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SESSION 1A
ELECTROSPUN NANOFIBERS
FOR VARIOUS APPLICATIONS

Production and Characterization of Electrospun
PET/MWCNT Nanocomposite Nanofiber Mat
Saeedeh Mazinani1, Charles Dubois1, Abdellah Ajji2
1
CREPEC, Department of Chemical Engineering, Ecole Polytechnique of Montreal, P.O.
Box 6079, Station Centre-Ville, Montreal, Quebec, Canada H3C 3A7,
2
CREPEC, Industrial Materials Institute, National Research Council Canada, 75, de
Mortagne, Boucherville, Québec, Canada J4B 6Y4.
saeedeh.mazinani@polymtl.ca
INTRODUCTION
The word, electrospinning as a process was
introduced by Reneker et al. [1], and since then this
process has been widely used in different areas [2].
On the other hand, the specific properties of
different types of Carbon Nanotubes (CNT) could
significantly enhance various properties such as
electrical, mechanical and optical of polymer
nanocomposites made using them, particularly to
produce nanofibers from the electrospinning
process. Studies in literature involving the use of
these CNT nanoparticle along with different
polymers such as PAN, PMMA etc. have been
reported [3,4]. Polyethylene terephthalate (PET),
the most well-known polymer in fibers and textile
technology, has been recently studied by
Veleirinho et al. using the electrospinning process
[5]. In this work, we mainly focus on the study of
the final properties of PET electrospun nanofibers
modified with carbon nanotubes. We used the
system of dispersed CNT in PET polymer solution
for the first time in electrospinning process. The
results obtained depict that 3% MWCNT is quite
enough to pass the electrical percolation region.
MATERIALS AND EXPERIMENTS
In this work, we used an extrusion grade
Polyethylene terephthalate (PET) Selar 7086
(obtained from DuPont Co.). A combination of TriFluoro Acetic Acid (TFA)/Di-Chloromethane
(DCM) (Sigma & Aldrich Co.) with 1:1
composition was used as a solvent. Multi-wall
Carbon nanotubes (MWCNTs) powder purchased
from Helix Co. were the nanoparticles employed.
The electrospinning set-up included a high voltage
power supply (Gamma Inc.) and a syringe pump
(PHD 4400, Harvard Apparatus). An average
voltage of 10 kV was used for all types of
materials. All experiments were conducted at
ambient pressure, temperature and average relative
humidity of 35%. Scanning Electron Microscopy
(SEM, Hitachi S-4700) was used to characterize
the final morphologies of fibers and mats. We
employed X-Ray Diffraction (XRD) technique, D8

Discover (Bruker), to evaluate the crystalline
structure. Electrical conductivity of final
electrospun mat was measured by KEITHLEY
6620 and Agilent 34401 A (6 ½ Digit Multimeter).
A microtester 5548 (Instron Inc.) was used in this
work for mechanical properties measurement of the
fiber mats.
RESULTS AND DISCUSSIONS
Studying morphology and properties of electrospun
PET nanofibers has been one of the main aims in
this work. It was followed by their analysis and the
evaluation of the properties of final electrospun
mat from different points of views (Crystallinity,
Electrical and Mechanical).
Fig. 1 shows the SEM results of electrospun PET
nanofibers at two different PET concentrations. As
it is shown, an increase in polymer concentration
causes increasing final fiber diameters. In both
cases, completely smooth fibers were obtained with
no bead structures along fiber diameter.
a

b
10 µm

Figure 1: SEM images of PET electrospun mat at two different
concentrations; a)10% w/v PET and b)15% w/v PET;
Processing condition: 10kV, 15cm, 0.5 mL/hr

Among different process parameter, the effect of
flow rate has been studied here. Fig. 2 shows final
fiber morphologies of 15% PET electrospun
nanofibers at different flow rates. As it is depicted,
the finest and most smooth fibers were obtained at
two flow rates of 0.3 and 0.5 mL/hr.
a

b

c

Figure 2: SEM images of PET electrospun mat at flow rates and
15% PET; a) 0.3 mL/hr, b) 0.5 mL/hr, c) 0.75 mL/hr;
Processing parameters: 15cm, 10 kV.
10 µm

Considering the results obtained, 15% PET
concentration along with 0.5 mL/hr flow rate were
chosen as operating parameters for other
experiments. Fig. 3 shows SEM results of PET
nanofibers at different MWCNT concentrations.
The size of fibers decreases by increasing CNT
concentration; however, CNT addition affects the
smoothness of final fibers as well.
b

Conductivity (S/cm)

a

The mechanical properties of electrospun mats are
shown in Fig. 6. As depicted, an increase in both
modulus and maximum elongation at break is
observed before percolation; while these values
decrease after percolation. Nevertheless, the values
of modulus and maximum elongation at break are
above those of pure electrospun PET.

10 µm
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Figure 5: Conductivity of PET/CNT electrospun mats at
different MWCNT concentrations.

c

d

Figure 3: SEM images of 15% PET electrospun mat
concentration at different CNT concentrations; a) Pure PET, b)
1 w% MWCNT, c) 3 wt% MWCNT, d) 5 wt% MWCNT;
Processing condition: 10kV, 15cm, 0.5 mL/hr

As it is shown in Fig. 4, the crystal peaks could be
observed in as-spun fibers with and without CNT
(a & b); however, the crystal peak is sharper in
pure PET electrospun sample. The trend is
however opposite in annealed samples (c &d). It
shows that CNTs delay instant crystallization;
however, they could improve slow crystallization
under annealing.
Fig. 5 shows the results from measuring the
conductivities of electrospun mats at different
concentrations. It is shown that at 3% MWCNT,
the samples are above percolation threshold and the
system reaches plateau region at 5% MWCNT
concentrations.
a

b

c

d

Figure 4: XRD characteristics of electrospun PET before and
after annealing (6h at 120oC); a) Pure PET, as spun, b) PET with
5% MWCNT, as spun, c) Pure PET, annealed; d) PET with 5%
MWCNT, annealed.

Figure 6: Modulus and Elongation at break of PET/CNT
electrospun mats at different MWCNT concentrations

CONCLUSIONS
The results obtained, showed the important role of
CNT on final fiber morphology and crystalline
structures. The other properties of this system are
under study from different aspects.
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Molecular Orientation in Macroscopically Aligned
Electrospun Polymer Nanofibers: Hypothesis or Reality
John F. Rabolt
Department of Materials Science and Engineering
University of Delaware
Newark, Delaware

Although electrospun polymer nanofibers have been the subject of extensive study
over the last decade, the ability to align polymer chains relative to the macroscopic fiber
axis has not been demonstrated. In order to enhance the mechanical and, perhaps,
electrical properties of these fibers, orientation of the polymer backbones along the
direction of the fiber axis must be achieved. This issue has been addressed in the context
of designing and fabricating a tissue engineered blood vessel, which must match the
compliance of the natural blood vessel and have burst pressures of >1500 mm Hg.
Using a combination of electric field induced fiber collection/alignment and a series
of semicrystalline polymers and biopolymers, we have been able to produce
macroscopically aligned fiber sheets with very high molecular orientation of polymer
chains parallel to the fiber axis. Electron microscopy, Raman spectroscopy, infrared and
wide angle x-ray diffraction have been used to characterize and quantify the extent of
orientation of the polymer backbones in polymeric fibers with diameters in the range of
200-500 nm. The application of this technique to polymers ranging from poly(ethylene
oxide) to poly (olefins) and the implication of molecular alignment on both mechanical
and electrical properties will be discussed.

Electrospinning of Recombinant Spider Silk
Frank Ko1, Yuqin Wan1, Costas Karatzas2
1. Advanced Fibrous Materials Laboratory, Department of Materials Engineering, University
of British Columbia, 2355 East Mall, Vancouver, BC, V6T 1Z4 Canada
2. NEXIA Biotechnologies, PO Box 187, Jean-Talon Station, Montreal, Quebec, H1S
2Z2 Canada
Contact author: frank.ko@ubc.ca, Speaker author: frank.ko@ubc.ca
OBJECTIVE
In this study we examine the feasibility of the
nanocomposite concept to combine the superior
strength of carbon nanotube with the ductile
properties of transgenic spider silk to produce a
hybrid fiber of superior combination of strength
and toughness. To illustrate the concept fibers with
and without carbon nanotube from MASp1 protein
were prepared by electrospinning. These
nanofibers and nanocomposites were subjected to a
battery of structural, physical and mechanical
characterizations.
INTRODUCTION
Strength and toughness are usually considered
concomitant properties for materials. In the world
of natural and synthetic fibers, spider silk has long
been recognized as the model fiber for its unique
combination of high strength and breaking
elongation.
Earlier study by Ko [1], as
summarized in Table 1, showed that spider silk has
strength as high as 1.75 GPa at a breaking
elongation of over 26%. This gives rise to a
toughness level of two to three times of that of
aramid and the strongest industrial fibers.
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FIGURE 1. Properties of Strong Fibers
In spite of the remarkable properties of spider silk,
unlike silkworm silk, the practical exploitation of
spider silk has not been realized due to the
cannibalistic nature of spiders.
NEXIA Biotechnologies Inc., has introduced an
innovative technology of using an animal

transgenic approach for large-scale production of
recombinant spider silk (BIOSTEEL®) [2]. In this
system, recombinant spider silk is produced in the
milk of transgenic goats resulting in a scalable
manufacturing process for spider dragline silk
proteins MaSp1 and MaSp2. The NEXIA scientists
successfully demonstrated, by wet spinning, that
silk monofilaments (10-40 µm in diameter) can be
spun from water soluble recombinant ADF-3
(Araneus diadematus) protein produced in
mammalian cells [2, 3]. While the biotechnology
pathway to large scale manufacturing of spider silk
is promising, the strength of the synthetic silk
fibers is far from satisfactory in spite of its high
level of elongation at break.
APPROACH
To address the issue of low strength of the
regenerated transgenic spider silk we propose a
hybrid nanocomposite approach by taking
advantage of the superior properties of carbon
nanotube and the electrostatic spinning process,
which is capable of producing aligned nanofibers
in a continuous manner. With a Young’s modulus
of 1 TPa and a strength of 30-60 GPa at breaking
elongation ranging from 6-30%, carbon nanotube
(CNT) is an ideal reinforcing material to strengthen
the regenerated spider silk. To maximize the
reinforcement
effect
of
the
CNT
the
electrospinning
process,
another
recent
development, has been demonstrated to be an
effective means to align carbon nanotube in a
polymer fibril matrix [4]. The electrospinning
process is also capable of producing nanoscale
fibers that will greatly reduce the probability of
including flaws and thus further improve the
strength of the fibers.
In this study MaSp1 proteins synthesized by Nexia
Biotechnologies were dissolved in various in 98100% formic acid (Sigma Aldrich) to prepare the
spinning dope for electrospinning. Single wall
carbon nanotubes were added to MaSp1 for our
preliminary analysis. Purified CNTs processed by
high-pressure carbon monoxide (HiPCO) method

were dispersed in formic acid by sonication for 2
hrs. The recombinant protein was added to this
mixture and again sonicated for one more hour.
This mixture was then stirred for one hour prior to
spinning. The spinning dope was placed in a 3-ml
syringe (18-G and spinning angle 45˚). The
spinning distance (distance between the syringe
needle tip-to-collection metallic ground plate) was
varied from 5 to 10 cm. The electric field applied
between the collecting plate (cathode) and the
needle tip (anode) ranged from 1 kV/cm to 6
kV/cm. Both aligned as well as random fibers were
formed. The aligned fibers were collected on a
cardboard placed in between the syringe and the
collection plate. The random fibers were deposited
on the collection plate.
.
RESULTS AND DISCUSSION
Our study suggests that it is possible to electrospin
individual component of spider silk protein using
formic acid as solvent. Our previous reported study
showed that fibers of less than 100 nm were
produced from silkworm silk-formic acid solution
at electric field strength of 3-4 kV/cm and
concentration of 12-15%. These results appear to
be consistent with Jin et al observation wherein an
electric field strength of more than 2 kV/cm is
required for fiber formation in silkworm silk- poly(ethylene oxide) solutions. In this study, spider silk
nanofibers were produced at 10 cm spinning
distance and voltage of 30 kV. MaSp1 was
spinnable at 12% concentration. A stable Taylor
cone was formed at the tip of the spinneret. Formic
acid evaporated while the jet was attracted towards
the grounded target and solid nanofibers were
deposited on the ground target.
The aligned fibers and random fibers were obtained
simultaneously with the aligned fibers collect on a
cardboard placed in between syringe and collection
plate while the random fibers are deposited on the
ground collection plate. For our preliminary
analysis we fabricated aligned fibers using MaSp1
with and without CNT. The fiber diameter of
aligned fibers was 96± 35 nm and that of aligned
fibers having 1% CNT was 97± 30 nm. It was
found that the incorporation of 1% CNT in spider
silk did not change the fiber diameter significantly.
The incorporation of 1% CNT significantly
increased the mechanical properties of spider silk.
An 8-time increase in modulus and 4-time increase
in the tensile strength of MaSp1 was observed with
1% incorporation of CNT.

CONCLUSIONS
The electrospinning of individual components,
MaSp1 of dragline spider silk protein from Nephila
clavipes was carried out in formic acid to fabricate
nanofibers. A novel nanocomposite material was
fabricated using co-electrospinning process. CNTs
were incorporated in MaSp1 and the spinning dope
was co-electrospin to form aligned as well as
random nanofibers. The aligned nanofibers with
and without CNT were tested for their mechanical
properties. Incorporation of 1% CNT in MaSp1 did
not alter the fiber diameter significantly. But it
significantly improved the mechanical properties.
FUTURE WORK
We intend to combine these tailorable superior
mechanical properties with the biocompatible
nature of spider silk at nano scale level and explore
the feasibility of the “super spider silk” as tissue
engineering scaffolds. Further optimization of
electrospinning parameters to produce continuous
uniform fibers, incorporation of higher % of CNT,
chemical or thermal annealing to improve the
mechanical properties and in vitro cell culture
study will be carried out and published in our
subsequent studies.
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ABSTRACT
Sheath/core piezoelectric PVDF composite
nanofiber was prepared by co-axial electrospinning.
Cylindrical and flat ribbon core shapes were
obtained by controlling core solutions. Further
analysis by FTIR showed that core fiber had rich
content of β-phase PVDF crystal structure.
INTRODUCTION
Sheath/core fibers pay great attentions for
advanced application such as biotechnology,
energy, sensor and actuator. These attentions are
related to inherent property of sheath/core
materials, and its ability to be incorporated with
others materials. The property of materials depends
on its nanomorphology and its nanostructure [1].
Piezoelectric material such as PVDF with β-phase
crystal structure is very important for industrial
application such as sensor and actuator. In our
previous study, crystal structure of PVDF
nanofiber can be control during electrospinning [2,
3]. Objectives of our current study are to (i)
produce piezoelectric composite fiber with various
sheath and core morphology, (ii) study factor
which influence in sheath/core morphology
formation.
EXPERIMENTAL
Sheath/core composite nanofiber was prepared by
co-axial electrospinning. Polymethylmetacrylate
(PMMA) and poly(vinyliden fluoride) (PVDF)
were chosen as sheath and core material,
respectively. PVDF was dissolved in N-N DMAc
at 60 oC, and PMMA was dissolved in a mixed of
chloroform and N-N DMAc at room temperature,
respectively. Electrospinnining condition as follow:
8-10 kV of applied voltage, 12 cm of nozzle to
collector distance, 1 ml/h - 0.1 ml/h of core and
sheath feed rate, respectively. To observe core
morphology, sheath fiber was etched by
chloroform. Fibers were characterized by field
emission scanning electron microscopy (FE-SEM)

and transmission electron microscopy (TEM) to
determine morphology and diameter of fiber,
fourier transmission infrared spectroscopy (FTIR)
and wide angle X-ray diffraction (WAXD for core
crystal structure. Continuity of core fiber was
characterized by confocal laser microscopy.
RESULT AND DISCUSSION
Figure 1 shows FE-SEM and TEM images of
sheath/core PMMA/PVDF composite fiber before
and after etching. Before etching, all of
morphology of composite fiber is cylindrical shape.
After etching, we can see evolution of core
morphology as effect of additives. Core
morphology was shifted from cylindrical for low
additive concentration to flat ribbon for high
concentration additive. Figure 2 (a) shows that at
low core PVDF concentration (5 wt%), porous
cross section and flat ribbon core shape was
obtained. Further analysis of core fiber by FTIR
reveal that there is no significantly vibration band
peak at 766 cm-1 which related to α-phase crystal
structure, but we get sharp vibration band peaks at
1278 cm-1 and 840 cm-1 which related to β-phase
crystal structure. This evidence showed that core
fiber has rich content of β-phase PVDF crystal
structure.
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Figure 1.Morphology of sheath/core PMMA/PVDF fiber before
(A) and after etching (B) by FE-SEM. In the bottom is image of
sheath/core fibers by TEM (C). Composite fibers were
prepared by different amount of additive (0.5 wt%, 1 wt% and
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1.5 wt %) and with fixed sheath PMMA concentration (25 wt %)
and core PVDF concentration (30 wt %).
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Figure 2. Cross section of sheath/core PMMA/PVDF composite
nanofiber prepared by low concentration PVDF (5 wt%) (left).
FTIR spectra of core PVDF nanofiber (right)

CONCLUSIONS
Morphology of sheath/core nanofiber formation
was influenced by concentration, additive and flow
rate. The main factor which gave great influent into
core morphology was additive concentration in the
core solution. Increase additive concentration in the
core can change shape of core from cylindrical to
flat ribbon. The crystal structure of PVDF in the
core was dominantly β -phase crystal structure.
FUTURE WORKS
Now we are continously moving forward to study
and develop the detailed mechanism of core
morphology changing in sheath/core nanofiber by
co-axial electrospinning.
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ABSTRACT
A breakthrough technology on high-flux thin-film
nanofibrous composite membranes has been
developed at Stony Brook. This breakthrough
technology is based on two new concepts of the
membrane design, involving (1) the replacement of
conventional flux-limited porous substrate layer
with a high-flux functional nanofibrous scaffold,
containing an asymmetric structure with interconnected void morphology, and (2) the creation of
a very thin, strong and functional nanocomposite
barrier layer, imbedded with interconnected and
directed water channels. The new membrane
format is applicable to all liquid filtration, forming
a broad platform for applications to water
purification, involving processes of ultrafiltration
(UF), nanofiltration (NF), reverse osmosis (RO),
and forward osmosis (FO).
1. INTRODUCTION
Nanoporous materials can be created by using a
wide variety of pathways (1). Among them,
electro-spinning, an age-old technique, as first
observed by Rayleigh in 1897, studied in detail by
Zeleny (2) in 1914 (on electro-spraying), patented
by Formhals (3) in 1934, and provided the initial
fundamentals on electrically driven jets by Taylor
in 1969 (4), has recently gained popularity as a
platform technology to directly fabricate fibrous
nanostructures. The format has mainly been in the
form of non-woven mats of nanofibers with submicron size diameter length scales, i.e., with
diameters mostly in the tens to hundreds of nm. In
the past few years, many hundreds of publications,
together with close to one hundred patents and
patent applications, on its technical development
and applications to a broad range of industrial and
biomedical fields, such as nano-sensors, ultrafiltration, anti-adhesion films and tissue
engineering, have appeared. The details are
available in reviews elsewhere (5-14), especially
review14 with 134 references.
In the current presentation, the discussion deals
mainly with advantages, based on unique

properties of nano-fibers and nano-composites that
are applicable to ultra-filtration and nano-filtration,
including reverse osmosis for desalination. And
forward osmosis for energy generation.
2. TECHNOLOGY
In electro-spinning, an electrostatic potential,
typically up to approximately 30 kV, is applied
between a spinneret and a collector, with both
being conductors. The spinneret and the collector
are often separated at a distance of 10–15 cm. A
fluid, usually a polymer solution at a concentration
beyond the overlap concentration, is slowly
pumped through the spinneret. The traveling liquid
jet stream is subject to a variety of forces with
opposing effects. These could include gravity,
surface tension, applied electric field, spinneret
shape that can influence the electric filed strength
at the spinneret tip, etc. A general description of
the process has been presented elsewhere (14).
The small fiber diameter is responsible for the high
specific ratio of surface area to volume that is
important for many biomedical and industrial
applications. A high degree of molecular alignment
caused by the very large effective spin draw ratio
(SDR) results in unique mechanical properties of
the nano-fibers that can be mesoscopically
anisotropic but have relatively low crystallinity.
By now, more than 100 different polymers, both
synthetic and natural, have been successfully
electro-spun into nano-fibers. Electro-spinning,
being a physical technique, should have the
capability to fabricate almost all polymers,
provided that the polymer MW is sufficiently high
and the solvent can be evaporated in time during
the jet transit time period over a distance between
the spinneret and the collector. Thus, for filtration
applications, an appropriate choice of polymers
that can meet the specifications needed in a
filtration membrane can be fairly broad and not
limited by the electro-spinning fabrication process.
3. FILTRATION (New Format for Mid-layer
Support)

We can take advantage of the unique properties of
electro-spun membranes consisting of smalldiameter fibers. The electro-spun non-woven
nanostructure a) has interconnected pores, (b) with
pore sizes of the order of only a few times to a few
ten times of the fiber diameter. (c) The pore space
to material ratio is on the order of 3:1 or even
higher, and d) the cross-over points among the
fibers can be “soldered” together by judicial
processing, as illustrated schematically in Fig. 1.
The combination of these four features implies a
higher permeability for the mat (because of the
larger pore volume) that, at the same time, can
withstand better fouling (because of the
interconnectivity of pores), maintain smaller pore
sizes as a more effective support, and provide
improved mechanical stability (because the
“soldered’ structure resembles trusses, being one of
the strongest format to maintain mechanical
strength and stability). Consequently, the electrospun non-woven nanostructure can support even
thinner coatings that are responsible for the actual
fluid filtration.

Figure 2 shows scanning electron micrographs
(SEM) of a three-tier structure used in standard
ultra-filtration (UF) membranes. The melt-blown
non-woven polyester base support remains as in the
conventional
UF
membrane.
The
new
improvements deal with an improved mid-layer
support, e.g., a PAN electro-spun (or E-spun) midlayer, and a top-coating layer that can be made, in
principle, much thinner and can become an integral
part of the top portion of the mid-layer, in the form
of a stronger nano-composite. As an illustration,
we have used a top layer consisting of a chitosancontaining nano-composite. Figure 2 illustrates the
dimensional size change of the fibers in the threetier construct. Furthermore, the mid-layer can be
composed of fibers of two different diameters, with
the smaller diameter fibers being near the topcoating layer to provide a smoother surface and
smaller pore size for the very thin top-coating
layer. This asymmetric mid-layer support can be by
changing the (PAN) solution concentration during
the electro-spinning process. A cross section of the
top layer, the intermediate region between the top

layer and the mid-layer, and a top region of the
mid-layer are shown in Figure 2 (right panel). The
thin nano-composite top layer is particularly
noteworthy because the presence of nano-fibers,
together with ‘soldered’ crossing points among the
nano-fibers, especially for the few fiber layers
inside the top-layer coating, as shown in the inset
in Fig. 2, could strengthen the mechanical stability
of the top layer, incorporating it with the mid-layer
and forming an integrated system. The
consequence of this combination, i.e., having a new
format for the mid-layer support and the top layer
coating, implies that a more efficient UF filtration
format has been developed. This new format
should be considered as a general approach to UF,
nano-filtration (NF), and even the more stringent
and demanding requirements of reverse osmosis
(RO) used in desalination processes. It should
essentially be independent of materials used,
although it is implicitly understood that the nature
of materials used, such as hydrophilic versus
hydrophobic materials, the nature of adsorption,
and of electrostatic interactions, are further
considerations that one has to take into account to
optimize a specific high-flux and low-fouling
application.
4. DEMONSTRATION ON ADVANTAGES OF
NEW FORMAT WITH E-SPUN MID-LAYER
SUPPORT
Shipboard waste disposal has been raised a big
environmental issue (15). Membrane technology
can be easily adapted for shipboard waste treatment
and disposal due to low cost, less consumable
chemicals, and small footprint. Conventional
ultrafiltration membrane is most likely suffered by
limited throughput (i.e. permeate flux) due to the
fouling when it is used for bilge water (e.g. oil,
detergent and solvent mixture in water) treatment.
High throughput and low fouling membrane
system is ultimately desired towards energy-saving
and environment-friendly wastewater treatments.

Figure 3 shows the oily waste water filtration
results when using a top-layer coating on the
electro-spun PAN mid-layer and two types of
commercial PAN ultra-filtration membranes: Sepro
PAN 400 and 10. Based on the comparable
rejection ratio, a substantial amount of
improvement in flux (about 12 times) using the
same PAN base material has been achieved.
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5. SUMMARY
A new format for constructing NF, UF, and RO/FO
filtration systems, including a mid-layer support
using nano-fibrous non-woven substrate with solid
connections at fiber cross-points and a thin nanocomposite top-layer coating that can be integrated
with the mid layer. The new format has been
demonstrated to have substantially higher
performance
than
conventional
membrane
technology for the water purification.
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Hydrolytic Degradation of Electrospun Poly(lactic
acid)/Cellulose-Nanocrystals Nanocomposite Fibers
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Poly(lactic acid) (PLA) has been widely used in
various biomedical applications due to its
biodegradability, biocompatibility, good
mechanical properties and ability to be dissolved in
common solvents for processing. [1] The PLA
degradation process is based on hydrolysis. When
water molecules attack the ester bonds in the
polymer chains, the average length of the degraded
chains becomes smaller. Eventually, the process
results in short fragments of chains having
carboxyl end groups that become soluble in water.
The molecular weights of some fragments are still
relatively large such that the corresponding
diffusion rates are slow. In bulk PLA samples, the
remaining oligomers will lower the local pH value,
catalyze the hydrolysis of other ester bonds and
speed up the degradation process. This mechanism
is termed autocatalysis. [1] However, in the case of
electrospun nonwoven fabrics, the dimension of the
nanofibers is small and the diffusion length for the
degraded byproducts (hydrophilic oligomers) is
short. As a result, the possibility of autocatalysis in
electrospun nanofibers is very limited.
Electrospinning provides a method to produce
nanofibers with minute diameter and large surface
to mass ratio. Moreover, a significant implication
of the mechanism of electrospinning is that it
allows a bicomponent system to have properties
from each of the polymeric components. In this
study, electrospinning technique was used to
fabricate very fine nanocomposite fibers at
elevated temperature. The objective of the present
work was to investigate the influence of cellulose
nanocrystals on the hydrolytic degradation rate of
electrospun PLA/cellulose nanocomposite fibers.
Cellulose nanocrystals were incorporated into
electrspun PLA nanocomposite fibers to improve
the hydrophilicity of PLA and hence increase the
hydrolytic degradation rate of PLA. In this study,
PLA/cellulose nanocomposite fibers were
electrospun at elevated temperature from PLA in
dimethylformamide (DMF) solutions containing
suspended cellulose nanocrystals. Hydrolytic
degradation of the nanocomposite fibers was
conducted at 37 °C under constant shaking (100
rpm). Morphology of the degraded PLA/cellulose
nanocomposite fibers were examined with a field

emission scanning electron microscope (FESEM).
Figure 1 shows the morphological changes of the
PLA/cellulose nanocomposite fibers containing
10% cellulose nanocrystals (on the weight of PLA)
during hydrolytic degradation. After 8 weeks of
hydrolytic degradation, the nanocomposite fibers
(Figure 1. B) appeared not as smooth as the
original nanocomposite fibers (Figure 1. A), but
their fiber structure sustained. It could find that
some nanocomposite fibers were broken after 15
weeks of hydrolytic degradation (Figure 1. C).
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B

although the molecular weight decreased with
hydrolytic degradation but the polydispersity did
not change significantly, which suggests a random
chain cleavage rather than an unzipping process
[2].
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FIGURE 1. Keck SEM images of electrospun PLA/cellulose
nanocomposite fibers containing 10% cellulose nanofibrils with
different hydrolytic degradation time: A. 0 week; B. 8 weeks; C.
15 weeks.
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Molecular weight of PLA during hydrolytic
degradation in the PLA/cellulose nanocomposite
fibers, containing 0%, 1%, and 10% cellulose
nanocrystals, was determined by Size Exclusion
Chromatography (SEC). Figure 2 shows the weight
average molecular weight changes of PLA for the
three types of nanocomposite fibers. The hydrolytic
degradation rate (slopes of the curves) of PLA was
influenced by the composition of the
nanocomposite fibers. PLA in the nanocomposite
fibers containing 10% cellulose nanocrystals
degraded fastest among all these three types of
nanocomposite fibers.
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FIGURE 3. Polydipersity of PLA from the electrospun
PLA/cellulose nanocomposite fibers as a function of hydrolytic
degradation time.
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Electrospinning is a straightforward

microscopy and 3D profile microscopy. The

and versatile method for forming thin fabrics.
This method has the following advantages:
(i) applicability for broad spectrum of
molecules such as inorganic molecules,

wetting behaviors on the textured surfaces
were characterized by static and dynamic
contact angle measurements.
The penetration of water droplet was

synthetic polymers, proteins, and DNA; and
(ii) ability to deposit polymer thin fabrics
with nano-microscaled structures, which
range from spheres to fibers under

observed through the textured surface
prepared
from
the
resin
A
(hydrophilic-component rich). The textured
surface prepared from the resin B

atmospheric pressure [1]. One major
advantage of the electrospinning technology
is the forming of nano-microtextured
surfaces on various materials, because not

(hydrophobic-component rich), on the other
hand, showed the transfer from hydrophilic
property to hydrophobic one. This
phenomenon is well explained by the

only the surface chemical composition, but
also the surface roughness affects the
wetting behavior [2]. Textured surfaces have
been produced by a range of chemical and

Quere’s model combined with the
Cassie-Baxter’s model and the Wenzel’s
model based on the roughness of textured
surface and the area fraction of nanofibers.

physical
methods:
electrochemical
polymerization,
sol-gel
method,
electrospinning,
photolithography,
micromolding, and the others. Recently,
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several researchers have shown that the
electrospinning process is useful for
producing superhydrophobic surfaces. There,
however, have been few systematic studies

electrospray
deposition
method,
In
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Series 918, D. H. Reneker, H. Fong Eds,
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on the relationship between the morphology
of the electrospun surface and the wetting
behavior.
In the present study, textured surfaces
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composed of nanofibers were prepared by
electrospinning from two kinds of acrylic
resins [3]. Their surface morphologies were
observed
using
scanning
electron
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Superhydrophobic Electrospun Nonwovens
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ABSTRACT
Electrostatic fiber formation (aka “electrospinning”) has emerged in recent years as one of the
simplest and most promising methods for
producing long, continuous fibers with diameters
less than 1 micron from a wide variety of materials.
This technology provides a robust processing route
for the formation of nonwoven textiles that have
high surface area and high porosity but small pore
size.
By carefully controlling the surface
chemistry and topography of the nonwoven
material, exceptional surface properties can be
obtained, rendering the material superhydrophobic
or superhydrophilic. [1,2,3] Remarkably, exceptional oleophobicity and oleophilicity can also be
realized. [2,4] These properties can be shown to
depend in an essential way on the texture and size
scale [2,5] of the electrospun nonwoven, and on the
re-entrant nature of the fiber geometry. [4] They
can be amplified through appropriate spinning and
post-spinning processing strategies. [2,5,6,7]
Specific examples involving membranes with
robust hydrophobic and oleophobic properties, for
anti-fouling,
absorbancy
and
separations
applications, will be presented. Opportunities for
forming multifunctional membranes that combine
these exceptional surface properties with other
novel capabilities may also be discussed.
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ABSTRACT
Magnetic nanofilaments are making recent
publications; described as long flexible chains
made of magnetic colloids and linkers, these
particles have already been used in self-propulsion
of bodily cells and DNA. Typically, diameter of
these filaments is measured in nanometers, hence
their applications are limited to nanomechanical
systems.
The major barrier to fabricate
microscopic magnetic or ferroelectric filaments is
that
the
flexural
rigidity
and
magnetization/polarization cannot achieve high
values simultaneously.
In this paper, we discuss new approach which
avoids these problems. Highly porous (~ 83%)
polyvinylidene difluoride (PVDF) / polyethylene
oxide (PEO) nanofibers of about 50-500 nm in
diameter were prepared by electrospinning (Fig.1).
Wetting experiments and theoretical analysis
suggest that nanofibers have a core-skin
morphology (PEO as a core and PVDF as a skin).
PVDF yarns have high tenacity, can be bent,
knotted, or twisted without any breakage. Results
of DSC, TGA, and FTIR characterization of the
produced yarns reveal the presence of crystalline
PVDF β-phase responsible for ferroelectric
properties of the material. These yarns can be made
magnetic by impregnating them with magnetic
nanoparticles.
Since these yarns are very flexible and field
responsive, they can be bent and twisted by
applying electric or magnetic fields. We also
discuss interesting field-induced bending instability
which can be used in design of fiber-based
grabbers and some other means manipulations of
small objects. A series of experiments show that
ferroic yarns can be used as conduits and collectors
in nanofluidic devices (see examples in Fig.2) .
Probing aerosol droplets, biofluids from capillaries,
making operations on single cells, are only a few
applications under consideration.

50 μm

4 μm

FIGURE 1: a) Yarn produced from b) PVDF/PEO
nanofibers.

Drop

Field is
applied

Field has
been
removed

FIGURE 2: Nanofiber yarn as a probe. The yarn is placed
between two electrodes and a drop is sitting at the stage. Upon
field application, the yarn bends toward the drop and sucks it
up.
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INTRODUCTION
It is well known that some colors of natural objects
are produced by periodic structures for example in
animals and in minerals [1, 2]. The colors of these
objects depend on the angle of observation and
originate from interference of light at thin layers or
diffraction at periodic structures. When light is
diffracted by an object, interference occurs when
the incoming wave is superimposed with the
diffracted waves. A diffraction grating is a
structure with a repeating pattern. Micro- and
nanoscaled gratings rendering spectral separation
of light are widely used for securing documents,
credit cards or bank notes. A challenging idea is to
extend fiber coloring beyond the possibilities of
dye colors using interference effects of photonic
structures. The potential to use such color effects as
a fashion element is not yet widely investigated [3].
Structurally colored fibers, based on alternating
thin layers of polyester and polyamide, are
commercially available [4, 5].
APPROACH
Here we present an approach to imprint diffraction
gratings on synthetic fibers, an adoption of our
recently realized roll embossing device to laterally
microstructure textile fibers [6]. The surface relief
of a lithographic nickel shim is transferred onto the
surface of a fiber by molding a thermoplastic
material at a temperature well above its glass
transition temperature (Figure 1). This process has
similarities to the hot embossing of surface
structures into thin polymer sheets for the
fabrication of diffractive optical elements [7] or
into thin thermoplastic resists as used in the
nanoimprint process [8]. Roll embossing is a
process highly suitable for mass fabrication at
industrial scale. The process speed can be up to
some meters per second.

FIGURE 1. Principle of fiber structuring: A sophisticated
system with unaligned pressure rolls ensures that the embossing
effectively covers the entire fiber surface.

RESULTS AND DISCUSSION
We succeeded in transferring periodic gratings
with sub-µm dimensions onto synthetic
monofilaments [9]. Our results show that roll
embossing can be applied for the lateral structuring
of polymer fiber surfaces. A suitable temperaturepressure-speed regime was found for homogeneous
fibers, which allows molding a sub-µm pattern
onto the surface of the fiber, while the core of the
fiber is only slightly deformed. The process does
not show any principal limits with respect to
structure dimensions. Therefore, as already found
for other replication processes, it can be expected
that even nanostructures can be replicated on fibers
using roll embossing.
Some of the imprinted fibers show visible color
effects. Best results were obtained for PMMA
fibers. A subsequent silver coating using a plasma
deposition technique [10, 11] was applied to
achieve reflective surfaces required for more
distinct optical effects. Two types of
microstructures were imprinted, one with a single
one dimensional periodic structure (monostructured) and the other with a variety of
microstructures (poly-structured). The later

consists of regions with different period directions,
each covering an area of about 1 mm². Periodic
microstructures render rainbow optical effects,
while alternating microstructures lead to sparkling
optical effects. A typical mono-structured fiber is
shown in Figure 2.

[4] Iohara, K., Yoshimura, M., Tabata, H.,
Shimizu, S., "Structurally colored fibers",
Chemical Fibers International, 50, 2000, pp. 38-39.
[5] Nose, K., "Structurally colored fiber
Morphotex", Kinoshi Kenkyu Kaishi/Annals of the
High Performance Paper Society, Japan, 43, 2004,
pp. 17-22.
[6] Halbeisen, M., Schift, H., "Surface micro- and
nanostructuring of textile fibers", Chemical Fibers
International, 54, 2004, pp. 378-379.
[7] Gale, M.T., "Replication", Herzig, H.P.,
"Micro-optics", Taylor & Francis, London, 1997

FIGURE 2. Typical mono-structured fiber illuminated with
white light (top) and a microscopic close up of the same fiber
showing the periodic structure (bottom). The fiber is illuminated
with white light and photographed using a light microscope.
The top image shows the fiber using low magnification (50x).
The bottom image shows the same fiber using high
magnification (1000x). The periodic structure of about 1 µm can
clearly be seen.

If one aims to design such textile fibers for using
its color as a design element, an understanding of
the basic physical effect and an appropriate
modeling is needed [12]. The goal is to allow
predictions on the visual color appearance of
structured textiles as a function of structure period
and type, fiber cross section, material properties
and illumination. The model is verified
qualitatively with optical color measurements on
surface structured textile fibers, which show strong
iridescent color effects. Good agreement can be
found for the diffracted spectra as well as for
images of diffraction patterns.
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ABCTRACT

remains challenging due to their relatively poor

Submicro or nanostructuring of polyethylene fibers

solubility in conventional solvent systems and the

can be applied in high efficiency filter materials,

relatively high melt viscosity [4-5].

absorber materials and biomaterials. The fabrication

We recently reported formations of spheres and

of submicro- or nanostructured PE fibers has been

in situ fibrils of thermoplastics including polyolefins

challenging. In this study, polyethylene materials

and polyesters, in the immiscible bio-based

can be prepared into micro- or submicrospheres or

cellulose acetate butyrate (CAB) matrix during melt

nanofibers via melt blending or extrusion of

blending and extrusion, respectively [6-7]. The

cellulose acetate butyrate (CAB)/LDPE immiscible

CAB was a particularly attractive polymer since it

blends and subsequent removal of the CAB matrix.

can be easily dissolved in acetone at room

The sizes of the PE spheres or fibers can be

temperature. Thus, after the removal of CAB, the

successfully controlled by varying the composition

spheres or fibrils of thermoplastics can be obtained,

ratio and modifying the interfacial properties. The

which appears to be a promising approach in

surface

preparation

structures

of

LDPE

micro-

or

submicrospheres and nanofibers were analyzed

of

controllable

submicro

and

nanostructured thermoplastics.
In the present study, the polyethylene materials

using SEM and FTIR-ATR spectroscopy. In
addition, the crystalline structures of the LDPE

are

nanofibers were characterized.

submicro-spheres and nanofibers through melt

INTRODUCTION

processing by varying composition ratios and

Because of low cost, ready availability in

fabricated

modifying

the

into

tunable

interfacial

micro

properties

or

with

various forms, chemical inertness, mechanical

PE-co-GMA as a polymeric surfactant. The

properties and high specific proton density of

obtained polyethylene micro- or submicro-spheres

polyethylene (PE)

emerging

and nanofibers were characterized by examining

applications of PE have been envisioned. Submicro

their morphology, interfacial chemical structure and

and nanostructured fibers have gained increasing

crystalline structures using SEM, torque rheometer,

attention due to their enormous surface area to

FTIR-ATR spectroscopy, X-ray diffraction and

weight ratio, providing significant advantages as

DSC.

high efficiency filtration media, personal protective

EXPERIMENTAL

clothing and biomedical products [1-3]. As a result,

Materials

there are considerable interests in fabrication of

butyryl content 35-39%) was purchased from Acros

submicro- and nanoscale fibers. The submicro- and

Chemical (Pittsburg, PA). Low density Polyethylene

nanostructured polyethylene fibers are expected to

(LDPE; MFI: 25 g/10 min, 190°C/2.16kg) and

improve the efficiency and performance of the

Polyethylene-co-glycidyl

regular products. However, the submicro and

(PE-co-GMA; MFI: 5g/10min, 190°C/2.16kg) were

nanoscale fabrication of polyethylene materials

purchased from Aldrich Chemical (Milwaukee, WI).

materials,

many

Cellulose acetate butyrate (CAB;

methacrylate

The polymers used in this study were dried prior to

into the CAB/LDPE mixtures reduced interfacial

melt mixing and extrusion.

tensions of the system.

Melt Mixing Mixtures of CAB and LDPE at

PE-co-GMA a surface active agent to this particular

weight ratios of 70/30, 80/20 and 90/10 were

system.

blended in a mixer (ATR Plasti-Corder®, C. W.

size of LDPE spheres, the effect of PE-co-GMA on

Brabender, USA) at 240°C for 5 min under nitrogen.

the

The screw speed was 100 rpm. To modify the

complicated issue [24]. The formation of the

interface properties between LDPE and CAB,

nanofibers relies on the coalescence of the

varied amounts of 1wt%, 3wt% and 5wt%

elongated LDPE sphere. However, the presence of

PE-co-GMA were melt blended into a mixture of

the surface active agent could lower the interfacial

CAB/LDPE=80/20 under the same conditions. The

tension and possibly inhibit the coalescence of PE,

torque of each sample was recorded.

causing difficulties in preparing the continuous

Melt Extrusion Mixtures of CAB/LDPE or

fibers. Again, 1%, 3% and 5% PE-co-GMA were

CAB/LDPE/PE-co-GMA were gravimetrically fed

melt extruded with 80/20 CAB/LDPE blends.

into a Leistritz co-rotating twin-screw (18 mm)

Figure 1 d-f present the morphologies of LDPE

extruder (Model MIC 18/GL 30D, Nurnberg,

nanofibers prepared after removing the CAB matrix.

Germany). The feeding rate was 12g/min and the

Interestingly,

screw speed was 100 rpm. Barrel temperature

nanofibers was observed with addition of the

profiles were 150°C, 180°C, 200°C, 220°C, 235°C

PE-co-GMA, and the increase in the concentration

and 240°C. The blends were extruded through a 2

of PE-co-GMA led to smaller average diameters.

strand (2 mm in diameter) rod die. The extrudates

The average diameters decreased from 246±48nm to

were hot-drawn at the die exit by a take-up device

215±78nm and 167±41nm with increase of the

keeping drawn ratios of 2, 8 and 25 (the area of

PE-co-GMA content from 1% to 3% and 5%,

cross section of the die to that of the extrudates) and

respectively.

air cooled to room temperature.

Analysis of tunable morphology of PE materials

RESULTS AND DISCUSSION

To explain the above results, possible formation

Polyethylene Nanofibers Figures 1a-c present

processes of tunable LDPE spheres and nanofibers

morphologies of LDPE nanofibers prepared from

were schematically presented in Figure 3. For the

CAB/LDPE blends with ratios of 70/30, 80/20 and

CAB/LDPE/PE-co-GMA blends with relatively low

90/10 through the melt extrusion process. The

concentration of PE-co-GMA (1%), the obtained

CAB/LDPE ratio of 70/30 caused a co-continuous

LDPE sphere surfaces were not sufficiently covered

fibrillar morphology. Compared to the LDPE

by PE-co-GMA and the average diameters of the

spheres from 80/20 and 90/10 CAB/LDPE blends

spheres and nanofibers only decreased slightly. A

processed in the internal mixer, it can be observed

higher concentration of PE-co-GMA resulted in

that bundles of well defined LDPE nanofibers could

increased coverage of the LDPE surfaces and

be obtained after removing the CAB matrix. The

formation of the sun-flower like structure. During

dependency of average diameters of nanofiber on

melt extrusion, however, the LDPE spheres were

the composition ratio is consistent with that of the

subjected to extensional flow fields. The spheres

micro- or submicrospheres. The average diameter

were deformed and elongated into ellipsoids, and

of the LDPE nanofibers prepared from the blends

finally coalesced into LDPE nanofibers. The

with a ratio of 90/10 could reach 163±34nm, as

addition of an insufficient amount of PE-co-GMA

shown in Figure 2.

did not prevent the coalescence of elongated spheres,

Effect of PE-co-GMA on the morphology of

but instead remained on the surfaces of the LDPE

LDPE nanofibers The addition of PE-co-GMA

nanofibers. For the sunflower like LDPE, the

This effect makes

In spite of successfully controlling the

morphology

no

of

LDPE

significant

nanofibers

is

disintegration

a

of

PE-co-GMA surrounding the LDPE spheres could

Bruce. C. D. Macromolecules 2007, 40, 608-10.

merge together, forming bamboo-like nanofibers

[6] Wang, D.; Sun, G.; Chiou. B. S. Macromol

with

Mater Eng 2007, 292, 407–14.

PE-co-GMA

as

nodes.

In

addition,

PE-co-GMA could still be left on the surfaces of

[7] Wang, D.; Sun, G.. Eur Polym J 2007, 43,

nanofibers. Although no direct morphological

3587-96.

evidence could be presented to support this
mechanism due to the similarities in the contrast of
PE and PE-co-GMA under microscopy, the
formation

of

PE-co-GMA

nanofibers

from

CAB/PE-co-GMA blends reported in our previous
study made the hypothesis reasonable [6]. Further
evidence will be studied and exhibited later.
CONCLUSIONS
Low

density

successfully

polyethylene
fabricated

submicro-spheres

and

materials

into

micro-

nanofibers

by

were
or
melt

processing in an internal mixer, where shear flow
fields are predominant, or an extruder, where
extensional flow fields are predominant. The sizes
of the LDPE micro- or submicro-spheres can be
effectively controlled by changing the composition
ratio of CAB to LDPE as well as adding different

Figure 1. SEM images of LDPE nanofibers from

concentrations

agent,

extracting the CAB matrix of (a) CAB/LDPE=70/30,

PE-co-GMA. An increase in CAB concentration in

(b) CAB/LDPE=80/20, (c) CAB/LDPE=90/10, (d)

the CAB/LDPE blends resulted in a decrease in the

CAB/LDPE/PE-co-GMA=80/20/1,

average diameters of the LDPE micro- or

CAB/LDPE/PE-co-GMA=80/20/3

submicro-spheres

CAB/LDPE/PE-co-GMA=80/20/5 extruded blends.

of

a

and

surface

active

nanofibers. The added

(e)
and

(f)

PE-co-GMA preferentially located at the interface
between CAB and LDPE and lowered the
interfacial tension. The addition of up to 5%
PE-co-GMA tends to be more effective in reducing
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INTRODUCTION
High laser power delivery and sensing using near
and mid infrared (IR) radiation (wavelength range
1μm-12 μm) have been active areas of applied
biomedicine in the past decade due to some crucial
advantages that IR wavelength range offers [1].
Hollow core multilayer and microstructured fibers
for radiation guiding in the IR [2] have recently
received considerable attention as they promise
considerable advantage over their solid core
counterparts in applications related to high power
guidance at almost any IR wavelength for military,
industry, medicine, IR imaging and sensing. Due to
its complexity, fabrication of such waveguides is
an active field of research, where any new
manufacturing technology could enable a novel
niche application. Main advantage of hollow core
photonic fibers versus solid core fibers is in their
ability to confine and guide radiation
predominantly inside of a hollow core, thus
reducing dramatically radiation propagation loss
due to material absorption in the fiber materials,
which is especially critical in the mid-IR (λ>3 μm)
where most of the materials are highly absorbing.
In multilayered waveguides radiation confinement
in a hollow core is achieved by reflection from a
surrounding reflector consisting of a quasi-periodic
sequence of thin layers of optically different
materials with thicknesses comparable to the
wavelength of a transmitted light. The total number
of layers is typically 5-30. Four main methods have
been identified for hollow core fiber
manufacturing, but only two are discussed here.
The first is a relatively simple method consisting in
the deposition of uniform thin polymer films on a
perform substrate by means of a solvent
evaporation technique. The second approach is a
co-rolling technique where multilayer films are
rolled around a mandrel and then fused to it by a
thermal treatment. Critical step in realizing
multilayer reflector is a selection of pairs of

optically different, while mechanically similar
materials that can be co-processed together to form
a high optical quality multilayer preform. Preform,
which is an enlarged (by a factor of 10 to 100)
copy of an optic fiber is then placed into a furnace
where it is brought above the polymer glass
transition temperature and finally pulled into a
fiber.
EXPERIMENTAL APPROACH
This work compares two different fabrication
techniques of the all-polymer hollow multilayer
fiber performs. First, we have developed
processing techniques and established several
polymer material combinations to fabricate allpolymer hollow multilayer waveguide preforms by
consecutive evaporation of polymer solutions on
the inside of a rotating cladding tube. The first step
in doing so is to select a set of polymers and then
to choose a pair of orthogonal solvents for the
process. The choice of polymers is based on the
difference in their refractive indices and processing
temperature. One wants to have the former as large
as possible, while the later should be similar for
both materials (see Table 1). Option for solvents
are reported in Table 2
Table 1 Physical parameters of polymer materials

Polymer

Refr. ind.
in the near
IR

Tg (ºC)

PS

1.60

100

PMMA

1.48

105

PC

1.58

149

PVDF

1.40

−30

Tm
(ºC)

Diff. in
Tf (ºC)

5

14
135

Tf = thermal deformation temperature,Tg = glass transition
temperature, Tm = melting temperature.

Table 2 Orthogonal solvents for the two different polymer pairs:
+ is soluble, - is not soluble. In parenthesis we put optimal
polymer concentration in a solvent.
Polymer

CH3CN

CCl4

CH3COCH3

PS

−

+,
(5%)

−

PMMA

+, (5%)

−

+, (5%)

CHCl3 or
CH2Cl2

multilayer films co-rolling process. Figure 2
presents a SEM picture of a PVDF/PC fiber
produced by the first technique. A good regularity
in layer thickness is found throughout the
materials. Figure 3 shows a PS/PMMA made from
a co-extruded four layers film. The film was first
successfully turn into a perform and then drawn to
fibers.

+,
PC

−
(5-10%)

PVDF

+, (5%)

−

We have used two polymer pairs for conducting
this study. These are polystyrene/poly(methyl
methacrylate)(PS/PMMA) and polycarbonate
/poly(vinylenedifluoride) (PC/PVDF) material
combinations. PMMA has been for many years a
material of choice for plastic optical fiber
fabrication, while PS and PC have been
investigated as materials to use as regular optic
fiber protective coatings.
The second approach used to fabricate the performs
was a co-rolling technique of multilayer polymer
films obtained by a co-extrusion process. In order
to facilitate the control of the extrusion process, the
rheological properties of the two polymer melts
have to be similar under the extruder operating
conditions. Figure 1 presents the viscosity of PS
and PMMA polymers chosen for this work as a
function of temperature. One observes that a good
match of viscosity is obtained when the PS and
PMMA are extruded at a temperature of 200 oC
and 230 oC respectively.

FIGURE 2: Crossection of a drawn 21-layers PVDF/PC fiber

FIGURE 3: Solid PMMA core surrounded by a PS/PMMA
multilayer Bragg reflector

CONCLUSIONS
We have compared two different approaches to
prepare all-polymer hollow Bragg fibers. It was
found that each process can reliably produced the
fibers performs. The solvent deposition technique
is more time consuming, but it allows for a better
control of the fiber final structure. On the other
hand, the rolling of co-extruded multi-layers is
faster and should be favored for low-cost
applications.
FIGURE 1: Dynamic viscosity of PS and PMMA at different
temperatures

RESULTS
Preforms and fibers have been obtained using the
solvent deposition technique as well as the
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[6]. Figure 2 shows the cross-sectional view of the
INTRODUCTION
device. The sample was prepared by flocking
Polymer electrolyte membrane fuel cells (PEMFC)
carbon microfibers on Nafion® membranes. IPGP
are attracting more and more research interest due
to their environment friendly operation. Polymer
was evaluated with various flock densities and
electrolyte membrane and catalyst layer deposition
compressive strains.
techniques have been researched the most by
academia and industries. Gas diffusion layer
(GDL), where the electrochemical reactions take
place, has been given less importance. Recently, it
has been shown that the in plane permeability of
the GDL plays imperative role in determining mass
transfer rates and hence the rates of
electrochemical reactions [1, 2, 3]. Currently,
carbon cloth and carbon fiber paper are used as
GDL. This research focused on the flocked GDL
fabrication, its in-plane permeability and throughplane electrical conductivity.
APPROACH
The flocked GDL samples were made using carbon
microfibers 7 µm in diameter with different lengths
of 150, 250 and 500 µm. A device was constructed
to
measure
the
through-plane
electrical
conductivity (TPEC) of the flocked GDL as shown
in Figure 1. The device consisted of 2 copper
sheets fitted into a polycarbonate plates. A flocked
GDL sample was sandwiched between the copper
sheets, and its electrical conductivity was
measured. Sample was prepared by flocking the
carbon microfibers on the aluminum foil with
Liquion® 1115 solution as an adhesive. TPEC was
evaluated with various flock densities and
compressive strains.

FIGURE 2. Schematic of an instrument for characterization of
in-plane gas permeability of GDL

The performance of flocked GDL and conventional
GDL was tested at different oxygen and hydrogen
flow rates shown in Table I. The flocked GDL was
prepared by flocking carbon microfibers on both
sides of the Nafion® membrane. A dispersion of
platinum catalyst in Liquion® 1115 solution was
used as an adhesive for the flocking. The current
and voltage were noted at 1, 3, 5, 10, 50, 100, 200
and 500 Ω. Also, performance of both GDLs was
tested over 90 minutes and at 3Ω load to obtain a
plot of current density against time.
TABLE I Experimental flow rates of oxygen and hydrogen

Flow rates (µg/s)
Oxygen
Hydrogen

FIGURE 1. Schematic of a device for characterization of
through-plane electrical conductivity of GDL

In addition, a device, based on radial flow of fluid,
was constructed to measure the in-plane gas
permeability (IPGP) of the flocked GDL. The
design was based on the work done by Feser et al.

Trial 1
8.25
1.41

Trial 2
19.00
2.35

Trial 3
28.50
3.50

RESULTS AND DISCUSSION
As the compressive strain was increased the TPEC
was increased. Increase in compressive strain leads
to compaction of flocked GDL and hence TPEC
increased. Also an increase in the flock density
increased the TPEC of flocked GDL due to
increase in number of flocked fibers per unit area.
Figure 3 shows the variation in TPEC with
compressive strain and flocking density.

As the compressive strain was increased the IPGP
was decreased. Increase in compressive strain
compacted the GDL and hence reducing the void
volume. This creates increased resistance to the gas
flow. Also, increase in flock density decreased the
IPGP. In this case, the void volume of GDL was
reduced due to increase in number of flocked fibers
per unit area. IPGP of flocked GDL was linearly
related to flock density and compressive strain.
Figure 4 shows the variation in IPGP with
compressive strain and flocking density. Table II
shows the comparison among the flocked GDL and
a few commercial GDLs.

loses 12-15%. Due to the higher IPGP than the
conventional GDL, the flocked GDL has better
mass transport rates which is evident from these
results.

FIGURE 5. Current density against time for flocked and
commercial GDL

FIGURE 3. Through-plane electrical conductivity against
compressive at different flocking densities for 500µm carbon
microfiber samples

FIGURE 4. In-plane gas permeability against compressive at
different flocking densities for 500µm carbon microfiber
samples
TABLE II. Comparison among various commercial GDLs and
flocked GDL [4, 5]
Property
GDL
GDL LT
140E-W
SGL31BA
TGP-60-H
Flocked
GDL
(500µm)

Areal
density
(gm/cm2)

Porosit
y
(%)

Compressive
strain
(%)

In-plane
permeability
(m2)

0.021

70

32

3.6 x 10-11

0.0054

90

13

4.2 x 10-11

0.0065

78

1.3

1.2 x 10-11

0.0262

70

3.4

5.7 x 10-11

The in-situ performance testing of the flocked and
GDL LT 140E-W (carbon cloth) showed that
flocked GDL loses only 2-3% of its initial current
density over 90 minutes while carbon cloth GDL

CONCLUSION:
A New method to construct the flocked GDL was
developed which involved swelling of the Nafion®
membrane in Liquion® 1115 solution, holding the
membrane in stretched position, spraying the
catalyst dispersion and finally flocking the carbon
microfibers using a conventional flocking set up.
With an increase in flocking density or
compressive strain, the void volume of flocked
GDL decreased resulting in increased pressure
drop across the GDL and hence decreased IPGP.
Increase in TPEC was observed as the compressive
strain on the flocked GDL or the flocking density
was increased. This was attributed to the increased
contact among the fibers. IPGP and TPEC were
linearly related to the flock density and
compressive strain.
The flocked GDL operated at steady current
density over 90 minutes. This showed that the mass
transport rates in the flocked are better than
conventional GDL.
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ABSTRACT
Randomly oriented non-woven filter media are
widely used for coalescing filters throughout
industry. Improved filter performance can reduce
droplet emissions and operating costs. Experimental
observations show orientation of micro fibers in filter
media effect the permeability and the separation
efficiency of the filter media. In this work two
methods for aligning the fibers to alter the filter
structure are discussed. The results show that axially
aligned fiber media improve quality factor on the
order of 20%. Media cut from a thick layered media
on an angle can improve performance by about 40%.
Tensor analysis is used to determine the change in
average fiber angle due to the coordinate rotations.
The results also show the improved performance does
not monotonically correlate to the average fiber angle
of the medium.
INTRODUCTION
The effects of fiber orientation have been studied by
various industries including polymer [1], paper [2]
and textiles [3], to enhance their product lines. This
has also been proven beneficial to the filtration
industry because orientation of fibers can lead to
lower pressure drop. Unfortunately, the lowered
pressure drop usually is accompanied by a decrease
in particle capture efficiency [4]. However, in
coalescing filter media the fiber orientation with axes
parallel to the direction of flow can have an added
benefit of improving drainage which reduces the
liquid saturation in the filter media and reduces the
pressure drop as compared to media with fibers
perpendicular to the flow.
Two methods are described in this paper to orient
fibers in the filter media. One method applies an
electric field to a non-polar solvent with dispersed
fibers to achieve axial orientation of fibers [4]. The
other is by cutting at different angles the filter media
out of larger thick layered filter media made by
gravity settling [5]. Cutting samples at different
angles creates filter media with different average
fiber angles relative to the flow direction. Both
methods result in filter media with a distribution of
fiber angles (as measured from the axis of flow). The
length weighted average fiber angles of the media are
used to characterize the fiber angle for the media [3].

FORMATION OF FILTER MEDIA
The filter media formed by gravity settling have
(0.92-0.96) porosities and average fiber angles from
66 to 69 degrees (as determined by the length
weighted fiber mapping method in [4]). The
bicomponent fibers were melted to bind the fibers
together. Filter samples were cut out of the cake for
comparison with dimensions 50x10x35mm for
comparison with the electric field formed filter
media.
To construct filter media using an electric field a 50%
w/w mixture of glass and bicomponent fibers was
dispersed in a CCl4 slurry with the fibers having a
volume fraction of 0.00055. The slurry was exposed
to an electric field of strength of 1 kV/mm between
two flat electrodes. The media was formed having
dimensions 50x10x35mm by squeezing the fibers
together using a piston between the electrodes.
The media had porosity in the range of 0.94-0.96.
and average fiber angles between 36 to 40 degrees for
the axially oriented media compared to 66 to 69
degrees for the gravity settled (i.e. layered) filter
media.
COALESCENCE FILTRATION
Filter samples described above were tested in a liquid
aerosol coalescence experiment. Droplets are
captured on the fibers by the mechanisms of inertial
impaction, direct interception and diffusional
deposition [6,7].. Captured droplets coalesce into
larger drops and the enlarged drops migrate through
the medium.
Figure 1 shows that the media formed by electric
field with axially aligned fibers have a lower pressure
drop as compared to the layered media. After
sufficient time the pressure drop reaches a steady
value. The mass concentration of droplets in the inlet
and outlet streams similarly reach steady values. The
steady state values are used to compare the filter
performances. The quality factor [8] for droplet
removal from the gas stream is defined as

⎛ Cout ⎞
− ln⎜
⎟
Cin ⎠
⎝
QF =
ΔP

(1)
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FIGURE 1. Pressure drop of axially oriented filter media made by
electric field method (average angles of 36 and 40 degrees)
compared to layered media made by gravity settling (average
angles of 66 and 69 degrees).

where Cout and Cin are the steady state mass
concentrations of the inlet and outlet streams. Media
with larger quality factors perform better than the
media with lower quality factors. Figure 2 compares
the quality factors between the axially aligned fiber
media and the layered media. The axially aligned
media of average angles of 36 and 40 degrees have a
10 to 20% improvement in quality factor.
The steady state quality factors for the media cut at
different angles are shown in the bar chart in Figure
3. The quality factor generally increases as the cut
angle decreases. The maximum quality factor of the
zero degree cut angle medium showed a 38%
improvement over the 90 degree cut angle medium.

FIGURE 3. Quality factor for media cut at different angles from a
thick layered media.

CONCLUSION
Two methods for forming filter media with control of
fiber orientation within the media are described in
this work. Experimental results show that fiber
orientation has a significant effect on filter
performance. These results suggest that the average
angle alone is not sufficient to characterize the effects
of fiber structure on the filter performance.
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INTRODUCTION
Nowadays, the social, the economical and the
environmental circumstances constrain the
industrialists to promote ecological development
methods whereby they will improve their
competitiveness and promote employment. An
answer to these requirements is examined by textile
companies and laboratories of the Alsace region in
France. These companies are working on a
research program in the frame of the French
competitiveness cluster “Vehicle of the Future”.
The research program aims to develop an
innovating 3D nonwoven, which will be
manufactured with a vertical lapping unit for
nonwoven. This development represents a research
project named VERTILAP. The particularity of the
VERTILAP 3D nonwoven will be its ease of
recycling, its improved mechanical properties, its
weight and its low cost. It would be used to
substitute polyurethane foam for certain
applications.
This paper presents a comparative study between
the compression behaviour of the usually used PU
foam and the new VERTILAP material. The first
results of this comparison will be analysed and
discussed.
MATERIAL AND METHODS
Material used
For this study, 2 kinds of usually used PU foam in
automotive industry (SA40, LPF18) have been
selected. The physical characteristics of these
foams are shown in table 1.
Concerning the 3D nonwovens, the samples are
issued of the production campaign carried out in
the frame of the VERTILAP research program.
The 3D nonwoven presents a pleated structure. The
characteristics of the 3D nonwoven are displayed
the table 1.
All the samples are cut in a square section 10 cm
by 10 cm, for the foam, the thickness has been

chosen to 4 mm in order to be closed to the average
thickness of the 3D nonwoven.
TABLE I. Characteristics of tested materials
Vertilap

SA 40

LPF 18

496

180

182

6

4

4

-

562

446

-

687

544

2,3

-

-

83

-

-

Pleat’s angle (degree)

129

-

-

Structure’s irregularity
(%)

0,30

-

-

Weight (g/m2)
Thickness (mm)
Vertical cell mean size
(μm)
Horizontal cell mean size
(μm)
Number of pleat/cm
Rate of pleats’
condensation (%)

Testing procedure
The compression tests have been done on a 50-kN
screw-driven universal testing machine (Instron
3301R4201) fitted with a 5-kN load cell.
Deformation of the specimens was measured by the
displacement sensor included in the testing
machine. The samples have been compressed with
a speed of 0.05 mm/sec on a 150 mm diameter
circular surface. The compression procedure
routine has been the following for the whole
samples: the sample is submitted to compression
up to 50% of its initial thickness at the rate of
0.05mm/s and it is decompressed at the same rate.
At the end of the compression / decompression
cycle the sample rests 10s in order to recover its
initial characteristics. This cycle is repeated 5
times.
The stress-strain curve is plotted and the hysteresis
area which is linked to the energy used to compress
the sample and the maximal stress of the
compression is analysed. The test method has been
adapted from the international method ISO 3386/1
[1] which is used in automotive field. According to

this method, we will focus on the applied stress
during the 4th cycle of compression.
RESULTS AND DISCUSSION
The diagrams below (Figure 1 and 2) show the
hysteresis area and the maximal stress for the
different cycles of the compression. It can be
observed that for both the hysteresis area and the
maximal stress of compression, the 3D nonwoven
presents the highest values. The diagram of the
hysteresis area (Figure 1) shows that the PU foam
needs less energy to be compressed. This energy is
about twice less than those provided by the 3D
nonwoven. It can be concluded that the 3D
nonwoven is less rigid and more elastic the tested
PU foam. The same observation is done with the
diagram of the maximal stress (Figure 2). A
classification of the three tested products shows
that the 3D nonwoven, which is the less rigid,
presents the highest stress compression value
whereas the PU foam SA40 which is the most
rigid, presents the less stress compression value.
The 3D nonwoven also presents the highest
standard deviation values. This dispersion can be
explained by the structure’s quality of the samples.
Indeed, this quality is influenced by the
manufactured process of the nonwoven.
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FIGURE 1. Area of the hysteresis cycle
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CONCLUSION
The proposed 3D nonwoven presents some
characteristic that could be equivalent to those
found for PU foams. In a practical point of view, it
means that it can be used as replacement of theses
foam in order to facilitate the recyclability
procedure.
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ABSTRACT
Meltblown fabrics composed of thermotropic liquid
crystalline polymers were subjected to a heat
conditioning at various temperatures. The physical
effect of the treatment was investigated by tensile
testing of the fabrics and the individual fibers, as well
as by thermal analysis. Meltblown fabrics exhibited
unusual tensile strength after the heat conditioning
due to morphological reorganization of the
thermotropic polymer. The calorimetric behavior of
these materials is further investigated to obtain
information about the internal structure.
INTRODUCTION
Wholly aromatic polyesters exhibiting a high degree
of order in the molten state have been available for
more than 20 years [1]. As with liquid crystalline
(LC) polyamide (aramid) solutions, these polymer
melts have allowed the production of fibers having
exceptional strength and modulus properties, as well
as relatively high thermal resistance. Also, as with
the aramids, the as-spun fibers have comparatively
high strength without the necessity of drawing, and
strength can be increased with thermal annealing [2].
Nonwovens known as spunbond or meltblown are
produced in a single process directly from polymer
melts. In particular, the meltblown process often
produces low fabric strength because of the limited
ability to orient the polymer molecules within the
fibers as they are produced. The reasons include the
high temperature/low viscosity required to allow the
air-induced draw-down to the fine fibers
characteristic of this process. The fine fibers (and
accompanying filtration efficiency) are the main
attraction of meltblown fabrics.
The possibility that LC polyester (LCP) melts might
be used to produce strong meltblown fabrics having
usefulness at high temperatures is an attractive
prospect, and led to our attempts to produce such
fabrics [3, 4]. This previous work produced fabrics,
provided some characterization of their properties as
filters and explored the possibility of calendaring
these LCP meltblown nonwovens. This work
explores further characteristics and processing
options for these fabrics.

RESULTS AND DISCUSSION
Annealing caused an increase in fabric tensile
strength beginning about 175oC which is above the
reported Tg, 100-160oC [5]. This reported Tg
corresponds to the lowest measured transition in our
study. The effectiveness of the annealing process is
expected to increase with increasing annealing
temperature (Ta) nearly to melting point (282oC), as
described in previous work [6, 7]. Unrestrained
samples, during the annealing process, showed higher
strength than the compressed samples, but neither set
of the samples exhibited measurable shrinkage during
annealing.

FIGURE 1. Typical Stress-Strain Behavior of the Fabrics

As can be seen in Figure 1, the meltblown fabrics
showed unusual stress-strain behavior by having a
gradual decreasing of the load after the maximum
load instead of a sharp decline as commonly seen for
the meltblown fabrics. This effect is created by
gradual debounding/breaking of fibers as the fabric is
stretched.
The annealing process increased the tenacity of the
single fibers by 53%, as shown in Table I, while the
fabric strength increased by more than 115%. This
indicates that annealing also improved the structural
integrity of the fabrics by enhancing inter-fiber
sticking/bonding.
TABLE I . Effect of Annealing on Single Fiber Tensile Test
Elongation
Max
Diamet
Tensile Tensile
at Max.
Load
Stress
Stress
Load (%)
(gf)
(μm)
(Mpa)
(g/den)
Control
4.2
9.4
10.6
946
7.7
200u
4.9
11.6
10.7
1158
9.4
235u
4.0
11.4
9.7
1455
11.8

Tensile Stress (MPa)

Figure 2 shows the effect of the fiber size on the
annealing efficiency. Annealed samples showed
dramatic slope change signifying the finer fibers
might strengthen to a larger extent by annealing at
higher temperatures. This finding also shows that
meltblown fabrics from relatively smaller fibers
might exhibit much better physical properties after
annealing.
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FIGURE 2. Effect of Fiber Size on Annealing Efficiency

The thermomechanical behavior of LCPs is of
interest because of the information provided about
the internal structure of the material that is
responsible for the development of the physical
properties. This interpretation became highly difficult
because
of
the
complex
melting
and
crystallization/recrystallization
behavior
of
thermotropic liquid crystalline copolymers, even in
the solid state.
The untreated copolyester fabric showed a glass
transition around 165oC and a nominal melting
temperature between 280 to 290oC, in agreement with
the literature [8].
Annealing at gradually increasing temperatures
moves both the Tg and Tm to higher temperatures
and increases the ΔHf. Antipov et al. explained this
transition as a transformation of the orthorhombic
crystals, which were formed on quenching, to solid
domains with hexagonal structure and with a melting
point of 310oC. Sufficiently long annealing was
reported [5] to increase the content of the hexagonal
phase to 25-30%. Our results indicate that the
orthorhombic to hexagonal transfer is completed
somewhere between 235 to 265oC annealing (at least
for extended annealing times). The 280oC endotherm
is completely eliminated and replaced by a
substantially increased 311oC endotherm, reported to
be the transition from hexagonal crystalline solid to
nematic LC state. Apparently, the domains of the
hexagonal phase act as physical junctions preventing
the flow of material as elevated temperatures [5], thus
preventing fabric shrinkage even at approaching
280oC.
Annealing is expected to improve crystalline
perfection [5], and perhaps to increase the molecular
weight [9].

A more extensive optimization of the annealing
process has been undertaken and has produced
significant improvements in fabric strength.
CONCLUSIONS
1. The strength of meltblown LCP is good,
2. The mechanical strength of meltblown LCP can be
increased by annealing at temperatures approaching
the melting point of the polymer
.3. The strength improvement occurs without applied
tension and without significant thermal shrinkage.
4. The fiber strength is also increased, though the
mechanism of the increased fabric strength is more
likely to be an increase in interfiber bond strength,
5. All of this indicates exceptional promise for the
use of meltblown webs made from LCP’s.
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INTRODUCTION
Polyhydroxyalkanoates,
PHA,
are
nonpetrochemical carbon reserves which are formed
inside the cytoplasm of bacteria. These polyesters
occur as cytoplasmic granules which are part of the
natural biosynthesis-biodegradation cycle of
bacteria1..
They
fit
the
aspiration
of
environmentalists for plastics that return to nature
through composting. The growth and size of these
colloidal particles is genetically controlled thanks
to a steric stabilizer protein called “phasin”.
Although the PHA particles are hydrophobic,
stereoregular, polymers their crystallization is
retarded because they lack nuclei in the nascent
state. Their resemblance to synthetic latex and
tendency to coalesce has led to attempted uses of
PHA latex as paper coating since its hydrophobic
characteristics provides gas barrier and adhesive
properties2.
X-ray fiber diffraction shows 21 helical
conformation and an orthorhombic unit cell for the
parent polyhydroxybutyrate (PHB) as shown in
Fig.1. Because it is a stereoregular polymer it can
display up to 80% crystallinity3 and its melting
point is 180oC.

FIGURE.1. Poly(3-hydroxybutyrate) (PHB) WAXD fiber
diagram with miller indices for the α Orthorhombic cell: a=5,76
Å,b=13.20 Å,c=5.96 Å. Arrow indicates the reflection of β
form4.

Structure of Poly[(R)-3-hydroxybutyrate], PHB

MCL-PHA
Depending on the bacterial genus and the food
substrate provided, a wide variety of PHA
biopolyesters are biosynthesized6. One category,
named “medium chainlength” (mcl) and poly-3hydroxyoctanoate (PHO) is typical i.e. a five
carbon sidechain projects from each biopolyester
backbone repeat. This family melts at about 45 °C
rather than 180°C as for PHB biopolyester.
Medium chainlength PHA biopolyesters can be
biosynthesized with terminal double bonds in the
sidechain. This allows cross-linking and conveys
elastomeric
properties.
The
crystalline
conformation of PHO is shown in FIGURE 2:

FIGURE.2. The crystalline conformation of PHO, a PHA with a
hydrocarbon sidechain on each repeating unit5

Fiber diffraction studies on mcl PHA show a
systematic increase in equatorial long spacing as
shown in Table I, Figure.3 and 4. These show fiber
data of a stretched poly(3-hydroxynonanoate),
PHN ribbon with partial orientation. This is an
example of elastomer behavior suggestive of a
liquid crystal elastomer..
Table I. Orthorhornbic unit cell dimensions (Å) of mcl poly(3hydroxyalkanoates)

Sample
Substrate
a
Octanoate
5.12
*PHAC=5
Nonanoate
5.24
PHAC=6
Decanoate
5.15
PHAC=7
* C=5 refers to sidechain length.

b
36.0
38.5
40.0

c
4.55
4.57
4.55

Agreement
factor (%)
2.55
2.75
2.96

greenhouse gasses and
hydrocarbon feedstocks.

replaces

depleting

As the characterization of mcl-PHA progresses,
their similarities to liquid crystalline elastomers is
noteworthy. Given the ease of microbial synthesis
compared to chemical synthesis this may present
an economical advantage for liquid crystal
synthesis.
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CONCLUSIONS
Biomass is the ubiquitous organic matter which
serves as substrate for microbial synthesis of
bioplastics. This biosynthesis method eliminates
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recently better strength has been found with
regenerated of the crystalline protein from silk [2].

INTRODUCTION
Proteins are the most prolific of biological
materials. Their similarity derives from the basic
form as a sequence of amino-acid residues, Figure
1

A more ambitious strategy was to bio-synthesise
spider-silk proteins following genetic engineering.
The poor properties of the resulting fibres showed
that mimicking the way fibres are made in nature
was more difficult than reproducing the chemistry.
SILKS

.
Figure 1. Basic protein formula.

The difference and diversity starts with the aminoacids. The standard list contains 20, but in older
literature two amines are included with their acids
and more recent lists include other single and
double sulfur groups [1]. This provides an
“alphabet” of “words” that are typically several
hundred “letters” in length. The “meanings” of the
“words” represent different biological functions,
including fibres that have evolved in different
ways. The second level of difference is in physical
structure. The following examples start with the
simplest homogeneous forms and go on to more
complex structures.
MANUFACTURED FIBRES
Following the success of regenerated cellulosic
fibres in the first quarter of the 20th century,
chemists turned their attention to making protein
mimic wool or silk. A variety of globular proteins
were used in laboratory experiments. Some were
commercialised, but did not survive. They have
amorphous structures with no differentiation above
the atomic level. When wet, the fibres are
extremely weak but show good elastic recovery;
when dry, they are stronger, but still weak. More

Silks have a rather simple amino-acid composition,
are synthesized in a gland and extruded through a
spigot. A critical similarity of silk worms, spiders
and other sources of silk is that virgin
polymerization leads on directly to fiber formation.
The topologically parallel arrangement of chains is
maintained without entanglement. However, in
contrast to synthetic high-modulus fibres, such as
aramid and HMPE, there is an alternation of
oriented crystalline and folded sequences that gives
a combination of high strength and high
extensibility. Silks are therefore tough fibres.
Bombyx mori silk is a block copolymer with
crystallisable segments containing only –H, -CH3
and –CH2OH side-groups and alternating noncrystallisable segments with tyrosine and other
side-groups. Spider silks have a variety of
compositions depending on the functional
requirement. Silks contain no cystine cross-links.
As illustrated in Figure 2, the fine structure of silks
can be compared with the common model for
nylon, except for the lack of folding at the ends of
crystallites and of entanglement in amorphous
regions.

(a)
(b)
Figure 2. (a) Suggested structure for nylon by Murthy et al [3].
(b) Suggested structure for spider silk by Vine [4].

WOOL AND HAIR
Hairs have the most complex of fiber structures.
Starting with fundamental particles, there are 10
levels of structure to the whole fibre. Critical levels
affecting properties are: (1) the role of cysrine
cross-links; (2) the microfibril/matrix composite;
(3) the parallel or helical structure of macrofibrils;
(4) the division into ortho/para-cortex and cuticle;
(5) the surface scales. Figure 3 illustrates a scheme
for total mechanical modeling of hair. We now
know enough to program such a model, at least to
give predictions to a first approximation. If this
could be funded, it would benefit R&D in wool, for
example in guiding genetic engineering, in
treatments of hair and in the wider biological
context.
IF--stress/strain--MATRIX
| wet/dry, setting, time etc |
↓
↓
fibril/matrix composite
| other directions|
↓
↓
ortho(para/meso)
| macrofibril assembly |
macrofibrils (macrofibrils)
| cell assembly (cmc) |
↓
↓
cortical cells
cuticle
medulla
↓
↓
↓
whole fibre: tensile; bending + twisting
↓
| variability |
wool and hair crimp
↓
fibre assemblies

Figure 3, Scheme for a total mechanical model of wet wool [5].
Top left to bottom right is the main route for tensile properties.
Other items have different or lesser relevance.

The fibril/matrix assembly is a remarkable
molecular composite. The stress-strain response
can be explained by a stress transfer from fibrils
with an α↔β transition to an elastomeric matrix
[6]. There are alternative explanations, but these
have been criticized [7]. The electron tomography
reported by Bryson et al [8] shows the different
orientation angles in macrofibrils, which leads to
dfifferential elongation between ortho- and paracortex on drying.
HAGFISH SLIME THREADS
Hagfish slime threads are similar to hair in that
both are chemically described as keratin fibers and
physically as intermediate filament (IF) systems,
but there are many differences. Their function is to
provide a protective mixture with mucus around a
disturbed hagfish. They are not multicellular but
are formed within gland cells and coiled up in balls
inside the cell, Figure 4, until released. Except for
L12, the central rods of the two IF keratins contain

the same numbers of residues in the NTD-1A-L11B-L12-2A-L2-2B-CTD sequence, but the aminoacid composition is completely different. The
threads contain no cystine. As in hair, the coiled
dimer leads to four more levels of twisted apirs to
give the IF of 32 molecules, but there are no
keratin-associated proteins to form a matrix. The
structure is assumed to be a series assembly of
central α-helical rods and terminal domains (TDs)
[9].

Figure 4. Hagfish thread coil [10].

The strength of wet threads is similar to hair, but
the break extension is around 220%. Stress is low
up to 80” extension, but then increases rapidly.
Above 30% extension, the deformation is entirely
plastic. There are differing explanations of this
behavior, but one suggestion is that the extension
above 80% is similar to the drawing of partiallyoriented polyester yarns [11].
CONCLUSION
Although based on a common template, protein
fibers come in great diversity. Through genetic
evolution, nature achieves many functions with
proteins and several of these are with fibers. The
chemistry is important, but the mechanisms by
which the molecules are assembled into fibers may
be even more important. It is in attempting to
mimic this that researchers have failed to
manufacture fibers with great properties. Blue-sky
thinking is the only possible route to successful
biomimetics.
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OBJECTIVE AND INTRODUCTION
Controlling the spatial location of nanoparticles
(NPs) in polymer matrices is the fundamental
challenge surrounding the development of high end
polymer nanocomposite materials. High particle
surface energies and strong interparticle
interactions often lead to the aggregation of
particles making it difficult to control their
location. One can use block copolymers (BCP) as
templates for guiding the location of nanoparticles
for sophisticated tailoring of the overall
nanocomposite properties. The objective of this
paper is to use BCP nanofibers by electrospinning
[1] as templates to control the location of
nanoparticles not only to obtain high surface area
functional nanofiber mats, but also to achieve
higher particle loading owing to different
fabrication conditions compared to those for cast
films. We show that due to the inherent fast
evaporation and strong deformation rates in the
electrospinning process, the particles preferentially
wet the PI domain and yet remain very
monodisperse for much higher particle fractions
than in BCP/magnetic NP films.
We also present molecular dynamics simulations
coupled with a dissipative particle dynamics
thermostat to model and simulate the behavior of
symmetric diblock copolymer/nanoparticle systems
under simple shear flow. We consider selfattracting nanoparticles to mimic magnetites used
in the electrospinning study. The aim of our present
study is to understand how the self-attracting
nanoparticles disperse in a block copolymer system
under shear flow and how the presence of
nanoparticles affects the rheology, structure and
flow behavior of block copolymer systems.
APPROACH
PS-b-PI with MPS = 53500 g/mol and MPI = 70000
g/mol is synthesized using a two step living anionic
polymerization [2]. The polydispersity of the
polymer
obtained
by
gel
permeation
chromatography is 1.04. Monodisperse 4.1+0.55
nm magnetite nanoparticles with surface coated
with oleyl group were synthesized from Iron (III)

acetylacetonate (Fe(acac)3) mixed in octadecene/
1,2-hexadecanediol/oleic acid and oleylamine. The
precipitated magnetite nanoparticles by cooling
were recovered by centrifugation. The presence of
oleyl group on the surface of particles makes them
marginally selective towards PI phase of the BCP.
Coaxial nanofibers were electrospun using 15-17
wt% solution of PS-b-PI/Fe3O4. NP mixtures in
THF as the inner core and silica sol gel precursor
as the outer solution. NP weight fractions in solid
polymer were varied from 0-10 %. The volumetric
flow rates used for inner and outer solutions were
0.02 ml/min and 0.03 ml/min respectively. The
fibers were spun at an electric potential if 20 kV
with spinneret to collector distance of 4 inches. We
refer the reader to our recent publications for a
more detailed overview of the experimental setup
[3]. The diameters of coaxially spun fibers range
from 300 nm to 1 μm with the core diameter
typically ranging from 200-500 nm. Fibers,
embedded in epoxy matrix, were microtomed into
60 nm thin cross-sectional and longitudinal
sections at room temperature using Leica ultracut
UCT. Fiber sections were stained in osmium
tetraoxide vapors for 10 min and were viewed
under Tecnai T12 transmission electron
microscope operated at 120 KV for further
characterization.
Coarse-grained Molecular Dynamics has been used
to simulate the motion of self-attracting NPs in
block copolymer melts. We refer the reader to our
recent publication for more details on the
simulation method [4].
RESULTS AND DISCUSSION
Fig. 1 a) shows the TEM images of cross-section
and longitudinal section of microtomed fibers that
were electrospun using a solution of neat PS-b-PI
in THF as the core material. All samples in this
study use silica precursor solution as the shell
material. After annealing well above the glass
transition temperature of the block copolymer,
alternating concentric rings of PS (unstained, light
regions) and PI (stained dark regions) are formed
due to the cylindrical confinement of the silica

shell. For 4 wt% NPs in symmetric PS-b-PI (Fig. 1
b)), well-ordered alternate concentric rings of PS
and PI have been shown with magnetite NPs
uniformly dispersed in the PI domain. For 10-15
wt% NPs, a transition of morphology has been seen
from concentric rings to a bicontinuous phase with
NPs again uniformly dispersed in the PI domain
(see Fig. 1 c)). It should be noted that NPs still
remain uniformly and selectively dispersed in the
PI phase in spite of high particle loading in BCP.
Nanofiber mats with bicontinuous assembly and
well dispersed NPs in one domain can be useful in
fabrication of membrane materials with well
connected pore structure after selective etching of
the other domain.
a)

b)

uniformly dispersed in
electrospun BCP fibers.

the

PI

domain

of

c)

A
B
NP

FIGURE 1. TEM images of microtomed coaxial nanofibers. a)
neat PS-b-PI, b) PS-b-PI with 4 wt% magnetite, and c) PS-b-PI
with 10 wt% magnetite. Top row is the cross section, while the
cut along the fiber direction is shown in the bottom row. Gray
shell region is silica, in the core, light regions are PS domains,
dark regions are stained PI domains and even darker dots are
magnetite NPs. All scale bars are 200 nm.

To further understand the effect of flow on the
nanoparticle location in block copolymers, we have
performed coarse grained MD simulations under
simple shear flow. Snapshots of MD simulation for
self attracting nanoparticles in BCP without and
with shear are shown in Fig. 2. The concentration
profiles for NP, A and B domains under shear are
also shown in the Figure. As expected, selfattracting NPs with preferred interaction with the B
domain form aggregate in the B domains under
equilibrium, preventing symmetric BCP from
assembling into lamellae. When deformation is
applied, self-attracting NPs are dispersed in the B
domain, placing themselves near the center of the B
domain. These results suggest that deformation can
play an important role in controlling the location of
nanoparticles in block copolymer matrices, and that
strong deformation during electrospinning can be
one of the reasons why much higher particle
fractions than in BCP/magnetic NP films are

FIGURE 2. Snapshots of MD simulation results for self
attracting particles in BCP top: no shear, middle: shear
rate=0.02, bottom: Concentration profiles for NP, A and B
domains under shear
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Electrospun nanofibers enjoyed a great success in
filtration application, particularly self-cleaning type
of particulate filtration. Still, this is the only proven
application of nanofibers. Advantage of thin layers of
nano scale electrospun fibers on top of commercial
non-woven substrate have been fully discussed
elsewhere and spawned many other companies to
copy the original products. We will discuss some of
the myths around this type of filtration, as there have
been erroneous copy cat products in the market place.
While electrospinning is capable of producing
extremely fine fibers of nano scale, the tendency of
polymeric nanofiber to creep makes it difficult to
produce uniform inter fiber spaces in a predictable
manner. This tendency has a practical implication on
maintaining high air permeability and high aerosol
efficiency predicted by fiber size alone.

We have developed a new class of electrospun
nanofiber/ particulate composite structure in order to
impart more functionality and improved properties.
Addition of certain functional particles provides
chemical and biological activities. Particles we utilize
are usually bigger than diameter of the nanofiber
produced. Our work is complementary academic
work of modifying nanofiber surfaces with true nano
scale particles.
We will discuss how our composite structure has
evolved.
We will describe the use of particles in conventional
air filtration, protective fabric for biological and
chemical protection, simultaneous removal of
particulate and gaseous contaminants and other nontraditional filtration.

Strategies for the fabrication of conductive fibers using
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ABSTRACT
This paper describes two approaches studied at
NRC-IMI in order to produce polymeric
conductive fibers : the use of melt-spinning and
electrospinning techniques.
Melt-spinning is a widely used technique for the
fabrication of microfibers whereas electrospinning
allows the production of fibers with diameters
down to tens of nanometers. The first one is a meltstate technique that uses mechanical forces to
stretch the fibers and the second one is a solventbased technique that uses the force of an electric
field to stretch the fibers (cf. Figure 1).

FIGURE 1. Electrospinning setup at NRC-IMI: the syringe
pump is grounded and the substrate is connected to a high
voltage power source. An optional heat gun can be used to
increase the polymer solution temperature.

INTRODUCTION
The development of flexible and conductive fibers
is a major challenge for smart textiles applications.
All the approaches that have been used to
incorporate conductive fibers into textile fabrics
have important drawbacks: metallic fibers are rigid
and are thus woven with much difficulties within
the textile; conductive coatings tend to wear-out
with friction and time, etc…). Therefore, the
development of new materials is needed to produce
conductive fibers that would match the mechanical
properties of textiles and ensure a stable
conductivity with time.
This study details several projects aiming at the
production of conductive fibers obtained either by
electrospinning or melt-spinning processes. The
conductive materials were polymer-carbon
nanotubes (CNTs) composites or polythiophene
derivatives, a well known family of intrinsically
conducting polymers (ICPs).

RESULTS AND DISCUSSION
1. Electrospinning of conductive polythiophenes
nanofibers.
Polythiophenes are very rigid and insoluble in the
conductive state. Two approaches were then
studied to electrospin conductive polythiophene
fibers: the first approach is the electrospinning of a
soluble polythiophene (poly-3-hexylthiophene,
P3HT) in its non-conductive (undoped) state,
followed by its doping to render it conductive. The
second approach is a two-step method involving
electrospinning of a polymer precursor and a
subsequent
base
inhibited
vapour-phase
polymerization (BI-VPP) [1], to obtain conductive
fibers
of
poly(3,4-ethylenedioxythiophene)
(PEDOT).
1.1 P3HT nanofibers
Even if P3HT is soluble in common organic
solvents such as chloroform or tetrahydrofuran, the
rigidity of its chains does not allow the formation
of nanofibers by the electrospinning technique, due
to a lack of entanglements that hinders the
formation of the fibers. The addition of a polymer
carrier of high molecular weight is needed to
produce continuous fibers, as can be seen in Figure
2.
The addition of a small amount of high molecular
weight PEO resulted in the production of nice
nanofibers with diameters around 500 nm [2]. The
alignment of the polymer domains along the fiber
axis was observed by SEM and TEM (cf. Figure 3).

FIGURE 2. SEM images of P3HT samples electrospun without
(left) and with (right) addition of PEO.

The fibers were doped with iodine vapours and
conductivities around 0.16 S/cm were measured.
However, this conductivity was not stable in time

due to the continuous dedoping of the P3HT with
time.

FIGURE 3. SEM (left) and TEM (right) images of P3HT
nanofibers. In the TEM picture, white domains are PEO
whereas gray domains are P3HT.

1.2 PEDOT nanofibers
PEDOT is one of the most widely used ICP, due to
its high conductivity and oxidative stability.
PEDOT is not electrospinnable by itself because of
its total insolubility. A two-step technique was then
investigated to circumvent this issue: an alcohol
solution containing the oxidant used in the
polymerization of PEDOT (ferric tosylate, FeTos),
and a small amount of PEO (600,000 g/mol) was
first electrospun into nanofibers (cf. Figure 4a). A
small amount of pyridine was also added as a base
inhibitor during the following polymerization. The
light orange color is characteristic of the oxidant
solution. The fibers were then transferred into a
reaction chamber filled with argon and containing
the EDOT monomer. The monomer temperature
was increased to 55oC and the polymerization took
place during 80 min. The fibers color turned to
blue, the characteristic color of PEDOT (cf. Figure
4b). After washing with methanol to get rid of the
unreacted chemicals (monomers?), the fiber mat
was dried under a nitrogen stream.
The electrical conductivity of the nanofiber mats
was measured to be 200 ± 50 S/cm, which is the
highest value ever reported to our knowledge for
polymer nanofibrous materials. As the dopant
(tosylate ion) is not volatile, the conductivity is
expected to be very stable in ambient conditions.

2. Melt-spinning of polymer-CNTs composites
Several polymer masterbatches containing 15 wt%
of multiwalled CNTs were obtained from Hyperion
Catalysis. However, when melt-processed as
received, their mechanical properties were very
poor, leading to brittle, non-usable materials. They
were melt-diluted to 7.5 wt% using the
corresponding homopolymer in a twin-screw
extruder to obtain composites with enhanced
mechanical properties. They were melt-spun into
single filaments with minimal post-stretching to
yield conductive fibers having diameters around
500 µm. (cf. Figure 5). Average conductivities of
the filaments were 2.10-2 S/cm for PET and PC
composites and 4.10-7 S/cm for the PA composite
showing a loss of electrical percolation in the latter
case. PET fibers were still brittle whereas the PC
and PA fibers possessed good mechanical
properties. Next steps will include post-stretching
of the fibers and the study of both mechanical
properties and conductivity at varying fiber
diameters and processing conditions.

FIGURE 5. Left : Melt-spinning line at NRC-IMI capable of
spinning fibers with up to three coaxial layers of three different
materials. Right : PC-MWNTs composite fibers.

CONCLUSIONS AND PERSPECTIVES
Different strategies are being studied at NRC-IMI
to obtain conductive fibers for textile applications.
First results are very promising and future work
includes optimization of the processes and further
characterization of the fibers.
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INTRODUCTION
Fiber reinforcement using particles is a well known
method in textile and composite industries not only
for enhancing the properties but also for
synthesizing a new material having unique
properties. The success in the fabrication of
ultrafine fibers with functional nanoparticles will
greatly expand the functionality of particulate filled
composites. This will enable new applications
including filters, sensors, scaffolds for tissue
regeneration, wound dressing, flexible structure,
enhanced mechanical properties, customizable
electrical and optical properties, high sensitivity
etc.
Taking advantage of the exciting new
developments in the areas of nanomaterial
fabrication, two exiting nanoparticle composite
fibers were demonstrated and characterized. Well
known superparamagnetic nanoparticles (Fe3O4)
and silver nanoparticles are synthesized and
dispersed into carbon precursor materials. The
prepared polymer suspensions were exposed to
high voltage to fabricate composite nanofibers and
were carbonized.
This study showed that co-electrospinning is
effective one step process capable of producing
nanoscale composites fibers with a broad selection
of functional materials and high productivity
resulting in a new family of nanofiber based
multifunctional materials, thus providing a bridge
between nanoscale materials and macro level
performance. [1~3]
MATERIALS AND METHODS
Superparamagnetic
Nanofiber:
Fe3O4
nanoparticles (20-30nm) were dispersed in
Dimethylformamide (DMF) with Triton X-100
followed by sonication and magnetic stirring. 8 wt
% of Polyacrylonitrile (PAN, Scientific Polymer
Products Inc) were later added to achieve 1 wt% to
8 wt % of Fe3O4 to PAN.
Antimicrobial Nanofiber: Ag nanoparticles were
synthesized by dissolving AgNO3 (3 wt% of total
amount of PAN) and Triton-X 100 (same molar
ratio with AgNO3) in 5 wt% of PAN in DMF

solution followed by UV irradiation for 12 hours.
After the irradiation, more PAN and DMF were
added to the solution to obtain 8 wt% PAN in
DMF. This solution was then treated with heat of
60°C for four days before the electrospinning
process.
The prepared solutions were then transferred into a
glass syringe containing 18-gauge needle to
electrospin. A high voltage power supply was
connected to the metallic needle nozzle of the
solution container. The metallic grounded target
was placed 20cm away vertically The distance
between the nozzle to target and the voltage
applied were fixed to 20cm and 15KV as illustrated
in Figure 1

Figure 1. Schematics of electrospinning.
The collected composite fiber mats were further
carbonized in a high temperature furnace. The
electrospun fibers were heated up to 310C by
5C/min then stabilized for two hours in the air.
Carbonization was followed by heating up the
samples to 900C by 10C/min in N2.
RESULTS AND DISCUSSION
The size of silver particles reduced in PAN
solution was less than 10 nm and the fiber diameter
of Ag/PAN was 430nm as shown in Figure 2. The
silver particles were found to be uniformly
distributed in the fibers. Figure 3 shows that 10
wt% of Fe3O4 nanoparticles were well dispersed in
the PAN solution and successfully electrospun into
420nm composite nanofibers. The carbonization of
900C resulted in the significant reduction in the
fiber diameter. As shown in Figure 4 the diameter

of composite fibers was reduced to 230nm and
trace of nanoparticles were observed on the surface
of the fibers.

to macro structure performance. Combining these
geometrical advantages with functional material
characteristics it can provide wide area of
application such as optical/biological sensors,
scaffolds for tissue engineering, biological labeling,
anti-counterfeiting, multi-functional textile and
damage detection for composite structures.
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CONCLUSION
This study showed that co-electrospinning is
effective one step process capable of producing
nanoscale composites fibers with a broad selection
of functional materials and high productivity
resulting in a new family of nanofiber based
multifunctional composites materials, thus
providing a bridge between nanoscale materials
and macro level performance. Nonwoven mats of
particle embedded electrospun fiber exhibit
extreme flexibility and high surface area to volume
ratio due to its fine fiber diameter with great
mechanical stability. Success in the development
of composite nanofibers by the co-electrospinning
showed a new pathway to connect nanoscale effect

[3] Baumgarten PK. "Electrostatic Spinning of Acrylic
Microfibers". Journal of Collid and Interface Sciences
1971;36(1):71-79.
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A surface having a water contact angle greater
than 150º and a roll-off angle lower than 5º is
called a superhydrophobic or self-cleaning surface
since water droplet easily rolls off a
superhydrophobic surface, washing dirt off in the
process and effectively cleaning the surface. This
self-cleaning ability has been termed the Lotus
effect. For the Lotus effect is a significant function
of a biological surface, the design and development
of artificial lotus leaves can generate numerous
technical applications in chemical and biological
materials. In this study, the various numerical
formulae related to contact angles and surface
tensions are used to design superhydrophobic
textile surfaces.
The relation between the surface tensions and the
contact angle on a smooth surface is obtained by
Young equation, but real solids are not perfectly
flat. The roughness makes a significant
contribution to the wetting behavior of a surface.
When the surface is roughened, the minimization
of liquid surface free energy results in two
predominant contact angles: the Wenzel and the
Cassie-Baxter apparent contact angles.
In Wenzel’s approach, the liquid fills the grooves
on the rough surface. According to Wenzel, the
liquid contact angle at a rough surface can be
described as: [1]
W
(1)
cosθ r = r cosθ e
Here, r is the ratio of the total wet area of a rough
surface to the apparent surface area in contact with
the water droplet (r > 1). If the Young contact
angle is smaller than a critical contact angle 90°,
the liquid is sucked into contact with the rough
surface. According to Equation (1), for large r, the
rough surface is dry when the contact angle on a
flat surface exceeds 90°.
For the rough surface of plain woven fabric, r is
defined using flux integral. As shown in Figure 1,
the distance from the center of a weft yarn to the
center of an adjacent weft yarn is 4R; in the same
manner, the distance from the center of a warp yarn
to the center of an adjacent warp yarn is 4R; and
the distance from the center of a weft yarn to the
center of an adjacent warp yarn is 2R. According to
Pythagorean theorem, the vector from the center of
one weft yarn to the center of an adjacent weft yarn

makes a 30° angle to the plane of the fabric. Hence,
the center-to-center distance consisting of projected
unit area is 2 3R .

FIGURE 1. The cross section views of a plain woven fabric: at
the warp yarn direction and at the weft yarn direction.

The Cassie-Baxter model is an extended form of
the Wenzel model to include porous surfaces. In
this model a liquid sits on a composite surface
made of a solid and air. Therefore, the liquid does
not fill the grooves of a rough solid. The CassieBaxter model is very useful to design not only
superhydrophilic but also superhydrophobic
surfaces. In their paper published in 1944, Cassie
and Baxter suggested that: [2]
CB
(2)
cos θ r = f 1 cos θ e − f 2
where f1 is the surface area of the liquid in contact
with the solid divided by the projected area, and f2
is the surface area of the liquid in contact with air
trapped in the pores of the rough surface divided by
the projected area. When there is no trapped air, f1
is identical to the value of r in Wenzel model. In
Figure 1, f1 = (π − θ e ) / 3 and f 2 = sin θ e / 3 − 1
since a warp (or weft) yarn is parallel to another
warp (or weft) yarn with having center-to-center
distance of surface, 2 3R . Therefore, θr can be
predicted by substituting a measured value of θe
into Equation (2).
Using these models as a guide, artificial Lotus
leaves were designed and prepared. The various
numerical formulae including Equations (1) and (2)
were also used to design self-cleaning surfaces.
REFERENCES
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According to Robert Kinney, the director of the
Individual Protection Directorate at the U.S. Army
Natick Soldier Systems Center, the next-generation
military Battle Dress Uniform (NGBDU) is expected to
have the following properties:
• waterproof
• flame-resistant
• built-in insect repellent
• antibacterial agents to protect open injuries from
infection
• antimicrobial agents to suppress odor
• warmer in cold environments
• cooler in hot environments
• lighter in weight and bulk than the BDU
In this work we provide a potential means to achieving
this endeavor through a microwave-promoted coupling
of organosiloxanes to hydroxyl-containing substrates
via hypervalent siloxane intermediates. Recent work
at Air Force Research Laboratory by the Responsive/
Reactive Materials Team has shown that microwave
irradiation of siloxanes in the presence of compounds
containing nucleophilic, second- and third-row heteroatoms results in rapid formation of penta- and hexacoordinate intermediates. When these intermediates

comprise a thermodynamic minimum for the ensemble, the compound remains in the hypervalent state
after the microwave field is turned off. If not, the
hypervalent intermediates eliminate substituents to
form tetracoordinate products. This phenomenon was
used to synthesize a 50:50 Nylon:Cotton BDU material
that is machine-washable self-extinguishing, biocidal,
oleophobic, superhydrophobic (>150º contact angle)

and chemical warfare agent-reactive in a one-step
process using only a 30-second microwave cure in a
conventional microwave oven at a 50% power setting.
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ABSTRACT
Electrospinning is a novel method to spin extremely
fine fibers. This contribution is focused on physical
aspects of a highly productive needle-less variant of
the technology. Needle-less electrospinning
concerns self-organization of polymeric jets on free
liquid
surfaces
and
is
a
result
of
electrohydrodynamics
on
the
surface.
Electrohydrodynamic analysis reveals development
of unstable surface waves, depending on the
strength of the external electrostatic field. Though
physically similar, theoretical considerations show
substantial differences between needle and
needleless electrospinning. The dependence of
critical field strength on polymeric solution’s
surface tension, self-organization of jets and the
fact that jetting density in the instance of needleless electrospinning depends on the field strength
value, are notable. The needle-less electrospinning
is supported with various electric field strength
concentrators. Thus, the polymeric materials are
spread on cylindrical surfaces (Jirsak & col., 2005),
on spikes of magnetic liquids (Yarin, 2004), or in
circular clefts as is mentioned in this work.
INTRODUCTION
The research and development of nanofibers has
gained much prominence in recent years due to the
heightened awareness of its potential applications in
the medical, engineering and defense fields. Among
the most successful methods for producing
nanofibers is the electrospinning process. It has
relative advantages over other counterparts like
repeatability, cost effectiveness and easy control
over fiber structure. In order to commercialize the
technology, emphasis has been given to needleless
electrospinning from free liquid surface (Yarin,
2004; Jirsak 2005; Lukas, 2008) over traditional
method of single or multiple (Yarin, 2004) capillary
electrospinning.
In electrospinning, a high voltage is applied to a
polymer solution such that charges are induced
within the fluid. Due to the competing forces of the
static electric field and liquid’s surface tension a
Taylor cone is formed on the liquid surface. For

simple liquids with finite conductivity, charged
droplets are dispersed from the tip of the Taylor
cone to produce electrospraying. If the liquid
consists of a polymer melt or of a polymer solution
and the concentration of that polymer is sufficiently
high to cause molecular chain entanglement a fiber
rather than a droplet emerges from the Taylor cone.
The electrospinning jet then travels towards the
grounded collector attracted by electric forces
between
positively
charged
bodies.
The
morphology of the resultant electrospun fibers is
influenced by a number of parameters namely,
polymer solution parameters and processing
conditions. A recent detailed review about
electrospinning jets and polymer nanofibers is
introduced in (Reneker, 2008).
Polymer solution parameters include molecular
weight of the polymer, solution viscosity, surface
tension and dielectric constant of solvent. Process
parameters include temperature and humidity.
Molecular weight and concentration of polymer
solution critically determine solution viscosity and
hence number of entanglements (Shenoy,2005;
Gupta, 2005). At a lower viscosity, the higher
amount of solvent molecules and fewer chain
entanglements makes surface tension a dominant
factor causing beads to form along the fibre.
However, at a higher viscosity, the charges on the
electrospinning jet are able to fully stretch the
solution and the formation of secondary jets from
breaking off from the main jet is reduced. Surface
tension has a significance influence on the initiation
of the jets. Also, it determines the quality of
nanofibers obtained. Dielectric constant of the
solvent decides the morphology of the electrospun
fibers. Temperature and humidity determine
conductivity of the liquid and thus charge induced
on liquid surface.
In the present work, the morphology and quality of
nanofibers are not the major concern. Instead,
behavior of the polymer solution and
electrospinning jets from a free liquid surface has
been emphasized.

THEORY OF ELECTROSPINNING FROM
FREE LIQUID SURFACES
Physics of jets is extremely attractive and active
field. The earliest study of jet forming and its brake
up was probably by Leonardo da Vinci (da Vinci,
1508) while in 1749 Abot Nollet demonstrated how
a water jet disintegrates when it is charged (Nollet,
1749). Very recent review work on physics of jets
is written by (Eggers, 2008). On the attention of
researchers in this field is mostly focused on
physical mechanisms of the jet perturbation
resulting in the jet brake up into isolated droplets,
i.e. creation of sprays or fibres in electrospinning,
including Non-Newtonian effects. On other hand
the elevation of electrospinning to industrial level,
as in NanospiderTM, most probably depends on our
ability to control physical mechanisms of selforganization of Taylor cones and following jets.
The cause for such effort is based on the conviction,
that any capillary or orifice based multi-jetting
electrospinner should be work and time demanding
to keep all the capillaries clean and transiting.
Unfortunately self organization of jets in
electrospinning is only scarcely represented topic in
the technical literature and nearly overlooked from
the theoretical point of view, except (Lukas, 2008).
Particularly, the lastly mentioned work deals with
electrospinning from free surface of conductive
liquids and validates a hypothesis that explains selforganization of jets on one-dimensional free liquid
surfaces in terms of electrohydrodynamic instability
of surface waves. The hypothesis, based on a
profound analysis of a dispersion law, explains that
above a certain critical value of applied electric
field intensity/field strength the system starts to be
self-organized in mesocopic scale due to the
mechanism of the ‘fastest forming instability’. The
mechanism plays a key role in selecting a particular
surface wave on of a polymeric solution with a
characteristic wavelength whose amplitude grows
faster than the others boundlessly. The fastest
growing stationary wave, according to the
hypothesis, marks the onset of electrospinning from
a free liquid surface with its jets originating from
the wave crests. Singularity of this approach lies in
predicting critical values of the phenomenon viz.,
critical field strength

E c = 4 4γρg / ε 2

(1)

that the capillary length a =

γ /ρ g

represents

a latent characteristic spatial scale of the system
since the critical wavelength, λc , may directly and
easily be expressed with the capillary length, a, as
λc = 2π / k c = 2π a . It has been shown how the
critical inter-jet distance, i.e. the maximal distance
between the neighboring jets, simply depends on
the capillary length. The theory also predicts interjet distance for field strengths above the critical
value. The said prediction is universally applicable
for all conductive liquids if it is expressed in terms
of the dimensionless parameters of the inter-jet
distance and the electrospinning number.

Λ=

3π

Γ + Γ 2 − 3/ 4

(3)

The theory also predicts relaxation time, necessary
for spontaneous jetting after a high voltage is
applied.

T=

3

2Κ (ΚΓ − 1)

Eventually, jetting from
specially designed linear
been observed, analyzed
theoretical predictions
results.

(4)

free liquid surface on
cleft electrospinner has
and compared with the
obtaining satisfactory

A hypothesis concerning electro hydrodynamic
evolution of jets from a free liquid surface under an
external electrostatic field has been discussed. The
dispersion law has been analyzed for zero and
reverse gravitational field. The behavior of the
polymer solution, in terms of surface tension has
been analyzed by experimenting with various
surfactants. The main experimental results, to
support the theoretical predictions, namely critical
field strength, critical distance between neighboring
jets, and dependency of inter-jet distance on field
strength are formulated thereafter for various
concentrations of the polymer solution. The
minimum concentrations of polymer solution and
surfactant, suitable to obtain spinning instead of
spraying from electrospinning jets, are found.
Hysteresis existing in the system is plotted. Finally,
conclusive remarks summarize the work.

and corresponding critical inter-jet distance as

λ=

3π a

Γ + Γ − 3/ 4
2

.

(2)

The critical field strength is, thereafter, used in
defining a unique dimensionless electrospinning
number

Γ

, as

Γ =

aεE02
. It has been shown
2γ

DEVICES AND CHEMICALS
Figures 1a and 1b describes the experimental setup
used to carry out needleless electrospinning of
Polyvinyl Alcohol solution using a circular cleft.
The cleft was manufactured in the Workshop of the
Department of Nonwoven Textiles, Faculty of
Textiles, Technical University of Liberec, having
an inner diameter of 8.85 mm, outer diameter of
20.55 mm, length x mm and groove width x mm . It

was mounted on an insulating stand using a three
jaw chuck. Collector used was a flat circular metal
plate of diameter 149.9 ± 0.1 mm. Specifications
of the high voltage source used were: 300 Watt
High Voltage DC Power Supply with regulators;
model number PS/ER50N06.0-22; manufactured by
Glassman High Voltage, INC.; output parameters 050 kV, 6mA. Light source employed for
illumination was Euromex Eluminator EK1
m/c model. Video recording of experiments was
done using Panasonic camera and snapshots were
taken using Nikon camera. Surface tension
measurements were done using machine model no
produced by KRUSS.
1
4

and to ease the jet formation 3 different surfactants
mentioned namely, n-Butyl Alcohol, Spolion and
Slovafol-905 were used.
Experiments were carried out in phases namely,
determination of surface tension and density and
needleless electrospinning of the polymeric
solution. Experiments were carried out on various
concentrations of PVA ranging from as low as
0.2% to 12%.Due to the instability of jets observed
for PVA concentrations varying from 0.2% to 4%,
the experiments were focused on 4 concentrations:
5%, 8%, 10% and 12%. All the solutions were
prepared from a standard stock solution of 16%
PVA and distilled water. Homogeneity of the
aqueous solutions was ensured by keeping them on
a magnetic stirrer for 3 hours. The circular cleft
under the operation is depicted in Fig. 2.

6

5
2
3

FIGURE 1a. Schematic diagram of experimental set-up:
Polymer solution is dripped into the groove (5) of a circular cleft
(2). A high voltage source (3) generates electrostatic field in the
region between the cleft and the collector (1). Several polymer
jets (6) are created on the free liquid surface when sufficient
field strength is applied and are collected on the paper substrate
(4) adhered to the collector.

b
c

a
d

FIGURE 1b. Cross -section view of the circular cleft, where, a is
inner diameter, b is the outer diameter, c is the groove and d is
the width of groove.

Aqueous solutions of Polyvinyl Alcohol (SloviolR, purchased from Novacke chemicke zavody,
Novaky, Slovakia, with prominent molecular
weight 60,000 g/mol, having viscosity of 10.4 mPas for 4% aqueous solution) of concentrations: 5%,
8%, 10% and 12% were employed as experimental
polymeric solutions. To stabilize the surface tension

FIGURE 2. Circular cleft with a crown of jets.

EXPERIMENTAL PROCEDURE
For measuring surface tension approximately 15ml
of the polymer solution was taken in the measuring
jar and the capillary along with the instrument’s
metallic pin was dipped into it. The pump was then
started and the corresponding values of surface
tension and temperature were recorded for each
concentration of the surfactant. The surfactant
concentration was increased from 0.1% to 4-5% in
the polymer solution. For density measurement 10
ml of the polymer solution was weighed in a
Pentometer. Measurements were repeated 5 times
to minimize errors.
For needleless electrospinning the cleft of the setup
was connected to negative pole of the high voltage
source while the collector was ground. A paper
substrate was adhered to the collector to receive the
nanofibers. The polymer solution of appropriate
surface tension for spinning was dripped into the

groove of the cleft using either a glass rod or a
syringe. The appropriate surface tension was found
by repeatedly experimenting with solutions of
varying surface tension till a critical value was
found for which the jets were stable and no
spraying was observed. Lowering of surface tension
is a crucial parameter to avoid spraying due to the
tendency of the jets emerging from the Taylor
cones to form droplets in order to minimize surface
area. The curvature of the polymer solution in the
groove of the cleft had to be carefully controlled by
the amount of polymer in the groove as it
determines the number of jets emerging from the
cones.
For the measurement of critical potential, the
voltage was increased in step of 1 kV till the
emission of the first polymer jet. The voltage
source was switched off and then switched on
hardly so that the voltage jumped up suddenly to
the chosen voltage value. It was observed if
emission of jet took place. This was repeated for
voltages slightly below the chosen voltage, so that
the most accurate potential is recorded as the
critical voltage. An average of the readings is taken
if there is any ambiguity in continuous discharge.
Critical voltage is the most important parameter for
further calculation of other parameters and hence
should be determined with minimum possible error.
Field strengths being inhomogeneous were
calculated from voltage values assuming a linear
relationship between field strength and applied
voltage for particular spinner geometry representing
particular distance between the collector and the
cleft. The proportionality constant was calculated
from the critical voltages and the critical field
strength value calculated from the Eq. (1).To verify
the universal Relation (3) between electrospinning
number and dimensionless wavelength, number of
jets was calculated for higher values of voltage, viz
Fig.3.

surfaces of conductive liquids
electrospinning from circular clefts.
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Authors (D.L.) are thankful to The Ministry of
Education of the Czech Republic for their support
in the frame of “The Research Centre for Advanced
Conservation Technologies” (the project CEP11M0554) and (J.C. and A.S) to GACR Grant no.
102/08/H081 “Nonstandard application of physical
fields”.
REFERENCES
S.A Theron, A.L. Yarin, E. Zussman, E. Kroll;
Multiple jets in electrospinning; experiment and
modeling, Polymer, 2005 46, 2889-2899.
S.L. Shenoy, W.D. Bates, H.L. Frisch, G.E. Wnek:
Role of chain entanglements on fiber formation
during electrospinning of polymer solutions: good
solvent, non-specific polymer-polymer interaction
limit, Polymer, 2005 46, 3372-3384.
P. Gupta, C. Elkins, T.E. Long, G.L. Wilkers;
Electrospinning of linear homopolymers of
poly(methyl metacrylate): exploring relationship
between fibre formation, viscosity, molecular
weight and concentration in a good solvent,
Polymer, 2005 46, 4799-4810.
A.L. Yarin, E. Zussman, Upward needleless
electrospinning of multiple nanofibers, Polymer,
2004 45, 2977-2980.
O. Jirsak, F. Sanetrnik, D. Lukas, V. Kotek, L.
Martinova, J. Chaloupek, A method of Nanofibres
production from a polymer solution using
electrostatic spinning and a device for carrying out
the method, US Patent, WO2005024101, 2005.
D. Lukas, A. Sarkar, P. Pokorny; Self organisation
of jets in electrospinning from free liquid surface a generalized approach, Journal of Applied Physics,
2008, 103, pp. 084309 1-7.
D.H. Reneker, A.L. Yarin; Electrospinning jets and
polymer nanofibres, Polymer, 2008 49, 2387-2425.
L. da Vinci; The Notebooks of Laonardo da Vinc,
ed. And Transl. E MacCurdy (New York:Gorge
Brazillier) p. 756.
A. Nollet; Recherches Sur les Causes Particulieres
des Phenomenes Electrigues Paris: les Freres
Guerin).

FIGURE 3. Universal curve showing dependency of the
dimensionless wavelength, Λ, on the electrospinning number, Γ:
Comparison of theoretical and experimental (8% PVA with
0,5% Slovafol-905) curves.

CONCLUSIONS
The present one-dimensional electrohydrodynamic
theory (Lukas, 2008) of electrospinning from free
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Continuous nanofibers possess considerable advantages to discontinuous nanomaterials,
such as nanoparticles, nanorods, and nanotubes. Continuous nanofibers with diameters
several orders of magnitude smaller than the diameters of conventional advanced fibers
can revolutionize existing and create entirely new applications. Progress on nanofiber
applications in advanced nanocomposites will be reviewed in this lecture. Relevant
nanomanufacturing issues will be discussed. Examples of novel high-performance
continuous polymer, carbon, and ceramic nanofibers will be presented. Several new ways
to utilize nanofibers in advanced structural nanocomposites will be introduced and
discussed. Pioneering designs of advanced composites with nanofiber-reinforced
interfaces developed by the author’s group will be presented and analyzed. Prospects of
structural supernanocomposites defined as composites exceeding mechanical
performance of existing advanced composites such as carbon-epoxy will also be
discussed.
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This presentation will describe how small diameter
fibers (3-10 μm) such as silk can be characterized
by Raman spectromicroscopy and Attenuated Total
Reflection (ATR) infrared spectroscopy. It will be
shown how these techniques allow the
determination of the level of molecular orientation
and secondary structure content of proteins in silk
filament.
Silk fibers produced by spiders and silkworms are
among nature’s most highly engineered structural
materials. They achieve in some case combinations
of strength and toughness that could not be
reproduced by artificial means. These different
fibers, each having its own mechanical properties,
have specific functions. Silk is thus a very relevant
material to investigate the relation between the
structure of a material and its function. For
example, the spider’s dragline, the lifeline of a
spider, has particularly high tensile strength and
toughness. On the other hand, the flagelliform
fiber, which allows to catch preys in the web, has a
very low tensile strength but can be stretched many
times its initial length without breaking. There is,
therefore, a great interest in understanding these
different structures in order to be able to produce
new bio-inspired high-performance materials.
Several types of silk fibers are currently
investigated in our laboratory. First, the seven
different types of silk produced by the spider
Nephila clavipes (N. clavipes) are studied in order
to get insights into their structure-function
relationships. The structural differences between
the dragline silks spun by two spider species, N.
clavipes and Araneus diadematus (A. diadematus)
are also analysed. These threads exhibit different
mechanical properties and protein sequences. They
thus provide a nice example to understand how the
amino-acid sequence affects the structure of a
proteinaceous material. Finally, the cocoon silks of
the domestic silkworm Bombyx mori and the wild
one Samia cynthia ricini are also characterized.

The latter is particularly interesting since the its
sequence with long alanine motifs is similar to the
dragline of spiders.
Silk fibers are now commonly recognized as semicrystalline materials composed of crystallites
dispersed within an amorphous matrix. The
crystallites are made of protein segments that adopt
the β-sheet conformation whereas the amorphous
domains are constituted by polypeptide chains that
are disordered or that form 31-helices. Figure 1 and
2 show typical polarized spectra of the dragline silk
of the spiders N. clavipes and A. diadematus.

FIGURE 1. Polarized Raman spectra of the dragline silk of the
spider Nephila clavipes. Z stands for the fiber axis, X for the
transverse direction.

FIGURE 2. Polarized Raman spectra of the dragline silk of the
spider Araneus diadematus.

The analysis of the amide I region (near 1669 cm-1)
of the four available polarized spectra demonstrates
the high level of orientation of the β-sheets along
the fiber axis and the low level of orientation of the
polypeptide chains that made up the amorphous
phase. The higher β-sheet content and level of
orientation found for N. clavipes may be at the
origin of the higher tensile strength and lower
extensibility of the silk of this spider. The different
fibers of a spider also exhibit various protein
conformations and different levels of orientations,
which can be related to the different mechanical
properties of these silks (i.e., their functions). The
cocoon silk of silkworms contains more β-sheets
that are more oriented than the spider’s dragline
silk. This (at least partially) explains why the
former is more brittle than the latter.
In conclusion, Raman spectromicroscopy and ATR
infrared spectroscopy are very powerful and
efficient techniques to investigate single protein
fibers in order to characterize molecular
conformation
and
orientation.
Raman
spectromicroscopy is currently used to examine the
stress- or strain-induced changes that occur in some
fibers’ structure.
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STATEMENT OF PURPOSE
Solution electrospinning was used for the first time
to prepare fibers of "metastable" (β) complex
between poly(ethylene oxide) (PEO) and urea. The
300-800 nm fibers were highly crystalline and
presented a very large level of molecular
orientation. The β complex was shown to possess a
3:2 PEO:urea stoichiometry, in contrast with a
previous suggestion. Results suggest that the cocrystal belongs to the orthorhombic system with
unit cell dimensions of a = 1.907 nm, b = 0.862
nm, and c = 0.773 nm. The PEO chains are
oriented along the fiber axis and present a
conformation significantly affected by strong
hydrogen bonding with urea. A structural model is
suggested, in which the unit cell would contain 12
PEO repeat units and 8 urea molecules arranged in
a ribbon-like structure and intercalated between the
two PEO layers.
INTRODUCTION
Electrospinning is a simple and flexible method
that allows preparing micro- and nanofibers of
many polymeric materials for applications in the
life and materials sciences. We have recently
shown that it is possible to prepare microfibers of
the form α PEO-urea IC by electrospinning a
suspension of the previously co-crystallized
complex.[1] The trigonal system with a = b =
1.054 nm and c = 0.912 nm was preserved and,
importantly, the fibers presented a very large
molecular orientation, which was attributed to the
highly extended conformation of PEO inside the
urea channels. It has often been reported that
electrospinning can produce fibers with unusual or
metastable crystal forms because of the rapid
solvent evaporation and/or the strong electric field
and elongational forces involved in the process.
For instance, nylon-6 fibers with the γ
structure[2,3] and poly(1-butene) fibers with form
II crystals[4] could be obtained instead of the
stable α structure and form I, respectively. In this
work, we show for the first time that it is possible
to prepare nanofibers of the pure “metastable” form
β PEO-urea complexes by electrospinning
solutions with appropriate molar ratios.

APPROACH
We have studied the structure of the "metastable"
complex using wide angle X-ray diffraction
(WAXD), Fourier transform infrared spectroscopy
(FT-IR), and differential scanning calorimetry
(DSC). The experimental details are presented in
references 1 and 5.
RESULTS AND DISCUSSION

FIGURE 1. Crossed-polarized optical micrograph and twodimensional WAXD pattern of electrospun PEO-urea β
complex.

Fig. 1 shows a representative example of crossedpolarized optical micrograph recorded for fibers
obtained by electrospinning solutions with a 1:0.91
PEO:urea mass ratio. The fibers are smooth and
bead-free, and possess diameters between 300 and
800 nm. They present a strong preferential
macroscopic alignment and all fibers transmit light
when observed under crossed polarizers, thus are
birefringent, indicating that they possess a
significant level of molecular orientation.
A two-dimensional WAXD pattern was recorded to
determine the orientation level for the form β fibers
electrospun from solutions (Fig. 1). The relatively
sharp X-ray reflections with highly inhomogeneous
azimuthal intensity distributions indicate high
molecular orientation for all crystalline planes. We
have recently shown that fibers of the form α IC
electrospun from a suspension possess a very large
orientation level, which could be explained by the
reorientation of the pre-existing crystals as rigid
units during the spinning process.[1] Here highly
oriented fibers with the orientation function,
<P2(cosφ)>c, close to 0.8 were obtained. This value
is very large, considering that a maximum
orientation function value of 1 would be obtained

for a perfectly oriented sample. This indicates that
the development of a large molecular orientation
does not require the presence of pre-existing
crystals in the spinning dope. It is possible that the
elongational forces at work during the whipping
process lead to the formation of oriented
crystallization nuclei, and thus the following
crystal growth is highly directionalized.

leads to a calculated density of 1.317 g/cm3, almost
identical to that of pure urea (1.314 g/cm3) and
slightly lower than that of the form α IC (1.331
g/cm3).[7] Even if the crystalline structure cannot
be determined because single crystals of the form β

TABLE I. WAXD molecular orientation of the form α and form
β PEO-urea complex fibers prepared by electrospinning.
Form α
(Solution)

Form β
(Solution)

2θ peak
21.6º
21.2º
FWHH#
13º
13º
0.75
0.79
<P2(cosφ)>c
201
410
Plane attribution*
# Full width at half-height of the diffraction peaks in the
azimuthal scan.
* Calculated from the unit cell data reported here for form β.

Our attempts to prepare pure β samples by slow
solvent casting, co-crystallization of solutions or
melt-cooling of the pure compounds have led to
various mixtures of PEO and the two types of
complexes, even when the appropriate 3:2
PEO:urea stoichiometry was used. Therefore, its
successful preparation by electrospinning could be
attributed to the extremely fast solvent evaporation
that occurs on a millisecond time scale. And the
electrospun fibers are highly crystalline and
oriented, which can help determining its lattice
parameters. After careful analysis of a high
resolution WAXD pattern, the form β complex is
proposed to possess an orthorhombic structure with
a = 1.907 nm, b = 0.862 nm and c = 0.773 nm.
Table I provides the suggested assignment of the
most intense diffraction peaks. This unit cell is
quite different from that reported for the PEG-urea
inclusion complex (tetragonal structure with a = b
= 0.73 nm and c = 1.951 nm) and recently used by
Ye et al.[6] to attribute the diffraction planes in the
melt-quenched PEO-urea form β complex. Because
the electrospun fibers are highly oriented, it is
possible to further support the new assignments by
comparing the calculated angle between the normal
direction to a given hkl plane and the c axis, with
the experimentally measured maximum azimuthal
angle between the plane normal and the fiber axis.
The two sets of data were found to be consistent
with each other.
Considering that the lattice dimensions yield a unit
cell volume of 1.271 nm3 and that the PEO:urea
stoichiometry is 3:2, it is suggested that there are
12 PEO repeat units and 8 urea molecules
[(EO)12(urea)8] included in each unit cell. This

FIGURE 2. Illustration of the structure of the orthorhombic
PEO-urea β complex.

complex could not be grown at this point, a model
structure is hypothesized and drawn in Fig. 2. In
which 4 PEO chains would pass through the ab
plane (with 3 repeat units along the c axis) to form
two PEO layers along the a axis, while the 8 urea
molecules would form an intercalated ribbon-like
layer.
CONCLUSIONS
It was shown for the first time that solution-based
electrospinning can be used to prepare nanofibers
of the pure "metastable" (form β) PEO-urea
complex. The stoichiometry of the form β complex
was shown to be (EO)3(urea)2 by WAXD. Future
work will focus on the mechanical properties of
these highly oriented nanofibers to evaluate their
potential as lightweight all-organic composite.
REFERENCES
[1] Liu, Y., Pellerin, C., Macromolecules, 39,
2006, 8886.
[2] Liu, Y., et al., Macromolecules, 40, 2007, 6283.
[3] Stephens, J. S., Chase, D. B., Rabolt, J. F.,
Macromolecules, 37, 2004, 877.
[4]Lee, K.H. et al., Macromolecules, 40, 2007,
2590.
[5] Liu, Y., Antaya, H. Pellerin, C., J. Polym. Sci.
Part B Polym. Phys., 2008, In press.
[6] Ye, H. M., Polymer, 48, 2007, 7364.
[7] Chenite, A., Brisse, F. Macromolecules, 24,
1991, 2221.

SESSION 3B
BIOFIBERS

Wholly Polysacchardic Functional Fibers
You-Lo Hsieh, Jian Du and Bin Ding
Fiber and Polymer Science, University of California, Davis
ylhsieh@ucdavis.edu
Cellulose and chitin are the two nature's most
abundant polysaccharides. Their abundance and
biodegradability make them natural candidates as
renewable and sustainable feedstock for materials
and products. Both cellulose and chitin contain the
same β-1,4-D(+)-anhydroglusidic main chain and two
hydroxyls (C-6 primary and C-3 secondary), but
differ in their C-2 pendant groups, i.e., hydroxyl for
cellulose and acetyl amine for chitin. Deacetylation
of chitin converts the acetyl amine to ionogenic
primary amino groups to produce chitosan that has
been well known for its unique biological,
physiological, and pharmacological properties. Each
polysaccharide has been widely studied as platform
for advance materials. Processing either cellulose or
chitosan, however, remains challenging as both are
non-thermoplastic and insoluble in most common
solvents. Combining cellulose and chitosan in
homogeneous solutions and/or processing into fibers
present even further challenges.
This paper presents examples in which cellulose
(Cell) and chitosan (CS) are successfully integrated
into fibrous forms via different chemical and
processing approaches. Depending on the newly
formed morphology and composition, these
nanofibers are expected to exhibit biological and
chemical characteristics unique to both cellulose and
chitosan. These wholly biologically derived
nanofibrous materials are excellent porous and ultrahigh specific surface scaffold for advanced
biomedical and engineering applications.
The first shows how chemical modification of
chitin and chitosan can impart significant
improvement in solubility to afford efficient
nanofiber generation from electrospinning from
various aqueous and organic solutions. PEG-Nchitosan and PEG-N,O-chitosan synthesized via
reductive amination and acylation, respectively, were
water soluble at degree of substitution (DS) as low as
0.2 and became also organic soluble (CHCl3, DMF,
DMSO, THF) at DS=1.5. Ultra-fine fibers with an
average diameter of 162 nm were electrospun from
N,O-chitosan in 75/25 (v/v) THF/DMF with 0.5%
Triton X-100TM. N,O- and O-carboxymethyl chitosan
(CMCS) (Mv = 40-405 kDa) were synthesized by
alkalization, followed by reaction with

monochloroacetic acid to varying DS (0.25-1.19).
Nanofibers with an average diameter of 130 nm
could be electrospun from aqueous mixtures with
PVA and rendered water insoluble by heat induced
esterification.
Deposition of polycationic CS via dilute solution
on cotton and pulp fibers was also efficient,
generating hydropholic surfaces. We have also
demonstrated that polycationic CS could be deposited
onto cellulose and partially hydrolyzed cellulose
nanofibers by the electrostatic layer-by-layer (LBL)
process. Alternating with the polyanionic dextran
sulfate (DXS), multiple 6-8 nm thick CS/DXS
bilayers were also efficient, generating tubular
surface modified nanofibers.
Chitin derivatives could also be electrospun into
nanofibers and hydrolyzed to chitosan. Furthermore,
the formation of cellulose-chitosan nanofibers was
successfully demononstrated by compatible mix of
the ester derivatives of cellulose and chitin. Dibutyryl
chitin (DBC) can be derived efficiently by acidcatalyzed acylation CS with butyric anhydride.
OH
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*
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O
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Scheme 1. Preparation of dibutyrylchitin (DBC)
Both ester derivatives, i.e., CA and DBC, are
soluble in a range of organic solvents, making mixing
in common solvents and electrospinning highly
attainable. The challenge of producing
cellulose/chitosan nanofibers has been overcome by
electrospinning of the ester derivatives of cellulose
(Cell) and chitin (CHI) followed by alkaline
hydrolysis to cellulose and chitosan. Dibutyryl chitin
(DBC) was synthesized by acid catalyzed acylation
of chitin with butyric anhydride and the newly
formed butyl groups on C3 and C6 were confirmed
by FTIR and 1HNMR. DBC was readily soluble in
acetone, DMAc, DMF, ethanol, and acetic acid, all
except ethanol were also solvents for cellulose
acetate (CA), allowing mixing of these ester
derivatives. Fiber formation by electrospinning of

n

either DBC or CA alone and together in these
common solvents and their mixtures were studied.
The 1/1 acetone/acetic acid was found to be the
optimal solvent system to generate fibers at all

2/1 CA/DBC fibers (550nm)

CA/DBC ratios and with diameters ranging from 30350 nm,

1/1 CA/DBC fibers (320nm)

Alkaline hydrolysis (NaOH) of the equal
mass CA/DBC nanofibers regenerated Cell and
CHI readily via O-deacylation, then proceeded to
further deacetylate CHI to chitosan via Ndeacetylation at higher alkaline concentrations
and/or temperatures. Under conditions studied,

O-deacylation: Cellulose/Chitin

1/2 CA/DBC fibers (200nm)

hydrolysis with 5N NaOH at 100oC for 3hr was
optimal to regenerate cellulose/chitosan
nanofibers. This approach also has a significant
advantage of single-step and simultaneous
hydrolysis of CA and DBC to cellulose and
chitosan.

N-deacetylation: Cellulose/Chitosan

The functional fibers have highly reactive hydroxyl and amine functional groups and are amenable to a
variety of chemical reactions, offering expanded potential for further modification. Cellulose and chitosan
are highly resistance to organic and basic environment and yet easily biodegradable. These wholly
polysaccharidic fibers are "green" and sustainable options as new materials of the future.
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ABSTRACT
Bamboo is an abundant material available over
many parts of the world. It is sustainable,
environmental friendly, and one of the
high-yielding natural sources of cellulose. Because
of it’s unique combination of outstanding
mechanical properties, bacterial resistant properties
. bamboo has attracted much attentions from the
acmia and the industry. In order to gain
fundamental understanding of the structure and
property relationship of bamboo fibers bamboo
cellulose nanofibrils was chemically extracted and
the hierarchical structure of the bamboo fibers were
characterized and observed using TEM.

Cellulose
nanofibrils

1.59

10,000

150

The diameter of Bamboo nanofibrils was found to
range from 7 to 32 nm, with length around 200 nm.
The spindle-like aggregates of bamboo crystals
were also observed, with a diameter below 100nm
and a length ranging from 200nm to 550 nm. The
crystal structure was verified through electron
diffraction.
Although many studies have been carried on
cellulose nanofibrils as reinforcement materials,
there is a lack of information on characterization of
the mechanical properties of cellulose crystals. In
order to gain better insight into properties of
cellulose crystals, the mechanical properties of
bamboo crystals AFM are carried out in this study
and compared to that of wood cellulose crystals in
this study.
TABLE I. Mechanical properties of

natural fibres

Bamboo

Density
g/cm3
1.16

Strength
MPa
610

Modulus
GPa
46

Flax

1.5

340

27

Cotton

1.5

260-650

4.9-10.9

Oak

0.53-0.61

50-70

7.9-12.4

Materials

FIGURE 1. TEM images of bamboo nanocrystals
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Abstract
Introduction
Timed release of drugs is a well established
technology that is used for everything from
antibiotics to vitamins. Most often it is used to
spread the dosage over the time it takes a pill to
travel through the digestive system. Other
potential controlled release sites include
transdermal application and subcutaneous
implants. Cellulose esters have been applied for
digestive tract application (1).
The drug chemistry and the materials (most often
polymers) that controlled release of the drug are
carefully selected according to (for example)
body location, contacting fluid, pH, drug
solubility (in polymer and bodily fluids),
polymer morphology, diffusion rate of drug in
polymer, and geometric factors.
One (perhaps atypical) application is the use of
the drug, luteinizing hormone-releasing hormone
analogue (LHRHa) to promote ovulation in
seasonable ripe gravid female catfish (2). The
induced ovulation is sometimes necessary for
fish in captivity, and the knowledge of the
ovulation timing is helpful to maximize the
production of healthy catfish fry. The structure
of LHRHa is a nine amino acid synthetic having
water, alcohol, and acetone solubility. It has
been found that a single injection of LHRH in
the dosage of 0.45 mg/lb of body weight will
induce ovulation within about 12 hours (2),but a
two stage injection of much smaller dosage
would produce similar results. The use of
controlled release technology is therefore a
natural consideration.
Such a procedure was developed (3), using
poly(ethylene-co-vinyl acetate), or EVAc, as the
polymer and various mixtures and bovine serum
albumin (BSA) and inulin (IN) to control the
release rate of LHRH. The release from EVAc,
is quite slow in fish bodily fluids, and some
amount of BSA/IN is always required to provide
a sufficient release rate. A syringe is used to
inject a EVAc/BSA/IN/LHRH implant into the

fish. The procedure for manufacture of the
implant is a mixing and molding process which
is cumbersome, time consuming, and incurs
many potentially unneeded steps to insure
uniformity of implants.
Among the cumbersome aspects of the procedure
are the facts that: BSA, IN and the LHRH are
insoluble in EVAc and its solvent
dichloromethane, sonication and manual
grinding are suggested for obtaining a fine
powder to mix in the EVAc solution, and a cold,
controlled evaporation of the volatile
dichloromethane is required. The procedure is a
multiple day process, fraught with difficulties
that a chemist would like to avoid, and
producing an inherently nonuniform suspension.
Experimental
We set about to simplify the process, and
perhaps reinvent it. As a control we used the
EVAc formulation and changed the solvent to
the slower evaporating trichloroethane.
Although the BSA/IN/LHRH was dissolved in
water and freeze dried to provide a low density,
bulky powder, it was directly transferred to a
centrifugal mixer containing EVAc,
trichloroethane, and a few ceramic balls.
Mixing/ball milling was done on the centrifugal
mixer, with intermediate cooling to prevent
overheating of the LHRH. The mixture was
poured into an aluminum mold constructed with
~2x2 mm slots and the solvent was allowed to
evaporate. The thin strips of EVAc implant were
pulled from the mold and cut to lengths which
provided the desired LHRH dose. Dry spinning
was tried, but was not successful, probably due
to the large diameter fiber required for the
implant.
After looking at the procedure and the
solubilities of the LHRH, we decided to try a
cellulose ester as the control-release polymer.
We selected a cellulose acetate (CA) with a DS
of 1.75, which is soluble in mixtures of acetone
and water. The LHRH was dissolved in water,

Tetracycline release is easily quantified via UV
spectroscopy. The release medium selected was
pH 6.2 phosphate buffer held at 37 ºC,
appropriate for warm blooded animals.

acetone was added and then the CA. The
components were mixed on a centrifugal mixer
until a homogeneous solution was obtained. The
solution was poured into the aluminum mold and
the solvent allowed to evaporate. The thin strips
of CA/LHRH were removed from the mold and
cut into lengths with the appropriate dosage.
Wet spinning was tried as a second production
method. The CA/LHRH was extruded via a
syringe pump with a large bore needle into a
column of toluene. A relative uniform linear
density product resulted, although not cylindrical
because of the shrinkage as the solvent left the
fiber.
Measurement of release rate for LHRH is not a
simple task. Radio Immunoassay (RIA) is
suggested as a measurement tool and was not
easily available. For initial estimations of
release rate, tetracycline containing CA implants
were made using the same procedures as above.
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Results
Initial trials of molded cellulose acetate implants
in fish were good and encouraging, as 60% of
the fish produced good quality eggs.
Drug release results indicate that roughly 70% of
the loaded tetracycline is recovered/released
from a CA implant A typical release curve
appears below from a CA/tetracycline implant
containing 20 % of a release enhancing additive.
Without the additive, a similar release extended
over several weeks. The ability to tailor the
release profile coupled with the ease of
processing the material suggest that these
systems may be useful in applications well
beyond the current fish implant.

EXTRUDED
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300
400
TIME in MIN.

500

600

Figure 1. Release rate for tetracycline from
cellulose acetate implant.
Conclusions:
1. The time required for a production run of
implants in cellulose acetate was about 2 – 3
hours rather than days by the original procedure.
2. The uniformity of the drug throughout the
polymer was guaranteed - it was in solution.
3. The process is easily scalable
4. The initial results for CA/LHRH as a fish
implant were good.
5. There are numerous diluents that can be used
to increase the rate of release.
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Beginning in 2007, many apparel catalogues began to
feature garments made of “bamboo” fibers. The
claims for these fibers varied but were usually
focused on softness, dyeability, eco-friendliness, and
less impact on the environment. Some of the
advertisements also claimed that the “bamboo” fibers
were naturally anti-microbial and that they had
ultraviolet radiation pro-tection built in. Our group
hypothesized that the “bamboo” fibers in the
garments being advertised were actually rayon fibers
made from processing bamboo and extracting
cellulose pulp to use in the rayon regeneration
process. The claims for “bamboo” fibers were
examined on the web sites of companies that sell
these fibers, and of companies that are using them in
their garments.

A list of apparel companies offering “bamboo”
fibers was compiled and the claims in their
advertisements examined to determine what qualities
of the fibers and fabrics should be evaluated.
Samples of fabrics and garments containing
“bamboo” fibers were obtained. The fibers in these
fabrics were analyzed for fiber content. The fabrics
were then tested for water uptake, antimicrobial
resistance against Staphylococcus aureus, Eschericia
coli, and Klebssiella pneumoniae, and opacity to
ultraviolet radiation. These results were compared to
cotton, rayon and lyocell fabrics subjected to the
same tests. The study reveals how green fiber
marketing must be evaluated on a scientific basis
before eco-friendly claims should be made.
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ABSTRACT
From transport viewpoint, skin can be treated as a
porous membrane. Percutaneous permeation is a
frequently used approach in drug delivery, but the
detailed physics process in the patch- stratum
corneum (SC)-viable epidermis (VE) system is still
unclear, especially the influence of the interphases
in the multi-layered structure has rarely been
studied. This paper applied the finite element
method to develop a new contact algorithm with an
interphase element to account for the interphase
barrier on the drug diffusion and chemical
absorption during a transdermal drug delivery
process. A more realistic multi-layer structure,
including the patch, SC and VE are incorporated
into the algorithm. Both interphases between the
patch and SC, and SC and VE are considered.
We then used radioactive 17 β -estradiol dose to
trace and measure separately the drug absorption
process through the skin in a pseudo in vivo
environment. Transdermal parameters of the
drug/skin system were thus derived from the
recorded testing results for the first time. Next
Based on the above derived transdermal parameters
governing the percutaneous absorption of estradiol
through the stratum corneum, viable epidermis and
dermis, we have developed a numerical model to
predict the transport process of estradiol through
human skin. Our predictions are compared with the
data from both an in vitro human skin experiment
and from the in vivo results of actual patients.
INTRODUCTION
The percutaneous route in estrogen replacement
therapy avoids or alleviates undesirable side-effects
associated with the oral administration, and thus
improves patient compliance. However in spite of
numerous researches on estradiol transdermal
absorption, most studies treat skin a single layer,

the estradiol absorption with detail information
about skin layers and their permeation mechanisms
are still lacking. So a better understanding of the
absorption properties of the skin is of huge
significance.
APPROACH
In order to investigate percutaneous absorption of
estradiol, we have used radioactive 17 β -estradiol
dose to trace and measure separately the drug
absorption process through the stratum corneum,
viable epidermis and dermis in a pseudo in vivo
environment. Transdermal parameters of the
drug/skin system were thus derived from the
recorded testing results for the first time. Finally,
these just obtained data were used as inputs to the
numerical model described above. The predictions
are then compared with actual results from patients
to verify the parameter. The specific steps of this
study:
1. To simplify the complex skin structure into a
physical model still retaining the necessary
details (Fig. 1);

Fig. 2 Diffusion process in different skins

Fig. 1 Detailed skin and simplified structures
2.
3.

4.

5.

6.

7.

To collect and treat viable skin samples for
drug transdermal absorption study;
To employ radioactive 17 β -estradiol dose to
trace the drug absorption process in a pseudo
in vivo environment;
To use instrument to determine the physical
parameters specifying the absorption process
through the stratum corneum, viable epidermis
and dermis (Fig. 2 and Table 1) ;
To develop a new contact algorithm with an
interphase element to account for the
interphase barrier on the drug diffusion and
chemical absorption during a transdermal drug
delivery process. A more realistic multi-layer
structure, including the patch, SC and VE are
incorporated into the algorithm. Both
interphases between the patch and SC, and SC
and VE are considered;
To utilize the obtained parameters as inputs to
the numerical model, and the predictions are
then compared with actual results from
patients to verify the parameter (Fig. 3).
To develop a computer finite element model
(the detail algorithm in [1] (Xing, et al. 2007)).
The results of residual estradiol on skin after
24 hours (68%) dosing resembled the data
(73%) from our in vivo human [2] (Fig. 4).

RESULTS AND DISCUSSION

Table 1 The percutaneous absorption parameters

Fig. 3 Predicted transdermal drug delivery

Fig. 4 Three-layer skin drug absorption finite
element model with ANSYS (ver.10). The skin
initial dose is 1μg on dose site with 1 cm2 area.
After 24 hours the drug remaining is 0.68 μg on
surface area.
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STATEMENT OF PURPOSE
The barrier efficacy of protective surgical gowns
has gained importance due to the prevalence of
human immunodeficiency virus (HIV) and
hepatitis B and C viruses in the patient population.
Most surgical gown fabrics are tested and
categorized using standard laboratory conditions
which are different from the conditions
encountered in the surgical area. This research
examined factors influencing the liquid penetration
of surgical gown fabric during use.
The objective of this research was to compare
liquid penetration properties of dry fabric and
fabric that is pre-wetted by three test liquids: a)
Synthetic Blood, b) Simulated Perspiration and c)
Alcohol on the outer surface as measured by
impact penetration testing; and one test liquid: d)
Simulated Perspiration on the inner surface as
measured by hydrostatic pressure testing.
INTRODUCTION
When health care workers don surgical gowns, the
clothing must provide protection that withstands
various conditions of use. By the end of the 1980s,
more than 2,400 health care workers had already
suffered occupational exposure to bodily fluids
from HIV-infected individuals.[1] In reaction to this
increasing problem, the US Occupational Safety
and Health Administration (OSHA), Centers for
Disease Control and Prevention (CDC), and the
Association of Operating Room Nurses (AORN)
have
published
regulations
or
practices
recommending health care workers wear surgical
apparel to protect themselves and stating that their
personal protective equipment (including clothing)
should be capable of protecting the wearer ‘‘under
normal conditions of use and for the duration of
time [for] which it will be used’’.[2]
Previous research has documented the liquid
barrier efficacy of surgical gowns were tested and
categorized
using
standard
laboratory
conditions.[3,4,5] However, wearing conditions for
surgery personnel are likely to be very different
from these conditions. The nature of activities in
the surgical environment presents opportunity for
gowns to be challenged by body fluids such as

blood, perspiration and other liquids such as
alcohol or iodine. Usually, body fluids are warmer
than other liquids used in the operating room.
Another factor of concern is the effect of repeat
challenges or liquid challenge to fabrics that have
been pre-wetted by the same or other liquids in the
surgical environment, but no literature was located
indicating the effects on the strike-through
performance of surgical gowns.
APPROACH
An experimental laboratory study was designed to
investigate the influence of human factors and
environmental factors on liquid penetration of
surgical gown fabric. Dry/pre-wet fabric condition
was the variables under consideration. Two fabrics
currently in common use in surgical gowns, a
disposable and a reusable material, were tested to
provide more complete understanding of the
influence of test variables. Following guidelines in
ASTM (American Society for Testing and
Materials) F2407, Specification for Surgical
Gowns Intended for Use in Healthcare Facilities,[6[
the two liquid penetration tests used in our study
were AATCC (American Association of Textile
Chemists and Colorists) 42 (Water Resistance:
Impact Penetration Test) and AATCC 127 (Water
Resistance: Hydrostatic Pressure Test).[7] Standard
procedures for the above tests require a testing
atmosphere of 21±10C, 65% ± 2% RH. Liquid
temperature is required to be 27±10C in AATCC
42 and 21±10C in AATCC 127. Wetness of fabric
was modified for both methods. Fluids such as
blood, perspiration, iodine or alcohol act as carriers
transporting bacteria and viruses through fabrics in
the operating.[8] To simulate the wearing situation,
the liquids used in our study as pre-wetting liquids
included synthetic blood, isopropyl alcohol and
simulated perspiration. Distilled water was the
challenge liquid as required in laboratory test
procedures.
The objective of the study was achieved by the
experiment design. Independent Samples T Test
was used to determine the effect of each
independent variable on the dependent variable. A
confidence level of 95% (p≤ 0.05) was set to reject
the null hypothesis. Statistical Package for the

Social Sciences (SPSS Version 13.0) software was
used for data analysis. Prior research has
established differences in the performance of
nonwoven (disposable) and woven (reusable)
surgical gowns. For this reason, testing was
conducted on each type of fabric and analyzed
separately.
RESULTS AND DISCUSSION
Pre-wetting the outer surface of fabrics by 37ºC
synthetic blood resulted in a significant main effect
for disposable fabric [t(16.692) =-2.883, p<.05]
and reusable fabric [t(17.101)=-8.360, p<.001];
Pre-wetting the outer surface of surgical gown
fabric with 37ºC simulated perspiration had a
significant effect on subsequent distilled water
penetration of the disposable fabric [t (18.794) =3.030, p<0.007], but not the reusable fabric. Prewetting the outer surface of surgical gown fabric
by 21ºC alcohol resulted in significantly (p<.001)
increased liquid penetration for both disposable
[t(28)=-3.605] and reusable [t(18.532)=-85.271]
fabric; Pre-wetting the inner surface of surgical
gown fabric by 37ºC simulated perspiration
resulted in significantly increased liquid
penetration
for
both
the
disposable
[t(19.731)=2.834, p<0.01] and the reusable
[t(28)=3.962, p<0.001] fabric.
Pre-wetting leads to the hysteresis (difference in
advancing and receding angles) of contact angle,
which increases the penetration time of a given
liquid at a given pressure,[9] and in turn increases
the likelihood of penetration. Unsal et al.[10] studied
fluid penetration through porous networks and
found that pore sizes increased during the initial
contact with challenge liquid; the imbibitions of
water into a hydrophobic fabric also decreased
contact angle. These changes contribute to
increasing the possibility of liquid penetration.
Initial contact with fluid may change the
performance of fabrics.10 Liquid impact penetration
was significantly affected by pre-wetting the outer
surface of fabric with synthetic blood, perspiration
and alcohol.
CONCLUSIONS
The overall conclusion of the study is that testing
fabric under standard testing conditions does not
adequately replicate normal conditions of use in the
operating room; the results from such testing
provide an incomplete assessment of the protective
performance of fabrics. More work is needed to
establish the liquid penetration of surgical gown
materials under normal condition of use.

FUTURE WORK
It would be interesting to evaluate the effects of
pre-wetting gown materials using 37ºC synthetic
blood instead of distilled water at standard testing
temperature as challenge liquids. In this study,
all of the pre-wet specimens were challenged by
distilled water. Based on the results of this study,
the effects of pre-wetting are likely to be even
more severe if the fabric is subsequently
challenged by blood at body core temperature.
The scope of this study did not consider microbial
challenge. A study could be undertaken to evaluate
the liquid/viral penetration of materials following
ASTM F1670/F1671 giving consideration to the
selected environmental and human factors included
in this study.
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OBJECTIVE
The objective of this study is to find how moisture
regain in wool can influence plasma etching of the
fiber surface and therefore affect the outcome of
plasma antifelting treatment of wool fabrics.
INTRODUCTION
The presence of scales on wool fiber surface makes
wool fabrics felting and thus shrinking upon
laundry due to their differential friction effect
(DFE). Traditional methods for shrink-resist of
wool fabric include chlorination and polymer
deposition (Hercosett treatment) which could
pollute environment severely by production
effluent containing high level of adsorbable
organic halogens (AOX) [1]. Plasma treatment is
an effective technique for surface modification of
textile materials to improve adhesion, wettability,
dyeability and shrink-resist properties of wool [25]. However, treatment results have been
unsatisfactory even with longtime plasma treatment
without the assistance of other methods [6,7].
According to our previous studies on influence of
moisture on atmospheric pressure plasma
treatment, scales on wool fibers conditioned in
100%RH could be thoroughly smoothened [8],
while in other studies of low pressure plasma
treatment on wool, longtime of treatment could
result in obvious damage of scales instead of
smoothening [7].
EXPERIMENTAL
Materials 100% pure plain knitted wool fabric was
produced with 64s wool fibers. The same wool
fibers (provided by Linglong Textile Company,
Zhejiang) were also used in the experiment. All
samples were scoured twice in acetone for 30 min
to eliminate greasy contamination, and vacuum
dried for 12 hours in room temperature. The
cleaned fabrics were cut into 10cm × 10cm pieces
for shrinkage test. Before plasma treatment, the
samples were conditioned for 12 hours in 65%RH
environment
or
100%RH
environment
respectively.

Plasma treatments An atmospheric pressure
plasma jet (APPJ) AtomfloTM-R (Surfx
Technologies California, USA) was used for the
treatment. A capacitively coupled electrode design
is employed in the device to produce stable
discharge with 13.56MHz radio frequency power at
atmospheric pressure. The power was set at 40W.
The treatment gas was pure helium at a flow rate of
20 liter/min (LPM) The samples were placed on a
conveying belt moving at a speed of 3.6 mm/s and
the distance between sample and nozzle was about
3 mm. Each sample was treated for two laps. In
order to maintain the moisture in the wool fibers,
plasma treatment was carried out in a sealed
chamber with adjustable relative humidity.
Tests and analysis SEM (JSM-5600LV Model,
Japan) was employed to analyze the surface of the
control and the plasma treated samples. The shrink
resistance test was performed in accordance with
ISO 6330. The wool sample was considered as
“machine washable” while the area shrinkage ratio
was below 8% for knitted wool after three laundry
cycles. The shrinkage ratio was calculated using
the following equation:
S −S
(1)
R= 0
× 100%
S0

where R is shrinkage rate, S0 is original fabric size,
and S is fabric size after laundry.
RESULTS AND DISCUSSION
SEM analysis Significant changes could be
observed on the surface of the groups conditioned
in 100%RH before and during the APPJ treatment
(Figure 1). Most scales were removed and the fiber
surface became much smoother than the control
fibers. However, scales of the 65%RH conditioned
fibers were kept relatively intact under the same
treatment conditions. It could be attributed to the
disruption of intra- and inter-molecular hydrogen
bonds in wool by absorbed water, leading to
swelling of the fiber bulk, while less deformation
happened in cuticle layer due to its less hydrophilic
nature. Differential deformation of these two parts
resulted in increment of scale angles to the fiber
axis, and a larger area on the surface could be
exposed to the plasma which facilitated plasma

etching of the scales. On the other hand, 65%RH
conditioned wool did not swell as much and the
etching is not as obvious as the fibers conditioned
in 100%RH.

(a)

(c)

CONCLUSIONS
Atmospheric plasma treatment can effectively
modify the wool surface physically and chemically.
TABLE I. Area felting shrinkage for wool fabrics conditioned
and treated differently (ISO6330)

Samples
Untreated
100%RH
65%RH

Area felting shrinkage (%)
10.89
5.22
8.95

The moisture content during the treatment has
tremendous influences on the treatment effect.
Wool samples conditioned in 100%RH before
treatment yielded significant modification; almost
thorough removal of scales and lowest area
shrinkage ratio in shrink resistance test were
obtained.
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Introduction:
Socks may cause diverse skin irritations and damages such as friction blisters. This work aims
to compare different types of socks and try to predict the friction behaviour of an article
knowing its properties using a model.
Methods and material:
Four cotton-made knitted structures have been chosen:
 Half-terry jersey
 Double yarn jersey
 Jersey
 Inlay bridge jersey
Except the macroscopic structure, the parameters are the same for all the socks.
Areas where blisters may appear were determined on a sample group of people. For the
moment, the study is limited to the foot arch place. The pressure exerted on the skin by the
shoe and the sock and the run frequency have been measured with a flexible force sensor
(Tekscan Flexiforce®). For a running speed between 8 and 10 km/h, the pressure exerted on
the foot skin varies from 6 to 30 kPa and the running frequency ranges from 1.2 to 1.5 Hz.
An alternative linear friction tester has thus been developed so that the friction during jogging
and running can be reproduced. The amplitude, the frequency of the oscillating movement,
the contact partner and the pressure applied on the textile sample can be modified.
Measurements were also implemented on the friction analyser developed at EMPA to
compare and understand the phenomena. In order to simulate the contact between the socks
and the human skin, Lorica® mechanical skin equivalent has been used [1].
A dynamic friction model of surfaces recovered with terries is proposed [2]. The hypotheses
of this model are as follow:
 We consider the deformation changes when terries are bent
 The friction force (F) is proportional to the terries deflection (z) : F = k*z with a
linear coefficient k
 There is no contact between the terries
before friction

1 bouclette

1 terry

2 poils de bouclette

2 hairs of terry

Results and discussion:
Figure 1 : friction modelling

during friction

There are several factors to investigate. The thickness of the sock is important as well as the
space between the skin and the shoe (this space depends on the way people wear their shoes).
These first two parameters induce two conflicting effects. The thicker the sock, the lower the
strain on the skin. However, if we consider the shoe stuffy atmosphere, the thicker the sock,
the higher the strain. There is a compromise to reach. This idea is illustrated on figure 2.
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Figure 2 : Strain exerted on foot skin versus space
The friction curves give us some interesting information:
 The signal shape depends on the knitted structure
 Terries and bridges are oriented (and in our case, the foot rubs the sock in the
opposite direction i.e. it is the less suitable case regarding skin irritation)
 For a displacement amplitude lower than a critical value, half-terry socks seem more
comfortable than jersey socks
The friction model gives encouraging results which will be presented.
Conclusion:
The friction behaviour of terries and the first steps of the modelling has been discussed. The
next developments will be to consider the probe shape and to obtain a quantitative model
introducing the yarn properties with a multi scale approach.
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INTRODUCTION
Auxetic textiles belong to a class of extraordinary material
that become fatter when stretched and are increasingly
attaining some prominence in many applications of
technical textiles [1]. The main production route is fist, to
synthesize the auxetic polymers and then to produce the
yarn [2, 3] and the composites from these polymers [4, 5].
Efforts to fabricate auxetic fabric structure are limited.
Several geometrical configurations have been proposed [5]
but none has been engineered into functional auxetic
textile structure. Our trust in this project is to combine our
knowledge of geometry and fabric structural
characteristics to engineer auxetic textile and to determine
the properties of such auxetic textile fabrics. Our efforts
to produce auxetic knit structures from non-auxetic yarns
are described in this article.
THOERY
It is known that textiles with nets structure are the more
preferred materials and geometry for composites. Warp
knitting technology provides the most suitable knowhow
for net structures. During warp knitting large numbers of
yarns are simultaneously fed into the machine. The major
advantages of warp knitting are its versatility and its high
production speed. The set-up costs are, however,
considerable since the knitting machine has to be equipped
with one or two needle beds and many guide bars.
However, with warp knitting, a huge variety of knit
structures can be produce. Indeed, no other technology can
match warp knitting technology in the production of net
structures. Thus, with the right stitch construction and
proper material selection, it is possible to knit square,
rectangular, rhomboidal, hexagonal or almost round shape
[6].
Symmetrical nets are produced when two identicallythreaded guide bars overlap in balanced lapping
movements in opposition. The threaded guides of an
incomplete arrangement in each bar should pass through
the same needle space at the first link in order to overlap
adjacent needles otherwise both may overlap the same
needle and leave the other without a thread.
For example, the knitted fabric shown in Figure 2 is
formed from two different yarns using a partial, |·|·|·,
drawing-in of guide bar. To produce such knits the same
combinations of stitches are used, though in one case the
coupled wales of tricot-tricot stitches are formed on
different needles.
After knitting and allowing same fabric relaxation under
standard conditions, the warp knit structures form

hexagonal nets. A typical net consists of vertical ribs ab
and de from tricot courses of length h and diagonal ribs bc,
cd, ef and fa from chain courses of length l. The diagonal
rib is disposed at an angle α to the horizontal. The net’s
size primarily depends on the machine’s gauge and linear
density of yarn. But the rib’s lengths h and l depend on the
number of courses in each part of the repeating unit.
It is possible to create the honeycomb fabrics with
different net sizes on the same machine by changing the
knitting parameters. In this convectional structure, the
wale moves past one another during fabric deformation in
the wale direction causing the warp knit fabric and its
varying size between vertical ribs ab and de within the net
to decrease. The fabric width will also decrease.
Hence, its necessary to change the disposition of the ribs
in the net in order to form a functional auxetic knit
structure (Figure 3) [7]. During stretch deformation in
wale direction of this fabric the distance between point c
and f increases. The diagonal ribs bc, cd, ef and fa move to
the horizontal disposition, which is perpendicular to the
stretch direction. In this mode, the angle α is approaching
to 0˚ and the distance between vertical ribs ab and de
increases. Figure 3 is an illustration the auxetic ability of
such structure.
To achieve this auxetic property, it is required to employ a
high elastic yarn in the basic structure. This yarn must to
be placed between the stitch wale in the knitting direction
to insure that the fabric structure will retain necessary
configuration after relaxation. The filling yarn must be laid
between neighbouring wales to wrap the junctures of the
ground loops and provide better stability in the fabrics
structure as shown in Figure 4 Also minimum of five or
six guide bars are needed to produce such knit structure.

Figure 1 Convectional structure

Figure 2 Auxetic structure

EXPERIMENTAL
For detailed study of auxetic knit structures from nonauxetic yarns, some types of fillet warp knit fabrics and
some types of in-laying warp knit fabrics were used. These
fabrics were made on a 10 gauge crochet knitting machine
with one needle bed. The fillet warp knit fabrics have
made from 250 denier polyester yarn as ground. 150
denier polyester yarn with 40 denier Spandex was used as
a high elastic in-laying component. Nine types of warp
knit fabrics have produced: with different number of tricot
courses (3, 5 or 7) and different number of chain courses
(from 1 to 3).
RESULTS AND DISCUSSION
The measure of the Poisson’s ratio is a main characteristic
of the auxetic ability of materials. The conventional
materials have positive Poisson’s ratio, the auxetic
materials have negative Poisson’s ratio. The Poisson’s
ratio is given by

ν yx = −

εx
εy

.

The results of experiment are showing that all types of
fillet warp knit fabrics have negative Poisson’s ratio,
especially at first stage of stretching. Some types of fabric
do not have a decrease of samples wide at stretching to
100 %. In contrast to fillet warp knit fabrics, all types of
in-laying warp knit fabrics have a decrease of samples
wide at first stage of stretching to 40 %. But some of them
have small extension at the next stage of stretching. The
conducted experiment have showed the possibility of
producing the auxetic warp knit fabric from non-auxetic
yarns.
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Figure 3 Auxetic structure with inlay
yarns
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ABSTRACT
The thermal resistance of fabric systems with
different physical properties and structure were
evaluated at different ambient temperatures,
including subzero temperatures. Changes in thermal
resistance for these fabric systems with different
ambient temperature are identified and analysed. The
relationship between fabric structure and some
physical properties were investigated. A comparison
between the experimental measurements and the
predicted values from the theoretical model were
performed.
INTRODUCTION
Significant amount of research has been devoted to
study the effects on human comfort, modelling and
assessment of thermal resistance. The thermal
insulation provided by clothing systems is related to
the characteristics of the component garments
including their insulation values, the amount of body
surface area covered by the ensemble, garment
design and fit, etc. [1].

influencing changes in thermal insulation as the
ambient temperature decreases and the impact of
these variations in the prediction of thermal stress
under cold conditions have not been thoroughly
addressed. For example, neither ISO 11079 nor ISO
9920 specifies corrections to measured thermal
resistances to reaching neutral state of comfort under
cold stress.
MATERIALS AND METHODS
The thermal resistance measurements were
performed using an advanced sweating guarded hot
plate (ADV-SGHP), custom-built by Measurement
Technology Northwest. The ADV-SGHP was
designed to accommodate a variety of standard and
non-standard test conditions. The description of the
samples selected for this study is summarized in
Table 1.
Table 1. Description of samples evaluated
Sample
Sample A

It has been reported that the insulating characteristics
of fabrics are related to the ratio of the amount of
fibre present and the air entrapped by and
surrounding fibres [2]. In addition, Slater [3] stated
that the thermal resistance of fibres contained in
textiles has little effect or no effect on the heat barrier
properties of a garment or garment system; it is the
enclosed air space, which provides virtually all of the
insulation. Bogaty et al [2] concluded that fabric
insulation is dependent on bulk density, particularly
as the proportion of fibres normal to the fabric
surface increases; but, it is not sensitive to fibre
thermal conductivity at a given bulk density when the
fibres area arranged parallel to the fabric surface.
Mathematical modeling of complex physiological
phenomena, such as the thermal behaviour of humans
under varying and extreme environmental conditions,
has been widely conducted over the years. The main
purpose of this study was to investigate changes in
the thermal resistance of fabric systems at different
temperatures, including subzero temperatures, and to
examine factors associated with heat transfer at cold
temperatures. Some research on this topic has been
reported in the literature [4, 5, 6], but the factors

Sample B

Sample C
Sample D

Sample Construction
Shell: 100% polyester; lining 1: 100% polyester;
lining 2: 100% nylon; insulation: 100% polyester.
Shell: 100% polyester; lining: 100% nylon;
insulation: 100% polyester.
Shell: 95% meta-aramid / 5% para-aramid; lining:
100% polyurethane breathable microporous
membrane; insulation: hydrophobic and hydrophilic
fibrous batting.
100% cotton (denim).

Results and Discussion
The thermal insulation for the selected fabric systems
was measured using the ADV-SGHP and following
ASTM F1868-02, Standard test Method for Thermal
and Evaporative Resistance of Clothing Materials
using a Sweating Hot Plate, Part A – Thermal
Resistance at 10, 0, -10 and -20ºC, 50% relative
humidity (RH) and 1 m/s wind speed (3.6 km/hr);
thermal resistance was also measured at 25 ºC and
65% RH. Table 2 presents mean values of three
replications for each condition; linear regression
analyses for the Rct at different ambient temperature
were performed for each sample.
Linear regression analyses for Rct at different
ambient temperatures were performed for each
sample, and those results are illustrated in Figure 1.

TABLE 2 Measured Rct at Different Temperatures

Sample

A

B

C

D

Ambient temperature (ºC)

Measured
Parameters
Rct
[m2K/W]
Heat Flux
[W/m2]
Rct
[m2K/W]
Heat Flux
[W/m2]
Rct
[m2K/W]
Heat Flux
[W/m2]
Rct
[m2K/W]
Heat Flux
[W/m2]

25

10

0

-10

-20

0.462

0.483

0.479

0.538

0.574

21.98

52.43

73.95

84.36

95.87

0.466

0.485

0.502

0.516

0.535

21.50

51.71

69.84

87.45

102.8

0.209

0.199

0.203

0.198

0.215

47.72

125.1

172.3

227.2

256.3

0.088

0.082

0.082

0.080

0.085

114.2

301.3

426.9

560.1

634.3

Results in Table 2 show two different patterns: The
first two samples with low packing factors yielded
24.3 and 14.9% variations in Rct values from tests
performed between 25 to -20 ºC, whereas Sample C
showed a 2.4% increase and Sample D showed a
decrease of 3% in Rct values.
Sample A

Sample B

Sample C

Sample D

0.6
Rct = -0.0025T + 1.1871
Sample A
0.5

Rct = -0.0015T + 0.9231
Sample B

2

Rct (m K/W)

0.4

where the thermal conductivity of the fabric system is
given in terms of the air volume and fibre fractions of
the system using the equation developed by Bogaty et
al [2]:
k sys =

kF ∗ k A
(1 − Pϕ )k A + Pϕ k F

(3)

kF is the thermal conductivity of the fibrous
component, and the value of kA is determined using
k A = 7.0 E − 5T + 0.024382
the
equation
found
elsewhere in the literature [7]. The thermal
conductivity of the fibre fraction is a combination of
the thermal conductivity of the fibre components and
the actual moisture content in the fabric system.
Hence, kF can be expressed by the combination of the
fibre and water fractions, as follows:
k F = (1 − μ ) ∗ k f + μ ∗ kW
(4)
μ is the moisture regain of the fabric system at 65%
RH, kƒ is the thermal conductivity of the fibre, and
kW is the thermal conductivity of water vapour.
CONCLUSIONS
It has been found that the thermal resistance of
complex fabric systems increases as the ambient
temperature decreases, but the rate of change varies
depending on a number of factors such as packing
factor, thickness, and moisture content of the fabric
systems. However the thermal resistance remains
unchanged with packing factors above 20%. Some
theoretical models have been developed to explain
the effect of such factors.

0.3
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FIGURE 1. Plots of thermal resistance values (Rct) of four
samples at different ambient temperatures.

From the linear equations obtained by the regression
analyses of the thermal resistance (Rct values) and
ambient temperature (T), it is possible to derive an
equation to predict the thermal resistance of a fabric
system at subzero temperatures if the thermal
resistance of the fabric system is known at standard
conditions, as follows:
Rct = −aT + b
(1)
Based on Eq. (1), Rct can be predicted using Eq. (2):
Tamb
Rct = −
+b
(2)
kF ∗ k A
{(1 − Pϕ )k A + Pϕ [(1 − μ ) ∗ k f + μ ∗ kW ]}
(Tsk − Tamb )
t
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INTRODUCTION
The marine industry has traditionally employed
large quantities of fiber reinforced plastics.
Polyester resins are widely used in marine
applications, especially in association with glass
fibers, in reinforced composite structures [1]
A ship may be subjected to severe environments
for lifetimes of 20 or 30 years with many
aggravating factors such as mechanical loads,
temperature variations, and exposure to UV lights,
to chemicals and to biological species. For marine
composite structures subjected to cyclic loading,
fatigue becomes one of the most important limit
states that need to be considered by the designer.
Composite materials exhibit very complex failure
mechanisms under static and fatigue loading.
Fatigue causes extensive damage throughout the
specimen volume, leading to failure from general
degradation of the material instead of a
predominant single crack [2-4].

samples were immersed the water for 3 days, one
week, two weeks, three weeks, five weeks and six
weeks. Then the samples fatigued in 30 minutes
and maximum extensions were obtained
The test parameters were:
Min. load
: 6.8 KPa
Max load
: 8.2 KPa
10 cycles per second
Motor speed
VI (7.5 rev/min)
Time
30 min (800 rev.)

In this study, the effect of immersing time in sea
water and different fiber contents on fatigue
behavior of glass fiber reinforced polyester resins
were investigated.
EXPERIMENTAL
The material was comprised of polyester resin with
E-glass reinforcement. The glass fibers had an
average diameter of 6 μ and the fiber length was 1
mm.
The composite materials were prepared by manual
lay-up process. Four different reinforcing ratios,
which were 0 %, 1 %, 3 %, 6 %, were applied.
Sample dimensions were 12 mm × 55mm × 2 mm.
The composites were cured at room temperature
for 24 h. The water with a salinity content of 35 g/l
at PH 8 was used to simulate natural seawater. The

Figure 1: Fatigue test equipment

RESULTS
Although any significant variation could not
observe in extension values for varied fiber
contents, extension values decreased with
increasing immersion time as shown in Table I.

TABLE I: Extension variations in different immersion times (%)

Fiber Content (by volume)
Time

0%

1%

3%

6%

0 Day

361,31

267,1

251,29

233,13

3 Day

270,9

357,4

278,5

263,7

1 Week

216,3

207,5

248,7

230,9

2 Week
3 Week
4 Week
5 Week

238,5
236,6
180,26
231,9

168,8
153,8
202,3
244,7

231,9
203,4
216,5
206,8

191,6
171,7
185,3
240,6

6 Week

172,8

246,7

202,6

216,3
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Electrospinning is a versatile technique for the
fabrication of polymer micro- and nanofibers, and
has attracted much interest due to the ability to
prepare such thin fibers from many different
polymers using simple equipment.
Upon
exceeding a critical potential which is sampledependent, a thin liquid jet is ejected from the tip
of the cone. The jet will undergo break-up into
droplets unless there is a mechanism to stabilize
the jet, and for polymer solutions this is provided
by chain entanglements. Jet stabilization followed
by solidification via solvent evaporation is the
essence of the electrospinning process, and a key
consideration for polymer/good solvent mixtures is
the number of entanglements [1] in solution. In
actuality, jet stabilization is a bit more complicated,
since polymer solutions which favor the formation
of small, embryonic crystallites (early stage of
gelation) can undergo electrospinning below a
critical entanglement density [2]. In other words,
microcrystallites act at least in part like
entanglements.
One of the challenges to the field of
biomaterials for tissue engineering is the design of
ideal scaffolds/synthetic matrices that mimic the
structure (mechanical aspects) and biological
functions of natural extracellular matrix (ECM).
The main purpose of the scaffold is mechanical
support to allow for tissue regeneration while at the
same time guiding cell differentiation and function.
Some of the ideal scaffold requirements include
biocompatibility, not inducing an undesirable host
response and completely biodegradable while
remaining non-toxic during replacement by cellular
ECM components. Another challenge for the
scaffolding is to be reproducibly produced in a
variety of shapes and compositions (chemically
and morphologically) with minimal time and cost.
Electrospinning represents a particularly attractive
approach for the fabrication of scaffold materials
for tissue engineering. Of particular interest is the
ability to generate polymer fibers of sub-micron
dimensions, down to about 0.05 microns (50 nm), a
size range that is otherwise difficult to access. In

addition, electrospun fibers can be multifunctional, serving as (1) mechanical scaffolds for
cell seeding, proliferation, and (in the case of stem
cells) differentiation, (2) a matrix for delivery of
selected molecules, (3) a scaffold of controlled
porosity to encourage, for example, innervation,
and (4) a well-timed, temporary role for all of the
above due to the ability of the scaffold to
biodegrade.
Electrospun collagen [3] is particularly appealing
as a scaffold since it mimics well naturallysynthesized collagen scaffolding and exhibits
excellent cell infiltration [4]. These promising
results have led to recent commercial interest in
collagen electrospinning technology for wound
care applications.
Electrospinning
can
be
extended
from
homogeneous solutions to suspensions, affording
the ability to generate polymer fibers with aqueous
domains containing proteins and other watersoluble materials [5].
Recent attention in our laboratory has been directed
toward the eye, with attention to multi-functional
polymer scaffolds for retina regeneration using
retinal progenitor cells (collaboration with M.
Young, Schepens Eye Institute, Harvard Medical
School, and H. Klassen, UC Irvine) [6, 7]. Recent
work
has
established
that
electrospun,
biodegradable fibers containing immobilized
MMP2 (Figure 1) can release the enzyme to
degrade scar tissue near a damaged retina without
adversely affecting the behavior of seeded retinal
progenitor cells. Regeneration and repair of the
cornea is also of current interest. Finally, we are
attempting to exploit polymer electrospinning in
several other applications, including nerve guides
and heart valves.
Broad prospects for the use of electrospun polymer
scaffolds in regenerative medicine will be
discussed.

FIGURE 1. Electrospun PLGA fibers (avg. diameter
about 3 microns) containing fluorescently-labeled MMP2.
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Investigation of Electrospinning Parameters that
Determine Fiber Diameter Distribution
Xuri Yan, Michael Gevelber
Boston University, Department of Mechanical Engineering
gevelber@bu.edu
In many emerging, high value electrospinning
applications, the fiber diameter distribution affects
the fiber’s performance and production economics.
However, the current state-of-the-art electrospinning
process results in time varying, broad diameter
distributions. Our research is focused on developing a
better understanding of what determines these
variations as well as the relation of the process
parameters to the resulting fiber diameter
characteristics, in order to develop appropriate
control strategies.

Electric field
Narrow, variable jet

Minimal jet variation
Jet with large,
bounded variations

Q
V: voltage
L: length

Jet with drops

∀ : volume
No jet forms

dj: jet diameter
θ: angle

Flow rate
FIGURE 2 Electrospinning regimes identified by the
Taylor cone shapes for different voltages.
40%

I: current

FIGURE 1 Measured electrospinning parameters.

To conduct this research, we have developed a real
time measurement and actuator control system.
Vision systems are used to measure (Figure 1) the
variations in the Taylor cone volume, ∀ , the upper
jet diameter, dj, and length, L, as well as the
whipping region angle θ.
In addition, the fiber
current, I, conducted to the ground plate, and ambient
humidity are measured.
Four distinct Taylor cone regimes were observed for
different voltages at a given flow rate (Figure 2),
while Figure 3 shows how the magnitude of the
measured charge density (I/Qjet) fluctuations change.
These measurements provide a useful basis for
selecting an appropriate operating regime.
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FIGURE 3 Normalized standard deviation of
charge density (Q=0.01ml/min ).

To study the relation of the operating regime/polymer
solution to resulting fiber diameter distribution, we
plot the charge density of the solution in terms of the
resulting average fiber diameter as suggested by
Fridrikh’s analysis [1]. Since this analysis was based
on a force balance for wet fibers, we plot
dwet ~ (I/Q)-2/3, where the wet terminal jet diameter is
calculated from dwet = d/c0.5, where c is concentration.
Figure 4 shows the results for two solutions of 7%
PEO, spun two months apart, as well as that for an
8% solution.

7% 1st Run
nd

7% 2 Run
Q=0.05

(I/Q)-2/3 (C/m3)

0.014
0.012

Q=0.05
Q=0.05
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0.010
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Q=0.01
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Current (nA)

0.016

Average Fiber Diameter (nm)

0.018
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0
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FIGURE 5. Average fiber diameter and current for
different humidity levels (0.05 ml/min, 28kv, 7% PEO).

Dwet (nm)
FIGURE 4. Relation of equivalent wet fiber
diameter to charge density for three different
experiments.

For the 8%, a good correlation is observed between
diameter and charge density for two different flow
rates. However, the charge density scaling relation
results in a poor correlation for the 7% concentration
solutions that were run 2 months apart. In addition,
for the first 7% experiment with two different flow
rates, we find that the two flow rates are not well
correlated by the same curve fit. These results
suggest that other factors need to be considered to
determine the relation of operating regime, polymer
solution, to the resulting fiber diameter distribution.
The effect of the relative humidity effects on fiber
diameter and process states has also been studied for
a 7% PEO/water solution (with flow of 0.05ml/min at
28kv). Figure 5 shows that both the resulting average
fiber diameter and the corresponding fiber current
decrease as relative humidity increases. These results
might explain the variation observed for the two 7%
runs (fig 4). One possibility is that the greater
humidity level enables the stretching to continue for a
longer time, resulting in a smaller fiber diameter in
spite of the reduced current flow. We have also
analyzed the impact of viscosity.

To better understand the interactions between all the
process states, measureable outputs, and manipulable
inputs, we are developing an analytical scaling model
(fig 6). The model and experiments will be used to
better understand the fundamental process dynamics
and factors that can be used for selecting an
appropriate operating regime and control system in
order to achieve a consistent and repeatable process.

FIGURE 6 Schematic of the electropinning fiber physics.
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ABSTRACT: A novel synthesis of stereoblock copolymer containing highly
isotactic acrylonitrile (AN) sequences in its polymer backbone was reported. That is,
γ-irradition post-polymerization of AN/urea canal in the solid state was a typical living
radical system, as evidenced by various modified experiments. After finishing the
polymerization, freshly distilled α-chloroacrylonitrile (CAN) was introduced with
methanol, and the mixture was allowed to copolymerize at low temperatures. The
content of PCAN component introduced in this way was estimated to be about
23%mol by a calibration curve. When the sample was heated under mild heating
conditions (under vacuum, at 80°C, for overnight), color changed from white to pale
pink to bright purple with maintaining the solubility into DMF, etc. UV spectra
indicate that the several peaks appeared in a longer wave length (400~650nm), which
was explained in terms of the formation of conjugated double bonds -(CH=CH(CN))non a polymer backbone via elimination (HCl). The length (n) of the conjugated double
bond was estimated to be about 20-25 numbers in one typical case. Under severe
oxidative-heating conditions, however, the powder lost the solubility with
accompanying the color change to reddish brown. A useful candidate for the precursor
of super-conducting material, isotactic PAN and atactic PCAN stereoblock sequences
on its backbone, was prepared in this way.

Melt Electrospun Nanofibers: Modeling and Experiments
Eduard Zhmayev1, Cheol Soo Yoon2, Young Jun Cho2, Sung Eun Hong2, Yong Lak Joo1
1
School of Chemical & Biomolecular Engineering, Cornell University, Ithaca, NY, 14853,
2
Hyosung R&DB Labs., 183-2 Hoge-Dong, Dongan-Gu, Anyang-Si, Gyeonggi-Do, Korea
yjhyeon@hyosung.com, ylj2@cornell.edu
ABSTRACT
Submicron scale fibers of various polymers
including polylactic acid (PLA), polypropylene
(PP) and nylon 6 have been obtained directly from
electrically charged polymer melt jets. Our
experimental results show that temperatures at the
spinneret and in the spinning region are critical to
produce sub-micron sized fibers: a high-speed
photographic investigation reveals that when
spinning temperature is below glass transition
temperature, whipping of the jet is suppressed by
fast solidification in the spinning region, leading to
a larger jet diameter. When the spinning
temperature is kept low, melt electrospun fibers
exhibit low degrees of crystallinity and the highly
oriented structure in melt electrospun fibers gives
rise to cold crystallization. We have also developed
a theoretical model for non-isothermal, free surface
flows of electrically charged viscoelastic fluids in
the stable jet region of the melt electrospinning
process. The simulation results are in good
quantitative agreement with the flow visualization
experiments on electrospinning of PLA ad nylon
melt under various spinning conditions. Finally,
melt electrospun nanofibers have been applied to
air filtration and a substantial increase in filtration
efficiency has been achieved without further
increase in pressure drop.
INTRODUCTION
Electrostatic fiber spinning or ‘electrospinning’ is a
unique process for forming fibers with submicron
scale diameters through the action of electrostatic
force [1]. While most of the previous work on
electrospinning has involved polymer solutions,
much progress has also been made in polymer melt
electrospinning [2,3]. This solvent-free approach to
producing sub-micron scale fibers is more
environmentally benign than common solution
electrospinning processes, and has a potential to
increase the production rate significantly. Besides
above advantages, this solvent-free approach also
opens the door to theoretical routes to model
electrospinning
without
the
complications
associated with solvent evaporation. In the current
study, we demonstrate that melt electrospinning
can be a feasible way to produce sub-micron scale

fibers from various polymer systems such as PLA,
PP and nylon.
APPROACH
PLA, PP, and nylon 6 were electrospun directly
from their molten state using the experimental
setup (Fig. 1) described in detail in our previous
work [2,3] which includes basic components such
as a micro-flow controller (PHD2000, Harvard
Apparatus), a high voltage supplier (ES30P,
Gamma High Voltage Research, Inc.) and a
collector as well as some critical components for
melt electrospinning such as a heating oven for
polymer melt reservoir (T1), a nozzle heater (T2), a
heated guiding chamber (T3), and a temperature
controllable collector (T4). The charged melt jet
was spun either with or without the heated guiding
chamber before collected on an air-cooled copper
collector. To demonstrate the control of the
whipping motion of the melt jet during
electrospinning, a high speed camera (MotionPro
HS-3, Redlake) was utilized to record a close-up
high speed (5000 frames/sec) movie of the melt jet
near the collector at various spinning temperatures.
Predicted simulation results are compared with
experiments in two different ways. First, the initial
jet radius profiles for comparison with the
numerical predictions are collected by focusing a
CCD camera on the spinneret. Secondly, the
experimental measurements of the final fiber
diameters resulting from thinning only in the stable
region (no thinning due to whipping motion) were
compared with predicted final stable jet diameter.
The resulting fiber mat is then inspected in a
LEICA 440 scanning electron microscope (SEM)
and the images are analyzed to determine the fiber
size and distribution.
Melt Reservoir Temperature,T1

Spinning Chamber Temperature, T3
Collector Temperature, T4

Micropump
High Voltage
Supplier
R

R
Temperature Controller

Nozzle Temperature, T2

Stable jet
Z

Z=0

Figure 1. Schematic of the melt electrospinning setup

Z=χ

RESULTS AND DISCUSSION
Our melt electrospinning shows that temperatures
at the spinneret and in the spinning region are
critical to produce sub-micron sized fibers. As
shown in Fig. 2, a high-speed photographic
investigation of PLA melt electrospinning reveals
that when spinning temperature is below glass
transition temperature, whipping of the jet is
suppressed by fast solidification (top), while a
significant whipping motion is observed when the
spinning temperature is kept above the glass
transition temperature (bottom). The additional
thinning caused by the vigorous whipping motion
can result in the further reduction in fiber diameter.

The simulation of the stable jet region of the nonisothermal melt electrospinning process [3] is
compared to digitized experimental images of the
stable melt jet near the spinneret. As shown in Fig.
4, the simulation results for nylon 6 are in good
agreement with the flow visualization experiments.
In addition, the predicted effects of melt
temperature on the final jet diameter are compared
to the final average fiber thickness from nonisothermal experiments where the whipping motion
has been suppressed by rapid cooling.
Finally, melt electrospun nanofibers were applied
to air filtration applications and a substantial
increase in filtration efficiency was achieved
without increase in pressure drop.

FIGURE 2. High speed images of PLA melt electrospinning.
Top: Tspin = 25oC Bottom: Tspin = 80oC.

Using the melt electrospinning setup, submicron
scale fibers of PLA, PP and nylon 6 were obtained,
and SEM images of melt electrospun PLA, PP and
nylon 6 are shown in Fig. 3. The average diameters
obtained from image analysis were 750 nm, 600
nm and 900 nm, respectively. We also note that
melt electrospun fibers including fast crystallizing
PP and nylon suffer from low degrees of
crystallinity, especially when the spinning
temperature is kept low.

FIGURE 4. Comparisons of simulation and experiments of
nylon 6. Top: initial jet profiles Bottom: final diameter
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ABSTRACT

EXPERIMENTAL

Electrospinning has been recognized as attractive
technique for the fabrication of polymeric
nanofibers with carbon nanotubes fillers. In the
present study, poly (3-hydroxybutyrate-co-3hydroxyvalerate) (PHBV), a potential material for
biomedical applications, has been electrospun with
acid treated carbon nanotubes (CNT) fillers. In
order to fabricate fibers with homogeneous
dispersion of CNTs, ultrasonic process had been
used to prepare the PHBV/CNT composite prior to
dissolution in organic solvents for electrospinning.
The morphology and structure of the electrospun
fibers were observed via both the transmission
electron microscope (TEM) and scanning electron
microscope
(SEM).
Simple
conductivity
measurements were performed to determine the
electrical property of a single composite fiber.

To prepare PHBV solution for electrospinning,
PHBV has been dissolved in chloroform and 1, 2dichloroethane, in solvent ratio of 3:2. PHBV/CNT
composite fibers were prepared by dissolving the
composite material in the same solvent mixtures as
PHBV. The composite material consisted of 0.2 to
0.8 wt % of acid treated multi-wall nanotubes.
Dispersion of CNTs within the composite had been
achieved via ultrasonification, followed by
precipitation in hexane solvent and vacuum dried.

INTRODUCTION

Tensile properties of single electrospun fibers were
performed with a nano tensile tester (Nano Bionix,
MTS) of 500mN load range and 50nN load
resolution. For conductivity, measurements have
been carried out using tungsten probes connected
to a semiconductor parameter analyzer HP 4140B.
A single filament of the composite fiber had been
deposited on a indium phosphate with chromium
and gold coated electrodes.

Electrospinning is an efficient fiber fabrication
technique which utilizes a high voltage electric
field to draw polymeric solution from a fine nozzle.
Although the setup for electrospinning is relatively
simple, it has been demonstrated that the process is
capable of fabricating continuous yarns and mats
made from fibers of diameters down to a few
nanometers at relatively high efficiency and ease.
In order to exploit the unique thermal, electrical
and mechanical properties of CNTs, many research
groups have introduced the nanotubes as fillers into
polymeric materials. In addition, it has also been
reported that CNTs could act as nucleating agents,
influencing the crystalline structural development
of the polymer matrix in the composite system.
The presented work aims to investigate the effect
of CNTs on the structural development of PHBV
within the electrospun fiber system and study the
unique properties which have been contributed by
the addition of nanotubes, focusing mainly on
mechanical and electrical characteristics.

Randomly oriented and aligned fibers were
fabricated using a static plate collector and a
rotating disc collector via electrospinning.
Rotational velocity of the disc collector was varied
at 750 and 1500 rpm, these values corresponded to
470 and 940 m/min in take-up velocity,
respectively.

RESULTS AND DISCUSSIONS
Electrospun PHBV Fibers
SEM micrographs of electrospun PHBV fibers
collected by static plate and rotating disc collectors
are shown in Figure 1. It was found that the
average fiber diameter was significantly decreased
from 1.8μm to 620nm using a rotating disc
collector. It suggested that the fiber take-up process
generated mechanical drawing force in the fiber jet.
Figure 2 shows the wide angle x-ray diffraction
(WAXD) pattern of randomly oriented and aligned
PHBV fibers. It was found that the electrospun
PHBV fibers possess crystalline structures even

Tensile stress-strain curves of single PHBV fibers
collected at different take-up velocities are shown
in Figure 3. Tensile strength of electrospun PHBV
fibers significantly increased with increasing takeup velocity.
Electrospun PHBV/CNT Composite Fibers
PHBV/CNT fibers electrospun from 0.7mm nozzle
at 12KV indicated average fiber diameter to be 1.3
microns. On the other hand, with the use of a
rotating disc collector, electrospun fibers with
diameters of less than 300 nm could be obtained.
Observations from TEM micrographs had indicated
that CNTs fillers have been dispersed within the
PHBV fibers.
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without any post treatment processes and the use of
rotating disc collector had enhanced the crystalline
structure orientation.
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FIGURE 3. Tensile stress-strain curves representing
electrospun PHBV single fibers collected at different takeup velocities.

The conductivity of a single PHBV/CNT
composite fiber had been deduced by plotting
current-voltage (I-V) characteristics curve of the
fiber laid across gold electrodes. The average fiber
diameter was measured to be about 1.2 microns.
Based on the gradient of the plotted curve, the
conductivity was calculated to be about 1.1 X 10-4
Scm-1. It was found that the incorporation of CNTs
with only 0.2wt% could significantly increase
conductivity.

FIGURE 4. TEM micrograph of electrospun
PHBV/CNT composite nanofibers (CNT content:
0.2wt%).
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FIGURE 1. SEM micrographs of randomly oriented and aligned
electrospun PHBV fibers. Aligned fibers had been collected via the
use of rotating disc collector at take up velocity of 940 m/min
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FIGURE 2. WAXD patterns of randomly oriented and aligned
PHBV nanofibers. Bright arcs seen on the x-ray of aligned fibers
indicate the presence of orientated crystallites.
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FIGURE 5. I-V curve of electrospun PHBV/CNT
composite fibers (CNT content: 0.2wt%).

Electrospinning: Where Do We Go From Here?
Debra Wilfong, Doug Crofoot, Dmitry Luzhansky,
and H. Young Chung
h.chung@donaldson.com
Donaldson Company, Inc.
Nanofibers from electrospinning have been a subject
of considerable research from academic community.
Interest in nano scale fibers and its potential use has
been the driving force on this surge in interest. There
has been some speculation how practicalility of this
seemingly simple process. For first known patent on
electrospinning dates back to 1902, thirty years
before now famous Formals patent. While it is true
that for over hundred years' electrospinning has not
been successful in competing with traditional fiber
formation process; such as melt spinning, wet
spinning and dry spinning, Donaldson Company has
been quietly producing products incorporating
elctrospun nanofibers in filtration products. For us to
address the question of where we are heading from
now on, we feel it is necessary for us to look back
how we have progressed and draw some lessons.
Thus we will review how we have conducted
research and development and proceed to present our
thoughts on the future.
Early on, researchers at Donaldson Company
recognized that micro- and nano scale fibers offer
distinctive advantage over commercially available
fibers. Furthermore, we have recognized that two
perceived drawbacks in electrospinning can be
overcome in the proper design of products. Perceived
lack of productivity actually helped to develop clear
understanding of filtration mechanism. Another
perceived drawback of nanofibers, handling of
delicate web was addressed by the development of
composite web structure. Progresses addressing these
two challenges allowed us to develop and expand
unique filtration products. Understanding of filtration
mechanism led to the development of unique
products with clear advantages. As the market
expands, resources became available to tackle
productivity issue. The methods of improved
productivity is closely held trade secret and jealously
protected. It suffices to say that industrial scale
production necessitated addressing safety issues.
Electrospinning involves three components of fire;
fuel, oxygen and source of ignition. Also, safety
regarding worker exposure had to be properly
addressed. Improved productivity allows developing
thicker, multiple layers for newer applications. We

will explore
applications.

various

filtration

structures

and

Since early 1990, electrospinning has drawn interest
from various academic circles. Prof. Darrel Reneker
of University of Akron has been instrumental in
spreading the concept of electrospun nanofibers.
Widespread interest in electrospinning presented both
opportunities and challenges for Donaldson
Company. New Intellectual Property strategies have
been adopted; to maintain trade secret in productivity
issue, to seek patent coverage for new materials and
new application and actively seeking new
applications where proven industrial scale
manufacturing can compliment know-how developed
in academia and other industrial concern.
The first of such endeavor outside filtration
application was the development of protective fabric
with a close collaboration with Dr. Heidi Gibson of
Natick. In many ways, this application is an
extension of traditional filtration; keeping undesirable
particles out and allowing air to freely move across
the fabric. We will discuss the success and pitfalls we
have learned.
The next effort outside filtration is the development
of ECM (extra cellular culture medium). Majority of
filtration grades we manufacture uses polyamide
nanofibers. Compared to widely researched
biodegradable fibers, such as PLA, commercially
produced polyamide electrospun fibers have fiber
sizes close to naturally occurring collagen fibers. We
hypothesized that peptide-like polyamides chemistry
and similarity in fiber size may offer unique
advantages over other materials. With close
collaboration with academic collaborators including
Sally Meiners, we have proven that indeed cell
culture medium made of polyamide nanofiber is
repeat ably promoting cell growth. We will discuss
some of the findings. Data suggest that purely
synthetic culture medium can be advantageous over
naturally occurring medium in terms of sample
preparation and repeatability. We learned to
manipulate nanofiber structures to fit the needs of
different cells. In addition, we have learned that
modification of surface chemistry could further

promote cell culture. Surmodics is the partner in
modifying nanofiber surface chemistry and cell
response.
As we have devoted more effort to understand the
effects of nanofibers, it became apparent to us that it
is not just fiber size, but also space between
nanofibers and its surface characteristics that are
equally important. We will discuss how we are
approaching surface modification as a commercial
manufacturer. We have devoted considerable
resources to make the process simple to achieve the
desired effects. We will discuss some of our effort as
well.
We are spending considerable resources to better
control void spaces between nanofibers and utilize
those created spaces to impart additional
functionalities. Yesterday’s talk by Veli Kalayci has
described our work in development of filtration
products, protective fabric and chemical vapor
filtration. We will briefly overview this development.
As the only proven manufacturer of nanofiber
products over 25 years, we are frequently asked what
polymers we use. We will describe the advantage of
our polyamide nanofibers for the market we serve.
We are also frequently asked how many capillaries
we have in our production units. While we are unable
to provide precise dimensions due to trade secret
issues, we will briefly discuss pros and cons of
different hardware. We have gone many iterations
and it suffices to say that there is no perfect system.
All these activities are geared to address applications
and we are strained to devote much resource in
developing fundamental issues involving electrospun
material and process. These are fundamental
questions that universities can better handle.
Professor Reneker and his colleagues all over the
world have made wonderful progresses in
understanding, new applications and new ways of
making nano structures. In the light of this progress,
we, the industrial concern would like to share our
thoughts on the futures of electrospinning. Any large
scale industrial application will be limited by several
factors.
We will discuss these. However,
electrospinning has opened possibility beyond
imagination. For some of those applications, we will
share some of our thoughts. We will also share our
thoughts on areas of research that we believe have
received adequate attention.

SESSION 5B
FIBER SPINNING, FIBER
STRUCTURES, AND APPLICATIONS
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Many different sandwich panels are used for aeronautical applications. Open and closed cell
structured foam, balsa wood or composite honeycomb are often used as core materials. When the
core material contains closed cells, water accumulation into the cell has to be taken into account.
This phenomenon occurs when in service conditions lead to operate in humidity atmosphere. Then,
water vapor from air naturally condenses on cold surfaces when the sandwich panel temperature
decreases. This water accumulation might increase significantly the weight of the core material.
Core with a ventilated structure helps to prevent this phenomenon. Periodic cellular metal (PCM)
has been motivated by potential multifunctional applications that exploit their open architecture as
well as their apparent superior strength and stiffness: pyramidal, lattice, Kagome truss or woven.
One of the drawbacks of these materials is the expensive cost of the manufacturing. In the present
study, ventilated core materials are elaborated from entangled carbon fibers. The simplicity of
elaboration is one of the main advantages of this material. Mixing different sorts of fibers, by
example adding fibers with good electrical conduction properties is also possible.
Network fibers as core material are elaborated using carbon or stainless steel fibers. In
aeronautical skins of sandwich panels used are often carbon/epoxy prepreg, so epoxy resin was
used to cross-link fibers.
The commercial carbon fibers (12K) consist of a yarn of stranded carbon filaments.
Filaments diameter is 7 µm and epoxy coating represents 1 wt%. Stainless steel filaments have a
diameter of 12 µm.
The core thickness was chosen at 40 mm and this value was also fibers length.
Entanglement, separation of filaments and cross-linking are obtained in a specific blower room.
Fibers are introduced in the blower room, compressed air is applied and in same time epoxy resin is
sprayed. Indeed one of the sandwich core material properties required is low density, so yarns size
need to be decreased by separating filaments. Resin is heated up to 35°C to decrease viscosity and
thus allows a better vaporization. Figure 1 shows respectively SEM observations on cross-link
carbon fibers and stainless steel fibers. We can notice clearly cross-link between filaments. We can
also notice entanglement is better on stainless steel fibers than in carbon fibers. Due to local
plasticity, stainless steel fibers present higher tortuosity. Network fibers are introduced in a specific
mould and are compressed. The density obtained before epoxy spaying is 150 kg/m3. Then sample
are polymerized at 80°C for 2 hours in a furnace under laboratory air. Figure 2 shows a typical
sandwich beam obtained.

(a)

(b)

Figure 1. Typical cross-link (a) carbon filaments, (b) stainless steel filaments

Figure 2. Sandwich beam with stainless steel fibers network as core material

The elaborated core materials are tested during compression test. The effect of the initial
density is studied. The mechanical behavior for obtained is compared to the model available in
literature for entangled fiber materials. Optimization of the network is discussed.

Carbon Fiber Production from a Kraft Hardwood Lignin
D. A. Baker, N. C. Gallego and F. S. Baker
Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831-6087.
BakerDA@ornl.gov; BakerFS@ornl.gov

EXPERIMENTAL
Hardwood lignin materials were obtained from
MeadWestvaco Corporation, Charleston (SC). The
sample designated “HWL” was isolated from black
liquor obtained from the Kraft pulping of hardwood.
The sample designated “HWL-SE”, was derived from
HWL by a solvent extraction process. The Tg, melt,
rheological, and decomposition behaviors of both
lignins were characterized.
An initial melt spinning evaluation of the HWL and
HWL-SE lignins was conducted using a Dynisco
LME single filament equipment. When the spinning
and winding of a continuous single filament had been
demonstrated, multifilament spinning of pelletized
HWL-SE was conducted on pilot scale melt spinning
equipment manufactured by Alex James &
Associates (Greenville, SC). When suitable melt
spinning conditions were established, fiber winding
speed was adjusted to vary fiber draw-down ratio and
thereby fiber diameter. The lignin fibers were
characterized with respect to diameter and structural
integrity by scanning electron microscopy (SEM).
Detailed DSC and TGA thermal analysis studies of
the lignin precursor (HWL) and the as-spun lignin
fiber (HWL-SE) were made to determine whether a
conventional thermal oxidative-stabilization process
was feasible for the conversion of the HWL-SE fiber
into carbon fiber. Fiber samples that were stabilized
under various conditions were carbonized to 1000°C.
The resulting carbon fiber samples were examined
for morphology, mass loss, shrinkage, and diameter.

RESULTS & DISCUSSION
The isothermal rheological test data for HWL and
HWL-SE are shown in Figure 1, from which it is
apparent that HWL exhibited unstable behavior with
continuingly increasing viscosity, indicating that
degradation occurred over relatively short periods of
time. In marked contrast, the solvent-extracted lignin,
HWL-SE, exhibited excellent stability.
1.E+05

1.E+04

Viscosity [Pa-s]

INTRODUCTION
Lignin is a renewable resource material that is being
evaluated for the low cost production of carbon fiber
for automotive and other applications. Solvent
extraction of a commercial hardwood lignin product
yielded a purified lignin free of the contaminants
typical of lignins derived from the Kraft chemical
pulping of wood. The purified lignin was highly melt
spinnable into fibers, from which carbon fiber was
subsequently produced. The lignin has been
evaluated in terms of its rheological properties, fiber
melt spinning ability, and potential for manufacture
of low cost carbon fiber without the need for
plasticizing agents [1] or chemical modifications [2].
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Figure 1. Rheological data for HWL and HWL-SE.

Single filament fiber spinning evaluations of the
lignins confirmed that HWL would not melt spin,
whereas HWL-SE was readily melt spinnable and
without the need for a plasticizing agent. Spinning of
HWL-SE was scaled up to the pilot equipment, and
steady state conditions established for continuous
spinning of spools of 12-filament fiber with filament
diameters in the range of 11 to 22 microns. The
uniformity of the filaments obtained is exemplified
by the SEM images shown in Figure 2.

Figure 2. SEM images of fibers spun from the HWL-SE lignin

To manufacture a carbon fiber, the precursor fiber
must first be stabilized to maintain its physical form
during carbonization at higher temperatures and to
enhance carbon yield. Therefore, to evaluate the
potential of applying conventional oxidative
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Figure 4. Tg of HWL-SE fiber stabilized at various heating rates.
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stabilization treatments to the HWL-SE fiber, a series
of TGA analyses were conducted in which the lignin
was initially exposed to air at varying heating rates
up to 300oC, and the carbon yield at 1000oC
measured. The data shown in Figure 3 indicate that
under the oxidative conditions to 300oC, HWL-SE
(Fig. 3B) is stabilized more readily at lower heating
rates (0.2oC/min) than at higher heating rates
(to 5o/min). Conversely, oxidative treatment of HWL
(Fig. 3A) at differing heating rates to 300oC followed
by successive carbonization gave an opposing trend.
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Figure 3. Lignin stabilization: A. HWL and B. HWL-SE

The driving force behind fiber integrity is the ability
of the lignin to crosslink so that the Tg of the material
is maintained above the temperature of treatment
(thermostabilization temperature). Thermal ramp
studies of HWL-SE were carried out in which the
fiber was stabilized via thermal pretreatment in a
DSC instrument at rates as low as 0.05OC/min to
250OC under air, and/or in a tube furnace at rates
below 0.05OC/min. The Tg of the thermally-treated
material was then measured by DSC.
These thermal treatments yielded fiber samples that
varied in degree of fiber fusion: those treated by
heating at rates above 0.2OC/min melted during
stabilization; those treated at 0.05 to 0.025 and
0.15°C/min partially fused; those treated at 0.01 and
0.025°C/min maintained fiber form but were very
lightly linked. SEM images revealed that fibers
stabilized at 0.05°C/min retained form but fused with
characteristic “Y” shaped joints while those treated at
0.025OC/min showed no observable “Y” joints but
were lightly fused along the fiber axis to a small
degree.
Fibers stabilized at 0.01OC/min, a
commercially-impractical rate, were unbonded.
Tg data for the “stabilized” fibers, shown in Figure 4,
were essentially in agreement with the SEM and
physical observations made on the fibers; viz.,
progressively slower rates of thermal stabilization
increased the Tg of the fiber and reduced its heat
capacity.

Samples of fibers that were stabilized at rates of 0.05,
0.025, and 0.01OC/min, resp., to 250°C were
carbonized to 1000°C at 2°C/min. From Figure 5 it
is apparent that the fibers retained their uniform form
and that the carbon fiber diameter was approximately
7.5 microns.
Length shrinkage compared to the
precursor fiber was about 30% and carbon fiber yield
was 37 wt%.
A

B

Figure 5. SEM Images of carbon fiber produced from HWL-SE
stabilized at A. 0.05OC/min and B. 0.025OC/min.

CONCLUSIONS & FUTURE WORK
Purified Kraft hardwood lignin was melt spun into
fiber with excellent structural characteristics. The
lignin fiber was stabilized and carbonized to yield a
carbon fiber in reasonable yield and of good quality.
However, the solvent extraction process used resulted
in a purified lignin of low molecular weight and
melting point, which adversely impacted the rate at
which the lignin fiber could be stabilized. On-going
work is focused on lignin materials that have been
isolated from pulping liquors in a relatively pure state
and with higher molecular weight and melting point.
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Properties of Polypropylene/Montmorillonite Nanocomposites
1

Qinguo Fan1, Lalit Toshniwal1, Frank J. Scarano2, Samuel C. Ugbolue1
Department of Materials and Textiles, 2 Department of Medical Laboratory Science
University of Massachusetts Dartmouth, North Dartmouth, MA 02747, USA
qfan@umassd.edu

INTRODUCTION
Polypropylene (PP)/clay nanocomposites as films can
have antimicrobial property thanks to the use of
quaternary ammonium compounds (QAC) used in the
modification of nanosized montmorillonite, which
has been reported elsewhere. However, the obtained
fibers did not show similar results as their
counterpart. In this study, we investigated the effect
of processing temperature on the antimicrobial
properties of polypropylene/clay nanocomposite
films and fibers containing different amounts of
nanoclay (NC).
EXPERIMENTAL
Antimicrobial assay of clay was conducted using a
modified method developed by Herrera et al.[1], [2].
Antimicrobial performances of films, 3 x 5 cm,
compression molded at 170 °C and knitted fabrics
(single jersey, 9 wales/inch, 18.3 courses/inch) were
conducted using modified AATCC Test Method 100.
Antimicrobial assay for nanocomposite PP fibers
extruded at 191 °C was carried out using ASTM Test
Method E 2149. In order to determine the leaching
of active compound from the fibers, agar-diffusion
tests were set with nanocomposite PP fibers and
control specimens. The bacteria used for the testing
were Staphylococcus aureus (Gram positive
organism), American Type Culture Collection No.
6538 and Klebsiella pneumoniae (Gram negative
organism), American Type Culture Collection
(ATCC) No. 4352. Thermogravimetric analysis
(TGA) of samples was performed using TA TGA
Q500.
RESULTS AND DISCUSSION
Antimicrobial Activity of Nanocomposite Films
The antimicrobial activity of the nanocomposite PP
films with different clay loadings against Gram
positive Staphylococcus aureus, ATCC No. 6538 and
Gram negative Klebsiella pneumoniae ATCC No.
4352 is shown in Table I. For each kind of
nanocomposite PP films, three replications of
experiment were performed and two dilutions were
plated twice for each replication, thus in the results
shown each value is an average of twelve

observations. In general, all the nanocomposite PP
films showed their ability to reduce the bacteria
counts almost completely. It was also noted that the
percentage reduction in bacteria number did not
change with the increase of the clay loading, since
the amount of QAC attached to the clay is already
deemed to be over the maximum amount required to
achieve the best performance in bacteria inhibition.
TABLE I Antibacterial activity of nanocomposite films
Percentage reduction in bacterial number
Bacteria
Staphylococcus
Klebsiella
i

2% NC
4% NC
St.
Avg. St.
Avg.
d
d
99.94 0.03 99.78 0.1

6% NC
Avg. St.
d
99.95 0.04

99.97 0.02 99.99 0.01 99.99 0.01

The antimicrobial activity of nanocomposite PP films
is attributed to the presence of montmorillonite clay
modified with QAC in the polymer composite. The
surfactant-like interaction of QAC with the
cytoplasmic membrane of bacteria results in loss of
permeability properties of the membrane and can
cause membrane leakage and cell death [3]. QACs
are cations which can form electrostatic bond with
negatively charged sites on microbial cell walls
leading to stress in the cell wall and cell lysis and
thus “death”. QACs also cause protein denaturation
and reduction in intake of life-sustaining nutrients to
the cell. It is believed that on insolubilization or
immobilization the antimicrobial activity of QAC is
lost. However it has been observed that even after
insolubilization, if the immobilized polycationic
chains are sufficiently long and flexible,
antimicrobial properties can still be retained [4]. The
alkyl chains present in the structure of QAC, with
which the clay surface is modified, range from C14C18. Since the alkyl chains are sufficiently long the
antimicrobial efficiency of QACs on the clay is
retained.
In agar diffusion tests, no zone of inhibition was seen
surrounding the neat PP films and the nanocomposite
PP films. This suggests that the antimicrobial
properties of nanocomposite PP films are due to
surface contact of bacteria with the film and not due
to leaching of active agents from the films.

Antimicrobial Activity of Nanocomposite PP
Fibers and Knitted Fabrics
There were no significant results that showed the
antimicrobial activity of nanocomposite fibers. After
trying all the test methods mentioned above, it was
concluded that the loss in antimicrobial properties of
the nanocomposite PP fibers is not due to the
difference in their shape (geometry) vis-a-vis the
nanocomposite PP films. However, in reviewing the
preparation process for the PP films and fibers, it was
noted that the nanocomposite PP fibers were extruded
at 191 °C while the nanocomposite PP films were
melt-mixed and hot pressed at 170 °C. It was
reported [5] that the onset decomposition temperature
for organically modified layered silicates is
approximately 155 °C to 180 °C depending on the
testing techniques used. The antimicrobial activity of
the PP nanocomposites is due to the presence of QAC
on the clay. Therefore, it is reasonable to infer that
the loss in antimicrobial properties of nanocomposite
PP fibers might be caused by the high temperature
used in the fiber extrusion. To investigate this
further, thermal degradation studies on the modified
montmorillonite were done.
Thermogravimetric Analysis (TGA)

activity against the gram negative bacteria, while the
modified clay exposed to 191 °C showed an average
28.51 % antibacterial activity against gram negative
bacteria. The thermogravimetric analysis indicated
that the loss in antimicrobial activity of fibers can be
attributed to their high processing temperature (191
°C), which leads to a severer degradation of QAC on
the modified clay surface.
Figure 1 indicates also that further increase in
temperature from 191 °C to 210 °C in the isothermal
cycle of the TGA, resulted in an increase in the
weight loss from 14.61% to 15.57 %. This also
confirmed the conclusion that the percentage weight
loss of QACs on the clay surface increases with the
increase in the temperature of isothermal cycle of
TGA. After the isothermal cycle, further raising the
temperature with a gradient of 10 °C/min showed a
sharp change in the slope of the curve around 210 °C
which corresponds to the mass loss event, due to the
decomposition of ammonium salts, as mentioned in
the literature.
CONCLUSION
The difference in the antimicrobial properties of the
nanocomposite PP films and nanocomposite PP
fibers containing QAC modified clay can be ascribed
to the temperature difference in the processing step.
Any temperature higher that 170 °C can cause the
degradation of active compound (QAC) on the clay
surface leading to the loss of its antimicrobial
properties.
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FIGURE 1. TGA of QAC modified clay

When the temperature was increased from 170 °C to
191 °C in the isothermal cycle of TGA, an average
increase in percentage weight loss of 9.23 was
observed for modified montmorillonite.
Since
evolution of water and absorbed gases takes place
below 140 °C, it can be concluded that the difference
in weight loss after 170 °C is mainly due to the
degradation of quaternary ammonium compounds on
the clay surface. In the mean time, the modified clay
exposed to 170 °C exhibited an average 97.93 %
antimicrobial activity as opposed to the modified clay
exposed to 191 °C which showed only an average
31.49 % antimicrobial activity against gram positive
bacteria. Similarly, the modified clay exposed to 170
°C exhibited an average 95.86 % antibacterial
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specimen was then determined from the melting enthalpy,
ΔHm. Structure of PP and PPNC fibers was evaluated
Polymers like polypropylene lack sufficient mechanical
using X-ray diffraction. The PP and clay crystalline axes
properties to be used in many engineering applications.
orientation factors [6] were determined from wide-angle
To improve their mechanical properties, two main
X-ray diffraction pole figures of using a Bruker AXS Xapproaches have traditionally been employed [1]. The
rays goniometer equipped with a Hi-STAR twofirst and most common approach consists in adding
dimensional area detector. The generator was set up at 40
foreign fillers or fibers such as talc or glass fiber. More
kV and 40 mA and the copper Kα radiation (λ=1.542 Å)
recently, nanoparticles of clay and carbon nanotubes have
was
selected using a graphite crystal monochromator.
also been used to enhance the mechanical properties of
polypropylene [2,3]. A second approach that can be used
Results
to improve the mechanical properties consists in
The influence of the molding parameters on the void
producing parts from oriented fibers of a polymer. The
distribution was investigated for PP and PPNC
production of such all-polymer composites has been
unidirectional plates. For a holding time of 5 minutes,
shown to be successful for several polymer materials
large porosities were observed between fibers, indicating
including polypropylene [4,5].
insufficient resin melting to fill the gaps between the
In this study, the results of an experimental investigation
fibers. For a holding time of 15 minutes, only small voids
on the consolidation of polypropylene (PP) and
were observed between fibers, indicating a significant
polypropylene nanocomposite (PPNC) fibers is presented.
improvement of the consolidation quality. Similar results
Two reinforcing effects were targeted by using polymer
were also observed for the influence of the molding
fibers reinforced with nanoparticles of clay. First, by
temperature, since void content was seen to decrease with
carefully selecting the temperature, it should be possible
increasing temperature.
to keep some of the orientation of the polymer chain in
The influence of the holding time and forming
the composite. Secondly, the presence of nanoparticles is
temperature on the flexural properties measured in the
expected to increase the mechanical properties of the
longitudinal (LD) and transverse (TD) directions was
laminate.
determined. Results were obtained for holding times of 10
and 15 minutes. A sharp increase in flexural modulus was
Experimental
measured between low and high forming temperature for
Material
PPNC. However, for PP, the flexural modulus remained
To produce fibers, PP and PPNC were extruded at 220°C
nearly constant for the entire range of temperature under
through a 37.75 mm (1.25 in.) extruder, followed by a
investigation. Further investigations are needed to explain
gear pump and fiber die. The die contained 150 holes
this difference. A maximal flexural stress in the
having a diameter of 380 μm and spaced by 0.5 mm. A
longitudinal direction (LD) was nearly two times superior
constant mass flow rate of 4 kg/hr was used. A draw
to that measured in the transverse direction (TD). The
down ratio of about 22 was used to orient the fibers in air
lower strength obtained in the transverse direction can be
at the exit of the die before collection.
attributed to the remaining voids observed between fibers;
Unidirectional composites were produced by hot
these voids were acting as defects to initiate failure. For
compaction of PP and PPNC fibers. During consolidation,
holding time of 15 minutes, a nearly constant flexural
fibers were heated to between 160 and 167°C, held at this
modulus is measured throughout the entire range of
temperature for a period varying from 5 to 15 minutes and
molding temperature investigated. Increasing the holding
then cooled to room temperature at a rate of 10°C/min. A
time therefore allow increasing the temperature
constant pressure of 2.4 MPa (350 psi) was applied during
processing window without reduction of the flexural
the entire molding cycle.
modulus. The maximum flexural stress measured in the
TD was seen to increase from 40 to 50 MPa for holding
Flexural tests were performed at 23°C using a three point
time of 15 minutes compared to 10 minutes.
bending set-up. These tests were performed using a spanResults obtained in flexion are summarized in
to-depth ratio of 16 on 12.5 mm wide specimen.
Figure 1. Compared to the PPNC “annealed” plates, a
Differential scanning calorimetric (DSC) experiments
significant increase in flexural modulus is obtained for
were conducted using a Perkin Elmer scanning apparatus
PPNC unidirectional laminates. If the flexural modulus of
at a rate of 20°C/min. The degree of crystallinity of each
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the PPNC “annealed plates” is taken as a reference, the
increase in modulus is of approximately 70%. When the
flexural modulus of PP unidirectional laminates are
compared to the one of the PPNC unidirectional
laminates, a significant increase of 15% is measured. This
shows that PPNC fibers can be molded into laminates to
produce composites with higher performance. For
flexural stress, the maximum in the longitudinal direction
was 30% higher than values obtained for the randomly
oriented plates. In the transverse direction, the maximum
stress was 15% lower than for the randomly oriented
plates. The reduction in mechanicals is thought to be
related to consolidation of the materials, voids observed
between the fibers acting as defects to initiate the failure.
DSC Results showed that the initial fraction of
crystallinity was 44% for both types of fibers. Similar
experiments were then performed on the PPNC and PP
unidirectional laminates. Results of the experiments gave
crystallinity of 55% for both materials. This is similar to
what was previously observed by others [7] for PET.
Finally, orientation of PP crystalline reflections (110) and
(040) in PP and PPNC fibers and laminates as well as that
of clay (001) axis (normal to the clay platelets plane) in
the PPNC fibers and laminates were determined from Xray diffraction pole figures and results are shown in
Figure 2. Results on the orientation of the clay 001 axis
(normal to the clay platelets plane), shown in Figure 2a,
indicate that it is oriented in the normal direction in the
PPNC fibers and that the orientation is maintained after
hot-compaction. Figure 2 also shows that orientation of
PP crystalline axes of PP is maintained after hotcompaction for PP and PPNC. PP crystalline orientation
is actually seen to increase slightly as a result of
recrystallization during the hot-compaction process.
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Figure 1: Flexural modulus obtained from unidirectional
and randomly oriented plates.

Conclusions
Composite laminates were produced from PP and PPNC
fibers using hot-compaction process, flexural modulus in
the longitudinal direction (LD) was seen to result in a
70% improvement in performance, as compared to
composites produced from randomly oriented fibers.
Flexural modulus of unidirectional polypropylene
nanocomposite laminates were also seen to be two times
those obtained from plates made from randomly oriented
polypropylene fibers.
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ABSTRACT
On the base of cantilever beam bending and its
deflection a model has been proposed to evaluate
geometrical and mechanical properties of fabric.
Tensile properties and stiffness of original yarn and
general data of a fabric are considered as input
data. Tensile behavior of fabric and geometrical
relations are outcome of this model.
APPROACH
It is supposed that the bending behavior of yarn
inside of fabric is similar to a cantilever beam with
some remarks. The behavior of yarn at the axial
compress is not the same as the response of yarn at
tensile. This fundamental difference between
continuum materials and textile materials can
effect on concept of stiffness of yarn at bending.
Nevertheless, the Eq. (1) is logically acceptable to
show relation among curvature “1/ρ”, bending
moment “M” and stiffness “CS” at point (x,y), if the
stiffness of yarn is defined correctly. This matter
has been discussed at [1]. Figure 1 illustrates the
free diagram of forces and moments in a half unit
cell of plain weave in warp direction schematically
when a tensile force is imposed to warp yarns. In
this figure, normal force, tensile force, half height
of warp wave and the space of weft yarns are
indicated by FN, FT, h1, and l2 respectively.
Quantities with subscript 1 and 2 refer to warp and
weft yarns respectively. Function y(x) indicates the
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y1
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M(x,y)

x
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l2 / 2
FIGURE 1. Cantilever beam concept
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curve of deflected yarn. This function can be
computed by applying differential equation
techniques and boundary conditions as Eq. (2) as
well as Eq. (3) to evaluate h1[1].
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In cross yarn direction it is assumed that the tensile
force is zero. Therefore, Eq.s (4, 5) are simply
deducted.
y2 =

FN x3 x 2l1
( −
)
CS 6
4

(4)

3

h2 = −

FN l1
24CS

(5)

On the base of elliptical concept of yarns cross
section and minimum change in packing density
method [2], the minor diameter of warp and weft
yarns; b1 ,b2 can be estimated. In this case, warp
yarns are subjected to stress therefore; the
consolidation in cross section can expect [3] and
the change in b1 is considered negligible.
However, the reduction factor “rc” of yarn in
direction of compressive force can be estimated by
utilizing empirical Eq. (7) which was obtained by
experimental work for yarn under consideration [1,
4]. Accordingly, the equilibrium (6) is governed in
direction of thickness of fabric during deformation.
f1 = b1 + b2 (1 + rc ) + h1 + h2 = 0
(6)

rc = −0.0783Ln( FN ) − 0.5987

f 2 = 2∫

(7)

1 + y1′ − L1 (1 + ε1 ) = 0
2

(9)

f3 = 2∫ 2 1 + y2′ − L2 = 0
2
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RESULTS AND DISCUSSION
Results of this model are compared with
experimental values of a 100% cotton plain weave
fabric with 30 Tex yarn in warp (2470[yarns/m])
and weft (2140[yarns/m]) direction. The stiffness
of yarn is 2.6E-9 [N.m2] which measured by
method explained in [1]. The E1of this yarn is
evaluated as 100 [N]. Also the ultimate strain of
this yarn is considered as 5%. The b1 and b2 are
estimated as 92.13E-6[m]. The figure 2 shows the
average of strength-strain curve of three samples
with 5cm width and 20 cm length in comparison
with the estimated curve when the stress is
imposed in warp direction. Figure 3 indicates the
variation in warp yarn sett during deformation.
Whereas the equations are valid in both directions
we try to compare the estimated and measured
values when the stress is applied on weft direction.
These results are summarized in figure 4 and 5.
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Further more, strain of warp yarn “ε1” can be
calculated by Eq. (9). Where “E1” is the slope of
the strength-strain curve of original yarn.
Eventually, equilibriums (8) and (10) are valid in
all conditions of a fabric subjected to stress in warp
direction. Where L1 and L2 are the initial length of
warp and weft yarn in one unit cell. At a certain
strain of a fabric the l2 is assignable therefore; one
can obtain three unknown values namely; FN, FT
and l1 from equilibriums (6, 8 & 10). This model is
responsible to evaluate tensile properties and all
geometrical quantities of a stretched fabric.
Moreover, ultimate strain and strength of a fabric
can be estimated by this model.
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ABSTRACT
Accounting for air drag as well as the heat uptake,
distributed models of quench air temperature and
quench air velocity suitable to multifilament melt
spinning of PET staple fiber were presented and
the elongation corresponding to 1.5 times yielding
stress (EYS1.5) in stress-strain curve and its
variability (CV) were predicted through
multifilament model in combination with the
relation between birefringence and elongation.
INTRODUCTION
Although modeling and experimental aspects of
melt spinning of PET are reviewed elsewhere [1-4],
most of these studies are only focused on model,
and the simulation results are not directly related to
fiber property and are lack of experimental data to
verify. The aim of our studies of PET melt
spinning is to find quantitative relation between
process conditions and properties of the resulting
product which will enable control and optimization
of material characteristics. A multifilament model
to simulate the PET staple manufacturing process
was proposed on the basis of phenomenological
theory and a lot of reported and our experimental
data.
MATHEMATICAL MODELS
Fundamental equations
The traditional ordinary differential equations,
listed in Table I, describing the thin-filament,
steady-state model of PET melt spinning can be
solved by using of the fourth order Runge-Kutta
algorithm implemented in Matlab 7.0 with material
parameters in Table II and an estimate of initial
stress F0.
TABLE I. Basic Model of PET fiber Melt Spinning
Equations
Formula

Mass Conservation
Momentum Equation
Energy Equilibrium

W = ρ ( X )V ( X ) A( X ) =

π
4

D( X ) ρ ( X )V ( X )

dV
dV
ρF
=
(1 + τ
)
dX ηW
dX

Governing Equation

πDh(T − Ta )
dT
=−
dX
WC p

3280
) − 1.54]
T + 273

TABLE II. Material parameters used in the simulation
Parameters
Values/formula
Density of PET melt (g/cm3)

1.356-5.0×10-4T

3

Density of air (g/cm )

ρa＝0.815×10−3

Filament specific heat (cal/g·°C)

Cp＝0.3＋6.0×10−4T

Thermal conductivity (cal/g cm°C)

5.2×10-4

Stress-optic coefficient (cm2/dyn)

7.8×10-19

Crystal intrinsic birefringence

0.220

Amorphous intrinsic birefringence

0.275

Multifilament Model
According to the assumption that the quench air
temperature around the filament obeys the
exponential distribution as shown in Fig.1
combined with the heat balance, the distribution
equation for quench air velocity and temperature
can be obtained as follows.

FIGURE 1. Analysis of multifilament melt spinning process.

Quench air velocity:
Vair ( i,j+1) = Vair ( i,j)

2

dF
dV g
1
=W(
− ) + ρ a C d V 2 πD
dX
dX V
2

(Maxwell model)
η = 3( IV ) 5.15 exp[2.303(

DS j-1 + DS j
DS j + DS j+1

−

2 N j ( q ( i,j) − q ( i-1,j) )

(1)

ρaπ ( DS j + DS j+1 )Δx

Quench air temperature:
(2)

Tair (i, j + 1)
Re

= WC p T (i, j ) N I + 2πρ a C pa N ∫ rVta (i − 1, j )(C1 (i, j ) +
R

0.5Vair (i, j )π ( Dr1 + D1 )Δxρ a C pa Tair (i, j )
Ref

= WC pT (i + 1, j ) N 1 + 2πρ a C pa N ∫ rVta (i, j )(C1 (i + 1, j ) + C 2 (i + 1, j )
R

exp(−r ))dr + 0.5Vair (i, j + 1)π ( Dr1 + D1 )Δxρ a C pa Tair (i, j + 1)

Where
C1 (i,j) = (1-2 KK )T (i-1,j) + KKTair (i-1,j) + KKTair (i-1,j+1)

C2 (i,j) = (2T (i-1,j)-Tair (i-1,j)-Tair (i-1,j+1)) KK / exp(- R )

(3)
(4)

KK = 0.5 exp(- R ) /(exp(- R )- exp(- Re f ))

(5)

By analyzing the phenomenon of air drag on a
continuous filament in melt spinning of PET, the
velocity of the turbulent air flow adjacent to the
moving filament vta can be obtained as[5]
⎛
⎞ (6)
1
C f Re a dϕ
⎜
⎟

ν ta = V 1 − ∫
⎜
⎝

ϕ

ϕ + 0.5 4ϕ 2 + 2 K 2 Re a 2 C f (1 − ϕ 2 ) 2 ⎟⎠

RESULTS AND DISCUSSION

FIGURE 2. Calculated quenching temperature along spinline.

FIGURE 3. Calculated quenching velocity along the spinline.

Based on the assumption that the quench air
temperature keeps the constant in annealed zone,
some numerical results are presented as shown in
Figs. 2-5. As can be seen from Fig. 2 and Fig. 3,
While the filament comes into the blowing zone,
the quench air temperature Tair decreases as the
distance from the spinneret increases. However, the
quench air velocity Vair reduces slightly and then
increases monotonically before it reaches the
constant value. As the air passes through the
bundle, the quench air temperature Tair increases
and quench air velocity Vair decreases. The filament
velocity (Fig. 4) reaches close to its limiting value
(VL) some distance from the spinneret and filament
velocity in the outer circle reaches the limiting
value more quickly than the filament in the inner
one. In general, the filament temperature (Fig. 5)
decreases along the spinline.
APPLICATION OF MODELS
The information regarding the sensitivity of the asspun filament quality to changes in process
condition is of considerable importance for
commercial processes as the critical variables need
careful control, hence here we introduced the
relation of birefringence Δn and elongation
EYS1.5 in equation 7[6] to predict final elongation
of fiber under certain spinning conditions.
(7)
EYS1.5 = −7.3 + 357 .5exp£¨− Δn / 12.7£
By the method in principle of box complex
algorithm in combination of multifilament model
and relation between birefringence and EYS1.5,
the relation between the spinning conditions and
EYS1.5 and CV(variation of EYS1.5) can be
obtained, as shown in equations 8-9.
EYS1.5 = 189.27 − 117.63 × (V L − 1100) / 1100 − 230.97 × ( IV − 0.63) / 0.63
+ 230.97 × (t 0 − 289) / 289 + 43.84 × ( Ln − 6) / 6 + 48.63 × (Tqc − 23.5) / 23.5
− 20 × (Vqc − 125) / 125 + 11.00 × (G − 0.0097) / 0.0097

(8)
CV = 7.30 + 7.31 × (V L − 1100) / 1100 + 13.07 × ( IV − 0.63) / 0.63
− 17.54 × (t 0 − 289) / 289 − 3.85 × ( Ln − 6) / 6 − 10.45 × (Tqc − 23.5) / 23.5
− 3.85 × (Vqc − 125) / 125 − 0.91 × (G − 0.0097) / 0.0097

9)
FIGURE 4. Calculated filament velocity along the spinline.

CONCLUSIONS
The phenomenological multifilament models
suitable for PET stable fiber were introduced and
the effects of spinning conditions on the quality of
as-spun fiber are condensed into two equations to
predict the value of EYS1.5 and CV.

FIGURE 5. Calculated filament temperature along the spinline.

FUTURE WORK
The application of our phenomenological
multifilament models will be expanded to simulate
PET high speed melt spinning and to predict

properties of the filament (such as full drawed yarn,
FDY), in that case EYS1.5 will be the function of
both orientation and crystallinity, EYS1.5=f(Δn, θ) ,
and will be more complicated.
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INTRODUCTION
Considerable attentions have been paid to the
nanofiber fabrication technique known as
electrospinning because it is a simple and a
versatile process and allows one to fabricate a wide
range of nanofiber morphologies such as aligned ,
porous , hollow and sheath-core nanofibers. These
unique nanofiber morphologies can be utilized for
many practical applications.
Nanometer scale fillers filled composite nanofibers
prepared by electrospinning have been reported,
which includes carbon nanotube (CNT) [1-3],
calcium carbonate (CaCO3) , titanium oxide (TiO2)
based
composite
nanofibers.
Morphology
development of composite nanofibers via
electrospinning, and the correlation to the
mechanical properties and the functionalities have
been reported.
In this study, PAN/silane alkoxide composite
nanofibers were fabricated to demonstrate
reinforcing polymer nanofibers and introducing
functionality to polymer nanofibers. Adsorption
behavior of hydrophilic / hydrophobic molecules in
aqueous solutions onto PAN/silane alkoxide
composite nanofibers was investigated.

The concentrations of polymers in the solutions
were 7wt% for PAN. The content of APES was at
2wt% to 50wt% and that of OTMS was 53wt%.
The p-nitorphenol (p-N) and crystal violet(CV)
aqueous solution with 10ppm in concentration was
used to evaluate the adsorption property of PANbased nanofibers. The chemical structure of APES,
OTMS, p-N and CV are shown in Fig. 1.
Scanning
electron
microscopy
(FE-SEM:
HITACHI 3400) was used to observe the
nanofibers morphology. Adsorption property of the
PAN nanofiber assemblies were characterized
using transmittance mode of FTIR (PerkinElmer
Spectrum GX) at wave-number range from 500cm1
to 4000cm-1 with the resolution of 4cm-1, and the
measurement count was 10 times.

=

ABSTRACT
Polyacrylonitrile(PAN)/silane alkoxide composite
nanofibers were electrospun from the blended
solutions in order to introduce functional groups
onto the nanofiber surface. The silane alkoxide
used was 3-aminopropylethoxysilane (APES)
containing amino groups. The presence of APES
on the nanofiber surface was confirmed by EDX
analysis. The adsorption properties of PAN/silane
alkoxide composite nanofibers to hydrophilic /
hydrophobic molecules were characterized via
infrared spectroscopy.

EXPERIMENTAL
PAN (Aldrich: Mw15k) was used for composite
nanofiber fabrication. 3-aminopropyl- ethoxysilane
(APES, Shinetsu Kagaku: KBM-903) and
octadecyltrimethoxysilane (OTMS, Aldrich) were
blended into PAN solutions for electrospinning.

N
CH3

O
CH3

Crystal violet

p-nitrophenol

Fig.1 The chemical structure of sample.

Fig.2 SEM micrographs of PAN/APES composite nanofibers．

APES-50wt%

APES-30wt%

APES-10wt%

Fig.3 SEM and EDX images of PAN/APES composite nanofibers．

CONCLUSIONS
This work demonstrated that the incorporation of si
PAN/silica composite nanofibers synthesized by
blending PAN and APES showed good adsorption
property with hydrophilic molecules of p-N, i.e.
PAN/APES composite nanofibers efficiently
captured the hydropholic molecules.
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0.0003
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RESULT AND DISCUSSION
Fig. 2 shows the SEM micrographs of PAN/ APES
composite nanofibers. The average fiber diameters
were in the range from 300nm to 500nm. Fig.3
show the SEM and EDX images of PAN/APES
composite nanofibers. The presence of APES on
the nanofiber surface was observed in the case of
APES content of 30wt% and 50wt%.
Fig.4 shows the comparison of p-N adsorption onto
nanofibers between pure PAN and PAN/APES
composite nanofibers. Unlike pure PAN nanofibers
and PAN/OTMS composite nanofibers, it was
found that PAN/APES composite nanofibers
captured hydrophilic p-N molecules. The amino
groups contained in PAN/APES composite
nanofibers might contribute to the adsorption of the
p-N molecules on the nanofiber surface. However,
pure PAN nanofibers showed higher adsorption
properties to hydrophobic CV molecules compared
to PAN/APES composite nanofibers.
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Fig.4 Calibration curves of p-N.
PAN/APES
composite nanofibers were used.

REFERENCES
[1] F.Ko, Y.Gogotsi, A.Ali, N.Naguid, H.Ye,
G.Yang, C.Li, and P.Willis, ‘‘Electrospinning of
Continuous Carbon Nanotube-Filled Nanofiber
Yarns’’, Volume15, 2003.1161-1165.
[2] X.Zhang, J.Zhang, and Z.Liu, ‘‘Conducting
polymer/carbon nanotube composite films made by
in situ electropolymerzation using an ionic surface
as the supporting electrolyte’’, Volume 43, 2005,
2186-2191.
[3] M.V.Jose, B.W.Steinert, V.Thomas, D.R.
Dean, M.A. Abdalla, G.Price, G.M. Janowski,
‘‘Morphology and mechanical properties of Nylon
6/MWNT nanofibers’’, Volume 48, 2007, 10961104.

Morphological and Physical Characterization
of PET/MWCNT Melt-Spun Fibers
Saeedeh Mazinani1, Charles Dubois 1, Abdellah Ajji 2
1
CREPEC, Department of Chemical Engineering, Ecole Polytechnique of Montréal, P.O.
Box 6079, Station Centre-Ville, Montréal, Québec, Canada H3C 3A7,
2
CREPEC, Industrial Materials Institute, National Research Council Canada, 75, de
Mortagne, Boucherville, Québec, Canada J4B 6Y4.
saeedeh.mazinani@polymtl.ca
INTRODUCTION
The mechanical and electrical properties of a
polymer matrix can be significantly enhanced
through the addition of Carbon Nanotubes (CNTs).
Nanocomposite fibers obtained through CNT
dispersion in various polymer matrices could show
exclusive electrical conductivity. In fact, the
properties of Polypropylene/Carbon nano fiber
(CNF) nanocomposites were studied by Kumar et
al. for the first time [1] and their results showed
enhancement of mechanical properties by addition
of 5% CNF. On the other hand, Ma et al. surveyed
polyester/CNF nanocomposite fiber produced by
melt spinning [2] and showed CNF could
incorporate with PET matrix quite good with good
dispersion.. In recently published paper for the
system of Polyethylene terephthalate (PET)/CNT,
Li et al. investigated the microstructure of
CNT/PET conductive nanocomposite fibers in
details [3]. They added 4 wt% of CNT to PET and
detected considerable changes in electrical
conductivity.
One of the most important points to be considered
in improving the properties of nanocomposites is
the distribution of nanoparticles, the quality of the
dispersion and the interaction with matrix [4]. In
this study, melt mixing method is used to disperse
CNTs in PET matrix to produce PET/CNT
nanocomposite fibers. We mainly focus on
dispersion and distribution modification of CNTs
in PET matrix. The crystalline structure of the
fibers by XRD as well as the electrical
conductivities of fibers in comparison to molded
PET/CNT samples is studied in details.
MATERIALS AND EXPERIMENTS
In this work, we used an extrusion grade
Polyethylene terephthalate (PET) Selar 7086
(DuPont Co.). A commercial master-batch, (PET15% MWCNT) was purchased from Hyperion
Catalysis Co. and was used for melt mixing.
Blending was conducted using a twin-screw
extruder at controlled temperature and shear rate.
The MWCNT master-batch was diluted to

desirable CNT concentration and dispersed in the
PET matrix. A capillary rheometer combined with
a take-up device was used to produce single fibers
under controlled pressure and temperature profiles.
The morphologies and localizations of CNTs in the
PET matrix were detected by both High Resolution
SEM (HR-SEM, Hitachi S-4700) and Transmission
Electron Microscopy (TEM, JEOL). X-Ray
Diffraction (XRD), D8 Discover (Bruker)
technique was used to evaluate the crystalline
structure. Electrical conductivity of molded
PET/CNT samples in addition to nanocomposite
fibers was measured by KEITHLEY 6620 and
Agilent 34401 A (6 ½ Digit Multimeter).
RESULTS AND DISCUSSIONS
As it is shown in Fig. 1, HR-SEM observation on
Ultra-microtomed samples was used for CNT
localization inside the matrix. Different mixing
procedures were employed to modify the
distribution of CNT in PET matrix as much as
possible.

Figure 1: HRSEM of PET/3%MWCNT, The best distribution
condition obtained at 200 RPM at two different resolutions (5k
and 40k), (prepared from molded samples)

Fig. 2, shows the CNTs dispersion condition
obtained from the same sample by TEM method.

Figure 2: TEM of PET/3%MWCNT, The best dispersion
condition obtained at 200 RPM at two different resolutions
(Prepared from molded samples)

MWCNTs location along fiber axis was also
detected by HRSEM. For melt-spun fibers at the
best dispersion condition, SEM was used for CNT
detection inside fibers. Fig. 3 shows carbon
nanotubes in along a single fiber axis (a) and a
single fiber cross section (b). As it is shown, CNTs
are well dispersed along the fiber and in fiber cross
section.
b) MWCNT in
fiber cross

shaping PET/CNT to fibers causes both changes in
the amount of electrical percolation and fibers
conductivities.
a

b

c

Figure 5: XRD-Characteristics of drawn annealed fibers at the
same
condition;
a)
0%MWCNT;
b)1%MWCNT;
c)3%MWCNT.

a) MWCNT
along fiber axis

1e-1
1e-2

X-Ray diffraction technique was used for
orientation and crystalline structure detection. Fig.
4 shows the XRD characteristics of rod-like nondrawn fiber at different CNT concentrations. As it
is depicted, MWCNT enhances crystallinity in the
fibers prepared at the same processing conditions.
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Figure 3: HRSEM of CNTs inside PET/3%CNT along fiber axis
(a), and in fiber cross section (b).
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Figure 6: Electrical conductivities of rod-like non-drawn fibers
and molded PET/CNT vs. MWCNT concentrations

CONCLUSIONS
Dispersion and distribution of CNTs inside a PET
matrix was performed by different methods in this
work and CNTs location was detected by SEM and
TEM methods. XRD results show the effect of
CNT on fiber crystallization and final orientation.
The results from conductivity depict the effect of
process on the change of percolation threshold and
electrical conductivity function.
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ABSTRACT
In this study, lignocellulosics were regenerated by
high-temperature electrospinning from kraft pulp
/N-methylmorpholine oxide (NMMO) spinning
dopes. We successfully demonstrated for the first
time that kraft pulp could be electrospun to obtain
regenerated lignocellulosic fibers with fiber
diameter down to 45nm. Scanning electron
microscopy (SEM) was used to characterize the
structural morphology of the electrospun fibers
showing the effect of solution concentration.
OBJECTIVES
The objectives of this work are 1) to produce
regenerated lignocellulosic fibers that have high
strength
and
dimensional
stability
by
electrospinning, 2) to fabricate regenerated
lignocellulosic
fibers
with
controlled
hydrophobicity for improved structural integrity,
and 3) to establish the structure-property
relationships of the regenerated lignocellulosic
fibers through various characterization techniques.
INTRODUCTION
Lignocellulosics are the most abundant natural
fibres extractable from wood. Kraft pulp, a type of
lignocellulosics, is a product of the most dominant
pulping technique that accounts for two-third of the
pulp
productions
in
North
America.
Lignocellulosic fibres are hydrophilic. This renders
them highly susceptible to loss of mechanical
properties upon moisture absorption, which is a
critical shortcoming for paper and board
applications that require a high degree of
dimensional stability and low hygroexpansivity.
Furthermore, commercially-produced pulp fibres
are seldom straight and continuous, and contain
many deformations along their length – which
manifest in the form of dislocations, crimps and
kinks in the fibre cell wall. They do not allow the
fibres’ strength potential to be fully realized, and
thus limit the applications of lignocellulosic fibres
in making load-bearing products at a wide range of
environmental conditions. Electrospinning has
been widely investigated as a technique for
fabricating continuous defect-free fibres. It has
previously been shown that the macro- and micro-

structure of the cellulose fibres could be reconstructed
by
electrospinning
through
manipulating the chemistry of the polymer
solutions [1].
Structural modification of
chemically modified pulps aims to attain improved
moisture resistance of lignocellulosic fibres, and
ultimately limit mechanical degradation due to
moisture absorption. Lyocell is produced through
mechanical means by dry spinning. Under both wet
and dry conditions, Lyocell is soft, absorbent and
strong, rendering it a commonly used textile
material for making trousers and jeans. Following
the success of the Lyocell technology, regenerated
lignocellulosic fibres by electrospinning can
potentially result in the development of more high
value-added products, including structural and
packaging materials, for the Canadian pulp and
paper industry.
APPROACH
Spinning Dope Preparation
A required amount of kraft pulp (DP~1200) was
added into 50% water solution of NMMO from
Sigma. Anti-oxidant propyl gallate from Sigma
(~1wt% of kraft pulp) was added to prevent
oxidation. Water was removed from the solution to
achieve 85wt% NMMO and 15wt% water with
RotoVap (Buchi). While removing water, the
mixture was simultaneously heated at 80oC until
the required composition was attained. The pulp
was completely dissolved and a clear brown
solution was obtained. Solution was solid at room
temperature, indicating that the electrospinning
process must be performed at elevated temperature.
High-temperature Electrospinning
1, 2 and 3wt% of kraft pulp solutions in NMMO/
water were electrospun in this study. The kraft
pulp/NMMO/water solution was placed in a 20 ml
syringe wrapped with an electrically insulated
heating jacket at 80oC. The solution flow rate was
controlled by a mechanical pump at 3mL/hour. The
syringe needle was placed in placed in a mini oven
(100-120oC). The tip-target distance was 10cm.
The accelerating voltage was 10-15kV. The target
was a electrically grounded drum covered with
aluminum foil rotating at 2rpm. The electrospun
fibers collected on the target was coagulated in a

water bath at 20oC to remove the remaining
NMMO in the fibers. See Figure 1 for details.

FIGURE 1. High-temperature electrospinning setup

Drying Oven
The electrospun fibers, together with the aluminum
foil, were removed from the rotating drum and
placed in an oven to dry the samples at 100oC for
12 hours.
Scanning Electron Microscopy
The oven-dried electrospun fibers were goldsputtered and observed with the Hitachi S-3000N
SEM at various magnifications up to 30000x.
Fiber Diameter Measurements
ImageJ was used to measure the fiber diameter
with the SEM images.
RESULTS AND DISCUSSION
Scanning Electron Microscopy
Conc.
(wt%)

SEM (10000x)

Fiber
Diameter
(nm)

1

Film
formation

2

Ave 101
Min: 45
Max: 237
Stdv: 49

3

Ave: 277
Min: 122
Max: 481
Stdv: 112

High-temperature Electrospinning
Electrospinning of the kraft pulp spinning dope
was conducted at elevated temperatures. The
solution was heated at 80oC using a heating jacket
to keep the solution in liquid form. Ambient
temperature was found to play a significant role in
the electrospinability of the kraft pulp spinning
dope. At 20-70oC, the spinning dope viscosity was
too high to allow consistent electrospinning to
occur. It was found that the ambient temperature
must be above 80oC such that the viscosity was
sufficiently low to observe the electrostaticallyinduced whipping motion. Coagulating water bath
was required in this electrospinning study because
NMMO does not evaporate during the
electrospinning process. The fibers collected on
the target were immediately coagulated in the
water bath to remove NMMO from the fibers.
Solution Concentration Effect on Fiber Diameter
At 1wt%, film formation was observed. This could
be due to insufficient molecular chain
entanglements at such a low concentration that no
fiber could be formed. At 2 and 3wt%, the average
fiber diameter was 101 and 277nm, respectively.
The fiber diameter increases with the
concentration.
CONCLUSIONS
It has been shown, for the first time, that
electrospinning is a feasible process to produce
regenerated lignocellulosic fiber from kraft pulp. A
high-temperature electrospinning setup is required
to electrospin from the kraft pulp spinning dope.
Fibers with diameter down to 45nm were obtained,
showing that nanofibers could be obtained using
the electrospinning process.
FUTURE WORK
To fulfill the objectives of this work, a full range of
techniques will be used to characterize the
structural, mechanical, physical and chemical
properties of the fibers with an emphasis on the
mechanical strength and moisture resistance of the
electrospun fibers.
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1. INTRODUCTION
The geometry of textile structures used in
manufacturing of textile composites is one of the
most important parameter in case of both
manufacturing and performance of textile composites.
Geometry of textile materials affects porosity of the
structure and in turn the porosity affects absorbsion of
resin material. In case of performance and service
life, the geometry of textile structure affects
orientation of fibers and in turn, fiber orientation
affects load transfer capacity, which is the most
important parameter determining stiffness of the
composite material. In addition, properties of fibermatrix interface and distribution of resin rich regions
take an important role in determining the strength of
composite material depending on the geometry of
reinforcing material [1].

lost while still maintaining accurate macro-level
representation.
The Mosaic model, analytical
method, [7, 8] represent a textile composite’s unit-cell
as an assemblage of homogenized blocks for which
classical laminated plate theory can be used to
determine the global stiffness matrix. The method
can readily be applied to in-plane stiffness
characterization of multiple layer specimens, but
effectiveness under bending conditions may be
limited.
In this study, stiffness of multi-ply Twaron T750
plain woven fabric reinforced Vinyl ester resin
composites was defined by two different methods
depending on unit cell geometry. Then the results
were compared to that of obtained from experimental
work.
2. EXPERIMENTAL

The undulation of the woven structure provides
inherent out of plane reinforcement. Textile structures
also provide inherent reinforcement in multiple
directions. Both of these properties can be quite
useful, especially in impact energy absorption
applications. However, the increased micro structural
complexity, as compared to traditional unidirectional
(UD) composites, also presents the challenge of
increased complexity of characterization and analysis.
Thus many common assumptions and traditional
analysis techniques break down [2].

2.1. Material
Twaron T-750 type plain woven fabric and
Bisphenol-A type epoxy based vinyl resin were used
as reinforcing and matrix materials respectively.
For experimental work; 1, 4, 6 and 8 plies composite
specimens were prepared by employing vacuum
assisted resin infusion method (VARIM) in the
dimensions of 300 × 300 mm.

Initial and progressive failure of a plain weave
composite using finite element analysis has provided
insight into the failure modes under axial loading
conditions [3, 4]. Accurate stress distributions for
plain weave composites in flexure have been
investigated, and effective stiffness properties for
multi-layer specimens have been predicted [5].

2. 2. Method
2.2.1. Tensile Strength and Module Tests
Tensile strengths and modules of the specimens were
tested according to specifications of ASTM D 638
standard in an Instron machine. In order to observe
the changes of tensile strength and module in both
warp and weft directions, all tests were carried out in
both longitudinal (0º) and transverse (90º) directions.

The binary model [6] utilizes 1-D line elements to
represent fiber tow embedded within the bulk matrix.
This allows for quick and efficient analysis of any
textile weave. Some micro-level stress field detail is

2.2.2. Stiffness Determination with Method of
Inclusion
Method
of
inclusions
with
Mori-Tanaka
homogenization was used in the determination of

tensile strength and modules [9, 10] via Tex-Comp
software. For that unit-cell of woven fabric was
modeled by using Wise-Tex program as shown in
Figure 1.

Fig.1: Unit cell modeling of T750 Twaron plain
woven fabric
2.2.2. Stiffness Determination with Crimp Method
The angles of yarn crimps in the direction of warp
and weft directions in a unit-cell were determined
using calculated digital microscope. Then, the
stiffness was determined via crimp method.
Properties of resin absorbed yarns were determined
via Chamis [11] method.
4. CONCLUSION
In this study, stiffness values of T 750 Twaron plain
woven fabric reinforced vinyl ester composite
materials were determined both experimental and
numerical methods.
The geometry of reinforcing materials was taken as
principle factor in numerical calculations. In method
of inclusion, the strength and stiffness values were
determined 89% accuracy rate, in crimp method those
values were determined 82% accuracy rate when
compared experimental results
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INTRODUCTION
When designing a biodegradable drug delivery
structure, the rate of material degradation should be
studied with much caution. Ideally, zero-order
drug release kinetics is desired in drug-bearing
structures, so that the risk of having drug burst
effects, which instantly cause toxication in the
body of a patient and result in various side effects,
can be avoided. However, it is very difficult to
achieve a zero-order release owing to the bulk
degradation of polymers. Therefore, it is of a great
interest to many pharmacologists to induce near
zero-order release of drugs. It has been known that
the achievement of perfect drug encapsulation, the
use of surface-erosive polymers, and the increase
in hydrophobicity of polymers can all lead to the
improvement in drug release kinetics [1]. In this
study, E6 peptide is used as a model drug. E6 is
known to possess antibacterial properties.
Nanofibrous structure is chosen for a wound
dressing in this study due to its large surface-tomass ratio, enhanced tensile strength, excellent
flexibility, and high processibility. The fibrous
membrane will be formed by electrospinning,
which uses voltage difference between the
polymeric solution and the target in order to
overcome the surface tension of the polymer
solution. Figure 1 below gives schematic of
electrospinning process:.

the production of core-shell structured fibres
through the core-shell electrospinning technique
can significantly improve the encapsulation
efficiency of drugs in the fibres.
MATERIALS AND METHODS
The first goal is to optimize operation parameters
of electrospinning, such as voltage, flow rate, and
concentration of polymeric solutions for the
production of fibres with desirable morphology.
Different operation parameters are applied for each
of the biodegradable polymeric materials selected:
poly(lactide-co-glycolide) (PLGA) (85:15) and
poly(ε-caprolactone) (PCL). Fibrous membranes
of selected materials are produced both with and
without the encapsulation of a peptide drug inside
the fibres, in order for the study of the effects of
drug addition on the polymeric structure.
Next, the in-vitro drug release profiles are
generated from each electrospun sample using the
high performance liquid chromatography (HPLC)
method. At the same time, Fourier transform
infrared spectroscopy (FTIR) is performed on the
drug-loaded samples to confirm that the
electrospinning process and the use of organic
solvents have not altered the chemical structure of
peptide drugs.
Then the favorable geometry (fibre diameters and
thickness of fibrous membrane) of a nanofibrous
wound dressing is determined through fibre tensile
testing. For this testing, strips having identical
thickness and shape (5mm x 5cm) are prepared
from the same fibrous membrane.
Finally, the in-vivo application of the wound
dressing evaluates the suitability of the design.

FIGURE 1. Schematic of electrospinning.

Electrospinning has merits over other fibre-forming
processes, such as simplicity of process, costeffectiveness, and ease of fibre size control. Also

RESULTS AND DISCUSSION
Fibrous membranes of PLGA and PCL are
obtained through electrospinning. Figure 2 below
shows an SEM image of E6-loaded PLGA fibres.
The mean diameter of resulted fibres were
measured to 660nm.

FIGURE 2. Scanning electron microscopic images of E6-loaded
PLGA electrospun fibres. Scale bar = 10μm.

Chart 1 gives an overview of fibre diameter
distribution of the same fibres.

CHART 2. Stress-strain curve of drug-free PLGA fibres

The modulus of fibres is approximately 17.5GPa,
and the yield stress is between 15.0 and 16.0GPa.
FUTURE WORK
We are at the stage of generating drug release
profiles through HPLC method. This will be
followed by FTIR spectroscopy, fibre tensile
testing, and in-vivo testings.
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CHART 1. Fibre diameter distribution of E6-loaded PLGA
electrospun fibres.

The mean diameters of selected sets of fibre are
summarized in Table 1 below:
Polymer
PCL
PCL
PLGA
PLGA

Solvent
Acetone
THF/DMF
THF/DMF
THF/DMF

E6
Added
-

Diameter (nm)
1018±636
307±114
660±243
641±263

TABLE 1. Mean fibre diameters PCL and PLGA electrospun
fibres

Chart 2 shows the results of drug-free PLGA fibre
tensile testing.
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INTRODUCTION
The incorporation of inorganic nanoparticles into
the polymer nanofiber has been widely
investigated in recent years due to the improved
chemical and electrical properties of the polymer
nanocomposite brought by the nano-sized metal
particles. Silver nanoparticles (Ag NP) have
drawn much attention in this area due to their
outstanding performance in conductivity,
antimicrobial activity, optical and catalytic
properties [1]. Polyacrylonitrile (PAN) have
been widely fabricated into nanofibers and
carbonized for used as electrodes. However, the
conductivity is still low after carbonization. It is
believed that the incorporation of highly
conductive Ag NP can increase the overall
electrical performance of the carbonized PAN
electrode [2]. In this study, a convenient and
effective route was introduced to synthesize Ag
NP in PAN nanofiber. Ag NP was in situ reduced
in PAN/DMF solution and the solution mixture
was
electrospun
into
nanofibers
for
carbonization. SEM and TEM were used to
characterize the morphology of nanofibers both
before and after carbonization.
EXPERIMENTAL
PAN was purchased from Scientific Polymer
Products Inc. AgNO3 was purchased from
Engelhard Industries and DMF was purchased
from Fisher Scientific. The in situ reduction of
silver nanoparticles from AgNO3 is described as
follows. AgNO3 (3 wt% of total amount of PAN)
and Triton-X 100 (same molar ratio with AgNO3)
were dissolved in 5 wt% of PAN in DMF
solution. The solution was irradiated with UV
light for 12 hours. After the irradiation, more
PAN and DMF were added to the solution to
obtain a solution mixture with 8 wt% PAN. This
new solution was then heated in an oil bath for
60°C for four days before electrospun into
PAN/Ag nanofiber. The chemical interaction
between PAN and Ag was analyzed by FTIR.
Both PAN/Ag and pure PAN nanofibers were
carbonized with a stabilization time of 90

minutes and a dwelling temperature of 900°C.
The morphology and the fiber diameters were
determined from SEM. The presence of silver
nanoparticles within the PAN nanofibers was
determined by TEM.
RESULTS AND DISCUSSION
In this study, silver nanoparticles were
synthesized in situ by various reduction
pathways. DMF has been known to reduce silver
ions alone without any external reducing agent
and at elevated temperature the reduction rate is
enhanced [3]. UV is known for reducing silver
ions and it is proposed elsewhere that the nitrate
anions decompose into NO2 and O2 upon
irradiation [1]. Triton-X 100 (TX) has also been
shown previously to act as a reducing agent for
silver ions and it is proposed that the alcohol
group of TX is oxidized to carboxlic acid upon
silver reduction [4]. In this work, significant
difference in the amount of reduced silver ions
with and without the addition of TX before UV
irradiation could be observed by the coloration
of the PAN/Ag solution mixture. The solution
with TX appeared to be dark brown while
without TX it appeared to be red in color. As
more silvers were reduced, the solution became
darker in color and was less transparent. Figure
1 is the SEM image of PAN/Ag nanofiber and
the average diameter is 433 ± 106 nm. Figure 2
is the TEM image of PAN/Ag fiber. Silver
nanoparticles appear to distribute uniformly
within the nanofiber and the average size of the
nanoparticles is ~10 nm. FTIR was used to
analyze the interaction between silver
nanoparticles and the PAN fiber as shown in
Figure 3. No significant chemical shift for
the –CN bond of PAN (~2300 cm-1) is observed
with the presence of Ag nanoparticles, implying
that there is no strong interaction between silver
and PAN fiber [1].

FIGURE 1. SEM image of PAN/Ag nanocomposite.
FIGURE 4. TEM image of fibers carbonized from PAN/Ag
nanocomposite.

CONCLUSIONS
PAN/Ag nanofibers with 403 ± 106 nm fiber
diameter and ~10 nm Ag NP size was
successfully synthesized and carbonized. By the
in situ reduction of Ag NP, a more uniform
particle size and NP distribution could be
obtained.

FIGURE 2. TEM image of PAN/Ag nanocomposite

FUTURE WORK
Inductively coupled plasma spectroscopy is
required to determine the percentage reduction
of silver nanoparticles. Raman spectroscopy may
be used to observe the chemical interactions
between PAN and Ag NP. The electrical
conductivity of carbonized PAN and PAN/Ag
need to be measured to compare their
conductivity performance.
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FIGURE 3. The FTIR spectra of PAN and PAN/Ag
nanofibers.

Figure 4 is the TEM image obtained from
carbonized PAN/Ag sample. The surface of the
carbon fiber appears to be granule-like and
therefore it is hard to observe the presence of
silver nanoparticles. Visibly investigating the
carbonized fiber sheet has shown an interesting
result of the nanofriber surface. Fibers
incorporated with Ag NP appear to have a
smoother and shiner surface texture comparing
to the pure carbon fiber. More carbonizations
need to be done in the future to obtain the
optimal carbonization conditions for the
PAN/Ag nanofiber.
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Measurement and Actuator System for Real-time Study of
Electrospinning of Nanofibers
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Electrospinning is a process of producing
nonwoven fabric of submicron fibers by
accelerating a jet of charged polymer solution in an
electric field. The electrospinning measurement
and actuator system developed at Boston
University is designed for developing a unique
understanding of the input-output relations for the
electrospinning process, provide new insight into
the fundamental dynamics of the process as well as
an easy way to determine the appropriate operating
regime (See Figure 1).

volume, ∀cone can be obtained based on diameter
measurements.
A Basler A631f CCD camera is used to track down
along the straight jet to reveal the jet size, djet,
varying with position z. Figure 2(B) shows an
image of straight jet several centimeters below the
Taylor cone region and the corresponding jet
diameter. Figure 2(C) shows an individual fiber at
the start of the bending region with very short
exposure time of 20-100 microseconds by the 3rd
camera, and figure 2(D) is an image captured with
longer exposure time used to obtain the bending
region angle and straight jet length based on the
onset point of the bending.

djet(z)

A

B
L

D
C

θ

FIGURE 1. BU real-time computer based
measurement and actuator system

The electrospinning high voltage power supply and
syringe pump are interfaced to a computer for
actuator control through the I/O of A/D and RS232 protocol. Both the command signals and the
actual output values of these actuators are
monitored. Communication with the power supply
and syringe pump enables real-time control
capability of both voltage and flow rate.
Three digital video cameras are integrated into this
measurement and actuator system through firewire
interface and Labview Real-time imaging
acquisition and analyzing are conducted for
obtaining the parameters and variables which are
critical in electrospinning process. Figure 2(A)
shows the Taylor cone/upper jet image obtained by
an ISG CMOS high resolution camera. Automatic
image analysis is performed and a series of
diameters of the cone/jet are obtained by scanning
the image from top to bottom and the Taylor cone

FIGURE 2. Real-time image of electrospinning
process from BU system
A). Taylor cone & upper jet
B). Straight jet between Taylor cone and bending
C). Individual bending fiber
D). Whipping angle θ and straight jet length, L

A fiber current sensor instead of a resistor voltage
divider was developed to resolve the extremely
small fiber current generally below one
microampere with sampling rate of 1000 Hz. A 10
Hz low-pass filter is applied to filter out the 60 Hz
noise from the 120V power source. At the same
time, the relative humidity and temperature of
ambient air are monitored by a humidity sensor.
These measured parameters and the images are
displayed on computer screen through Labview
interface which is convenient for operators to
monitor the process. These measurements provide
a useful basis for selecting an appropriate operating

regime. A series of experiments were conducted by
using PEO aqueous solution with PEO of 4×105 in
molecular weight. Figure 3 shows the test points of
7wt% solution with the plate-to-plate distance of
35cm. In figure 3, for every flow rate, a
corresponding voltage range was identified which
could maintain a stable spinning process with
minimized variations.
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FIGURE 4. Dynamic measurements of Taylor
cone volume and fiber current

Figure 4 shows the dynamic measurements of
Taylor cone volume and jet current for the 25.5kv
point in figure 3. This result reveals that there are
large variations in both Taylor cone volume and
fiber current when operating at the bound of the
regime. The fiber current dynamics are possibly
driven by the flow rate into the upper jet adjacent
to Taylor cone region, Qjet, which is calculated
from the measured values as:

&
Q jet = Q pump − ∀
cone
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To examine the correlation between process
variations (See Figure 4) and fiber diameter
distribution (See Figure 5), SEM fiber images were
obtained by FESEM (Zeiss SUPRA 40VP).
Typically fibers on the order of 300 to 500 were
measured in order to collect sufficient data set to
obtain a diameter distribution histogram. In order
to assist in collecting this data set, software shown
in figure 7 was developed based on Labview
IMAQ module to assist in collecting, analyzing,
and plotting histograms of fiber size distribution.
The software also automatically numbers the fibers
measured and catalogs both the diameter values
and fiber numbers in the original image to track the
measurement record process.
BU SEM Image Analyzer

(1)

Figure 5 shows the fiber diameter distribution with
normalized standard deviation of 24% for 25.5kv
point. Figure 6 is the Fourier power spectral
decomposition of the fiber current signal in figure
4. It reveals that there are dominant low frequency
modes of variation (on the order of 1 Hz and less)
which are corresponding to the large fluctuation of
current in time domain in figure 4.

FIGURE 7. SEM image analyzer developed at BU for fiber
diameter distribution

E-Textiles: Diet-Facilitating Apparel (DFA)
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According to World Health Organization (WTO),
obesity has reached epidemic proportions with
more than one billion adults overweight, and more
than one third of the overweight is clinically obese.
Since excess weight and obesity increase health
risks such as chronic disease and disability, weightloss has recently attracted considerable attention.
We present a design of futuristic apparel, called
Diet-facilitating Apparel (DFA), consisting of
strain-gauges, accelerometer, and a Radio
Frequency Identification (RFID). The technology
required to develop DFA is depicted in Figure 1.

AccuMark Professional V. 8.2.1 of Gerber
Technology) pattern program. The application of
3D body scanning and CAD will have customized
DFA available.

FIGURE 2. Prototype sample of DFA. The customized DFA is
available through 3D body scanning and CAD.

FIGURE 1. Diet-Facilitating Apparel (DFA): the combination
of textile materials, computer science, and electronics.

The numerical data of the body circumference
measured by strain-gauges in DFA is sent to a cellphone or other suitable electronic devices over
Bluetooth system every day or week.
The
electronic device which has an appropriate
software program informs the DFA user of
estimated weight increase or loss with dietary
suggestions and a target level of aerobic exercise
(e.g. walking, running, and swimming). While the
DFA user exercises, Global Positioning System
(GPS) monitors the location and movement of the
DFA user through an RFID inserted in the DFA
and sends the data to his/her electronic device.
Thereafter, the device such as a cell-phone displays
the weight loss, calories burnt by exercise, and
future plans to the DFA user. The DFA users can
receive the service daily or weekly until they meet
the target weights or until they give up their diet
and no longer wear DFA. Figure 2 shows our
prototype sample of DFA designed and prepared
using a three-dimensional (3D) body scanner (NX
16 of [TC]2) and a computer aided design (CAD,

The change of weight or waist measurement,
which is proportional to the electrical resistance of
the elastic strain-gauge in Figure 2, can be
estimated by a multimeter. The numerical data of
electrical resistance is transformed to useful
information which can be easily recognized by
DFA users, and an electronic device which has
diet-facilitating software advises appropriate diet
plans for the users. Figure 3 presents the
relationship between waist circumference and
electrical resistance measured by a multimeter
attached on our prototype DFA shown in Figure 2.

FIGURE 3. Relationship between waist measurement and
electrical resistance.

Electrospinning of Fe3O4-PAN Composite Nanofibers
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INTRODUCTION
Polymer based Nanocomposites are nanostructured
materials with nanoparticles embedded in a polymer
matrix. The properties, thus the function, of these
nanocomposites can be tailored by proper selection of
the type and volume fraction of the particles.
Nanocomposite materials having homogeneous
dispersion of super paramagnetic nanoparticles are
known as super paramagnetic nanocomposite
materials [1]. Due to frequency agility, light weight
and noncorrosiveness, polymers are useful in
electromagnetic interference (EMI) reduction.
Another benefit of polymers as a host matrix is to
mediate the magnetic interactions among particles in
nanocomposite. Magnetic nanoparticles embedded in
polymer matrices have excellent potential for
electromagnetic device applications such as
electromagnetic interference suppression [2]. The
objective of this work is to optimize the process
parameters to synthesize polyacrylonitrile (PAN) Fe3O4 composite nanofibers via electrospinning for
future electromagnetic applications.

Owing to their high surface energy to maintain their
super paramagnetic properties, surfactants were used
to avoid the agglomeration of nanoparticles [1, 3].
Because of the different density and polarity between
Fe3O4 nanoparticles and polymer matrix, strong
ultrasonic excitation is necessary in order to obtain
homogeneous dispersion of Fe3O4 nanoparticles in
the polymer matrix [4].

fabrication of sensors and sintronic devices.
Electrospinning is a simple method to produce
uniform nanofibers [7]. The high surface area
inherent to the electrospun nanofiber makes them
excellent candidate for the interface of ultra-high
sensitive sensors [8].
APPROACH
Fe3O4 nanoparticles (20-30nm), PAN, DMF, and
three different surfactants were used for preparing
PAN/Fe3O4 solution. The surfactants used were
Triton X-100, Poly (propylene glycol)-blockpoly(ethylene glycol)-block-poly(propylene glycol),
and Polyvinylpyrrolidone.

10 mg solution of 10wt% Fe3O4 in 10wt% mixture
(Fe3O4 and PAN)/DMF were prepared through
mixing 100mg Fe3O4, 100mg surfactant, 900mg PAN
with 9g DMF by ultrasonication for about 27hours.
The prepared solutions were electrospun with the
voltage of about 9.6KV with the flow rate of
0.03mm/min to produce composite nanofibers. The
as-spun composite nanofibers were pyrolized
according to the following procedure to produce
conductive carbon nanofibers. Figure 1. shows the
pyrolizing procedure for the elctrospun nanofibers.
1hrs, 900°C
10°C/min
310°C, 2hrs
5°C/min

PAN is known for its high dielectric constant and
suitability for carbonization. It can be used as
electrode
materials
after
stabilization
and
carbonization [5]. The steps for the production of
conductive carbon nanofibers are included in: First,
electrospinning the PAN solution by electrospinner,
Stabilizing nanofibers under oxidative atmosphere at
about 200-300°C known as preoxidation and
Carbonizaing the stabilized nanofibers at 400-1400°C
under Argon or N2 atmosphere [6].
One-dimensional magnetic nanostructures have
useful applications in ultrahigh-density data storage,

RT

FIGURE 1. Pyrolizing procedure of electrospun
composite nanofibers.

RESULTS AND DISCUSSION
Uniform nanofibers were obtained through
electrospinning of the Fe3O4/PAN polymer solution.
SEM image of the electrospun nanofibers using
Triton x-100 as surfactant exhibits uniform
morphology with fiber diameter of about 450nm.
Figure 2. shows the uniform prepared fibers via
electrospinning.

5μm
FIGURE 2. SEM image of 10wt% Fe3O4 in 10wt% mixture/DMF
before carbonization.

To observe the dispersion of nanoparticles in
nanofibers TEM analysis was done. The results
showed that surfactant Triton X-100 can be effective
in producing good dispersion of nanopartiles in fibers
without agglomeration. TEM image of the composite
nanofibers for this surfactant is presented in Figure 3
showing a good dispersion in comparison to other
surfactants.

CONCLUSIONS
Results demonstrated that Triton x-100 is an effective
surfactant to get uniform distribution of nanoparticles
without agglomeratin in compare with other
surfactants. As a result, iron oxide nanoparticles
should present superparamagnetic behavior. The
pyrolysis results also proved a significant decrease in
fiber diameters after carbonizing. Building on this
foundation the electrical conductivity and magnetic
properties of the electrospun nanofibers should be
characterized for composite nanofibers containing
various concentrations of nanoparticles.
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OBJECTIVE
The objective of this study is to compare and the
mechanical properties of thick 2D and 3D glass
fiber reinforced composites.
INTRODUCTION
For many years conventional laminate composites
have been used in structural applications varying
from naval ships to advanced aerospace
components. With the increasing need for
producing more integrated designs, applying thick
composites for large primary load bearing
structures is becoming necessary. Mechanical
properties of thick laminated composites have been
studied [1-3]. Despite the advantages of thick
laminate composites, there is a concern that the
manufacturing cost in the procedure of laying-up
and consolidation is high. Meanwhile, long-time
curing will not provide thick laminates
homogeneous characteristics throughout the
thickness of the laminate. Three-dimensional (3D)
woven fiber composites have emerged as a new
class of light-weight materials that have potential
applications in aerospace, maritime, transportation
and infrastructure fields. The 3D weaving
eliminates multiple plies of 2D and the associated
costs to build-up part thickness. The existing of z
yarns through thickness dramatically improves
impact damage tolerance and provides the easy
path for the resin flowing in consolidation. The
mechanical properties of thin 3D orthogonal woven
composites have been widely studied by many
researchers [4-6]. Little research on 3D thick
orthogonal woven composites as actually dealt
with determining their mechanical characteristics.
In the present study, a 3D orthogonal woven
composite with 15mm thickness was fabricated.
The mechanical properties of the 3D thick
composites are compared with those of the 2D
laminated composite with the same thickness.
EXPERIMENTAL
Materials The yarns for the 3D thick woven
preform are E-glass (2400 tex) and aramid (110 tex)
fiber. The resin system was unsaturated polyester
resin system. The configuration of 5 warp and 6
weft layers was adopted in making the composites.

Both the warp and weft yarns are E-glass fiber and
the aramid was used as z yarns. Consolidation of
the preforms was achieved by the vacuum-assisted
resin infusion method, with a 24h curing at room
temperature. For comparison, the 2D woven glass
fiber reinforced composite of nearly the same fiber
volume fraction and thickness as the 3D
composites was used.
Tensile Test Tensile tests were conducted
according to GB/T1447-2005 along the warp and
weft directions of 3D specimens and only one
direction of 2D specimens. Tests were carried out
on an SANS HG100 at a cross head speed of
3mm/min.
Compression Test Compression specimens were
10 mm width with a length of 25mm according to
GB /T1447-2005 on an Instron model 3382 testing
machine with the 100KN load cell at a cross head
speed of 3 mm/min.
In the two tests, at least five specimens in one
direction for each type of the composite were
tested
.
RESULTS AND DISCUSSION
Tensile Test Figure 1 shows the tensile stress
against strain curves measured in the warp and
weft directions for composite 2D laminates and 3D
orthogonal woven composites. The tensile loading
response was similar for both types of composites
loaded in either warp or weft directions. It was
observed that the stress-strain behavior of both
types of composites have no pronounced
difference. Both composites showed a linear
behavior initially and then experienced a little
continue softening caused by matrix cracking.
After that another linear increase occurred until
failed with a sudden load drop. The normalized
tensile strength and modulus in the warp direction
of 3D composite have the highest values as shown
in Table 1. The reason for that is the warp yarns
were straighter than the weft yarns which were
interlaced with z yarns in the top and bottom layer.
In 2D composites, the waviness of the warp and
weft yarns reduced the tensile properties in some
degree. The failure modes of both structures after

tensile test shown in Figure 2 were mainly fiber
fracture and pulling out.

CONCLUSIONS
The tensile and compression curves of the 2D and
3D composites show similar behaviors respectively.
The normalized tensile and compression properties
in the warp direction of the 3D composite have the
highest value due to the straightness of the warp
yarns in the composites. The failure modes of the
tensile tests were fiber facture and pulling out,
while those for the compression tests were shear
failure.

FIGURE 1. The stress-strain curves for the 2D and 3D
composites.

TABLE 1 Normalized tensile properties of 2D and 3D
composites
Tensile properties
2D
3D orthogonal woven
laminate
Warp
Weft
Normalized tensile
1589.57
1918.20
1661.33
strength(MPa)
Normalized tensile
modulus(GPa)

75.57

96.73

82.25

FIGURE 3 Failure modes after compression test (left: 3D
composites; right: 2D laminates)
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Compression Test The normalized compression
strength and modulus in the warp direction shown
in Table 2 are the highest; the reason is the same as
the tensile test. It was observed from Figure 3 that
the failure modes were shear failure which was
quite different from that of tensile test.
TABLE 2 Normalized compression properties of 2D and 3D
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Tensile properties
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INTRODUCTION
-Chitosan

Chitin is a structural polysaccharide with units of
N-acetylglucosamine, widely found in nature. It is
an important constituent of the exoskeleton of
animals especially in crustacean, mollusks and
insects. It is also the principal fibrillar polymer in
the cell wall of certain fungi. When chitin is
deacetylated to about 50% of the free amine form,
it is referred to as chitosan, which is the most
important chitin derivative in terms of applications.
Chitosan is the only pseudo-natural cationic
polymer and thus, it finds many applications that
follow from its unique character [1]. Due to its
natural origin and attractive properties such as
biodegradability, biocompatibility, abundance and
reactivity, chitosan is used in many applications
such as; medical, food processing, agricultural,
cosmetics, waste and waste water treatment and
biotechnology. In fact, solubility and antimicrobial
activity of chitosan attracted much attention for
applications in biomedical engineering such as
bandages for wound healing, scaffolds for tissue
engineering and drug delivery systems [2].
-Chitosan nanofibers

Producing chitosan in the form of nanofibers is
desirable, especially for filtration and biomedical
applications. Nanofiber mats offer a distinctly high
surface area to mass ratio (typically 40-100 m2/g)
which can be beneficial in filtration applications
[3]. Moreover; size, high surface area and porosity
of chitosan nanofibers mats that mimic the
structure and function of the extracellular matrix
(ECM) make them an excellent replacement for a
natural ECM, which opens up for many medical
applications [2,4].
-Electrospinning

One of the most appropriate methods for producing
chitosan nanofibers is electrospinning. The
electrospinning process involves the application of
an electrostatic potential to a polymer solution or
melt with sufficient chain entanglements. When
charged jet ejects into the electrical field, it yields
submicron size fibers on the order of 100 nm in
diameter. The jet stretches and then splays during

its whipping trajectory to the grounded target,
thereby completing the circuit. Electrostatic field
deforms the pendant droplet of the polymer
solution or melt at the end of a capillary tip into a
conical shape called Taylor Cone. As the applied
field strength increased above a critical voltage, a
fine charged jet is expelled from the tip of the
Taylor Cone. The solvent evaporates or melt
solidified immediately after the jet is formed and
finally the polymer nanofibers are deposited on the
plate [5]. Chitosan is soluble in aqueous acidic
solvents such as acetic acid (AA), formic acid (FA)
and triflouro acetic acid (TFA). The
groups
on chitosan backbone are protonated in the solution
and changes chitosan into polyelectrolyte.
Repulsive forces between ionic groups arise and
lead to high viscosity of chitosan solutions even at
modest concentrations. Thus, despite of the high
concentration needed to obtain a suitable viscosity,
it is too small to initiate a high degree of
entanglement
during
solvent
evaporation.
Therefore, formulating a high concentration
chitosan-based solution with a viscosity that
enables it to be electrospun remains a challenge [3,
6].
2-APPROCH
A high molecular weight (HMW) MV=850 KDa
with 85% degree of deacetylation (DDA) and a low
molecular weight (LMW) MV=54 KDa with 78.5%
of DDA chitosan were purchased from Marinard
Biotech. Polyethylene oxide with MV=300 KDa
was supplied by scientific polymer Inc. Solutions
with various concentrations were dissolved in 1%
(W/V) acetic acid (99.7%, Sigma-Aldrich) and
were stirred with magnetic stirrer at room
temperature. The solutions were left to degas
overnight. The electrospinning apparatus consisted
of a syringe pump (Harvard apparatus) and a high
DC voltage supply (Gamma High Voltage Inc.).
Positive voltage was directed to the collector plate
and needle was grounded. The produced nanofibers
were collected on an aluminum foil attached to the
plate. Temperature and humidity were monitored
for each test.

3- RESULTS AND DISCUSSION
The first attempts to produce nanofibers from pure
HMW chitosan, 0.5, 1, 1.5% chitosan solutions, did
not result in fiber formation with various flow
rates, voltages and distances. This was probably
due to insufficient entanglements because of the
low concentration of chitosan in solution. More
concentrated solution makes it impossible to
electrospin due to high viscosity. Further studies
were carried out with LMW chitosan, PEO
(completely water soluble) and their blends. To
find appropriate electrospinning conditions and
concentrations, some tests were carried out on pure
PEO. Electrospinning of a 2% solution of PEO
with different applied voltage led to nano particles
but no nanofibers (figure 1).

It seems that PEO helps in breaking down the
inter- and intrachain bonding in chitosan by
attaching itself on to the chitosan backbone through
hydrogen bonding and increasing solution chain
entanglements [7].
4- CONCLUSIONS
Electrospinning of chitosan is difficult due to high
viscosity that originates from its rod-like
conformation in solution state. The viscosity of the
solution, which is directly related to the
concentration of polymer and its molecular weight,
is the most critical parameter in electrospinning.
We were able to produce non-woven mat of
chitosan through blend solutions of low molecular
weight chitosan with PEO.
5- FUTURE WORK
We will study the effect of PEO and molecular
weight on the produced nano fibers. The effect of
type, molecular weight and fraction of second
phase in the blend on the morphology of produced
nanofibers will be further investigated.

FIGURE 1. SEM images of electrospun 2% PEO; d=150 mm,
flow rate=0.5 ml/hr in different voltages; a) 20 KV, b) 25 KV

Non-woven mats of PEO nanofibers were
produced by increasing PEO content to 9%. Figure
2 shows SEM images of PEO nanofibre at two
applied voltages. Comparison of the results showed
that the best conditions for electrospinning were 20
KV, 150 mm distance and 0.5 ml/hr of flow rate.
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OBJECTIVE
This study aims to fabricate bioactive nanofibrous
scaffolds with controlled protein release through
the process of coaxial electrospinning. These
scaffolds will possess ideal material properties in
terms
of
mechanical
strength,
porosity,
biodegradation and cytocompatibility as well as
optimal growth factor stimulation.
INTRODUCTION
Tissue engineering is widely recognized as a
promising
alternative
to
conventional
reconstructive materials and donor tissues, which
are in short supply. Although many of the key
pragmatic considerations of tissue engineering
have been extensively explored, efforts to construct
an ideal scaffold have been largely empirical.
Nevertheless, current developments have been very
encouraging and the elemental paradigm of tissue
engineering has been identified [1].
The effective use of nanofibers for tissue
engineering relies on the localized delivery of
specific proteins, capable of providing biochemical
cues for tissue regeneration. Uniform delivery in
the natural extracellular matrix (ECM) is facilitated
by good hydrophilicity and the presence of
biological signals from biological nanofibers [2].
Inert scaffolds are deficient of these biological
signals, demonstrating the need for a novel
delivery of cell-signaling molecules deep within
the scaffold environment.
APPROCH
Electrospinning is a versatile, scalable, cost
effective technique used to fabricate nanofibers and
has been used to develop novel nanofibrous
scaffolds for tissue engineering [3]. Many
biopolymers used in electrospinning have been
shown to promote cell adhesion, however,
inadequate cell proliferation, migration and gene
expression has limited their clinical use.
Consequently, the effective use of nanofibers for
tissue engineering relies on localized protein
delivery, providing biochemical cues for tissue
regeneration. Coaxial electrospinning has been

employed to fabricate a nanocomposite structure
consisting of biocompatible polymers augmented
with bioactive proteins. Coaxial electrospinning
uses the conventional setup, however, the needle
tip contains two concentric orifices. It has been
used to fabricate core-shell nanofibrous structures
[4]. The novelty lies in that the coaxial
arrangement generates a tubular-shaped fiber
within which functional bioactive macromolecules
can be encapsulated. The intrinsic properties of
naturally derived growth factors make them an
attractive selection as they are known to improve
communication at the cell-scaffold interface. A
poly(ε-caprolactone) (PCL) shell is expected to
impart structural integrity while providing an
optimal site for cell growth, as it has been shown to
promote cell proliferation and gene expression [5].
RESULTS AND DISCUSSION
The coaxial electrospinning apparatus is fully
operational and capable of simultaneous release of
two polymer solutions through the concentric
needle tip design. Shown in figure 1 is the
nanofibrous morphology of coaxially electrospun
PCL-collagen, prepared under stable processing
conditions. This SEM image illustrates that these
nanofibers possess a common feature of being
bead-free, randomly arrayed and very porous.

FIGURE 1. SEM image of coaxially electrospun fibers
composed of PCL and collagen as core and shell respectively.

Moreover, measurement of the fiber diameters of
the coaxially electrospun PCL-collagen fiber
indicates that fiber size has a relatively narrow
distribution with an average fiber diameter of 420
+/- 84 nm, as shown in figure 2.

FIGURE 2. Size distributions of collagen-PCL composite
nanofibers prepared through coaxial electrospinning.

Unique nanofibers have been fabricated consisting
of a cytocompatible PCL shell encapsulating a
collagen core containing bovine serum albumin
(BSA). BSA has been chosen as a model protein
due to its biochemical stability as well as its
molecular weight of approximately 66 kDa, similar
to that of many growth factors. The present results
provide a basis for further optimization of
processing parameters to control the core-shell
nanostructure and protein encapsulation.
The ability to incorporate potent growth factors
during fiber formation offers extensive benefits for
controlled
delivery
during
tissue-specific
formation. This study will employ several growth
factor combinations, each in separate experiments,
including Endothelial Cell Medium-2™, BM
Matrigel™, and EGF, FGF, TGF-β and PDGF.
Although it would seem likely that the harsh
environment during the electrospinning process
would lead to conformational changes and protein
denaturation, attempts to quantify the bioactivity
remaining in proteins released form electrospun
fibers have been extremely promising. It has been
shown that nerve growth factor released from PCL
fibers can remain bioactive for up to 3 months [6].
CONCLUSIONS
Coaxial electrospinning has been identified as a
suitable technique to encapsulate bioactive proteins
into scaffolds. This technology will be applicable
to cardiovascular, bone, cartilage, and other tissue

engineering applications. This study provides new
insight into fundamental cell-scaffold relationships
that underlie the physiology of human tissue.
FUTURE WORK
Core-shell nanofibers composed of collagen and
PCL, respectively, will be encapsulated with
various growth factors through the process of
coaxial electrospinning. These electrospun
scaffolds will be characterized using SEM and
transmission electron microscopy (TEM) to verify
uniformity and continuity of the core-shell
structure. Protein loading efficiency and release
kinetics will be evaluated using various enzymatic
assays to ensure adequate concentrations can be
released over a sufficient time period (1-3 months).
Finally, cell culture studies and in vitro degradation
studies will be performed on the constructs to
evaluate their viability as a tissue replacement.
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Self-Decontaminating Properties of Fabrics with Metal Oxides
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Materials with self-decontaminating properties
have the potential for catalyzing the
detoxification of harmful organic compounds.
They could be beneficial in a wide range of
applications including personal protective
clothing and indoor air quality. Metal oxides
such as TiO2 and MgO with catalytic properties
can be incorporated onto traditional fabric
surfaces as well into organic/inorganic hybrid
nanofibers.

This study evaluates the combination of
absorptive and oxidative properties of
conventional
cotton/polyester
plain-woven
fabrics treated with MgO nanoparticles for
pesticide
protective
clothing.
Polyacrylonitrile/TiO2 composite fibers were
created by electrospinning (Fig. 1). Both
materials demonstrated the oxidation of the
carbamate pesticide, aldicarb (Scheme 1) into a
potentially less-toxic product (Fig. 2 and 3).
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Figure 1. SEM images of hydrolyzed electrospun fibers of
PAN/TiO2 (4:1) fibers. (Scale bar is 1 µm.)
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Figure 3. Reduction in aldicarb by MgO particles on
cotton/polyester fabric
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Introduction:

Materials and Methods:
Nonwoven structures were obtained from melt blowing
as reported elsewhere (3) and used as disks. These disks
were pre-wetted with cell media or with 0.5% gelatin
and seeded (106 cells) with human brain EC (HBEC)
and aortic SMC (AoSMC). Cells were allowed to grow
for 6 days at 37ºC in humidified atmosphere. They were
then washed twice with warm HBSS, incubated with
10µg/ml CFDA (fluorescent probes) at 37 ºC for 45 min
and washed again. Fluorescence of cells grown on the
structures and on the bottom of the well (after removing
the disks) was measured using a cytofluorimeter plate
reader. EC and AoSMC proliferation rates were
determined
from
fluorescence
measurements.
Mechanical testing of the structures was also performed
to assess compliance, strength (as an indicator of burst
pressure) and strain at break. Ribbons of structures
(10 mm wide with effective length of 50 mm) were
tested in uniaxial tensile mode at a strain rate of 0.2
min-1. Results are compared to properties of commercial
vascular grafts (Hemashield™, Boston Scientific)
obtained in the same conditions.

Results and Discussion:
SEM of the nonwoven fibrous structure, well below the
20 µm range, is shown in Fig. 1. The fluorescence
measured from HBEC and AoSMC proliferation for
various periods of time are reported in Fig. 2. The
fibrous structure tested allowed attachment and growth
of types of cells. While HBEC surprisingly grew with
similar efficacy on uncoated and gelatin-coated
structures, AoSMC growth tended to be even
significantly higher (20-50%) for the non-coated fibrous
structure as compared to the gelatin-coated structure.
HBEC tended also to follow fiber alignment.

Fig. 1: Planar image of nonwoven PET fiber structure.
300
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Coronary artery and peripheral vascular diseases
represent the leading cause of death in Canada (1 in 3),
with 80% of Canadians having at least 1 risk factor for
cardiovascular diseases and 10% more than 3 or more
(1). Similar figures can be found for all Westerners
countries. The standard surgical intervention for small
diameter vessels is currently autologous vein
(saphenous) bypass grafting when available and, for
larger diameter (> 6 mm), synthetic grafts made of
woven polyethylene terephthalate (PET) fibers
(Dacron™) or expanded polytetrafluoroethylene
(ePTFE) characterized by a low compliance. The
compliance mismatch between the graft and artery
contributed to myointimal hyperplasia, particularly at
anastomotic sites (2), as a reason of hemodynamic flow
perturbations, and thrombosis is a common problem. An
urgent need thus exists for patent, compatible tissue
engineered small-diameter (2-6 mm) vascular grafts, to
which endothelial cells (EC) can adhere, form an antithrombogenic luminal surface, exhibit vasoactive
properties and improve patency. In this study, novel
nonwoven PET fiber structures for vascular scaffolds
obtained from the melt blowing process (3) are studied.
Their nonwoven structure will allow for mechanical
compliance adjustment through fiber diameter and
layout as well as porosity control, in contrast to woven
Dacron structures. EC and smooth muscle cells (SMC)
were seeded in the structures and their growth and
attachment observed.
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Fig. 2: Proliferation rates of HBEC (left) and AoSMC
(right) grown on either uncoated (dashed) or gelatincoated (full) structure. Bars represent mean of cells ±
std. dev. of 2 experiments performed in triplicates.

The compliance, strength and strain at break are
reported in Table 1. Results are also compared with
aorta properties (pig) (4), corrected for width and
length. Results indicate that compliance of the
nonwoven structure is within the same order of
magnitude as the aorta compliance; while commercial
grafts compliance is one order of magnitude lower. The
load and strain at break values show a similar trend of
too high properties for the commercial graft.
Material

Compliance
x10-3 (m/N)

Nonwoven
Commercial
Aorta
(pig)
(4)

1.1
0.11
3.5-5.0

Load at
break
(N)
8.6
240
2.0-5.0

Strain
break
(mm/mm)
38
117
≈70

at

Table 1. Mechanical properties (8 tests, std dev 5%)

Conclusions:
Nonwoven PET fibrous structures with tightly
controlled porosity and fiber diameter present promising
characteristics for vascular graft fabrication such as
good EC/SMC attachment and proliferation following
fiber alignment, high compliance and deformation range
similar to pig aorta values, contrasting with low
compliance commercial grafts.

References:
1. Heart and Stroke Foundation of Canada Annual
Report, 2006.
2. Ghosh J et al. J Vasc Surg 43, 142, 2006.
3. Jouan MR, Bureau MN, Ajji et al.. J Mater Sci 40,
2675, 2005.
4. Delgadillo J, Delorme S, Thibault F, DiRaddo R,
Hatzikiriakos SG, submitted.

Electrospun Buckling Coils
Yu Xin and Darrell H. Reneker
reneker@uakron.edu
Department of Polymer Science，The University of Akron, Akron, Ohio, 44325-3909

INTRODUCTION
Electrospinning offers a unique way to produce fibers

current carried by the electrospinning jet. The fibers

with micron and nanometer scale diameter. The

are deposited on the surface of the water, then taken

present work deals with the buckling phenomenon

off the water with glass microscope slides

characteristic of a jet of nylon 6 solution impinging
upon the surface of water and methods for collecting
these fibers. A viscous jet may have either tensile or
compressive forces along its axis. The periodic
buckling that is often observed is attributed to the
occurrence of compressive forces as the jet
decelerates at the collector. With the increase of axial
compressive stresses along the jet, a jet with circular
cross sections first buckles by formation of sharp
folds, and then by formation of coils. The resulting

FIGURE 1. Schematic drawing of the experimental apparatus for

buckling patterns include coils and zigzag-like

electrospinning buckling coils.

patterns, which can be controlled by changing
parameters, such as density, viscosity, conductivity,

In order to make a uniform mat of buckled fibers, a

voltage,

and

rotating drum was used to collect fibers from the

volumetric flow rate. An experimental apparatus was

water (Figure 2). The drum rotated slowly to catch

built to continuously collect buckling coils, from a

the floating fibers continuously.

polymer

concentration,

distance

water surface, into a multilayer sheet suitable for
mechanical testing.
APPROACH
The polymer solutions were held in a glass pipette
which has a 2 cm long capillary at one end. The
capillary’s inner diameter was around 50 μm. A
copper wire was immersed in the solution and
connected with a high voltage power supplier.

A

FIGURE 2. Experimental apparatus for collecting buckled fibers.

grounded copper wire placed in a dish of water below
the capillary tip served as the collector (Figure 1). An

RESULTS AND DISCUSSION

ampere meter was connected between the collector

Nylon-6 solution (in formic acid) was held in a

and the grounded wire and used to measure the

pipette, and the distance from the capillary orifice to

the water surface was 1.2 cm. The applied voltage

surface.

was 3.5 kV. Under these conditions, only a straight
electrified jet was observed. It impinged on the water

A fiber mat was made by our experimental apparatus

surface and the buckled patterns formed. The fibers

(Figure 5). The width of the mat is around 4.5 cm and

were observed using scanning electron microscopy.

the length is around 7.3 cm.

Figure 3 shows these fibers formed of many small
coils.

CONCLUSIONS
The experimental data show that the deposited
buckling patterns of the electrified jets have
reproducible characteristics. The parameters, such as
density, viscosity, conductivity, voltage, polymer
concentration, distance and volumetric flow rate.
which influence the patterns were studied. A
method to manufacture a uniform mat with buckling
coils collected on the surface of water was developed.
FUTURE WORK
More experiments will be done to systematically

FIGURE 3. SEM image of the buckled nylon 6 (in formic acid)

study the process parameters which influence the

patterns collected on a water surface.

formation and patterns of buckled fibers. At the
current stage, there is a problem to obtain a perfectly

The nylon-6 was dissolved in formic acid/acetic acid

uniform mat. Thus, a uniform mat of nanofibers with

mixture with the ratio 7:3. The solution was held in

coils is the aim. Testing will be done for single fiber

pipette, and the distance from the capillary orifice to

with coils and whole mats of buckled fibers.

the water surface was 1.4 cm. The applied voltage
was 5 kV. The straight jet impinged the water surface
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The measured CB and lipase loadings on the Cell
nanofibrous membrane increased with the increase of
bilayer numbers (Figure 2). For CB, the loading
increased with a rate of ~8 mg/g Cell for each dye
layer; for lipase, the loading increased with a rate of
~3 mg/g for each enzyme layer.
90.0
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79.0
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A dye-enzyme layer-by-layer (LBL) self-assembly
process was developed for improved enzyme loading
and catalytic activity. Pure cellulose (Cell)
nanofibrous membranes containing Cibacron Blue
F3GA (CB) and lipase from Candida rugosa were
fabricated using the electrostatic LBL deposition
technique. Both of the FTIR spectra and the
microprobe element mapping (Figure 1) confirmed
the existence and even distribution of CB and lipase
molecules.
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Figure 2. Amount of LBL coated CB and lipase on the Cell
nanofibrous membranes as a function of the number of bilayers.

(a)

(b)

The thickness of the 1-5 CB/lipase bilayer films also
increased in proportion to the bilayer numbers. The
average thickness of CB/lipase bilayer was calculated
to be ~11 nm. All the increases of CB and lipase
loadings and the thickness of bilayer films for 1-5
CB/lipase bilayer coated Cell nanofibrous
membranes suggested the successive linear
depositions of CB and lipase. The LBL coated lipase
was assayed by catalyzing the hydrolysis of olive oil.
The lipase catalytic activities were 99.5, 90.5, 85.2,
76.1, and 55.3 U/mg for 1-5 CB/lipase bilayer coated
lipase, respectively (Figure 3).
120

(CB/lipase)1
(CB/lipase)2

Activity (U/mg)

100

(CB/lipase)3
(CB/lipase)4

80

(CB/lipase)5

60
40
20
0

(c)
Figure 1. Sulfur mapping of (a) pure Cell (b) Cell-CB and (c)
(CB/lipase)1 by electron microprobe.
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Figure 3. Kinetics of catalytic hydrolysis (30°C, pH 8.5) of olive
oil by LBL coated lipase.

The decrease of catalytic activities with increasing
bilayer numbers may be due to the diffusion
problems of substrates and products. The LBL coated
lipase retained 45% activity of that of free lipase after
5 bilayer coating, which further indicates that LBL is
a promising method for enzyme immobilization.
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ABSTRACT
Poly(L-lactide)

(PLLA)

and

PLLA/

PLLA/PDLA

blend

nanofibers

were

investigated.

Poly(D-lactide) (PDLA) blend (50/50wt%) were
electrospun

into

nanofibers.

Electron-beam

EXPERIMENTAL

(e-beam) was irradiated onto the electrospun

Poly(L-lactide)
(Mw)

(PLLA)

of

with

300,000g

molecular
mol-1

and

PLLA and blend nanofibers as a method to alter

weight

their structure and surface properties. Crystalline

Poly(D-lactide) (PDLA) with Mw of 110,000 g

structures of the nanofibers before and after

mol-1 were used in the present study. The

irradiation were investigated by differential

electrospinning solutions were prepared by

scanning calorimetry (DSC). Tensile tests of the

dissolving PLLA and PLLA/PDLA (50/50 wt%)

aligned nanofibers were also performed to

blend in a mixture of 60% dichloromethane

determine the effects of irradiation on the

(DCM) and 40% pyridine at a concentration of

mechanical

nanofibers.

4wt%. Nanofiber samples were irradiated at

Hydrophilicity of nanofibers were determined by

several different e-beam dose at accelerating

water contact angle measurements while any

voltage of 130kV and 250kV.

properties

of

the

degradation of the fibers caused by irradiation
could

be

detected

by

intrinsic

viscosity

RESULTS AND DISCUSSION

measurements. The e-beam irradiation method
was able to improve the surface hydrophilicity of
the PLLA and blend nanofibers, although bulk
degradation was inevitable.

Hydrophilicity of the PLLA and the blend
nanofibers was increased by e-beam irradiation,
which was confirmed by water contact angle
140
140

PLLA nanofibers, in recent years, can be
used in bioengineering area, such as drug
carriers, tissue scaffold, suture and so on. In our
previous work, we evaluated the relationship
between structure and enzymatic degradation
behavior

of

electrospun

PLLA

and

PLLA/Poly(D-lactide) (PDLA) blend nanofiber
aimed to evaluate the degradation behavior of
nanofibers.

Water contact angle。(

)

INTRODUCTION
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Fig.2 Tensile stress-stain curves of e-beam irradiated (a) PLLA nanofibers and (b) blend nanofibers (130kV).

measurement (Fig.1). The contact angle of water

E-beam irradiated blend nanofibers showed

was

e-beam

similar tensile strength compared to PLLA

irradiation especially at higher e-beam dose. In

nanofibers at higher e-beam dose, although DSC

the e-beam irradiation process, significant

results indicated that stereocomplex crystals

shrinkage even melting of PLLA nanofibers was

were still presented in the e-beam irradiated

observed when e-beam dose was further

blend

increased,

shrinkage

degradation occurred in amorpouse part of

occurred on the blend nanofibers. From DSC

nanofibers. Therefore, stereocomplex crystalline

measurement, the melting temperature (Tm) of

structure is more resistant to e-beam irradiation

significantly

while

decreased

no

by

significant

the blend nanofibers (231℃) was found to

be

nanofibers.

It

might

because

the

than homo-crystalline structure.

much higher than that of pure PLLA nanofibers
(183℃), which proved that the stereocomplex
crystal was formed in the electrospinning

CONCLUSIONS
This

work

demonstrated

that

e-beam

process of the PLLA/PDLA nanofibers. The

irradiation can be an efficient method to alter

DSC curves also indicated a decrease of Tm of

structure

the e-beam irradiated nanofibers which might be

PLLA/PDLA blend nanofibers which can be

due to the degradation after e-beam irradiation.

applied in bioengineering area. Furthermore, the

High e-beam dose irradiation caused a decrease

sterecomplex crystalline structure is more stable

in △H for PLLA nanofibers while no significant

to e-beam irradiaiton than homo-crystalline

change was found in the blend nanofibers. Fig. 2

structure.

and

properties

of

PLLA

and

shows tensile stress-strain curves of aligned
nanofibers before/after e-beam irradiation. The
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Microstrip Antennas Integrated in Three-Dimensional
Orthogonal Woven Composites
Lan Yao, Yiping Qiu
College of Textiles, Donghua University, Shanghai 201620, China
ypqiu@dhu.edu.cn
OBJECTIVE
The objective of this study is to design a new 3D
integrated microstrip antenna (3DIMA). The
integration of a microstrip antenna and 3D
orthogonal woven composite is a new approach for
embedding other fibrous functional elements
through weaving processes.
INTRODUCTION
Most of the conventional antennas have protruding
aerials which may not be desirable for aerospace
applications since protruding antennas located on
the surface of the structures will increase
aerodynamic drag. To overcome the limitations of
conventional antennas, new conformal antenna
structures called CLAS (conformal load-bearing
antenna structures) [1] and CSS (composite smart
structure) [2] were developed to realize the
integration of structures and antennas. However,
when the CLAS panels were subsequently
subjected to F-18 class air vehicle loads, the
dominant failure mode was face sheet peel off or
delamination. Similar results were found in the
CSS, which finally led to the malfunction of the
antennas [3]. In the present study, a new conformal
load-bearing antenna structure, a 3D integrated
microstrip antenna (3DIMA) was designed.
Compared with the basic structures of CLAS and
CSS, the 3DIMA shows excellent integrity due to
the existence of through-thickness reinforcements
and superior conformability because the radiating
patch and the ground plane are both composed of
woven conductive wires. After fabrication of the
designed structure, the electrical performances of
the antennas were measured. In addition, the
experimental investigations into the impact
response of the 3DIMA were carried out and the
performance of the damaged antenna structure was
also investigated.
SIMULATIONS OF THE 3DIMA
Unlike a microstrip antenna in which the radiating
patch and the ground plane are usually made of a
solid copper foil, in the 3DIMA, both the radiation
patch and the ground plane were woven using
conductive wires. The structure was totally

different from the traditionally designed microstrip
antennas. This may influence the electromagnetic
performance of the antenna. Therefore a computer
aided design tool, HFSS, was used to simulate the
radiation pattern of the designed structure. The
model constructed for simulation and the result are
shown in Figure 1. The simulated radiation pattern
of the structure is very similar to that of the
traditionally designed antenna, in which the gain of
the mail lobe has the highest value.

(a)

(b)

FIGURE 1. Configuration of (a) the simulated model and (b) the
simulation radiation pattern of the designed structure.

EXPERIMENTAL
Fabrication of the 3DIMA The 3DIMA preform
was manufactured on the 3D orthogonal weaving
machine. The grid configuration of copper wires in
the first and second bottom layer plays an
important role for the electric conduction of the
ground plane. The assembly was then cured using
vacuum assisted resin infusion at ambient
temperature.
Antenna performance tests The reflection
coefficient was measured using an AV3618
Integration Microwave Network Analyzer under
laboratory conditions, and the return loss was
obtained at Port 2, with a termination at Port 1. The
radiation pattern was measured in the anechoic
chamber using HP 8510C Antenna Test System.
Impact tests Impact tests were carried out on the
impact test machine fabricated in the laboratory.
The impact energy was calibrated by adjusting the
height of the impactor. The applied impact energies
were 1, 2, 3, 4, 5 and 15J. After impact under each
impact energy of the above 6 levels, the radiation
pattern of the antenna was tested.

RESULTS AND DISCUSSION
The return loss of an antenna can be calculated as
shown in Eq.(1).
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Where RL is the return loss at the operating
frequency and Γ is the reflection coefficient. The
swept input return loss curve in the range of 1-2
GHz shown in Figure 2 indicates a return loss of 13.15 dB at the resonant frequency of 1.872 GHz.
This proved beneficial when the antenna is used in
this frequency range application. Similar to the
simulated radiation pattern, the measured radiation
pattern is good as shown in Figure 3.
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FIGURE 3. The radiation pattern of the designed 3DIMA.
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FIGURE 4. The radiation patterns measured after the impact
under different energy: H0-control, H1-1J, H2-2J, H3-3J, H4-4J,
H5-5J, H6-15J.

FIGURE 2. Input return loss of the 3DIMA in the frequency of
1-2GHz

Figure 4 shows the radiation pattern measured
repeatedly after each time when the 3DIMA was
impacted. The radiation pattern had almost no
change even when the antenna received the impact
energy of 15J, exhibiting significantly higher
impact resistance of the 3DIMA compared with the
conformal antennas in the laminated body panels
which is completely damaged when experiencing
impact energy of only 2J [3].
CONCLUSIONS
In summary, the 3DIMA is a new concept of
constructing smart materials and structures with
structurally effective materials. In this design, a
microstrip antenna was integrated with a 3D
orthogonal woven composite. The radiation pattern
of the antenna shows reasonable results and agrees
well with the simulation. In addition, the 3DIMA
shows good radiation pattern even after 15J impact
energy which presents the good integrity of this
structure. Similar approach can be adopted for
embedding other fibrous functional elements
through weaving processes.
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