to the

flow in a capillary implies that the pressure
distribution is linear. When the pressure at the
liquid source x=0 is equal to the atmospheric
pressure Pa, the pressure distribution along the
capillary reads Eq.1:
Pl=(-Pc-Pa)x/L(t)+Pa

(1)

On the other hand, the net tension σ acting on the
tube cross section may be presented as a sum of
two components (Figure 1). The first is the stress
produced in the capillary walls, T, and the second
is the pressure which compresses the liquid, P
(Eq.2):
σ=T-P

(2)
Pa

x

liquid

air

P

x

Pa

0

Pa-Pc
T

L(t)
r

P

Q
h
FIGURE 1. Schematic of stress distribution in a capillary.

As soon as the pressure in the liquid is not a
constant along the capillary, the tension on its walls
changes accordingly. The tension on capillary
walls is lower on the propagating front. The liquid
invasion in capillary leads to the relaxation of the
part of tension initially imposed to fix the sample.
This capillary model can be generalized on the case
textile yarns. The yarn can be modeled as a system
of interfiber channels contributing to the liquid
absorption. The introduction of the yarn porosity ε
and careful consideration of the free-body diagram
for the horizontally placed sample leads to the
conclusions similar to those obtained above for the
single capillary.
The tension on the fibers
decreases at the front (Figure 2).
Using similar analysis, we found the stress
distribution for upward wicking: it appears that the

σ

fibers may undergo a transition from compression
to tension.

H,m

drop

front
yarn

T

unsaturated
-

T

Δ
Δ=εPc/(1-ε)

x=l

TT
saturated

L(t)

x=0

FIGURE 2. PVDF/PEO yarn absorbing the ethylene glycol
drop. The tension on fibers is very similar to that predicted for
capillaries. The tension on the saturated and unsaturated parts of
the yarn are T+ and T-- respectively. Δ is the pressure drop on
the wetting front.

The tension on fibers is easily detectable in freely
suspended yarns or fabrics. Due to the effect of
gravity one can achieve visible deformations of the
sample profile and connect it with the flow caused
by the capillary action. In experiments, a sample of
a fiber-based material (yarn or film) hangs freely
under its own weight between two posts. One end
of the specimen is immersed into a vessel with a
wetting liquid. When the sample is highly-porous,
the liquid invades the pores sufficiently fast, thanks
to the wetting forces. When the liquid propagates
through the sample, the flow induces visible
deformations: one can see the sag movement
(Figure3).
Mirror

computer

Vessel

Light
source

x,m

+

Camera

FIGURE 3. Experimental setup for visualization of sample
deformations and front movements. The camera is set to detect
the sample profile and the position of the front from the mirror
reflection.

The shape of the sample is dictated by the force
balance between gravitational force and the total
tension on the fibers comprising the sample. Figure
4 shows the comparison of the observed profile and
the results of the model prediction (red-blue) for
the freely suspended paper towel: the liquid moves
from right to left.

FIGURE 4. The observed profile of the semisaturated freelysuspended sample. The curve followed from theoretical
predictions over-imposed on the observed profile. Saturated part
is shown in red, unsaturated in blue.

CONCLUSIONS
We proposed an analysis of the stress distribution
in fibrous materials during wicking. The developed
theory and reported experiments suggest that the
absorption-induced deformations in fibrous
materials are unique and can be used for
identification of the absorption “fingerprints” in
sensoric applications to detect minute amount of
absorbable liquids.
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INTRODUCTION
Textile industry makes an effort to produce textiles
by less pollution and less water processes. Laser
technology is one of the methods that reduce
pollution of the environment by omission of
chemicals and water. The possible areas of
application in the textile industry are measurement
and testing methods, photochemical processes,
material processing and discoloration of denim [1, 2].
The textiles which investigated in this research were
wool, polyester and nylon fabrics.
Chlorination process of wool is one of the used
methods for surface modification of wool which is
the most effective method of wool finishing for
improving felting effects. The process is carried by a
solution of hypochlorite so as to produce superficial
attack on the fibers; thereby rendering inoperative the
fiber scales, which are essential for felting. The
chlorination method can release active chlorine into
the atmosphere and produces toxic wastewater [3].
Laser irradiation on polymer surface is used to
generate a modified surface morphology. The smooth
surface of polymers is modified by this technique to a
regular, roll-like structure that can cause adhesion of
particles and coating, wetting properties and optical
appearance [4].
In this research, the interaction of laser beam with
wool, polyester and nylon fabrics were investigated.
Wool fabric was exposed to Co2 laser irradiation
under different conditions of power. Nylon and
polyester fabrics were exposed to Excimer laser
instrument at different pulses. Shrinkage of laser
treated wool, chlorinated and un-treated wool fabric
was investigated. Wettability of samples was
assessed. Surface morphology of laser treated fabrics
was assessed by scanning electron microscopy
(SEM).
.
EXPERIMENTAL
Materials:
Plain weave wool and polyester fabric, knitted nylon
66 fabrics, Detergent “Laventin LNB” and “Kieralon
Jet B” were produced by BASF. Sodium
hypochlorite, sodium hydroxide, sodium sulfite,

acetic acid and formic acid were reagent grade
chemicals supplied by Merck (Germany).
Methods:
Plain weave wool fabric was washed in the present
of detergent Laventin LNB, pH=8-9 for 10 minutes in
temperature of 40 °C and then dried. The fabrics
were treated by laser radiation at four levels of
power. The distance between samples and irradiation
source was 50 cm and the size of fabric treated was
set at 30×30 cm2. Chlorination of untreated wool
fabric was performed with sodium hypochlorite
(chlorine active) 2%, formic acid (pH = 4), for 30
minutes at the temperature of 35°C.
Laser irradiation on polyester and nylon fabric was
performed using Excimer laser. The laser was
operated with KrF gas and wavelength of 193 nm and
the repetition rate of 1 Hz. The laser energy was 40
mJ/cm3 and fabrics were placed in the distance of 2
meters from the instrument. The fabrics were treated
at different pulses of laser irradiation. Alkaline
etching of polyester was performed by 3g/l sodium
hydroxide at temperature of 65°C for 30 minutes,
following with the acidification.
After laser irradiation on wool surface, the shrinkage
of treated, untreated and chlorinated samples were
measured by IWS TM-31 standard test. All the
samples were cut into rectangular patterns
approximately 30× 30 cm2 and were made mark in
the dimensions size of 25 ×25 cm2 and at a distance
of 25 mm from the edge. Felting shrinkage of
samples was determined using agitation (standard 5A
program) in rotary drum washing machine (Wascator
FOM71 MP). The load was made up to a total of 1 kg
with makeweights. The non-ionic detergent used 0.3
g/l and washing carried out at temperature of 40° C.
Wettability of untreated and treated samples was
assessed by standard test method. The morphology of
wool, polyester and nylon fabrics was determined by
observation of the samples on a scanning electron
microscope (SEM) (PHILIPS XL30) with an
acceleration voltage of 20 kV.
RESULTS AND DISCUSSION
Table 1 shows the percent area shrinkage of
untreated, chlorinated and laser treated wool fabrics.

Without any treatment wool fabric has 7.62% area
shrinkage and The SEM micrographs of untreated
wool fabric (Figure 1a) shows the scales of wool
fiber. The area shrinkage of chlorinated wool fabric
reduced to 1.36%. Laser treatment at low power (2.1
mJ/cm2) reduced area shrinkage to 3.91%. Higher
energy applied to the fabric causes lower felting
shrinkage. SEM micrographs of wool fabric at
different powers show in Figure 1b, 1c. It can be seen
that the scales of wool fiber was etched and higher
energy causes damages of wool scales.

1c
FIGURE 1 SEM micrographs of untreated wool (a) laser treated at
low power (b) high power(c)

TABLE 1 Percent area shrinkage and wetting time of wool fabrics

Untreated
Chlorinated
2.1 mJ/cm2
4.2 mJ/cm2
8.3 mJ/cm2
16.7 mJ/cm2

% area shrinkage
7.62
1.36
3.91
1.27
1.32
0.41

Wetting time
83.8
16.3
20.8
66.3
43.6
91.3

2a
2b
FIGURE 2 SEM micrographs of untreated polyester (a) and laser
treated (b)

CONCLUSIONS
TABLE 2
and nylon

Wetting time of laser treated and un-treated polyester

Untreated
alkaline
Laser – 2 pulses
Laser- 5 pulses
Laser- 20 pulses

Polyester
5.9 s
0.87
3.30
2.21
-

Nylon
3.52 s
0.23
2
0.52

Table 2 shows the wetting time of untreated, alkaline
and laser treated polyester and nylon 66 fabric. Laser
treatment of polyester and nylon 66 fabrics reduces
wetting time of the fabric, and higher pulses causes
lower wetting time. Lower wetting time of treated
fabrics, shows higher wettability of fiber which
obtain by etching effect on fibers. Figure 2
demonstrates this etching effect. An un-treated
polyester fiber has a smooth surface. After the
treatments, surface of fiber is different. Laser treated
samples have a ripple like structure. Laser treatment
makes a uniform roughness on the surface; the
grooves on the ripple like structure depend on the
number of pulses.

1a

1b

Laser treatment can decrease wetting time of a water
drop on the fabrics surface. Surface of the wool
fabric changes after the treatment, the scales of the
wool fibers removes from the surface.
Un-treated polyester and nylon fibers have a smooth
surface. After the treatments, surface of fiber is
different. Laser treated samples have a ripple like
structure. Laser treatment makes a uniform roughness
on the surface; the grooves on the ripple like structure
depend on the number of pulses so that low pulses of
laser treatment causes low effect of treatment
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STATEMENT OF PURPOSE
The purpose of this study was to validate a new
wicking technique by conducting the test on three
different liquids: dodecane, tetradecane, and
hexadecane. Then the results of these tests were
studied to define the effect that changes in fluid
characteristics has on wicking.
INTRODUCTION
Liquid transport in textiles is relevant for a number
of applications, including paper products,
performance fabrics, fabric dyeing and finishing,
and filtration. A wicking experiment is the
universal experimental technique used to quantify a
fabric’s ability to transport fluid.

with different physical properties. The data should
follow acceptable trends, and the permeability and
capillary pressure curves of all of these liquids
should collapse onto each other within
experimental error.
APPROACH
The experiment set up for upward, horizontal, and
downward wicking is shown in Figure 1. M(t)res
data is obtained using an analytical balance. Next,
this raw data is normalized with length of fabric
wicked to get L(t), and then broken up into two

Lh

Using various wicking techniques several attempts
have been made by researchers to predict and
quantify the behavior of liquids in fibrous
assemblies[Ghali et. al],[Hong et. al.],[Lee et. al.].
However, due to the limitations of each technique,
including, difficulty in accounting for gravity
effects, and in accounting for differences in
wicking properties as a function of the saturation
level of the fabric, no universal wicking technique
has been accepted.
In this study we have developed and validated a
wicking method that is free from the limitations of
previous
methods.
An
Upward(vertical)Horizontal-Downward wicking technique (UHD
technique) was used in this research. In this test the
forces involved in the movement of the liquid
(gravity, frictional drag, and capillarity), act
differently in such a way that from each section of
the test the important properties of wicking:
saturation, effective capillary radius, capillary
pressure, and permeability, can be determined. The
UHD method was adopted from a Master’s thesis
testing it using water only[Simile et. al]. If the
UHD technique is valid and provides the intensive
properties of permeability and capillary pressure
for a given porous medium, then these values
should remain unchanged when conducting the
same test using liquids with similar chemistry, but

h

Ld
Balance
Balance

FIGURE 1. UHD set up

parts, that for horizontal and that for downward
wicking. The horizontal data is analyzed first to get
the slope of the trend of the horizontal wicking
length versus the square root of time. This rate is
plugged into the Lucas-Washburn Equation to
obtain a value for effective capillary radius, Rc.
Once Rc is determined, it can then be plugged into
the Laplace Equation to get capillary pressure, Pc.
From here the downward section of the test is
analyzed to obtain the slope of downward wicking
length versus time. Then, plugging this rate into a
form of the Darcy Equation, along with Pc, allows
permeability, k, to be calculated. This experiment
is then repeated again at different upward wicking
heights to determine the change in permeability
and capillary pressure with the saturation of the
fabric, S.

RESULTS AND DISCUSSION
The rate of downward wicking for all of the
experiments is shown in Figure 2 as a function of
the vertical height for each liquid. The data shows
wicking rate decreases as vertical height increases.
At larger vertical heights the force of the
hydrostatic pressure acting downward on the fluid
in the upward section of wicking is larger causing
the rate of wicking to slow. The liquid least
effected by this pull is the liquid with the smallest
density and viscosity; dodecane.

FIGURE 2. Raw data for all fluids using h between 1.5cm 7cm.

Figure 3 shows permeability as a function of the
saturation of the fabric for all fluids. In the figure it
shows that as the vertical height increases,
saturation and the permeability of the fabric
decreases. This is expected, as fluid penetrates a
fabric at higher vertical heights the voids in the
fabric with larger capillary radii are not completely
filling as easily as those with smaller capillary

radii, causing the saturation of the fabric to
decrease as wicking height increases. Wicking rate
is directly related to k and it decreases with an
increase in height, so wicking rate getting smaller
will cause k to get smaller as well. Figure 2 shows
that before analysis the fluid properties between the
liquids caused differences in their trends for
wicking rate. Wicking rate is an extensive property
and is dependent on fluid properties, so this was
expected. However, Figure 3 shows that for the
same data, once it was analyzed to calculate k vs. S,
the differences in trends between each fluid caused
by changes in their liquid properties dissipates.
This is what should happen because k is an intrinsic
property of the fabric and should not change with
liquid properties. Thus, we can conclude that using
the UHD method and the simple Lucas-Washburn,
Laplace and Darcy equations to define this system
works. Figure 3 also shows that predictions can be
made about the transport properties of other fluids
based on the analysis of wicking on one fluid
because a single trend line can accurately represent
the data for all three liquids.
CONCLUSIONS
The UHD method works and predictions about the
transport properties of the fabric in different fluids
can be made from experimentation on one liquid.
FUTURE WORK
More research still needs to be done between fluids
with more complex chemical differences. These
further investigations should also study how the
effect that liquid properties, in combination with
engineering the surface chemistry of the fabric
effect fluid flow in fabric.
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INTRODUCTION
Polymeric fibers enriched with single-walled
carbon nanotubes (SWCNTs) are known as
promising candidates for many applications in
textile composites. In these applications, the fiber
flexibility, toughness, as well as conductivity are
important parameters [1-3]. From engineering
standpoint, utilization of CNTs in fibers is the most
challenging and rewarding problem: as a 1D
structure, the fiber is considered as a building block
for many materials [4].

dependence of intertube and nanotube-polymer
interactions on nanotube concentration. When the

OBJECTIVE
In existing popular method of fiber spinning based
on injection of SWCNT dispersion into polymeric
coagulation bath, the concentration of SWCNTs in
the fibers is very difficult to control, and, typically,
the polymer/ SWCNTs composition is unknown
[2]. As an alternative to this approach, we propose
a new method based on conventional wet spinning
technique.

FIGURE 1. Dependence of tensile modulus on the loading of
SWCNTs

APPROACH
The idea is to exploit electrostatic assembling of
the Sodium Dodecyl Sulfate (SDS) coated
SWCNTs with polyelectrolytes. In this work we
have chosen sodium alginate which crosslink by
ionic crosslinkers. Hence, if one manages to
introduce SWCNTs-SDS into the network of these
polymers, the resulting material is expected to be
very strong and functional. Spinning solution is
prepared as mentioned in Ref [5]. Tensile test of
these fibers were conducted according to ASTM
3822.
RESULTS AND DISCUSSION
We report on successful spinning of alginate fibers
with carbon nanotube loading as high as 23 wt %.
As clearly seen from the Tensile modulus graph in
Figure 1, an increase of the SWCNT loading in the
fiber from 0.0 wt % to 23.1 wt % leads first to an
enhancement of the tensile modulus then to fiber
weakening. Then the fiber becomes stronger again
as the SWCNT concentration increases above ~ 3
wt%. We explain this non-monotonous behavior of
elastic modulus and fiber strength by unusual

Tensile modulus vs SWCNTs loading %
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SWCNT loading is very low (less than 1.2 wt %
SWCNT loading here) the nanotubes and small
SWCNT bundles in the matrix are expected to be
well dispersed, forming discrete systems of
reinforcing elements. Thus, the behavior of this
system is similar to the behavior of a fiberreinforced composite: the composite becomes
stronger with an increase of fiber concentration.
When we further increase the nanotube loading, the
nanotubes start to agglomerate during the fiber
spinning: they form larger bundles. We
hypothesize that the nanotubes form larger bundles.
Therefore, the filler concentration in the composite
is effectively decreased yet the effective diameter
of the reinforcing element is increased. The
behavior then repeats the behavior of the fiber
reinforced composites with larger fillers. Again,
according to the predictions of the theory of
composites, we have an increase of the tensile
modulus as the composite mechanics predicts [6].
After a certain concentration, the bundles of
nanotubes start to form its own network which
again makes the fiber stronger.
This hypothesis has been checked by applying the
Halpin –Tsai model [6]. According to Halpin-Tsai
model [7], when carbon nanotubes are
anisotropically oriented in a polymer matrix, the
composite modulus is given by
E||c
m
||

E
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E||f , E||m , and E||c .are the Young’s moduli of

SWCNTs,
matrix,
and
composite
fiber
respectively; V f is the volume fraction of
SWCNTs in the fiber; and l f and d f are the
length and diameter of the SWCNTs. The modulus
and density of the SWCNTs were taken as E||f =
320 GPa [8] and  f = 1.25 gm/cm3 [9].
Assuming the length/diameter ratios of CNTs is
500 as suggested by vendor (Nanoledge, France),
we plot the corresponding theoretical prediction in
Figure 1. As seen in Figure 1, the straight line very
well approximates the first part of the curve (at
concentrations smaller than 1.2 wt %) very well.
Since no adjustable parameters have been
introduced, this hypothesis seems to work for low
concentration of SWCNTs. Hence it is concluded
that the nanotubes/small bundles are distributed
randomly in polymeric matrix forming island-in-asea composite structure. SEM pictures of fractured
fibers support this hypothesis as well [5].
As the nanotube concentration increases, it is
assumed that the nanotubes and small bundles
assemble in large bundles. As mentioned above
SEM pictures of fractured fibers support this
hypothesis: CNT bundles are observed when the
SWCNT concentration is greater than 12 wt % [5].
From these micrographs the CNT bundles diameter
were found ranging from 15 nm to as high as 140
nm. Considering the length of the CNTs ranging
from 500 nm - 1000 nm, the length/diameter ratios
of the CNTs were found in the range from 7 to 65.
Substituting these estimates to equations 1 & 2, the
elastic modulus of CNT bundles for 12 wt % CNTs
fibers is found to vary in the range 10 - 13 GPa.
Figure 1 shows this approximate straight line
overimposed on the experimental data. As follows
from our hypothesis and Halpin-Tsai model,
bundling of carbon nanotubes leads to formation of
a new hierarchy in the fiber structure. The
nanotube bundles have much smaller Young’s
modulus, 10-13 GPa, which is comparable with the
best textile fibers. Still the bundle structure
becomes interwoven into the polymer matrix,
making the whole SWCNT-alginate fiber
sufficiently strong.

CONCLUSIONS
As high as 23.1 wt % loading of SWCNTs in
alginate have been achieved. An analysis of
mechanical properties of these fibers shows well
distinguished anisotropy in their mechanical
properties. This suggests that the nanotubes and
bundles of nanotubes orient along the fiber axis.
FUTURE WORK
Further characterizations of the fibers have to be
carried out to explore its morphology and
properties.
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INTRODUCTION
The use of fabrics tactile characteristics for product
development, quality control and market research in
textile industry is widely increasing. These
characteristics can be evaluated using instrumental
measurements or sensory evaluation.
Several investigators have proposed statistical or
empirical methods for modeling the relationship
between instrumental measurements and sensory
properties [1]. Although classical computing
techniques are relatively efficient to interpret and
analyse sensory data, some limitation related to the
non-linear relations in sensory domain has been
reported [2]. Currently, new methods based on
intelligent techniques (fuzzy logic, neural
networks...) have shown many advantages in
characterizing some complex concepts related to
sensory evaluation such as comfort [3, 4]. Moreover,
these techniques are suitable for modeling complex
relations such as the relation between sensory data
and mechanical parameters [5], exhibiting
advantages in performance comparing to
conventional mathematical techniques.
The modeling of relation between production
parameters and tactile characteristics has been
limited to mechanical properties measured by
Kawabata Evaluation System. In this paper, neural
network and fuzzy logic based models were
developed for the first time to predict the sensory
attributes, evaluated by a trained panel, of knitted
fabrics from the structure and process parameters.
The studied parameters are material, count of yarns,
English gauge of knitting machine, bleaching or
dyeing, bio-polishing, softening, emerizing and
calendering.
RESULTS AND DISCUSSION
Data analysis
In this investigation, eight structure and process
parameters were taken as input data in the prediction
models. The seven sensory relevant attributes were
used as output data. However, in fuzzy or neural
modeling procedures, the number of these input
variables is still too large with respect to the learning
data (twenty three samples). Hence, the Principal
Component Analysis (PCA) was applied to reduce
the number of input variables. The PCA performs a
linear transformation of an input variable vector for

representing all original data in a lower-dimensional
space with minimal information lost. In our case, the
two first components (Table I), representing the
original variable vector in the direction of its two
first largest eigenvectors of the variable covariance
matrix, were taken as input data.
TABLE I. Reduced input data
1
2
3
4
5
6
7
8
9
10
11
12
N°
X1 -2.47 -2.66 -1.41 -0.76 -1.77 -1.51 4.64 4.40 3.75 3.03 -2.60 -0.55
X2 -1.38 -0.97 -1.46 -0.43 -1.59 -2.13 -1.67 -1.95 -1.83 -2.04 -1.62 -0.75
N°
X1
X2

13
14
15
16
17
18
19
20
21
-1.10 -0.96 -1.46 -0.42 1.54 -1.20 0.11 -0.43 1.03
-0.90 0.20 -1.19 1.24 2.68 2.43 2.10 0.34 3.73

22
0.23
2.78

Neural network modeling
Building an appropriate network structure and
optimizing the learning parameters largely influence
the prediction performance of neural model. Only
one hidden layer was used in this investigation, as it
is sufficient for any degree of accuracy. The optimal
hidden neurons number was optimised by trial and
error method. It was found sufficient to use 8
neurons in the hidden layer, since this neurons
number provided the best prediction performance in
terms of root mean square error RMSE:
RMSE 

1
N

N

e
1

2

Where N: data number, e: prediction
error e=Y-T, where T: the real attribute
score and Y: the estimated attribute score.

In general, it is known that when the network is too
much trained, the network memorizes the training
set and does not generalize well. The training holds
a key to an accurate solution, so the criterion to stop
training must be precisely described. The cross
validating stopping rule was used for ending training
in this research. When the error in the cross
validation increased, the training was stopped
because the point of best generalization was reached.
Thus, the data set was divided into training, cross
validation and test sets at random. From the twenty
three samples, we used 15 (65%) samples as training
set, 4 samples (17%) as cross validation set and 4
samples (17%) for testing the prediction
performance of model. The data were scaled to fall
between -1 and + 1. The log sigmoid and the linear
transfer functions were used as activation function
for the hidden neurons and the output neuron,
respectively.

23
0.57
4.41

FIGURE 1. Membership functions of input and output variables

The fuzzy rules were extracted from the fabric
samples of a learning base. The rules extraction was
adjusted for each attribute in order to take into
account different situations. The centroid method
was used for defuzzification. The fuzzy systems
evaluation was firstly generated relating to the
learning data. In this way, we can effectively resolve
the conflicts between different rules and then
decrease the information lost by selecting only the
most influential rules. Then, the all input/output data
was used for validating the effectiveness of the
model.
The prediction performance of neural and fuzzy
models
Figure 2 illustrates the main performances of
forecasting models according to the root mean
square error RMSE. It is noted that the neural and
fuzzy models exhibit a good performance in
predicting the sensory attributes of the knitted
fabrics from their process and structure parameters.
In fact, the obtained RMSE values are lower than the
mean variations of experimental values expressed by
standard deviation values.
In addition, the neural models are slightly more
powerful than the fuzzy models. The RMSE is lower
in neural models compared to those of fuzzy models
for all attributes excepting the elastic attribute case.
However, the fuzzy techniques have the following
advantages over the neural ones:
- The use of linguistic rules which can be
interpreted. Thus, it is possible to observe how
the system performs its computations.
- The ability to integrate wearers tactile sensation,
which is a subjective evaluation criterion
corresponding to a set of linguistic expressions.

Comparison of fuzzy and neural prediction performance

Standard deviation
RMSE_Fuzzy

1,6

RMSE_Neural

Standard deviation and RMSE

Fuzzy logic modeling
In this investigation, we constructed a fuzzy variable
for each sensory attribute. The input data of fuzzy
systems are two first PCA components (Table 1).
These values were converted to three fuzzy subsets:
small (S), medium (M) and big (B). The trapezoidal
membership functions were adapted (Figure 1).
In fuzzy inference, we used the Mamdani method [6]
for calculating the output inferred by a set of m
fuzzy rules. Mamdani fuzzy inference method is the
most commonly applied in fuzzy methodology.
Under the Mamdani method, there is a fuzzy set for
each output variable that needs defuzzification. Each
output variable was partitioned into five fuzzy
subsets: very small (VS), small (S), medium (M),
big (B) and very big (VB) (Figure 1).
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FIGURE 2. Comparison of fuzzy and neural prediction performance

CONCLUSION
In this study, fuzzy and neural models were
developed to predict tactile sensory attributes of
knitted fabrics from process and structure
parameters. The obtained results have revealed the
models ability for modelling the sensory attributes.
The comparison of the prediction performances
showed that the neural models are slightly more
powerful than the fuzzy models. However, the fuzzy
models permit the results interpretation and the
integration of linguistic descriptors.
Therefore, both techniques are promising tools for
engineering industrial products design in order to
satisfy the specific needs of consumers. In addition,
minimal number of experiments or learning data and
short cycles of product design and product
development are sufficient.
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INTRODUCTION
Preparation of polymer/silica nanofibers proved to
be a simple and universal method to improve the
toughness, durability, and permeability of polymer
nanofibers [1, 2]. Recently, the authors prepared
PAN/silica composite nanofibers by electrospinning PAN solutions containing different
contents of silica nanoparticles without adding the
sol-gel synthesis step, which presents a new and
simple approach to prepare polymer/inorganic
composite nanofibers [3].
Another advantage of polymer/silica nanocomposites is that they can be used as precursors to
fabricate nanoporous nanofibers, which have extra
high specific surface area and porosity, simply by
removing silica nanoparticles. These nanoporous
nanofibers are expanding the application scope of
nanofibers in membranes, filters, sensors, and
coatings. Compared with other methods for
preparation of porous structures in nanofibers,
removing silica nanoparticles from composite
nanofibers is a relatively straightforward process.
In addition, the porosity and pore size of the
resultant porous nanofibers can be easily controlled
by adjusting the content and size of silica
nanoparticles.
APPROACH
Nylon 6/silica electrospun nanofibers were
prepared by electrospinning nylon 6 solutions in
2,2,2-tri-fluoroethanol
(TFE)
with
silica
nanoparticles dispersed. Porous nylon 6 nanofibers
were prepared by treating nylon6/silica electrospun
nanofibers with 10 wt% hydrofluoric acid (HF)
solution in water under room temperature for 24h.
SEM and TEM were used to study the surface
morphology
of
nanofibers
and
silica

nanoparticle/pore distribution inside the fibers.
Information about the surface composition of the
nanofibers was obtained by Attenuated Total
Reflection Fourier Transform Infrared (ATRFTIR) spectroscopy. Thermal properties of
electrospun fibers were measured on a PerkinElmer Diamond differential scanning calorimeter
(DSC). Crystal structure was analyzed by wideangle X-ray diffraction (WAXD). Surface specific
areas of the composite and porous nanofibers were
determined by Brunauer–Emmett–Teller (BET)
nitrogen adsorption method.
RESULTS AND DISCUSSION
Figure 1 shows SEM image of the surface
morphology of pure Nylon 6 and Nylon 6/silica
composite nanofibers. In Nylon 6/silica composite
nanofibers, many silica nanoparticles appear on the
fiber surface, making the surface much rougher
than the smooth pure Nylon 6 nanofibers.

(a)
(b)
Figure 1. SEM images of Nylon 6 and Nylon
6/silica composite nanofibers. Silica content: (a) 0
and (b) 30 wt%.
The TEM results shown in Figure 2 agree with
SEM images. Pure Nylon 6 fibers (Figure 2a) were
uniformly composed from the center to the surface.
In Nylon 6/silica composite nanofibers (Figure 2b),
silica nanoparticles were found distributed
throughout the fibers.

(a)
(b)
Figure 2. SEM images of Nylon 6 and Nylon
6/silica composite nanofibers. Silica content: (a) 0
and (b) 30 wt%.
DSC test results for Nylon 6 and Nylon 6/silica
composite nanofibers showed that the glass
transition temperature (Tg) of nanofibers increased
with the increasing content of silica nanoparticles.
At the same time, WAXD tests also indicated that
the intensity of the typical Nylon 6 crystallization
diffraction peak at 2θ = 22° decreased with
increasing content of silica nanoparticles. These
two trends can both be attributed to the interaction
between silica nanoparticles and Nylon 6
molecules. The large amount of surface hydroxyl
groups on the silica nanoparticles can have strong
interactions with oxygen/nitrogen atoms on Nylon
molecules, which may inhibit chain movement
during the glass transition and alignment during
crystallization.

(a)
(b)
Figure 3. (a) SEM and (b) TEM images of porous
Nylon 6 nanofibers prepared by treating 30 wt%
Nylon 6/silica composite nanofibers with 10% HF
solution for 24h.
Figure 3a shows a typical SEM image of porous
Nylon 6 nanofibers prepared using Nylon 6/silica
composite nanofibers (30 wt% silica content) as the
precursor. It is seen that the silica nanoparticles are
removed by HF treatment and the fiber surface
remains rough due to the high silica content in the
untreated precursor fibers. The TEM image (Figure
3b) demonstrates the inner porous structure. Large
numbers of small pores with sizes varying from
several to dozens of nanometers can be seen in the
image.

The removal of silica nanoparticles was confirmed
by ATR-FTIR spectra. Pure Nylon 6 nanofibers
show only typical adsorption peaks at 1547 cm-1
(N-H deformation), 1636 cm-1 (C=O stretch), and
3292 cm-1 (N-H stretch), while Nylon 6/silica
nanofibers show an additional peak at
approximately 1100 cm-1 representing Si-O-Si
bond asymmetric stretching vibration. This 1100
cm-1 peak disappears after the removal of silica
nanoparticles.
The formation of the porous structure greatly
increases the specific surface area of the
electrospun Nylon 6 nanofiber mats. In case of
Nylon 6/silica nanofibers with silica content at 15
wt%, the specific surface area increased by 162%
(from 3.17 to 8.31 m2/g) after the removal of silica
nanoparticles. In addition, the surface area of pores
increased by 174% (from 2.34 to 6.41 m2/g) and
the pore volume increases by 232% (from 0.0075
to 0.0240 cm3/g), which indicates that the increased
specific surface area is mainly a result of the
generation of pores.
CONCLUSIONS
Nylon 6/silica composite nanofibers and porous
Nylon 6 nanofibers were successfully prepared.
Silica nanoparticles were homogeneously dispersed
in the composite nanofibers and they changed the
thermal properties and crystallization behavior of
Nylon 6 nanofibers. After the removal of silica
nanoparticles, porous structure was generated. BET
specific surface area and pore volume increased
remarkably in the porous nanofibers. Porous
nanofibers show potential applications in sensors,
protective fabrics, filters, and catalysts.
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INTRODUCTION
Recently, nanofibers have attracted great attention as
promising materials for building different constructs and
nanodevices [1-3]. Nanofibers can be made porous or
hollow and can be bundled and twisted into yarns [1-4].
Because of their flexibility and porosity, these nanofiber
yarns show great potential in probing and mapping tissue
fluids. In this poster, we study the probes made of
nanoyarns from Polyvinylidene Fluoride (PVDF) and its
blends. PVDF is well-known for its chemical inertness
and thermal stability due to the presence of –CF2–
groups [5,6-8]. Moreover, its surface can be chemically
modified to adjust wettability and compatibility with the
test liquid [7]. PVDF nanofibers and blends were
successively electrospun by many groups [9-11]. We
describe a method for electrospinning of PVDF
nanoporous fibers which can be applicable as the probes.
We study absorption and wetting properties of these
yarns and establish relations between these properties and
the fiber morphology.
EXPERIMENTAL
Materials
Polyvinylidene Fluoride (PVDF) was purchased from
Goodfellow Corporation. Polyethylene Oxide (PEO,
MW=1,000,000 Da) and Dimethylacetamide (DMAC)
were obtained from Sigma-Aldrich. PVDF/PEO blends
were dissolved in Dimethylacetamide (DMAC) at 55⁰C.
In order to produce highly porous nanofibers, we soaked
nanofibers in water which dissolves PEO.
Electrospinning Setup
The polymer solution contained 0.2 g PEO and 2 g
PVDF in 10 g DMAC, was placed in a 10-mL syringe. A
flexible heater (Watlow) was attached to the syringe to
keep temperature at 55⁰C. The stainless-steel needle
(Gauge 20, EXEL) was connected to a high-voltage
power supply (Glassman High Voltage, Inc.). In order to
make parallel nanofibers, two foils placed 6 cm apart
were used as the grounded collector [12]. The nanofibers
were collected by a fork and twisted manually to yarns.
The gap between the needle and two collectors, the flow
rate, the voltage, and the temperature were kept constant.
Characterization by Scanning Electron Microscope
For observing the morphological structure of the
PVDF/PEO nanofibers, we used the scanning electron

microscopy (SEM, FESEM-Hitachi 4800). The yarns
were sputter-coated with platinum before the SEM
examination.
PVDF/PEO films
The films were prepared by placing PVDF/PEO solutions
on glass slides (Corning Inc., 2947-3x1). Two solutions
with 0.8 w/w % and 1.6 w/w % PEO were used for
analysis of the effect of PEO concentration on the
wetting properties of PVDF/PEO yarns. The amount of
PVDF/PEO solution deposited on glass slides for spin
coating was varied between 0.6g to 0.8g. A spincoater
(Headway research Inc., MP-101) was set at 1200 rpm
speed and this made the films uniform. Then the films
were dried under the hood during a week. Two series of
experiments were conducted. In the first experiment, the
contact angle was measured with deionized water (DI)
(Krüss DSA-10) on as – prepared films. In the second
experiment, the films were put in water overnight to
dissolve the PEO and then were dried under the hood for
two days. The change of the contact angle was recorded
and analyzed.
RESULTS AND DISCUSSION
The typical morphology of the yarns produced from
PVDF/PEO nanoporous fibers is shown in Fig. 1. The
pore size can be varied on demand depending on the PEO
concentration and environmental conditions.
a

b

FIGURE 1. SEM images of a) electrospun yarn, b) porous
nanofibers.

Wetting properties of PVDF/PEO fibers
Wettability of nanoporous fibers plays an important
role in liquid-yarn interactions. It is known that PVDF
is hydrophobic while PEO is hydrophilic and can be
easily dissolved in water. Our experiments showed that
the water droplet deposited on the surface of porous
fibers does not penetrate the yarn. On PVDF/PEO

yarns, water droplets formed clamshell-like
configurations [13-14] (Fig. 2a), while ethylene glycol
droplets formed barrel-like configurations [13-14] (Fig.
2b). It was suggested that the rough porous surface of the
yarns might enhance the surface hydrophobicity which
would explain the clamshell-like configuration of the
drop [13-14].
a

b

FIGURE 2. a) The drop of water on PVDF/PEO yarn made of porous
fibers. The drop is attached to the fiber from the side; b) the drop of
ethylene glycol on PVDF/PEO porous yarn.

Wetting properties of PVDF/PEO films
The results of the contact angle measurements confirmed
that the film surface became more hydrophobic after
water treatment. Figure 3 illustrates the effect of PEO on
wetting properties of PVDF/PEO films. If water droplet
is deposited on PVDF/PEO film, it spreads out and
disappears (Fig. 3a). After washing out PEO by soaking
the film in water, the film becomes hydrophobic: water
droplets stay on the film surface without spreading (Fig.
3b).
a

b

FIGURE 3. PVDF/PEO (1.6 w/w%) film with water droplets. a) The
droplets were spread out and disappeared on PVDF/PEO films; b)
The droplets stayed on theporous PVDF film.
TABLE I. Contact angle between water droplets and PVDF/PEO
films.
Before soaking in
After soaking in Water
Water
1
2
3
4
5
Av.

PVDF

PVDF/PEO
(0.8%)

PVDF/PEO
(1.6%)

PVDF/PEO
(0.8%)

PVDF/PEO
(1.6%)

141.4
142.6
138.3
140.5
138.5
140.3

138.0
140.1
141.0
139.7
139.2
139.6

-

136.7
138.8
139.7
139.9
138.1
138.6

139.8
141.3
140.1
140.7
142.2
140.8

Because the contact angle between the water droplet and
the film increases significantly (Table I.), it also proves
that the yarn surface becomes more hydrophobic after

washing PEO out. Water couldn’t go inside the
hydrophobic surface of PVDF yarns. This explains that
the water droplet takes on the clamshell-like
configuration.
CONCLUSIONS
In this study, we made PVDF/PEO nanoporous yarns by
removing PEO. The morphology and structure of
PVDF/PEO yarns were also studied. The wetting
properties of PVDF/PEO yarns and films were
compared. The results show that the water droplets
formed clamshell-like configuration on the yarns. This is
explained by hydrophobic character of PVDF and the
presence of pores in the nanofibers.
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ABSTRACT
Surface modification of blended fibrous structures
containing fibers of different nature was studied. The
objective was to modify selectively certain fibers in
the structure without changing surface properties of
the whole assembly. The modification was conducted
via grafting of fluorescent labeled reactive and
functional polymers. As a model system a woven
fabric made of poly (ethylene terephthalate) and
polypropylene fibers was utilized. To create reactive
zones

on

the

fabric

surface

poly

(glycidyl

methacrylate) (PGMA), labeled with Rhodamine B,
was deposited on alkali (NaOH) treated polyester
fibers in the fabric structure. The selected parts of
the substrate were then modified by grafting of
different

polymers.

Specifically,

hydrophilic

polyacrylic acids (PAA), poly (vinyl pyridine)
(P2VP),

poly

(ethylene

glycol)

(PEG)

and

hydrophobic polystyrene (PS) were grafted to
different parts of the fibrous material. The level of
the modification was analyzed with contact angle
measurements and fluorescent microscopy.

The

research was conducted in order to develop fibrous
microfluidic devices.
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INTRODUCTION
In order to predict and improve the property of the
fibers before the use, long term life and mechanical
behavior of the fibers have been observed in a short
time by using various techniques. Fatigue life
observation is one of these techniques. To better
understand the fatigue behavior, the influence of
material properties such as polymer chemical structure,
molecular weight, crystalline and amorphous region
ratios, chain orientation, cross linking, particle or
diluents content, fiber and yarn diameter, and also
experimental process parameters and external variables
such as temperature, stress, frequency and other
environmental factors should be taken into account[1]
Hearle defined Fatigue test as the subjection of

specimens to cyclically varying stress or Strain
leading ultimately to fail or breakage [2]. Ali and coworkers expressed the mechanism of staple or treated
filament synthetic yarn fatigue is based on three
stages: yarn decrimping, fiber slippage arising from
Inter fiber friction, and fiber elongation [3]. In order
to analyze these all stages, an as perfect as possible
instrument or system should be designed and used.
MATERIALS and METHODS
In the study, digitally controllable and portable
instrument was created. For the instrument, a load
cell (Esit SSP 3kg), a stepper motor (AES 1.8˚), a
Ball Screw Actuator Mechanism, two jaws, an
Indicator, a stepper motor driver, and max 20 V
power supplier were used.

The software was prepared by using Turbo C and
Visual Basic 6.0 programming languages. The data
are taken via RS232 serial port from the load cell by
connecting with the indicator. The stepper motor is
controlled with parallel port. When the test stars, an
excel file is opened automatically and all the data are
transfer into this file.

Figure 2. Control system of the fatigue tester

RESULT AND DISCUSSION
First of all, two types of computer programs were
prepared. At one of them which are called dynamic
fatigue, the elongation of the fiber can be observed
under cyclic load. In figure 3 and 4 were given from
the test to express the algorithm of the software.

Figure3. Elongation under cyclic load (with Figure3)
Figure1.
system

The digitally controllable and portable

reason is a stepper motor works step by step by
changing the electrical pulse from one wrap to other
at the stator. This running principle decreases the
sensitivity to determine the impact of chain slip. So,
choosing stepper motor for this type of tests is not
convenient. DC or servo systems are proffered
instead of this type of system.
Figure4. Applied Cyclic Load
At the second test which is call static fatigue or creep,
the elongation of the fiber can be observed under the
static load. During this test, the fiber in the jaws is
extended until a particular point and waited. Because
the chains are exposed the stress, chains are started to
slip pass each other, hence the fiber begins to
elongate. This elongation is recorded under static
load with synchronized work of load cell and stepper
motor. Figure 5 and 6 are the experimental result of a
polyester filament yarn of this test.

Figure5. Elongation under static Load (with Figure5)

Figure6. Applied Static Load
CONCLUSIONS
The instrument was successfully designed and made.
The prepared software is compatible with the
designed instrument. As it is seen in the figure 3, the
loads are not in between tow specific points. The

FUTURE WORKS
By improving the algorithm of the software, the
instrument will be provided to test variety of semi
crystalline polymer fibers and composite textile
structures tensile, dynamic and static fatigue
behavior. Also, by graphically designing the interface
of the software, the test results will be observed as
online during the experiments.
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PRESENTATION OBJECTIVES
Figure 1 Some Aspects of Cellulose Structure and Chemistry

Figure 2 PTX & OUB are Voltage-Gated Ion-Channel Inhibitors

PROGRAM APPROACH
Collaborate, prepare, and test new polymers for
cytotoxicities, ion-pickup, and fitness for purpose in
cells.
INTRODUCTION
Phosphorylated Adenosine Triphosphatases, or P-typeATPases, are trans-membrane pumps that consume ATP
and exchange cations (H+, Na+, K+, and Ca++) across
voltage-gated membrane channels in precise ion
stoichiometries [2]. Despite decades of explorations,
mechanistic details of P-type-ATPases in surface
membranes and sarcoplasmic- and endoplasmic reticula
are elusive [2]. This difficulty in chemical biology is in
part due to the facts that naturally occurring ion-channel
disruptors employed to study ion paths and mechanisms
in membranes are: tedious to isolate [3]; very
complicated and expensive to synthesize de novo; and
available only in microgram to milligram quantities

which makes it tricky to exactly know how much was
supplied by a vendor and how much was pipetted. In
addition, many natural product ATPase inhibitors have
exceptionally complex NMR spectra that further increase
the complexities of NMR experiments with enzymes and
organelles in solution or the solid state [4]. So, in this
presentation we forward with evidence [5] the idea that
cellulose oligomers with select substituents at carbons 2,
3, and 6, and at the reducing end can afford derivatives
with desired physical, chemical, and biological
properties needed for investigations in cells. In
addition, we explain how to change the sense of the
helix, in case right and/or left handed helices from
cellulose are needed in studies (Figure 3).
EXPERIMENTAL
Hundreds of compounds emerging from oligo-celluloses
16-20-mers were generated by changing oxidation states
and substituents at C2, C3, and C6 in cellulose repeating
units with Chem Draw Ultra Version 11 (2007) and
Chem3D supplied therewith by CambridgeSoft, Inc., to
examine oligomer shapes and predict physical properties
of energy minimized new structures. The number of
units in oligomers was arbitrarily kept between 1620mers in order to minimize calculation time on a
personal computer employing manufacturer supplied
default parameters.

RESULTS & DISCUSSION:
Due to space limitations in a 2-page preprint only 3
structures are shown in Figure 3. While simple
cellulose-based esters and ethers are well known and
extensively used in industry [4], architecturally novel
celluloses for use as tools in chemical biology are
unexplored. We show in this presentation that
systematically altering hydroxyl groups on cellooligomers can lead to new compounds that can be
prepared on any scale, and used for a variety of

biological experiments [2]. Furthermore, unlike the
known cytotoxic natural products used tools in ionpathway experiments [3], lengths of cellulose-based
oligomers, and substituents at carbons 2, 3, 6, and at the
reducing end in cellulose (Figure 1) can be optimized as
needed [5]. In addition, we show in Figure 3, that
reducing the 2,3-hydroxyl groups in 1 to olefins in 2,3cellulosene, 4, transforms the natural right-handed helix
to a left-handed helix. Details to achieve these
transformations and the associated biological
consequences will be provided in the talk.
Figure 3: Proposed Left-Handed Cellulosene, 2,3-Di-Omethylcellulose [5], and Palytoxin [3]
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2,3-Cellulosene,
Left handed
helix (synthetic)

2,3-di-O-methylcellulose, Right
handed helix
(natural)

Palytoxin

CONCLUSIONS
Cellulose chemistry can offer chemical biology new and
easy to use tools for in vitro and in vivo investigations.
Herein, we showed an easy intellectual exercise of
modeling 2,3-cellulosene changes the handedness of
celluloses helices from right (natural) to left (unnatural).
We hope to interact with colleagues with interest in
exploiting oligo-celluloses and mono, oligo, and
polysaccharide derivatives in cells.
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INTRODUCTION
Recently, great interest has been focused on
polymer/layered
double
hydroxide
(LDH)
nanocomposites because of their unique properties,
such as enhanced thermal stability, flame
retardancy, mechanical properties, and gas barrier
properties[1]. We have synthesized the exfoliated
polypropylene/polyphosphate(APP)/pentaerythritol
(PER)/LDH nanocomposites via melt intercalation
method and studied the related properties of
PP/IFR/LDH nanocomposites by XRD, CCT, and
optical measurements. It shows that the synergistic
effect of LDHs with IFR can decrease considerably
the
HRR
value
of
the
PP/IFR/LDH
nanocomposites. However, the intumescent flame
retardant (IFR) polypropylene /layered double
hydroxide (PP/IFR/LDH) nanocomposites prepared
directly by melt mixture showed that APP and PER
make surface of the composites unclean because of
segregation. On the other hand, with the addition of
the filler, the optical properties of the
PP/APP/PER/LDH composite become worse than
that of pure PP. In this work, LDH was designed as
a kind of precursor, and sodium dodecyl sulfate
(SDS) was used to enlarge the basal spacing of the
LDH. And then, APP and PER were saved between
layers of LDH before melt mixture. Compared with
conventional
method
to
prepare
polypropylene/APP/PER/LDH composite, the new
method can provide the nanocomposites with clean
surface and excellent optical properties.
RESULTS AND DISCUSSION
Fig. 1 shows the low-angle XRD patterns of
various SDS-modified LDH sample. It can be seen
that the basal spacing of modified ZnAl-LDH is
determined as being 2.85 nm from the (003)
diffraction peak at 3.108, whereas the basal spacing
of pristine LDH is 0.79 nm[2], which indicates that
DS chains have been successfully intercalated into

the interlayer of ZnAl-LDH because the whole DS
molecule length is 2.08 nm. The basal spacing of
the modified ZnAl-LDH suggests that the alkyl
chains of the surfactant anions lie parallel to the caxis with the alkyl chains of adjacent layers
interpenetrating each other. The (003) diffraction
peak of LDH disappears in all the PP/IFR/LDH
samples with 1 wt% LDH, which indicates that the
LDH layers have been exfoliated in these samples
to form the exfoliated structures.

Fig. 1. Low-angle XRD patterns of PP/APP/PER/ZnAl-LDH
and ZnAl-LDH samples

Fig 2 shows the dynamic curves of HRR versus
time for pure PP, PP/IFR, and PP/IFR/LDH
nanocomposite samples. It can be found that pure
PP burns very fast (about 300 s) after ignition. A
very sharp HRR curve appears at the range of 50–
300 s with a peak heat release rate (pk-HRR) of
1275 kW/m2. On the contrary, the samples with the
intumescent flame retardants show a dramatic
decline of the HRR curves and the prolongation of
the combustion time. Among all the samples, the

PP/IFR/ZnAl-LDH sample has the lowest pk-HRR
values of 318 kW/m2, while the PP/IFR sample
without LDH has the higher pk-HRR value of 506
kW/m2

between the LDH platelets when the LDH sheets
are seen as baffle-wall.

(A)

Fig. 2. Heat release rate (HRR) curves for pure PP, PP/IFR, and
PP/IFR/LDH samples

In water solution, ammonium polyphosphate (APP)
and pentaerythritol (PER) were designed to
intercalate into the galleries of layered double
hydroxide (LDH) and synthesize modified-ZnAlLDH. As shown in Fig. 3A, the transmittance of
visible light in the PP/modifie ZnAl-LDH is close
to that of pure PP resin in the wavelength range
from 400 to 800 nm, and the PP/ZnAl sample has
the lowest transmittance of visible light even
though PP/ZnAl sample with only 2wt% LDH.
Compared with previous PP/APP/PER/ZnAl,
PP/modified ZnAl-LDH has an improved
transmittance of visible light in the wavelength
range from 400 to 800 nm, which is close to that of
pure PP. Fig. 3B is a photo taken from 1.0-mm
thick sheets of pure PP, PP/modified ZnAl-LDH,
PP/APP/PER/ZnAl and PP/ZnAl-LDH samples on
a graphic pattern, which indicates the high
transparency of PP/modified ZnAl-LDH directly,
whereas the PP/APP/PER/ZnAl and PP/ZnAl-LDH
samples are opaque sheets. So the LDH may be
used as a carrier with some kind of flame retardant
reagent and improve the transparency of the
composite. Furthermore, as shown in Fig. 3C, it is
can be found that there are a lot of oil-like
substance on the surface of conventional
PP/APP/PER/ZnAl-LDH, while the surface of
PP/modified-ZnAl-LDH is clean. It shows that
APP and PER intercalated into the interlayer of
LDH can effectively solve the segregation
problem. This is because APP and PER are kept

(B)

(C)

Fig. 3. (A) Transmittance of 1.0 mm thickness samples; (a) pure
PP, (b) PP/modified ZnAl-LDH, (c) PP/APP/PER/ZnAl-LDH
(d) PP/ZnAl-LDH, and (B) photograph taken from 1.0 mm
thickness samples: (a) pure PP, (b) PP/modified ZnAl-LDH, (c)
PP/APP/PER/ZnAl-LDH (d) PP/ZnAl-LDH, and (C)
photograph taken from 1.0 mm thickness samples: (a)
PP/APP/PER/ZnAl-LDH, (b) PP/modified ZnAl-LDH

CONCLUSIONS
The results show that the ZnAl-LDH layers in the
PP/IFR/LDH nanocomposites possess the good
flame retardant synergistic effects with the IFR and
the problem of the segregation of flame retardants
is solved by the pretreatment.
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INTRODUCTION
Micro-scale combustion calorimetry (MCC) is a
newly developed test method, designed to explore
polymer flammability characteristics using a
controlled temperature program to force the release
of specimen gases, thermal oxidation of these gases
(and optionally the specimen residue) in excess
oxygen, and measurement of the oxygen consumed to
calculate the amount, rate, and temperature of heat
released by combustion of a solid specimen during
controlled heating. MCC is able to measure the
following flammability parameters for polymers
using milligram sample sizes: heat release capacity
(HRC), heat release rate (HRR), temperature at peak
heat release rate (TPHRR), total heat release (THR) and
char yield. In our previous study, we successfully
applied MCC to measure textile flammability.
MCC is based on the oxygen consumption principle,
the HRR and HRC were calculated through the
oxygen consumption, sample heating rate, flow rate
and the sample weight.
RESULTS AND DISSCUSSION
The weighing processes are taken by two balances
with different precision (A is 0.001mg accuracy, and
B is 0.1mg accuracy). The HRR versus Temperature
curves of untreated cotton is shown in Figure 1.
During 9 repeated tests of untreated cotton, the HRC
and PHRR data based on the higher weighing
accuracy have the standard deviation of 4.0-5.2 and
2.5-5.6, coefficient of variation of 1.5-1.9% and 1.12.4%, respectively; while the HRC and PHRR data
based on the lower weighing accuracy have the
standard deviation of 9.7-12 and 6.9-9, coefficient of
variation of 3.7-4.6% and 3.0-3.8%, respectively. It is
clear that the weighing process with higher accuracy
is more liable to yield higher repeatable data.

FIGURE 1. Schematic diagram of cotton treated with MPDA.

TABLE 1. MCC data of Cotton treated with N-methylol
dimethylphosphonopropionamide (MDPA), cured at 165°C for 2.5
min, and finally subjected to one home laundering cycle.
Sample
area
A
B
C
D
E
Mean of
A-E
Mixture
of A-E

HRC,
[J/(g*K)]
70.0
62.0
65.0
71.0
65.0

PHRR,
(w/g)
62.1
55.3
57.7
63.8
59.1

TPHRR,
(°C)
320
318
316
320
316

THR,
(KJ/g)
2.7
2.2
2.2
2.5
2.2

Char
(%)
38.1
38.0
38.0
38.3
37.4

66.7

59.5

318

2.4

38.0

67.0

59.2

318

2.4

38.2

We investigate five different parts of one FR treated
cotton fabric. Table 1 listed the MCC data of
different parts of Cotton treated with MDPA (A, B,
C, D and E, shown in Figure 1).
It is clear there are differences of flammability data
among each part of the treated cotton, and the data of
the mixed specimen are very close to the mean data
of the 5 parts. Thus, we can conclude that it is
necessary to mix different parts of one FR sample,
and ground to get a homogenous sample before test.
TABLE 2. MCC data of Cotton with different moisture content.
Relative
Humidity
(RH)
0%

HRC,
[J/(g*K)]

PHRR,
(w/g)

TPHRR,
(°C)

THR,
(KJ/g)

Char
(%)

291

256

377

11.4

5.9

35%

291

251

375

11.3

5.8

50%

290

250

374

10.4

5.8

65%

276

238

372

10.4

5.8

75%

274

236

373

10.1

5.7

The influence of moisture content on burning rates is
an important factor to consider when designing fire
hazard test procedures.. Hence, we investigate the
flammability behaviors of cotton with different
moisture contents explore the influence of moisture.
Table 2 shows the MCC data of untreated cotton with
different moisture content. It is clear that the HRC,
PHRR and THR value decreased with the increase of
moisture content in cotton (Table 2). Based on the
principles of the MCC, HRC, HRR are calculated
through original specimen weight. The specimen
weight decreases with the moisture content increases,
thus the HRC, HRR and THR values of cotton

decrease with the moisture content increases. It can
be concluded that moisture content do affect the
flammability performances of textiles.
HRR is the response of a material to a particular fire
condition, and it can be affected by the different
external heat conditions. Thus, we investigate the
flammability behaviors of untreated cotton with
different heat rates. Table 3 shows the MCC data.
TABLE 3. MCC data of Cotton with different heating rate.
Heating
rate (K/s)
0.5
1
2

HRC,
[J/(g*K)]
268
255
251

PHRR,
(w/g)
128
229
402

TPHRR,
(°C)
364
382
398

THR,
(KJ/g)
9.1
8.8
10.4

Char
(%)
7.4
7.0
6.4

It is obvious that PHRR and TPHRR increase with the
heating rate increases, but the HRC are consistent
regardless of the 5% error. It can be confirmed that
HRC is independent of the form, mass, and the
heating rate of the specimen as long as the specimen
temperature is uniform at all times during the test.
In order to evaluate the intrinsic error of the MCC,
we apply the 3-9 repeated times tests of untreated
cotton to calculate the standard deviation and the
coefficient of variation of HRC. The results show that
HRC of untreated cotton have the standard deviation
of 4.9 and the coefficient of variation of 1.7%.

LOI=OI+

+

(1)

a is the proportionality constant between oxygen concentration in
the atmosphere and the flame heat flux,  is the Boltzmann
radiation constant,  is the combustion efficiency of the fuel gases
in well ventilated flaming combustion,  is the char or inert
fraction in the MCC, HRR* is the critical heat release rate at
ignition/extinction, g = Lg/Tp  2 kJ/g/50K = 40 J/g-K is the heat
absorption capacity in terms of the heat of gasification Lg and the
pyrolysis temperature interval Tp in the MCC, OI  13.5%, a =
2.5 kW/m2-%O2, g = 2 kJ/g/50K = 40 J/g-K, HRR*  20 kW/m2
and  = 1.
TABLE 5. Measured and calculated LOI for the textile fibers.
Fibers
Acrylic
Cotton
PP
Acetate
Rayon
Cotton 2% MDPA
Cotton 4% MDPA
Polyester
Nylon 66
Cotton 8% MDPA
Silk
Cotton 12% MDPA
Cotton 16% MDPA
Kevlar
Nomex

LOI (%)
Measured Calculated
18.2
18.6
18.4
18.9
18.6
20.7
18.6
18.9
18.9
18.8
19.0
18.7
20.3
19.3
20.5
20.5
21.0
21.0
22.0
21.2
23.0
19.5
23.9
22.9
26.6
25.1
29.0
28.2
29.5
29.9

TABLE 4. The MCC data of different textile fibers
Fibers

HRC
(J/[g·K])

PHRR
(w/g)

TPHRR
(°C)

Char
yield (%)

Cotton

270±10

235±5

375±2

5.7±0.1

Rayon

221±4

200±3

358±2

8.0±0.1

Acetate

236±1

210±4

360±1

11.4±0.3

Silk

216±4

187±4

323±2

32.6±1

Nylon-6,6

610±15

540±15

470±5

1.1±0.1

Polyester

446±11

400±10

446±2

12.0±0.8

PP

1180±40

1040±20

470±5

0.1

FIGURE 2. Measured versus calculated LOI for textile fibers.

Acrylic

371±10

323±11

343±2

31.5

Kevlar

363±2

334±4

586±2

38.3±0.7

Calculated LOI data have yielded good agreement
with experimental LOI results.

Nomex

98.5±0.5

89±1

484±5

42.9±2.1

CONCLUSIONS

We applied MCC to evaluate the flammability of
different textile fabrics (shown in Table 4).
Relationship between MCC and LOI
A physical model for the LOI test has been proposed
and is being revised that uses the thermal combustion
properties measured in the MCC to predict the
minimum oxygen concentration that will support
flaming combustion of thin strips of combustible
solids in downward flame spread, i.e., the LOI. The
solution to the revised model is

MCC is a quantitative analytical technique and is
able to provide the vital information for evaluating a
textile material’s flammability. In order to reduce the
standard deviation and the coefficient of variation, it
is necessary to ensure the consistence of samples’
condition and the weighing accuracy. Using the
thermal combustion properties measured in the MCC
to calculate the LOI data for various textile samples
has yielded good agreement with experimental LOI
results and provides insight into the factors governing
this test.
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STATEMENT OF PURPOSE/OBJECTIVE

cellulose and starch treated with KH560/ KH560 and DBD.

In this paper, we use the method of grafting to improve the
interface fastness of cellulose and starch. We also discuss
the influence of grafting on the interface fastness.

Sample
code

Fastness

INTRODUCTION
Cellulose material, as one of the most widely used
materials nowadays, has been applied in many domains,
such as cloth, film, reinforcing filler

[1]

. Starch is one kind

of cheap natural materials, compared with most of
chemicals from petroleum, and is facilely application [2].
Some papers have reported the application of the cellulose
fibers as reinforcement for starch, which is maybe used of
packaging materials

[3]

Fracture
work

DBD 2%
Fastness

Fracture
work

1

7.658

0.6222

8.660

0.5062

2

7.036

0.6561

10.090

0.8663

3

9.369

0.8465

10.130

0.9996

4

8.382

0.7301

8.165

0.5485

5

8.110

0.767

9.620

0.9219

Avg

8.111

0.7229

9.333

0.7685

Sdv

1.003

0.1030

1.193

0.225

. Unfortunately, the interface

fastness of cellulose and starch is not satisfactory for some
application.

KH560 is shown in Table I. (Untreated interface fastness is
5.988N, fracture work is 0.394N) When the interface is
dealed with KH560 in the concentration 2%, the interface

APPROACH
Before the treatment, all the cellulose samples were cleared
in deionized water、dried、and then regulated at a standard
atmosphere

KH560 2%

KH560 2%

before

use.

Pre-treating

cellulose

with

3-glycidoxypropyltrimethoxysilane (KH560) and Ditin
butyl dilaurate (DBD), change the concentration of them,
then immerse half of them in the boiled starch

[4]

and put

two of them together, pass though squeeze rolls, and again
put into the oven and dried at 110℃.
The interface fastness of cellulose and starch was tested on
INSTRON 5566.

RESULTS AND DISCUSSION
The relationship between untreated and treated with
TABLE I Fastness and fracture work of interface of

fastness increase, and the fracture work is also higher than
the original sample. This means that the presence of
KH560 results in the linking between the cellulose and
starch, and the presence of KH560 make the linking more
effective.
It also shows from the Table I that DBD can make the
linking between the interfaces stronger. It seems that DBD
can also act on the interface. In order to analysis the
contribution of DBD molecules to the interface of cellulose.
We pre-treat cellulose only with DBD.
Table II is shown the result of fastness and fracture work of
interface treated only with DBD. The fastness of the
interface is almost the same with the original sample. From
the results above, it means that DBD can not act on the
interface.

TABLE II Fastness and fracture work of interface of

the cellulose. This kind of KH560 molecular do not

cellulose and starch treated only with DBD.

contribute to interface fastness, so at higher concentrations,
the fastness will increase a little.

Sample code

Fastness

Fracture work

1

6.677

0.6201

CONCLUSIONS

2

7.022

0.5908

When the cellulose is pretreated with 2％ KH560 and 2％

3

5.429

0.3495

4

6.284

0.5370

DBD for enough time, the interface fastness will better

5

5.353

0.4820

than the untreated. The concentration of KH560 increases

Avg

6.153

0.5028

according to a linear regulation of interface fastness, and

Sdv

1.037

0.1157

when the concentration is higher than 1.5％, the fastness

The phenomenon in Table I probably mainly owe to DBD
act on the KH560, and with the help of DBD, more KH560

increase slowly. DBD can not act on cellulose directly, but
act on KH560, which help it make the action take place
easily. By this kind of pre-treating, we can improve the

react with the cellulose.
The fastness of interface of the cellulose and starch treated

interface fastness about 55％.

with different KH560 concentrations (All reagents of them
contain 2% DBD excepting the one do not contain KH560)
FUTURE WORK

are shown in Figure 1.

We build a model to explain intuitively the grafting
principle. And confirm this model with FTIR.
12.0

Interface fastness

11.5
11.0
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