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Zbigniew Stempien, Lodz University of
Technology
Knitted Wireless Power Harvesting and Storage
Damiano Patron, Drexel University

11:05

11:25

11:45

Room: Franklin (2nd Floor)
Session: Transportation and Building
Christopher Pastore, Chair
Multimaterial Preforming of Structural
Composites
Christopher M. Pastore, Philadelphia University
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AFM-IR Characterization of Multilayered,
Coaxial, Electrospun Polymer Nanofibers for
Tissue Engineering
Keynote: John F. Rabolt, University of Delaware
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Massachusetts-Dartmouth
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Dominique Adolphe, ENSISA
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Influence of the Fabric
Construction Parameters on the
Valve Fatigue Performances
Frederic Heim, ENSISA
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Curtis Marcott, Light Light
Solutions
3-D Imaging and
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Fiber Materials
Greg Rugledge, MIT
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Impact of Water Vapor/Solvent
Interaction on the
Electrospinning Process:
Focus on Polystyrene Solutions
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Session: Sensors
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Magnetic Nanofibers for Probing and Mapping
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Droplets
Keynote: Konstantin G. Kornev, Clemson
University
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Session: Medical III
Minglin Ma, Chair
Combination of Patterned Electrospun
Nanofibers and 3D Printing for Knee Cartilage
Tissue Engineering
Keynote: Eva Kuželová Košťáková, Technical
University of Liberec
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Phase Separation of PLA/PLA-b-PEG Driven
by Electrospinning to Yield Hydrophilic,
Nonwater Soluble Fibers
Larissa Buttaro, Cornell University
An Electrospun PVDF-TrFe Fiber Sensor
Platform for Cellular Contraction Analysis In
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Laura T. Beringer, Drexel University
The Effects of Solvents on the Morphology and
Conductivity of Poly(3,4
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Nanofibers
Margaret Frey, Cornell University

Unique Applications of Thermoplastic
Nanofibers and Nanofibrous Membranes
Gang Sun, University of California-Davis
Producing Electrospun 3D Scaffold by Using 3D
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Green Synthesis of Silver Nanoparticles into
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Shiyan Chen, Donghua University
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Michael Ellison, Chair
Biomimetics of Hagfish Slime Threads
Keynote: Douglas S. Fudge, University of
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Silk-Zein Multifunctional Protein Composite
Materials
Xiao Hu, Rowan University

Room: Franklin
Session: Fiber Composites
Caroline Schauer, Chair
Surface Characterization of Natural Fibers:
Do’s and Don’ts
Keynote: David Seveno, KU Leuven

9:20

Static Phonon Scattering and Transport in
Spider Silk
Xinwei Wang, Iowa State University
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The Mechanism of Moisture Collection on
Spider Silk
Wenwen Zhang, North Carolina State
University

Ternary and Quaternary Composite Nanofibers
with Carbon Nanotube Silver Nitrate and
Polyaniline
Nuray Kizildag, Istanbul Technical University
Glass Fiber Content-dependent Volume
Variation of Polypropylene Composite Under
Tensile Test
Péter Bakonyi, Budapest University of
Technology and Economics

8:30
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X-Radiography for Fibrous Web Structural
Analysis
D. Steven Keller, Miami University
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Inspirations from the Protective Silkworm
Cocoon Structure
Jin Zhang, Deakin University
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Break
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10:55

11:15
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Session: Advanced Textiles II
Geneviève Dion, Chair
A Novel Yarn Structure with Negative Poisson’s
Ratio
Hong Hu, Hong Kong Polytechnic University
The Commingling Effect on Yarn Stability and
Uniformity
Mehmet Emin Yukekkaya, Uşak University
Impact of Body Changes in the Key
Measurements Used in Pattern Design and
Comfort of Aged People
Miguel A. Carvalho, University of Minho
Polyimide Fibers Containing 2-(4aminophenyl)-5-aminobenzimidazole Moiety: A
Strain-induced Crystallization
Chaoqing Yin, Donghu University

Open

Room: Franklin
Session: Advanced Fibers II
Caroline Schauer, Chair
Unidirectional Water Transfer Across a Bioinspired Fabric
Dahua Shou, Cornell University
Development of Shape-Memory Stocking for
Smart Compression Management
Bipin Kumar, Hong Kong Polytechnic
University
Improving the Tensile Properties of Bulk Carbon
Nanotube Materials Through Covalent
Modification
James S. Baker, NASA Glenn Research Center
Solvent Effects on Electrospinning PVDG-TrFe
Caroline Schauer, Drexel University
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Reva Street
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Chelsea Knittel
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Michael Koerner
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Zbigniew Stempien
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Bugao Xu

Fabric Pilling Measurement Using 3D Image

Nuray Kizildag
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Yunshen Cai
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Marco Saggiomo

Determination of Airborne Fibre Concentration
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Advanced Textiles I

Natural Fiber-Welded Electrode Yarns
for Knittable Textile Supercapacitors
Kristy Jost1,2, David P. Durkin3, Luke Haverhals4, E. Katherine Brown3, Hugh C. De Long5,
Paul C. Trulove3, Yury Gogotsi1, Genevieve Dion2
1
A.J. Drexel Nanotechnology Institute, Materials Science and Engineering Department, Drexel
University, Philadelphia, PA
2
Shima Seiki Haute Technology Laboratory, ExCITe Center, Drexel University, Philadelphia, PA
3
U.S. Naval Academy, Annapolis, MD
4
Bradley University, Peoria, IL
5
Air Force Office of Scientific Research (AFOSR), Arlington, VA
gd63@drexel.edu

ABSTRACT
Flexible and wearable electronic devices are
finding applications in products for sports and
healthcare, military technology, as well as safety
and construction supplies [1-2]. Some notable
examples include the Nike Fit, Adidas MiCoach,
and UnderArmour heart monitor. These devices
still use conventional pouch cell or hard batteries
and electrochemical capacitors. Our previous
work focused on screen printing [3-4] carbon
materials into cotton, polyester and carbon fiber
textiles. However, those designs suffered from
some delamination of carbon from the fiber
surface during use. In this work we describe a
knitted, all-solid supercapacitor based on carbon
materials (e.g., activated carbon and graphene),
which have been embedded into natural cellulose
based yarns.
Carbon materials are introduced to cellulose yarns
through the ‘Natural Fiber Welding,’ process.
NFW utilizes ionic liquid-based solvents to
partially embed nanomaterials into biopolymer
matrices for functional modification. In this
application, carbon nanomaterials are welded into
the fiber surface with minimal modification to the
cellulose substrate. A small amount of solubilized
cellulose binder increases the mechanical integrity
of coatings to limit delamination from the
substrate. The experimental welding parameters
have been tuned to maximize electrochemical and
mechanical performance.

These capacitive yarns, along with stainless steel
yarn, act as the electrode and current collector,
respectively. The yarns were electrochemically
tested in a PVA based gel electrolyte, and resulted
in device capacitances as high as 37 mF/cm,
which is significantly higher than previous works
for carbon based yarns [1]. They were
subsequently assembled on a Shima Seiki 3D
knitting machine into 2-electrode symmetric
supercapacitors as a single sheet of fabric. This
report is one of the first to fabricate
supercapacitive yarns into full fabrics on
industrial equipment.

Figure 1. Concept illustration of a garment device
embedded with electronic components knitted into the
fabric. a) sensing fabric to monitor vitals or the
environment; b) communication/logic fabric for sending,
recieving and interpreting information, c) energy harvesting
fabric, such as piezoelectric materials or triboelectrics that
can harvest energy from breathing; d) energy storing fabric,
with alternating anodic/cathodic stripes.

KEYWORDS
Natural fiber welding, supercapacitor, smart
textiles, garment device
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Functional Nanofibrous Materials: Controllable
Fabrication and Applications
Bin Ding
College of Textiles, Donghua University, Shanghai, 201620
binding@dhu.edu.cn

INTRODUCTION
Nanofibers, as the forefront of the hottest fibrous materials
nowadays, provide one of the greatest potentials for
improving performance and extending capabilities of
products in a number of industrial sectors, which are
gradually entering our daily lives. The route towards such
objects is based primarily on electrospinning: a unique
technique relying on self-organization via electric charges
and their interactions with an applied electric field. The
method can be applied to synthetic and natural polymers,
polymer alloys, as well as to metals and ceramics. Fibers
with complex architectures, such as core-shell fibers,
porous fibers and hollow fibers, etc. [1]. Consequently,
these nanofibrous materials are not only employed in
university laboratories, but is also increasingly being
applied in industry based on their different physical,
chemical, or optical behavior.

As we all know that the strong ionic and covalent bonding
not only give the inorganic nanofibers many advantages
such as high temperature stability, resistance to chemical
attacks, etc. but also endow them with high brittleness,
most of them shows the powdered macro morphology.
Focusing on this bottleneck, we for the first time reported
the preparing of flexible SiO2 nanofibers in 2010 which
open up a new way for the fabrication of flexible
inorganic nanofibers [3]. By optimizing the porous
structure of single fiber, regulating the micro-orientation
as well as adjusting the crystal phase and crystal structure
of inorganic nanofibers, we subsequently prepared the first
group of flexible fibers from ZrO2 (Fig. 1), TiO2, SnO2,
Al2O3, etc. with promising mechanical strength up to 8
MPa and extremely low thermal conductivity of 0.2
W/m•K, showing a promising and potential applications
for high temperature filtration and insulation.

Nowadays, as the researches on industrialization of
functional nanofibrous materials progressed, there
gradually emerges some bottlenecks which have
significantly limited their roles in certain areas. For
instance, the brittleness of one-dimensional (1D) inorganic
nanofibers severely limited their practical applications in
high temperature filtration and insulation. As to the
applications in sensing detection and membrane
separation, the low specific surface area and poor
functional effectiveness of 2D nanofibrous membranes
have significantly limited their roles. Furthermore, since
the construction of nanofibers into a 3D bulk nanofibrous
structure is still a big challenge, which makes them hard to
be applied in sound absorption area and tissue engineering
[2]. In this case, aiming at current challenges, we have
carried out a systematic study towards the controllable
fabrication strategy, structure-activity relationships, and
mass production systems.

2D NANONETS
MEMBRANES

1D FLEXIBLE INORGANIC NANOFIBERS

(a)

(b)
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Figure 1: (a) Photograph shows the robust flexibility of
ZrO2 nanofibrous membranes. (b) FE-SEM image of ZrO2
membranes.
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(b)

Figure 2: (a) FE-SEM image of PA6 nanonets. (b) Fiber
diameter distribution of PA6 nanonets.
Regularly, electrospinning methods could produce fibers
in sizes of several hundred nanometers but difficult to
make fibers in size less than 50 nm. Aiming at above
challenge, we developed a novel technology of “electrospinning/netting” for fabrication of 2D ultra-thin nanonets with extremely small diameter (< 20 nm) and Steiner
tree geometry for the first time (Fig. 2). In this study, we
choose polyamide-6 (PA-6) and poly acrylic acid (PAA)
as research template, after carefully studied the ejection
modes and phase separation process of charged fluids, a
series of nanonets have been successfully fabricated, such
as PA-6, PAA, polyamide-66, poly (vinyl alcohol),
gelatin, chitosan, and polyurethane [4]. Moreover, the
combination of nanonets with quartz crystal microbalance
and colorimetric platform, achieving an on-site assaying
for trace noxious gas, hazardous chemicals and aqueous
biomass with improved sensitivity and selectivity
compared to the common electrospun nanofibrous
materials based one.

Another research braches is focus on working out the
weak stability, poor strength and selective wettability of
electrospun nanofibrous membranes, which have
significantly limited their roles in membrane separation
application currently. In this study, we presented a robust
methodology to fabricate desired super-wetting
nanofibrous separation membranes by regulating their
tortuous porous structure and surface wettability. The assynthesized superamphiphobic PU membranes (Fig. 3)
exhibited excellent gas/liquid separation performance with
high water resistance (39.3 kPa) and good air permeability
(507.6 L/m2/min) [5]. Alternatively, the superhydrophobic
and superoleophilic membranes can efficiently separate
water/oil emulsions solely driven by gravity with
extremely high flux of 892 L m2 h-1 [6].

(b)

(a)

Cross-section

5μm

5μm

densities and desirable shapes on a large scale. We
demonstrate that our FIBER NFAs exhibit the integrated
properties of extremely low density (minimum of 0.12 mg
cm-3), super recyclable compressibility, efficient sound
absorption
capability,
and
elasticity-responsive
conductivity. We envision that such exceptional FIBER
NFAs will open up numerous opportunities for a range of
applications in dampers, electrodes, heat insulators, sieves,
absorbents, artificial muscles, tissue engineering scaffolds,
and pressure-sensors.
CONCLUSION
By exploiting the new controllable fabrication strategy,
figuring out and regulating the structure-activity
relationships. The potential practical applications of
electrospun nanofibrous materials in high temperature
filtration and insulation, sensing, selective separation,
sound absorption and tissue engineering have improved.
All the progress mentioned above which have open up the
possibility of moving beyond our current alternative to
ensure sustainable lives for the future.

Figure 3: FE-SEM images of (a) Top view and (b) section
view of PU separation membranes.

KEYWORDS
Electrospinning, nanofibers, functional applications.

3D SUPERELASTIC NANOFIBROUS AEROGELS
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Figure 4: (a) An optical photograph of FIBER NFAs with
diverse shapes. (b) FE-SEM image of FIBER NFAs.
Another problem associated with electrospun nanofibers is
their anisotropic lamellar deposition character, with the
resultant nanofibers usually assembling into close-packed
membranes (with thicknesses < 100 μm) rather than into
bulk aerogels. Herein, we present a robust methodology
for creating superelastic nanofibrous aerogels (NFAs),
which we call “fibrous, isotropically-bonded elastic
reconstructed” (FIBER) NFAs (Fig. 4). The premise for
our design is that for the first time, the intrinsically
lamellar
deposited
electrospun
nanofibers
are
reconstructed into 3D fibrous bulk aerogels with tunable
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Estimation of Areal Weight, Tensile Strength and Elongation
at Break of PP Spunbond Nonwoven Fabrics Using Digital Image
Analysis and Artificial Neural Networks
1

Mevlüt Taşcan1, Serkan Nohut2, Ömer Akgöbek1, Tacettin Arıcı1
Industrial Engineering, 2Marine Engineering, Zirve University, Gaziantep, Turkey
mevlut.tascan@zirve.edu.tr

OBJECTIVE
Objective of this research is to estimate the areal weight,
tensile strength, and elongation at break of polypropylene
(PP) spunbond nonwoven fabrics using digital image analysis
and artificial neural networks.
INTRODUCTION
Nonwovens are used in different industrial applications
ranging from baby diapers to packaging, furniture,
household,
automobile,
and
airplane
accessories.
Spunbonding process is one of the most important and widely
used processes in nonwovens production.
Digital image analysis is widely used in textile applications
including fabric pilling behavior [1], nonwovens [2] and
defect detections in traditional fabrics [3]. The size and the
distribution fiber diameter of melt-blown nonwoven
materials affect the physical properties. Zhang et al. [4]
measured the diameter of fibers of melt-blown nonwoven
fabrics by using the image analysis technique. Likewise fiber
diameter, fiber orientation is also an important parameter in
spunbond nonwoven fabrics since it affects the isotropy of
the fabric. Pourdehyhimi et al. [5] used image analysis
technique to measure the fiber orientation of nonwoven
fabrics. They used the gray intensity of the fabrics after
taking and analyzing the pictures. Lien and Liu [6] calculated
the spunbond fabric weight during the production by
combining the exponential law of absorption and image
processing technique. Wang et al. [7] investigated the failure
mechanisms of the PP/PE core/sheath bicomponent and PP
spunbond fabrics under uniaxial loading conditions by using
the micro images taken during the tensile test. Kim et al. [8]
emphasized the importance of affect of melted points of the
spunbond nonwovens on the tensile behavior and studied the
failure mechanism of point-bonded nonwoven fabrics.
Artificial neural networks (ANNs) are usually represented as
systems of linked together neurons, which can compute new
values from input values. ANNs are cellular systems that can
receive, store, and use data. ANNs are also parallel systems,
which are formed by connecting many dependent elements
with the connections of variable weights. The most popular
ANN is the multi-layer neural network is the most popular
[9]. ANN is a system built on basic neural networks that can
take the data interconnected in the input cells, give it to the
other units as input after processing it, and even use the
output as input once again [10].
The estimation of fabric weight, fiber diameter and fiber
orientation using image processing is well established in the
literature. However, there are only few studies dealing with
the prediction of the failure properties (tensile strength and

elongation) directly from images using artificial neural
network.
APPROACH
Different weights of 100% PP spunbond fabrics are used as
the samples (12g/m2, 20g/m2, 25g/m2, 30g/m2, and 50g/m2).
The tensile strength and elongation at break properties of
spunbond nonwoven fabrics are measured using the
INSTRON 5944 tensile strength tester according to the
ASTM D5034 standard.
The physical and mechanical properties of the nonwovens are
directly related to the unevenness of nonwoven fabrics. The
unevenness of the nonwoven fabrics is computed using
digital image analysis. For the digital image analysis,
spunbond nonwoven specimens with dimensions of
15cmx10cm are cut out from the nonwoven rolls, which have
the various weights. Then the specimens are scanned with a
high-resolution scanning machine at 2400x2400 dpi. The
black regions of the digital image represent the voids
between the fibers and white regions represent the existence
of fibers. The analyzing parameters of the digital image are
determined and the computer software is generated using
MATLAB code. After the program recognizes the image, the
true color image is converted to grey scale intensity image by
eliminating the hue and saturation information while
retaining the luminance. Then Gaussian low pas filter is used.
ANNs system used in this research has three layers of
neurons: an input layer, a hidden layer, and an output layer.
The neurons or units of the network are connected by the
weights. The input layer consists of all the input factors, and
information from the input layer is then processed through
the hidden layer and the following output vector is computed
in the output layer. Fig. 1 gives a schematic description of an
ANN structure, as well as the network configuration used in
this study. Back propagation (BP), which is one of the most
famous training algorithms for multi-layer perceptions, is a
gradient descent technique to minimize the error for a
particular training pattern [10]. A detailed description of the
mathematical formulation of the BP algorithm has been
covered in the literature extensively [11]. Training is the act
of continuously adjusting the connection weights until they
reach unique values that allow the network to produce
outputs that are close enough to the actual desired outputs.
The accuracy of the developed model, therefore, depends on
these weights. Once optimum weights are reached the
weights and biased values encode this state of knowledge.
As shown in Fig 1., the input variables are chosen as the
outputs of the digital image analysis, and the output variables
are chosen as the results taken from the tensile tests since the

main objective of this study is to estimate the tested data
using digital image analysis data.
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technique used in this study. The coefficient of correlation is
found to be 0.9963 and this result shows that strength of the
spunbond fabrics could be found without testing the fabric
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spunbond fabric.

Elongation at break

Coefficient of variation
Tensile strength
Variance in machining
direction
Areal weight

Variance in transverse
direction

Index of dispersion
Y1 W1c

Wbc

∑ │ fact

bias

Ok

c

Yn

Wf

Yj

Figure 1. Structure of proposed artificial neural network
RESULTS AND DISCUSSION
After running the ANNs, the results found from digital image
analysis and the results from the tensile tests and weights are
shown in Fig. 2.

(a)

(b)

(c)

Figure 2. Q-Q plot of the correlation for (a) weight (b) tensile
strength and (c) elongation at break of Spunbond nonwoven
fabrics using digital image analysis
As shown in Fig. 2(a), the areal weights of the spunbond
nonwoven fabrics could be very strongly predicted using the
digital image analysis technique used in this study. It is
expected that the areal weights of the PP spunbond fabrics
are strongly related to the grey scale of the image analysis so
the results should also be in an agreement.
As shown in Fig. 2(b), the tensile strength data gathered from
the tensile tests of the spunbond nonwoven fabrics could be
very strongly predicted using the digital image analysis

Elongation at break results (Fig. 2(c)) that are found using
tensile test is not in very good correlation with the results
gathered using digital image analysis technique. The failure
behavior of the spunbond fabric depends on many physical
parameters of the fibers, fiber orientation and the porosity of
the fabric, and the process parameters of the spunbonding
including the cylinder pressures and the shape of the fiber
connections during the bonding. These unrelated parameters
all affect the percent elongation of the fabric strongly.
Therefore, the input parameters of the MATLAB program for
digital image analysis should be improved to predict the real
elongation at break values of spunbond fabrics.
CONCLUSION
The areal weight and the tensile strength of PP spunbond
fabrics could be predicted using the digital image process
using in this study so the fabric does not have be tested using
tensile test. But the elongation at break values of spunbond
fabric is very difficult to be predicted using digital image
analysis.
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ABSTRACT
A simple and original method of deposition of polyaniline
(PANI) or polypyrrole (PPy) by reactive inkjet printing on
different textile fabrics is presented. Conducting fabrics
coated with PANI or PPy were obtained by chemical
oxidation of aniline hydrochloride or pyrrole by ammonium
peroxydisulfate on polyacrylonitrile (PAN), cotton, wool,
cotton/wool, poly(ethylene terephtalate) (PET), and
cotton/PET fabrics. The conducting fabrics were
characterized chemically by means of FTIR, Raman and
energy-dispersive X-ray spectroscopy. The morphology of
the coatings was observed by optical microscopy and SEM.
The surface resistance of the fabrics were measured by the
four-probe method. The optimal conditions for PANI and
PPy deposition on textiles by reactive inkjet printing were
established. The obtained results prove that the proposed
method is very simple and could be carried out on the basis
of water-containing inks, providing excellent adhesion of
the conductive polymer formed in situ to the substrate and
ensuring a very low surface resistance.
INTRODUCTION
A new approach to highly conductive textile materials is the
use of intrinsically conductive organic polymers like PANI
and PPy [1]. These polymers are very promising because of
its desirable properties such as high conductivity, thermal
and chemical stability, low specific mass, controllability,
good environmental stability and solubility in various
solvents [2,3]. Among the different methods of PANI and
PPy deposition, the inkjet printing technique is very
attractive as it allows not only patterns of high resolution
and high repeatability to be obtained, but also repeatable
layer-by-layer structures [4]. The disadvantages of this
technique are that clogging of the nozzles of the printing
head is sometime observed and the relatively low
conductivity of the prints obtained. In presented method of
deposition of PANI and PPy by the reactive inkjet printing
technique on different textile fabrics, clogging of the
nozzles was completely eliminated and conductivity of the
prints was very high and depended on monomer and oxidant
concentrations used. The proposed reactive inkjet printing
method makes it possible to produce flexible, conductive,
lightweight and practical smart textiles, especially for
textronic systems.
EXPERIMENTAL
Reagents and materials
Aniline hydrochloride ≤97% and pyrrole ≤98% were
obtained from Aldrich, and used as received. Ammonium
peroxydisulfate (analytical grade) from Chempur (Poland)
was used without purification. As substrates, six different
commercial undyed textile fabrics were employed in the
experiments. Table I shows the fundamental characteristics
of the textile substrates used.

Table I. Characteristics of textile substrates used
Fabric
Weave
Surface Warp
material
type
weight, density,
g/m2
yarns/cm
PAN
twill 2/1
220
24
Cotton
plain 1/1 120
34
Wool
plain 1/1 140
24
Cotton/wool plain 1/1 180
44
PET
plain 1/1 100
32
Cotton/PET
twill 3/1
250
48

Weft
density,
yarns/cm
17
25
26
28
38
24

Deposition of PANI and PPy layers on textiles
The PANI or PPy electroconductive layers on the flat textile
surfaces were printed by the reactive inkjet printing
technique, in line with the idea presented in Figure 1 (PL
Patent Pending – application number P.406129 and
P.406861.

Figure 1. Suggested PANI or PPy deposition on textiles by
reactive inkjet printing
For this purpose, a prototype of the digital inkjet printer,
contained the two one-nozzle valve-jet print-heads ReaJet
SK 1/080 (Germany) was used. The ink reservoir of Printhead 1 was filled by ink composition prepared from an
aqueous solution of aniline hydrochloride in the
concentration range 0.2–1.2 M or pyrrole in the
concentration range of 0.3 to 0.89 M, and the ink reservoir
of Print-head 2 was filled by ink composition prepared from
an aqueous solution of ammonium peroxydisulfate. The
oxidant/monomer molar ratio used in the experiments
amounted to 1:1.2 for PANI and 1:1 for PPy. The printed
pattern was designed by using a vector graphic editor and
then converted to a line-art bitmap with raster image
processing software. The printing resolution was 100dpi.
The volume of released drops was ca 30 nl. The conductive
layers were deposited line by line in such a way that the first
nozzle sprayed the selected line of pattern using solution of
monomer and then the second nozzle sprayed the same line
of pattern using solution of oxidant or vice versa.
Characteristics
SEM with field emission S-4700 (Hitachi, Japan) equipped
with an EDS (Thermo-Noran, USA) was used to determine

PANI and PPy morphology and to assess the distribution of
conductive polymer on the textile surface. FTIR spectra
were performed on a Nicolet 380 FT-IR spectrometer
(Thermo Scientific, USA) using the traditional transmission
technique for KBr pellets. Raman spectra were collected
with an FT Raman spectrometer MultiRAM (Bruker GmbH,
Germany) in a back-scattering configuration with spectral
resolution of 2 cm-1. The surface resistance of the printed
samples was estimated with the four-point method.
RESULTS AND DISCUSSION
Surface morphology of PANI and PPy layers
In Figure 2, the SEM images of the PANI/PAN (a) and
PPy/PAN (b) composites are presented. They were taken at
magnifications of 2000x and 1500x, for the samples
prepared respectively from ink with 0.6 M aniline
hydrochloride and 0.6 M pyrrole concentrations.

a)
b)
Figure 2. SEM of: a) PANI/PAN, b) PPy/PAN composites
The presence of PANI and PPy can be seen on the inkjet
printed PAN fabrics. It is evident from Figure 2 that some
areas of the fabric yarns were coated completely by PANI
and PPy, and some areas were coated by small and large
granular of conductive polymer and had a non-uniform and
non-smooth surface. PANI/PAN and PPy/PAN composite
samples presented in Figure 2 were also subjected to EDS
survey analyses to identify the elements present on the
fabric surface and their distribution. The comparison of the
SEM images with the EDS investigations of the analyzed
samples shows that, on the surface of the PAN fabrics, a
layer of PANI and PPy respectively are clearly visible.
FTIR and Raman spectra
FTIR spectra of the raw PAN fabric, PANI and PPy coated
on PAN fabrics, PANI and PPy powders as a references and
also Raman spectra of PANI and PPy coated on PAN
fabrics as well as PANI and PPy powders as a references
were collected. Comparison of the proper FTIR and Raman
spectra indicates that the PAN fabrics was successfully
coated with PANI and PPy respectively.
Surface resistance
Figure 3 presents the surface resistance of PANI prints on
different textile substrates vs. aniline hydrochloride
concentration (oxidant/monomer ratio = 1.2) whereas the
Figure 4 presents the surface resistance of PPy prints on
different textile substrates vs. pyrrole concentration
(oxidant/monomer ratio = 1.0). A steady decrease in the
surface resistance for all the investigated textile substrates
was observed. The variation in the curves surface resistance

vs. aniline hydrochloride and pyrrole concentration is
strongly affected by the type of textile substrate used. Of all
tested textile substrates, PAN fabric seems to be the most
suitable for the reactive inkjet printing technique as a
method for manufacturing the PANI and PPy highconductive textiles.

Figure 3. Surface resistance of PANI prints vs aniline
hydrochloride concentration

Figure 4. Surface resistance of PPy prints vs. pyrrole
concentration
CONCLUSION
PANI and PPy formation, as a result of chemical oxidation
of aniline hydrochloride and pyrrole by ammonium
peroxydisulfate on different textile substrates via reactive
inkjet printing at room temperature, is a simple way to
achieve very effective conductive textiles. A wide range of
modern research techniques that confirmed the PANI and
PPy formation on the surface of textile fabrics were used.
SEM-EDS analysis, FTIR, and Raman spectroscopy
revealed that PANI or PPy respectively, can be found on the
different textiles after the in situ finishing via reactive inkjet
printing. The changes in surface resistance, measured by
means of the four-probe method on the surface of textile
substrates, confirmed the formation of the conducting
polymer. The optimal conditions for PANI and PPy
deposition on textiles by the reactive inkjet printing were
established. The obtained results show that the method
proposed can be carried out on the basis of water-containing
inks, giving good adhesion of the conductive polymer to the
substrate and ensuring a very low surface resistance.
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ABSTRACT
One of the key challenges for wearable
electronics, is the ability to power them without
cumbersome or bulky battery packs. In recent
years, much work has been done on wearable
textile batteries and supercapacitors [1-3], as well
as various energy harvesting technologies, such as
triboelectric generators, piezoelectric devices,
solar textiles and wireless harvesting [4]. In this
work, we demonstrate a fully knitted energy
harvesting antenna
and
energy
storing
supercapacitor for powering e-textiles. Because
the energy harvesting and storage are combined,
other devices can receive power directly from the
antenna while in an area with wifi. When there is
no wifi available, the device can draw power from
the supercapacitor.
The knitted antenna operates by scavenging
ambient WiFi, tuned at 2.4 GHz, with a 1 GHz
wide band. We compare the performance of both
a solid metal and an intarsia knitted folded dipole
antenna made from silver coated nylon yarns. The
devices are tested using a Network Analyzer,
which measures the impedance matching at
different frequencies by means of the return loss,
where lower loss at a given frequency means the
antenna is properly radiating. At present, the
knitted antenna exhibits return loss below -10 dB
within the 2.4 GHz band. As a result, more than
90% of the input power is being radiated, which is
more than sufficient to collect power from WiFi
channels. Our knitted antenna can harvest
sufficient energy to drive 200 mV to a voltage
regulating circuit, which is then converted to 3 V,
an operational voltage for small electronics.
The harvested energy can be directly stored in an
adjacent double layer capacitor, a.k.a., a
supercapacitor. The supercapacitor is knitted in an
interdigitated electrode configuration, with leads

from both devices connected through a small onchip circuit. The supercapacitor is made from
stainless steel yarn, and is coated in a non-toxic
and dry polymer electrolyte. We determine the
capacitance and resistance of the device using
cyclic voltammetry, galvanostatic cylcing and
impedance spectroscopy, which measures the
current and voltage while charging and
discharging the device. The device can be
designed to store any amount of energy simply by
changing the geometry and knit structure to
incorporate more/less of the steel yarn.
Because not all components in this work are yet
available as textile components, we custom
designed elastic pockets between the antenna and
supercapacitor to house a small on chip circuit.
This pocket is designed so that the chip is also
removable for washing.

Fig. 1. Knit simulation of antenna and supercapacitor
device geometries as well as a pocket to house on chip
circuitry and conductive leads.
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OBJECTIVE
Lightweighting materials is a need for both energy
generation and reduction of energy consumption in a range
of applications.
Carbon fiber reinforced composite
materials are excellent candidates for this, but the cost is
high. This work explores the optimization of cost and
weight for composite materials subject to specific load
conditions.

models. The standard deviation was relatively high in these
specimens because of the fiber hybridization that was
performed manually.

In particular, this work focuses on using the more expensive
carbon fiber only where needed in a gradient hybrid material
form. The goal is a process that allows automation while
optimizing weight and cost for a given structural element.
Through a combination of theoretical and experimental
evaluations, a methodology for evaluating the weight-cost
efficiency of chopped fiber composites was developed and
confirmed experimentally.
THEORETICAL FRAMEWORK
The model required mechanical property predictions on a
local level and the structural analysis for the component.
Material property predictions were performed using a
modified Mori-Tanaka model (Mori and Tanaka, 1973) to
generate stiffness properties. Strength predictions of the
local material was performed using a strain to failure criteria
combined with a blended material model.

Figure 1. Tensile strength of hybrid materials comparing theory
and experiment. At least 20 samples were tested for each degree
of hybridization.

To simulate the performance of a robotic fiber placement
system, such as could be implemented with ORNL’s
Programable Powdered Preforming Process (P4) robot,
samples of fiber deposited by the robot were evaluated with
image analysis software to determine the fiber orientation
distribution. It was discovered that the robot has a slight
bias towards one direction, and this orientation distribution
function was used in the micromechanics model.
The modeled material properties were confirmed through
experimentation. Tensile plates were produced at different
uniform hybridization levels, combining chopped glass and
chopped carbon fiber in an epoxy matrix. The glass fiber
was Advantex® from Owens Corning, and the carbon was
Panex® 35 from Zoltek. The composites plates produced
were machined into tensile specimens and the local fiber
volume fraction of each component was estimated by
thickness measurements. For comparison purposes, all
experimental data shown here has been normalized to 35%
fiber volume fraction.
Figure 1 shows the tensile strength of the hybrid composites
compared with the theoretical predictions. Figure 2 shows
the tensile modulus of the hybrid composites compared with
the theoretical predictions. Agreement was good with both

Figure 2. Tensile modulus of hybrid materials comparing
theory and experiment. Each data point represents 20 samples.

Structural analysis was performed for a simply supported
hat section beam subject to a central point load. For the
uniform materials this was performed analytically. For the
structures with varying material properties down the length
of the composite this was performed using a numerical
method.
Optimized hybrids were considered that had a smooth
gradient of material ranging from glass at the supports to

carbon in the center. Two different variations were modeled
– one varies material content linearly to match the moment
and the other quadratic to maximize the amount of glass
fiber.
RESULTS
For each configuration, the required thickness of the hat
section to meet the same bending stiffness as an all carbon
composite beam was calculated, and are presented in Figure
3. Also on this figure is the required thickness for a
uniformly blended hybrid composite. It can be seen that the
selective placement of fiber around the highest moments
results in a weight savings of around 14% compared to a
uniformly blended hybrid with the same total material
configuration.

Figure 5 shows the effective cost of different hat section
configurations as a function of the weight penalty.
Depending on the value of weight, different materials
appear optimal. When weight is valued between $1.00 and
$5.30 per pound, the optimized hybrids offer the best
solution to the problem.

Figure 5. Effective cost of stiffness equivalent parts as a
function of weight penalty.
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Figure 3. Required thickness for hybrid composites to have
same bending stiffness as carbon composite.

From these calculations it is possible to estimate the
materials cost of the different configurations as well as the
weight of the component. A map of cost vs. weight shows
the solution space of materials (Figure 4). The choice of
optimal configuration is not readily available from this
illustration. Each solution has an advantage – it may be
lighter than another, but not less expensive. To determine
which is best it is necessary to find an exchange constant
that converts weight into cost – the penalty of carrying the
extra weight. The value of this exchange constant will
depend on the particular application.

Figure 4. Cost vs. Weight of stiffness equivalent hat-section
beams subject to central loading.
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OBJECTIVE
The aim of this work is to investigate the potential of biopolymer textile substrates for application in vehicle interiors. The woven fabrics have to fulfill the requirements of
the automotive industry in order to substitute polyester fabrics that are currently used in seat covers.
INTRODUCTION
Currently, an average automobile has up to 20 kg of textile
materials, out of which around 10 kg consists of woven fabrics. This approximates to 45 to 50 square meters of fabric
per car.
The fabrics used for the automotive textiles are woven, weft
and warp-knitted fabrics mainly used for upholstery and
panel applications. Upholstery applications consist of textile
in combination with laminates and backings whereas panel
and insert applications have unlaminated textiles. Tufted or
nonwoven fabrics with laminates and backings are used for
carpet applications. Of these 51 % of the textiles produced
are woven fabrics. Furthermore, 32 % of this share is taken
by dobby weaves for applications in seat wings, bolsters,
rear covers of the seats whereas 18 % of this share is taken
by jacquard weaves for seat and seat covers.
The fabrics used in automotive interiors have to face the
demand of the customers in terms of technical as well as
aesthetic requirements. Seat cover is the most popular application for textiles in an automobile. Abrasion resistance and
resistance to UV degradation are the most important technical requirements. The fabric must not only last for more
than five years but also appear to be visually in good conditions for at least two years to maintain a good resale value.
The type of yarn and its construction are the factors which
affect the abrasion resistance of the fabric. Polyester [PES]
is the most popular polymer for seat cover applications, owing to its excellent UV degradation resistance, good abrasion resistance and low price. Furthermore, polyester fabrics
have high tear strength, good resistance to mildew, low water absorbency, excellent crease resistance and resilience.
The current work is a part of the EU Project BIOFIBROCAR – Melt spun fibres based on compostable biopoly-mers
for application in automotive interiors. The project partners
are Asociación de Investigación de la Industria Textil (ES),
Perchados Textiles, S.A (ES), AVANZARE Innovación
Tecnológica S.L. (ES), Addcomp Holland BV (NE), Asociación de Investigación de Materiales Plásticos (ES), A.
Weyermann Söhne GmbH & Co KG (DE), CANATUR
Projektentwicklungsgesellschaft mbH (DE), Institut für
Textiltechnik der RWTH Aachen (DE), Saechsisches Textilforschungsinstitut e.V. (Saxon Textile Research Institute)
(DE)

APPROACH
The polymer compounding, melt spinning and texturing of
the PLA-PHB filaments were carried out at AITEX. The
analysis of the weaving process was carried out at ITA. Two
different PLA fibers were used in this investigation. Below
is a table that compares the various properties of the fibers
with each other, including the melting point, titer (fiber
thickness), tenacity (fiber strength), and elongation.
Table 1. Properties of PLA materials used
Short
name

PLA Type

Stereo

Stereocomplex

Control

PLA with 2 %
PHB

Titer [dtex]

Tenacity Elongation
[%]
[g/den]

BIOFRONT J-20 220

650

2,85

23

6400D

660

2,23

28

Polymer Name

Melting
Temp [˚C]

130

The yarns were spun onto smaller bobbins using the USP
300 Eltra bobbin winding machine of the company Herzog
GmbH in Oldenburg, Germany. The warp yarns for the fabric were drawn directly from the bobbins rather than from a
previously prepared warp beam. Weaving parameters such
as weave and yarn densities were defined based on a reference setup provided by an automobile tear 1 supplier. The
fabric was woven using a NH 2 4/66 Narrow Fabric Weaving Machine. Most international standard test methods can
be carried out on the produced narrow fabrics.

Fig. 1. Weaving trials of PLA filaments
For a good processability during the weaving process three
main factors are relevant to achieve a sufficient fabric quality and a high weaving speed:
 Stress/strain behavior
 Friction
 Filament behavior (of a multifilament yarn)
All three aspects were tested in comparison to the existing
polyester reference fabric. Regarding point 1 it turned out
that the processability of both the PLA yarns were comparable to the polyester yarn.
The yarn friction and filament behavior did not show obvious differences either. The filaments stayed in the yarn formation and did not tend to break or get entangled. Optically,
the fabrics were comparable in appearance. The double weft
insertion naturally changed the appearance of the fabric.

Tensile Strength σ [Nm2/g]

9
8
7
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4
3
2
1
0

Tensile Modulus E [Nm2/kg]

600
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0
PES

Stereocomplex PLA

Fig 4. Air Permeability of the PLA and reference fabrics
PES
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PLA

300
250
200
150
100
50
0
PES
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Fig 2. Tensile Strength and Tensile Modulus of the PLA and
the reference fabrics
The results show the control fabric’s tensile strength is
about 40 % lower than that of the polyester reference fabric.
The Stereocomplex PLA fabric shows a 20 % higher
strength as compared to the reference polyester fabric.
The tensile modulus was calculated with the following
equation:
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Tearing Strength Fmax [N]

motive industry. Furthermore, Fig 4, shows that the air permeability of the PLA and polyester reference fabrics is also
comparable as specified by the requirements of the automotive industry.
Air Permeability P [mm/s]

RESULTS AND DISCUSSIONS
The results of the tensile tests are represented in Fig 2. The
tensile strength was calculated according to the following
equation.
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CONCLUSION
PLA-PHB blends and stereocomplex PLA were successfully
spun into filaments and further woven into narrow fabrics.
Furthermore, the mechanical properties were compared to
polyester reference fabrics which are used as seat covers in
automotive industry. The mechanical performance of the
stereocomplex PLA has found to be superior to the reference polyester fabrics. Therefore, the reference fabrics have
a potential for application in the automotive industry as seat
cover fabrics.
FUTURE WORK
In the project BIOFIBROCAR, work is being done to
achieve the required specifications viz. mechanical, odour,
flammability, abrasion resistance, colour fastness. This is
done by compounding additives with the PLA polymer and
by treating the polymer with specific chemi-cals.
The narrow weaving process with needle rapier weft insertion has the advantage of a quick setup due to a limited
number of warp yarns. However, the optical and mechanical
properties of a needle woven fabric differ from a normal
rapier or air-jet loom. Therefore, the next weaving trials will
take place on a flexible rapier loom with segmented warp
beams, so that only one warp beam can be equipped with
the new material.
KEYWORDS
Automotive interiors, biopolymer, polylactic acid, weaving
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Fig 3. Tearing Strength of the PLA and reference fabrics
The polyester fabrics show a 30 % higher stiffness as PLAPHB fabrics. In comparison, the stereo-complex PLA shows
a 150 % increase in strength. Furthermore, the tearing
strength of stereocomplex PLA is 20 % higher than the polyester fabrics (Fig 3.). This shows that the mechanical properties of stereo-complex PLA fabrics are comparable to the
reference fabrics and can therefore be accepted in the auto-
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OBJECTIVE
A micro-tectonic textile system that is interactive with its
environment.
As the demand for environmental
sustainability increases in the building industry, the microtectonic environmental control system textile would provide
an alternative to current building technologies. In addition,
this system could crossover to active wear and protective
clothing.
INTRODUCTION
This textile system is engineered at both the level of the
yarn and fabric structure to be naturally responsive to
surrounding conditions. This adaptive textile responds to
the changing context of solar radiation allowing for
variation in sun control and ventilation. Yarns within the
structure sense environmental conditions and change form,
as well as corresponding system behavior by breathing,
expanding, contracting, shifting, twisting and/or rotating.
Hence, the porosity of the textile transforms. The resulting
“micro-tectonic” fabric physically adapts to temperature,
sunlight and humidity conditions. The studies include
explorations at the micro- and meso-scales, i.e. the yarn
level and the fabric structural level.
APPROACH
The micro-scale level of the yarn can be induced to
inherently react to sunlight, temperature and humidity.
Shape memory alloys (SMA), in this case nitinol, are
essential to the movement. The nitinol, nickel titanium, is a
metal alloy that after being deformed, can recover its
original geometry. The performance is dependent on
diameter size and shape, finish, heat setting, and properties
of the nitinol used. Shape memory alloys (SMAs) can be
developed that have their transition temperature set at a
desired level – somewhere at the high end of the comfort
region, around 30C – so that when the filament experiences
this temperature level there is a structural and geometric
change. In addition to the nitinol, various yarn types,
including cotton, wool, rayon, steel and copper, were
explored with each exhibiting a different cooperative
relationship with the nitinol.
In the case of SMAs, the yarn makes a step change in
geometry in response to temperature. For example in Figure
1, the SMA can be produced as a ribbon yarn and set to a
flat form at high temperature. Below the temperature the
filament is curled on itself and introduced into the fabric
structure (woven, knitted, non-woven). When the filament
experiences a temperature above the transition point the
filament will flatten, increasing the projected area, and
consequently cover factor, providing increased shading. The
meso-scale level structure, as in Figure 2, can be
manipulated to allow for varying amounts of movement.

Figure 1: Ribbon Yarn Step Change.

Figure 2: System with ribbon yarn.
PROTOTYPES, RESULTS, AND DISCUSSION
There is a current demand in the architecture community for
the development and application of smart systems to
enhance environmental control. Although there are products
and research on the topic, few are focusing on passive
environmentally responsive textiles. Research is also being
done into the use of electro-conductive polymer composite
(CPC) materials with sensors [1], as well as stimulisensitive polymers (SSPs) [2]. However, these systems will
need external stimuli, will not be directly responsive to
environment and will not allow breathability of the textile.
Prototypes
A tremendous range of opportunities exists in the varying
textile structures of knits (including crochet, single jersey,
french welt, raschel, short row flaps and slits, as well as
variations) and weaves (honeycomb, open, waffle, satin,
double cloth, mock leno, and hybrids.) Variations can also
occur with nitinol heat set prior to or after knit or weave of
structure. (Figure 3)
In Figure 4, the fabric structure is designed to include
apertures that can be opened or closed by the changes in
physical properties of select yarns included in the structure.
As above, SMAs can be used an actuating filaments to open
(or close) flaps or doors in the fabric structure in the
presence of heat.

CONCLUSION
This textile could minimize the number and complexity of
mechanical parts currently used in sun and air control
systems. By reducing the amount of material, assembly,
labor and energy needed, this textile could provide a more
environmentally sustainable system that does not rely on
being powered by energy sources to operate. By being
directly responsive to the environment without additional
stimuli, sensors, architectonic systems of layering, or
manipulation of tectonic or mechatronic elements, the
number and complexity of mechanical parts is reduced.
FUTURE WORK
With the wide range of micro-tectonic responsive system
possibilities, the next step is to demonstrate uses in a
functioning wall system incorporating this developing
technology.
Figure 3: Modified Plain Weave Using Shape Set; Nitinol
heat set prior to weave.

In the architectural realm, optimization of the efficiency of
sun control devices is typically done through the
manipulation of tectonic and mechatronic elements [3].
These systems rely on mechanical means, a multitude of
modules, complex tectonics and architectonic systems of
layering. In general, architectural firms have worked with
the idea of large-scale elements (such as awnings and
blinds) moving to achieve environmental control. Instead of
applying these additional large-scale elements to the
building, the use of this textile would incorporate these
functions within the exterior wall system, i.e. the textile,
itself. The micro-tectonic environmentally responsive textile
would achieve greater efficiency than conventional means
with less building material, energy and labor, as well as
substantially increase the use of textiles in the building
industry as a primary component of exterior wall systems.

Figure 5: Double Cloth
Mock Leno Weave with
Pleats
and
Pockets.
Figure 4: Held Stitch Filament Knit.

KEYWORDS
interactive, environmentally responsive, shape memory
alloy, SMA, nitinol

In figure 5, the fabric structure allows for a change in
porosity, as well as expansion and contraction of pleats and
pockets. In figure 6, the nitinol is used for spatial structure
with resulting expanding and contracting porosity.

Figure 6: Crochet Vessel.
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INTRODUCTION
Acoustic control is necessary in some enclosed spaces like
lecture halls, theatres, and administrative buildings to
achieve optimum listening conditions. Similarly, noise level
should be reduced in some places such as libraries, hospital
rooms for comfort concerns. Upholstery, carpets, and
curtains can absorb some of the sound energy within a
room; however, extra sound absorptive material is needed
for further absorption. Wall-covering materials can be used
for this purpose. Generally, ‘wallpapers’ are preferred to
cover walls of the rooms to give pleasant look. We think
spunbonded nonwovens have also potential to be used as a
wall-covering material.
Classic spunbonding process can produce nonwoven fabrics
with a diameter of 10 – 80 μm. On the other hand,
spunbonding process using bicomponent technology is one
of the available processes that can produce nonwovens with
submicron filaments [1]. Islands-in-the-sea spunbond
structures can form superior structures in terms of strength,
durability and porosity.
Spunbonded nonwovens that contain filaments with islandsin-the-sea cross section can be good structures for sound
absorption because they can be custom-designed with
specific fiber size and solid volume fraction (solidity) [2].
Spunbonded nonwovens are complex porous structures. The
pores (voids) are complex also as they are in the form of a
bundle of capillaries. These structures inherently have pores
with tortuous paths and pores filled with air. This makes
spunbonded nonwovens good alternative to be used for
sound absorption applications.
The aim of this study is to investigate the effect of polymer
type on the acoustical absorptive properties of spunbonded
nonwovens that contain bicomponent islands-in-the-sea
filaments.
MATERIALS
All the nonwoven webs made from islands-in-the-sea
bicomponent filaments used in this study were produced at
the Nonwovens Institute’s Partners’ Pilot facilities located at
North Carolina State University. Three different
spunbonded webs were produced for the comparison
purpose.

Polymer
PA6
PE
PET

Trade Name
Ultramid BS 700
ASPUN 6811A
N/A

The web with code #1 has a polymer ratio of 75% for the
‘Island’ polymer and 25% for the ‘Sea’ polymer. Nylon-6
(PA6) and Polyethylene (PE) were used as the ‘Island’
polymer and as the ‘Sea’ polymer, respectively. The same
‘Island’ and ‘Sea’ polymer pairs were used for the web with
code #2, but the web has a polymer ratio of 80% for the
‘Island’ polymer and 20% for the ‘Sea’ polymer. The web
with code #3 has also polymer ratio of 80% for the ‘Island’
polymer and 20% for the ‘Sea’ polymer. Polyester (PET)
and Nylon-6 (PA6) were used as the ‘Island’ polymer and as
the ‘Sea’ polymer, respectively. Basic properties of these
polymers are summarized in Table I. Description of the
islands-in-the-sea nonwovens produced was given in Table
II.
Table II Properties of the Webs Produced
Polymer
Polymer Ratio (%)
Web
Number
Code of Islands Island Sea
Island
Sea
1
7
PA6
PE
75
25
2
7
PA6
PE
80
20
3
7
PET PA6
80
20
FABRIC FORMATION
The basis weight of the spunbonded bicomponent
nonwoven webs prior to the hydroentangling was kept at ~
100 g/m2. Nonwoven fabrics were produced by the
spunbond process and bonded (and fibrillated) by
hydroentangling as specified in US patent 7,981,226 by
Pourdeyhimi, et.al.
In hydroentangling, the fibers/filaments are split/ fibrillated
and bonded mechanically by subjecting the web to highpressure hydroentangling water jets. A single pass through
the machine is not normally sufficient to cause fibrillation
and also entangling and consolidation. Therefore, the webs
were passed through the machine for three passes.
Hydroentangling of islands-in-the-sea nonwovens resulted
in a smooth porous surface [1]. Since this property is an
advantage in terms of aesthetic aspect, islands-in-the-sea
spunbonded nonwovens have a potential to be used as a
wall-covering material. Low thickness, low weight, and
pleasant look are the other advantages of the spunbonded
nonwovens for this application.

Table I Properties of Polymers Used
Supplier
Melting TemperatureTm (oC)
BASF
220
Dow Chemical Co.
125
Eastman Chemical Co.
250

Density(g/cm3)
1.14
0.94
1.38

TESTING METHODS
The impedance tube method was used according to ASTM
E 1050-08 in order to determine sound absorption
coefficients of the nonwovens in this work. Fabric mass per
unit area was determined according to ASTM D 3776-07,
where specimens of 100 cm2 were taken from fabrics by a
sample cutter, and weights were measured with an analytical
balance. Fabric thickness was measured by using a thickness
gauge according to the ASTM D 5729-97 conditions. The
air permeability tests were performed using FX 3300 Air
Permeability Tester III as per ASMT D 737. Ten different
locations of each spunbonded nonwoven were tested for
accurate air permeability results.
RESULTS AND DISCUSSION
We used PA6/PE and PET/PA6 polymer pairs to produce
islands-in-the-sea spunbond structures, because PA6 – PE
and PET - PA6 polymer pairs can be split/fibrillated with
relatively less energy in hydroentangling.
Thickness and air permeability data are summarized in
Table III. Note that close average thickness will help to see
effect of polymer type on sound absorption clearly. It is also
expected to get close air permeability results, since all the
nonwovens are composed of 7 islands of filaments.
However, the air permeability of the fabric with code #3 is
slightly higher (see Table III).
Table III Thickness and Air-Permeability Data
Thickness (mm)
Air Permeability (cfm)
Web
code Average Std. dev. Average
Std. dev.
1
0.47
0.02
8.427
0.79
2
0.48
0.03
8.851
0.73
3
0.45
0.02
10.475
0.96
Sound absorption coefficient results of the spunbonded
nonwovens are given in Figure 1. Sound absorption
coefficients were measured for frequency range from 500
Hz to 6400 Hz with 8 Hz intervals. The results in Figure 1
are the averages of the seven replicates cut from different
locations of the nonwovens.

In Figure 1, sound absorption coefficient values of the fabric
with code #2 seem higher in most of the frequencies. Note
that it is remarkable that the sound absorption behavior
remains the same with respect to frequency response.
Since the sound absorption data of the different spunbonded
nonwovens are close to each other, statistical test was
performed to see whether the sound absorption coefficient
values of the spunbonded nonwovens are the same or not.
Standard deviations of the average sound absorption results
are calculated and given in Table IV.
Table IV Standard Deviation Results
Standard deviation
Frequency
[Hz]
Sample 1 Sample 2 Sample 3
500
0.000144 0.000297 0.000314
1000
0.000302 0.002754 0.001702
2000
0.000468 0.001057 0.000735
3000
0.002657 0.003684 0.001757
4000
0.004602 0.005529 0.003801
5000
0.007808 0.007958 0.007551
6000
0.011002 0.008087 0.014603
ANOVA F test for independent groups was performed for
the sound absorption coefficients of the spunbonded
nonwovens for the frequencies 500, 1000, 2000, 3000,
4000, 5000, and 6000 Hz with α=0.05. According to
statistical test, differences between the sound absorption
results are statistically insignificant.
CONCLUSION
Close sound absorption coefficient results were measured
for the PA6/PE and PET/PA6 spunbonded nonwovens.
Statistical test showed that the sound absorption results are
statistically equal at the frequencies 500, 1000, 2000, 3000,
4000, 5000, and 6000 Hz. Any of these polymer pairs and
ratios can be selected to produce islands-in-the-sea
spunbond structures to be used as a wall-covering material.
FUTURE WORK
Future work will be investigation of acoustical behavior of
composite
structures
containing
islands-in-the-sea
nonwovens.
KEYWORDS
Spunbonding, sound absorption, bicomponent filaments,
islands-in-the-sea.
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Figure 1 Sound Absorption Behaviors of the Nonwovens

REFERENCES
[1] Suvari, F., Ulcay, Y., Pourdeyhimi, B. “Sound
Absorptive Nonwovens for Indoor Structures.” The Fiber
Society Spring 2012 Conference Proceedings. 234-235.
[2] Suvari, F., Ulcay, Y., Maze, B., Pourdeyhimi, B.
“Acoustical absorptive properties of spunbonded
nonwovens made from islands-in-the-sea bicomponent
filaments.” Journal of the Textile Institute, 104 (4), 2013:
438-445.

Innovative Assemblies in Building Composites
Robert Fryer
Philadelphia University
FryerR@philau.edu

Biomimicry as an example design process
A design process based upon cross-disciplinary
collaboration, at least between designers and biologists, but
even more if possible. Biomimicry seeks solutions that are
based upon nature and the observation that natural systems
are inherently holistic and achieve outcomes within natural
limits [3].
London is a good example of city that will face such new
challenges in the near future. It is currently growing in
population and size, and is expected to continue to grow
London’s climate is uniquely mild considering its high
latitude. As a result its outdoor temps rarely exceed X
degrees. At the same time, offices buildings are generating
large internal heat gains that become so uncomfortable that
AC is operated during winter. These internal heat gains
could be disposed of by releasing them to the relatively
cooler outdoor air through air exchange
Using the Biomimicry design approach, it is possible to
identify an existing natural model that cools by exposing an
internal heat load with the surrounding air as a heat sink.
Insight into the design of the proposed per-formative textile
system is provided by using a biomimetic approach inspired
by animal skin and foliage. Within the relatively thin layer
of the skin lie a variety of sub-layers each performing
different functions. The epidermis, papillary dermis,
reticular dermis and subcutis all help the human body
regulate itself by virtue of the characteristics of skin color,
sweat glands, moving blood flow closer or further away
from the surface of the skin (anistimosis) and providing a
barrier to disease and harmful elements [2]. The human skin
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SOLUTION
Such issues create design challenges that are multifaceted
and complex. As a result, conventional design approaches
will most likely not be viable paths to solutions since they
tend to avoid cross-disciplinary collaboration and other
strategies that increase feedback. Instead, more holistic
design approaches are required. One example of a more
holistic design approach is biomimicry.
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INTRODUCTION
Several unprecedented events are expected to occur in the
near future that may impact the future of composite building
materials. The combination of increasing urban populations
with increasing global temperatures will likely result in the
need for new material applications and manufacturing
processes to respond to issues created by these forces, such
as indoor air quality (IAQ), privacy, sanitation,
psychological well being, shorter transportation distances,
digital communication, ethics, and the demand for high
value. By creating innovative assemblies using existing
materials and holistic design approaches, composite
building materials could lead to innovative solutions that
address these new design challenges in the near future.

Temperature (C)

Figure 1: Interior temperature for building with Winter and Summer
skins as predicted by CFD Modelling. Results show that only 14% of
the time is the building out of human comfort region without using
HVAC systems [1].

can be seen as a model for a building skin since they both
function in a similar manner by providing a membrane
which regulates the boundary between the surrounding
environment and the needs of the human body, or
occupants.
The human skin permits certain geographical areas of the
Earth to be inhabited, which correspond to mild climates.
Clothing permits habitation of a larger span of geography by
creating, in essence, a second skin that is enhanced by the
characteristics of clothing. Shelter creates a microclimate
within its boundaries that is able to provide comfortable
conditions in conjunction with our first and second skins
(clothing), thus expanding the habitable geography and, in
essence, becoming a third skin.
Likewise, foliage and plants provide guidance for
innovation. The sunflower tracks the sun’s position during
the day to maximize the amount of solar energy it receives,
and products are being and have been developed that mount
photovoltaics to panels that follow the motion of the sun.
Plants generate their energy through photosynthesis, and
this process is being analyzed for potential photovoltaic
alternatives [3]. Leaves also provide an essential benefit to
animal life in certain climates by providing shade. A
building can also benefit from shade since it reduces the
amount of incident solar radiation upon its roof and walls,
which in turn reduces the cooling load. Also, shading can
help reduce unwanted direct solar heat gain.
Leaf
transpiration is an endothermic process, thus adding to the
cooling of spaces around vegetative matter (if the
surrounding air is not saturated) [4]. This is a function
similar to human skin, and has implications for the building
membrane.

By combining the animal and foliage models (Fig 2), a performative textile system is integrated with the exterior
building membrane to regulate air, sun and water in ways
that are beneficial to the occupants, and simultaneously
work in a symbiotic fashion with the climate, thus
exploiting the natural microclimate for “free” energy. For
example, air flow and purification, water control and
collection, humidity control, thermal exchange between
interior and exterior spaces, daylight and solar control will
all be negotiated by a change-able membrane.
A
characteristic of such a building skin is that multiple
functions are condensed into smaller elements, thus blurring
the distinction between discrete elements, to instead operate
as a consistent whole (Fig 3). Also, the change in the
building skin’s form itself can be used as an additional
operation in affecting human comfort by providing solar
shading, color change, water collection, and wind tunnels.
The building skin, like a plant, can also generate energy
from the sun by photovoltaics.

Figure 2: Examples of Building Response.

Figure 3: Development of building skin using less mass
than traditional construction: thickness can be less than
65cm (up to 70% reduction compared with conventional
building assemblies) [1].

CONCLUSION
As cities become more dense in the future, their inhabitants
will encounter intensified exposure to issues of IAQ,
security, privacy, sanitation and psychological well being.
These issues can be directly and indirectly addressed via
materials and material assemblies of building components.
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Fabrication
of
novel
three-dimensional
material
architectures is essential for development of energy storage
devices that allow high rate operation with sufficient energy
capacity. In this talk, I will present our work on
development of freestanding nanofiber-based electrodes
using a simple electrospinning methodology for application
in supercapacitors (EDLC/Pseudocapacitors) and lithiumbased (Li-S/Li-O2) batteries.
We have developed porous carbon nanofibers (PCNF) that
exhibit specific surface area of >1500 m2/g and multi-levels
of pore sizes in the range of micro (< 2 nm), meso (< 50
nm) and macropores (> 50 nm). We studied these materials
as freestanding electrodes in electric double layer capacitors
(EDLC) (with aqueous and ionic liquid electrolytes) and as
platform for polyanilene (PANi) deposition to develop
hybrid supercapacitors that integrate electric double layer
and pseudocapacitive energy storage.
The unique
combination of pores at different length scales allows us to
achieve a battery-like energy density of up to 80 Wh/kg,
while retaining high power and cycle life in EDLCs. Inoperando infrared spectroelectrochemistry was conducted to
understand the transport of ions through the carbon
electrode pores and its effect on performance in ionic liquidbased EDLCs. In the hybrid supercapacitor devices, we
demonstrated that the PCNF mats retain their EDLC
behavior post PANi coating providing excellent
electrochemical performance.
We have also investigated the use of nanofiber materials for
battery devices – Li-S, Li-O2 and redox flow batteries. In
particular, for Li-S battery devices, we have demonstrated a
facile methodology to localize soluble polysulfides that
results in an initial discharge capacity of 1550 mAh/g at C/5
rate, which is 92% of the theoretical capacity of sulfur with
83% capacity retention after 100 cycles.

a)

b)

Figure 2. CV of porous carbon nanofiber
supercapacitors in ionic liquid electrolyte
exhibiting an energy density of 80 Wh/kg.

Figure 3. Capacity vs. Cycle # for carbon nanofiber-based
Li-S batteries.
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Figure 1. SEM images of mesoporous carbon nanofibers fabricated via high temperature pyrolysis of the nanofibers
electrospun using the following w/w compositions of PAN:Nafion, solid percent in DMF in initial solution a) 40:60, 15% b)
20:80, 25% c) 20:80, 20%. Scale bars = 500 nm. All samples exhibit >1500 m2/g specific surface area as measured using
nitrogen physisorption (not shown).
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This presentation will highlight our group’s
efforts with various scalable methods for
continuous manufacturing of nanowire (or
nanofiber) powders and arrays and their
performance in various energy conversion and
storage applications. The scalable methods of
interest are as follows: (a) scalable production of
nanowires of low-melting metal oxide nanowire
powders; (b) scalable production of nanowire
arrays and powders for titania and related oxides;
and (c) low-temperature growth of nanowires of
silicon and related materials.
Scalable production method for nanowires of
low-melting metal oxides
A novel atmospheric microwave plasma reactor
is designed to process about a kilogram of
nanowires per day and has already been
demonstrated for the synthesis of tin oxide, zinc
oxide and aluminum oxide nanowires.1 The
resulting nanowires are 50-100 nm in diameter
and several microns long.
Scalable production of titania and related
metal oxide nanowires
We report a new ultrafast (reaction time on the
scale of a minute) gas-phase method for
synthesizing highly crystalline TiO2 nanowires
(NWs) using direct oxidation of either Ti metal
(foils or powders) or spherical TiO2 powders
using an atmospheric pressure microwave plasma
reactor.2 The current state of the art methods
involve long reaction time scales (~1 day) for
synthesis of TiO2 NWs.
Low-temperature synthesis of nanowire arrays
of silicon and related materials
This presentation will also highlight our recent
experiments on the synthesis of silicon nanowire
arrays at temperatures lower than 300 C.

This presentation will also highlight our efforts in
utilizing the nanowire based materials toward
various energy conversion and storage
applications including photoelectrochemical water
splitting,3 lithium ion batteries,4 heterogeneous
catalysts,5 and. dye sensitized solar cells.6
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INTRODUCTION
Electrospinning is gaining popularity as a convenient
and effective technique to fabricate new and desirable
architectures for membrane and electrode components
in energy storage and conversion devices. Nanofiber
composite cation-exchange and anion-exchange
membranes with excellent mechanical and transport
properties can be made via single or dual fiber
electrospinning. Such membranes have important
applications in proton-exchange membrane (PEM) and
alkaline fuel cells and represent an alternative to
conventional polymer blends and block copolymer
materials. Similarly, electrospinning can be used to
prepare mats of particle/polymer fibers with a high
particle loading and high intra- and inter-fiber porosity,
for use as electrodes in fuel cells and batteries, where
high interfacial electrode/electrolyte area is of prime
importance.
In this talk, recent work on the fabrication,
characterization, and use of electrospun nanofiber mats
for membranes and electrodes will be presented, with
an emphasis on: (1) high conductivity and low areal
swelling cation-exchange membranes for hydrogen/air
PEM fuel cells, (2) mechanically robust anionexchange membranes for alkaline fuel cells with a
high OH- conductivity, and (3) Pt/C-binder nanofiber
cathodes for H2/air fuel cells with ultra-low Pt content,
high power output, and excellent long-term durability.
RESULTS AND DISCUSSION
Nanofiber Composite Ion-Exchange Membranes
Fuel cell membranes must possess the following
properties: a high ionic conductivity, moderate
volumetric water swelling, low in-plane dimensional
changes during wet/dry cycling, low gas crossover,
chemical stability in an operating fuel cell
environment, and good mechanical properties. High
performance cation-exchange and anion-exchange
membranes have been created from dual fiber
electrospun mats which are transformed into dense and
defect-free films via a series of post-electrospinning
processing steps. For proton conducting cationexchange membranes, films are fabricated from
electrospun mats containing a mixture of: (i)
perfluorosulfonic acid (PFSA) polymer nanofibers,
e.g., Nafion® from DuPont or low equivalent weight
PFSA from 3M Co., and (ii) nanofibers from an

uncharged polymer, e.g., polyvinylidene fluoride or
polyphenylsulfone [1,2]. Here, electrospinning is used
as a “forced assembly” technique where two dissimilar
polymers are allowed to contact and mix with one
another in the dry state and on a nano-scale. After
electrospinning, the mats are compacted and either the
PFSA or polyphenylsulfone fibers are allowed to
soften and flow to fill inter-fiber voids and thus form a
dense and functional fuel cell membrane without the
need for a polymer impregnation step. For the
preparation of OH- ion conducting anion-exchange
membranes, the precursor for the charged polymer
(either a chloromethylated or brominated polymer) is
electrospun simultaneously with polyphenylsulfone,
followed by precursor fiber crosslinking and
quaternization and membrane densification to fill all
inter-fiber voids with polyphenylsulfone [3]. As an
example of the dual fiber electrospinning method, a
nanofiber composite cation-exchange membrane
containing 72 vol.% perfluorosulfonic acid (660
equivalent weight from 3M Co.) and 28 vol.%
polyphenylsulfone had a very high proton conductivity
(93 mS/cm at 120oC and 50% relative humidity) with
only 5% in-plane liquid water swelling [2]. For this
particular film, the polyphenylsulfone nanofiber mat
was embedded in and reinforced the PFSA.
In this talk: (1) methods for electrospinning PFSA
polymer solutions will be reviewed and discussed; this
is particularly important because polymers like Nafion
are notoriously difficult to electrospin [4] and (2)
procedures for creating anion-exchange membranes
will be outlined, where a nanofiber mat of charged
polymer with tetramethylammonium ion-exchange
sites is embedded in an uncharged polyphenylsulfone
matrix. For all membrane types, the necessary
processing steps for converting a dual fiber mat into a
functional membrane will be described and discussed,
and the composition, morphology, and properties of a
variety of nanofiber-based membranes will be
presented, where the membranes are targeted for use in
a hydrogen/air PEM or alkaline fuel cell.
Particle/Polymer Nanofiber Fuel Cell Electrodes
The commercialization of proton-exchange membrane
hydrogen/air fuel cells is hampered by the high price
of the Pt-based catalyst powder that is used as the
electrode material. The cathode (oxygen reduction

electrode) in such fuel cells is particularly problematic,
with poor durability due to Pt dissolution and carbon
corrosion. Consequently, considerable efforts have
been directed at identifying new oxygen reduction
cathode materials for low Pt-loading fuel cell
operation, including metal alloys, core-shell catalysis
nanostructures, and carbon nanotube supports. Carbonfree Pt support materials are also being examined, to
address the corrosion issue. Another way to reduce the
amount of Pt in a fuel cell without a loss in power
output is to alter and improve the cathode morphology
in order to maximize catalyst/gas contact and facilitate
the release of product water, while maintaining a
sufficient number of pathways for proton and electron
conduction.
Nanofiber
particle/polymer
electrospinning offers the possibility of addressing the
inter-related issues of power output, Pt loading (cost),
and electrode durability. Hydrogen/air fuel cell
experiments have shown that electrospun nanofiber
cathodes work exceedingly well, due to their unique
structure (intra- and inter-fiber porosity with a highly
uniform distribution of catalyst and polymer binder)
[5,6]. For example, a membrane-electrode-assembly
(MEA) with Johnson-Matthey HiSpec™ 4000 Pt/C
catalyst, an electrospun nanofiber cathode (0.055
mg/cm2 Pt loading), and an electrospun anode (0.050
mg/cm2 Pt) produced a maximum power density of
906 mW/cm2 at 80°C and 3 atm. pressure with 2000
sccm fully humidified air and 500 sccm H2.
Additionally, the mass activity (~0.16 A/mgPt at 0.9 V)
and electrochemical surface area (~41 m2/g) of
nanofiber cathodes were found to be very high and the
electrospun cathodes exhibited less degradation than a
conventional MEA cathode in an accelerated voltage
cycling durability test.
In this talk, recent work on electrospun nanofiber mat
fuel cell electrodes will be presented, with a focus on
the oxygen cathode in a hydrogen/air PEM fuel cell.
Procedures for fabricating nanofiber electrodes will be
presented. The effects of catalyst type, catalyst
loading, and binder type/content on fuel cell power
output and cathode durability will be discussed.
KEYWORDS
Cation-exchange
membranes,
anion-exchange
membranes, electrodes, nanofibers,
polymers,
electrospinning, fuel cells.
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ABSTRACT
Centrifugal spinning is a simple and versatile
technique for producing nanofibers from various
materials. One major application of centrifugal
spinning is to produce advanced functional
nanofibers for energy storage. Among the various
existing energy storage technologies, rechargeable
lithium-ion batteries have been considered as
effective solution to the increasing need for highenergy density electrochemical power sources.
Novel
centrifugally-spun
nanofibers
with
functional properties can dramatically alter surface
reaction rates and charge transport throughout the
batteries, causing significant improvement in
energy storage efficiency. Here, we present our
work on the development of advanced functional
nanofibers and the integration of these materials
into rechargeable lithium-ion batteries to achieve
high system performance.
INTRODUCTION
Among the various existing energy storage
technologies, rechargeable lithium-ion batteries are
considered as effective solution to the increasing
need for high-energy density electrochemical
power sources. Rechargeable LIBs offer energy
densities 2-3 times and power densities 5-6 times
higher than conventional Ni-Cd and Ni-MH
batteries, and as a result, they weigh less, take less
space, and deliver more energy [1,2]. In addition to
high energy and power densities, lithium-ion
batteries also have other advantages, such as high
coulombic efficiency, low self-discharge, high
operating voltage, and no “memory effect” [3].
Each lithium-ion battery consists of an anode and a
cathode separated by an electrolyte containing
dissociated lithium salts, which enables transfer of
lithium ions between the two electrodes (Figure 1).
When the battery is being charged, an external
electrical power source injects electrons into the
anode. At the same time, the cathode gives up
some of its lithium ions, which move through the
electrolyte to the anode and remain there. During
this process, electricity is stored in the battery in

the form of chemical energy. When the battery is
discharging, lithium ions move back across the
electrolyte to the cathode, enabling the release of
electrons to the outer circuit to do the electrical
work. Current lithium-ion batteries depend on
using active powder materials (such as graphite
powder in the anode and LiFePO4 powder in the
cathode) to store energy. However, powder
materials have long diffusion path for lithium ions
and slow electrode reaction kinetics, and as a
result, the performance of current lithium-ion
batteries has not reached their potential. Therefore,
new energy-storage materials and electrodes must
be developed to obtain advanced lithium-ion
batteries that are low cost and outperform current
technologies.

Figure 1. Schematic illustration of the charging
processing of a lithium-ion battery.

Nanofibers with functional properties can
dramatically alter surface reaction rates and charge
transport throughout the batteries, causing
significant improvement in energy storage
efficiency of lithium-ion batteries.
So far,
electrospinning is the most used method for
producing nanofibers. However, the wide-spread
commercial use of electrospinning is limited due to
its low production rate, poor safety, and high cost.
In this work, we introduced a simple, yet versatile
centrifugal spinning process for producing
nanofibers for lithium-ion batteries. Centrifugal
spinning eliminates the limitations encountered by
current nanofiber production methods and can

produce nanofibers at high speed and low cost.
Depending on the material choice, centrifugallyspun nanofibers can be used as cathode or anode
materials. Compared with active powder materials
used in current lithium-ion batteries, these
nanofibers have short-diffusion distance and highlithium diffusion coefficient due to their onedimensional structure. As a result, lithium-ion
batteries using these nanofibers have excellent
performance, such as large capacity, high
charge/discharge rate capability, and extended
cycle life.
APPROACH
Among various anode materials, SnO2 is an
attractive candidate for lithium-ion batteries
because of its low discharge potential and high
theoretical capacity. However, the large capacity
fading and pulverization due to the large volume
changes occurred during charge-discharge cycling
have prevented SnO2-based anodes from being
commercialized. In this presentation, we report the
fabrication and characterization of SnO2/C
nanofiber anodes through the centrifugal spinning
of SnCl4/polyacrylonitrile (PAN) nanofibers and
subsequent thermal treatments. The resultant
nanofiber materials can be directly used as the
anode in lithium-ion batteries to achieve high
performance without adding any polymer binder.
RESULTS AND DISCUSSION
SEM images of centrifugally-spun SnO2/C
composite nanofibers are shown in Figure 2. It is
seen that SnO2/C composite nanofibers have
smooth and well-defined surface morphology.

composite nanofibers. It is seen that SnO2/C
composite nanofibers are able to deliver useful
capacities of over 400 mAh/g.
Further experiments are in progress in our
laboratory to investigate in detail the effect of SnO2
structure and dispersion on the electrochemical
performance of anode nanofibers used in LIBs. In
addition, these novel SnO2/C composite nanofiber
anodes are being assembled into industry-standard
cylinder and pouch cells to evaluate their overall
performance.
This work will promote the
commercialization use of these novel nanofiber
materials in the battery industry.

Figure 3. Discharge capacities of SnO2/C composite
nanofibers.

CONCLUSIONS
Centrifugally-spun Si/C composite nanofibers have
been prepared for energy storage in lithium-ion
batteries. The results demonstrated that these
composite nanofibers are promising electrode
candidates for high-energy lithium-ion batteries.
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)
Figure 2. SEM image of SnO2/C composite nanofibers.

SnO2/C composite nanofibers were assembled in
coin-type lithium-ion cells, and galvanostatic
charge-discharge tests were carried out on these
cells to evaluate the electrochemical performance
of Si/C nanofiber anodes in lithium-ion half cells.
Figure 3 shows charge-discharge curves of SnO2/C
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OBJECTIVE
To fabricate high capacitance carbon nanofibers using a
simple and less expensive approach.
INTRODUCTION
Supercapacitors, or ultracapacitors, with higher power
density and longer cycle life than batteries, are an important
class of energy storage devices, with growing range of
applications including portable electronics, hybrid electric
vehicles,
and
industrial
power
management.[1-3]
Supercapacitors store energy either using ion adsorption at
the electrode/electrolyte interface (double layer capacitors)
or using fast faradaic redox reactions between the
electrolyte and electrode (pseudocapacitors).[1,4,5] The
pseudocapacitors have gained attention due to higher
achievable energy densities than double layer capacitors.[6,7]
The most studied pseudocapacitive materials are transition
metal oxides such as RuO2, MnO2, etc.[3,8,9] and conducting
polymers such as polyaniline, polypyrrole.[9,10] However,
these materials present some important drawbacks such as
they are expensive, operate in low voltage window, cause
decomposition of electrolyte, and have poor stability.[11-13]
An alternative approach is the surface modification of
carbon materials to include functional groups, which can
participate in pseudo-faradaic charge transfer reactions and
maintain the high cyclability of supercapacitors.[14-16]
We report a novel and facile technique for fabricating
freestanding (binder-free) heteroatom-enriched carbon
nanofibers with high supercapacitance using common salt
(i.e. sodium chloride (NaCl)). It was demonstrated that
blending NaCl with polacrylonitrile in the electrospinning
solution significantly enhances oxygen functional groups on
the surface of resultant carbon nanofibers. In addition to
providing pseudocapacitive properties, the oxygen
functional groups also facilitated the adsorption of sulfur
during mild acid treatment (post carbonization) resulting in
a five fold improvement in specific capacitance (when
compared to pure carbonized PAN nanofibers). A high
specific gravimetric capacitance of 204 F g-1, areal
capacitance of 1.15 F cm-2 and volumetric capacitance of 63
F cm-3 in 1 M H2SO4 is obtained. The electrodes
demonstrated good capacitance retention at high current
densities (57% at 20 A g-1) and high cyclability.
APPROACH
Polyacrylonitrile/sodium chloride (PAN/NaCl) blend
nanofibers with varying concentrations of NaCl (0-13.3
wt%) were electrospun. The nanofibers are denoted as CNFX, where X is the weight percent of NaCl with respect to the
total solid weight (PAN+NaCl) in the original
electrospinning solution. A two-step procedure is followed
to convert these PAN-based nanofibers to carbon – in the
first step, samples were annealed in air at 280 °C
(stabilization) followed by pyrolysis in inert atmosphere at

800 °C (carbonization). The resultant carbon nanofibers
were then treated and washed with 1 M H2SO4 solution and
distilled water respectively (treatment). Morphological,
chemical, and electrochemical properties of the fabricated
nanofibers were then investigated.
RESULTS AND DISCUSSION
Figure 1 (a)-(d) shows the scanning electron microscopy
(SEM) images of CNF-13 at various stages i.e. as-made
(after
electrospinning),
after
stabilization,
after
carbonization, and after treatment. Smooth nanofibrous
structure with very few beads was obtained on
electrospinning, which was retained after the thermal and
acid treatment processes. The carbonized CNF-13 (Figure
1c) shows the appearance of nanocrystals (possibly NaCl)
on the surface of nanofibers, which were removed on acid
treatment.
(a)

(b)

(d)

Figure 1. SEM images of (a) as-made, (b)
stabilized, (c) carbonized, and (d) treated
CNF-13 nanofibers. Scale bars are 500
nm.

(c)

The specific capacitance is enhanced five-fold on adding
13.3 wt% NaCl (CNF-13, 193 F g-1) to PAN (CNF-0, 35.94
F g-1) (Figure 2).

Figure
2.
Cyclic
voltammograms
of
the
treated carbon nanofibers in
1 M H2SO4 using twoelectrode test cell at a scan
rate of 5 mV s-1.

The porosimetry analysis showed only a slight improvement
in specific surface area to 24 m2 g-1 for treated CNF-13
(compared to 14 m2 g-1 for CNF-0). XRD was used to
identify the nanocrystals on the surafce of carbonized
nanofibers. XRD diffraction peaks showed the presence of
major NaCl peaks on the carbonized CNF-13, that
disappeared on acid treatment.
XPS was further used to study the surface chemistry of
CNF-13 nanofibers and compared with that of CNF-0 to
understand the origin of pseudocapacitance on incorporating
NaCl. The elemental analysis showed over two times higher
O/C content on the surface of carbonized CNF-13 (19.8%),
compared to that of the control sample, carbonized CNF-0

(7.8%). We hypothesize that the following mechanism takes
place during carbonization of CNF-13 nanofibers – at high
temperatures, sodium chloride reacts with the hydrogen
radicals formed during dehydrogenation reactions during
carbonization to form sodium metal as follows: NaCl + H*
→ Na + HCl (1).
The conversion is though not complete since we still detect
sodium chloride after carbonization via XRD and XPS. The
HCl gas diffuses into the nitrogen gas flowing through the
furnace. The sodium atoms, thus, etch the carbon surface
leaving reactive carbon sites. The oxygen is then adsorbed
on these sites when the carbonized sample is exposed to
atmosphere leading to enhanced oxygen on carbonized
CNF-13.
The deconvolution of C1s, O1s and N1s peaks revealed that
presence of NaCl modified the surface functional groups as
is indicated by the presence of carboxyl groups and
adsorbed oxygen, and absence of carbonyl groups in
carbonized CNF-13 (vs. carbonized CNF-0). The sulfuric
acid treatment significantly enhanced the oxygen content as
well as incorporated sulfur by the adsorption of sulfonic and
sulfate groups in CNF-13, but not in CNF-0. The N1s
spectrum of CNF-13 showed two additional peaks, N-Q and
N-X, that improve the electron transfer through the carbon
framework, thereby, providing better capacitance
retention.[17,18]
Figure 3 shows the cyclic voltammetry (CV) curves for
different scan rates varying from 5 mV s-1 to 500 mV s -1 for
treated CNF-13 nanofibers in a three-electrode test cell. The
CV curves show a near-rectangular shape even at high scan
rates indicating fast charge-discharge behavior. A high
specific capacitance of 193 F g-1 was obtained at a scan rate
of 5 mV s-1 in a 1 V voltage window.
Figure 3. Cyclic
voltammograms of
the treated CNF-13
nanofibers in 1 M
H2SO4 using a threeelectrode test cell at
different scan rates.

66% of capacitance is retained at 100 mV s-1 scan rate and
38.3% at 500 mV s-1 indicating high power handling
capability due to open pore structure (inter-fiber spacing) in
nanofiber mats resulting in faster electrolyte/ion diffusion.
The galvanostatic charge-discharge profiles at different
current densities are shown in Figure 4. A high specific
capacitance of 204 F g-1 was obtained at 0.5 A g-1. We retain
57% of this capacitance (116 F g-1) even at a current density
of 20 A g-1.
Figure 4. Galvanostatic
charge-discharge profiles
of treated CNF-13 at
different
current
densities.

CNF-13 nanofibers show good stability and cyclability.
There was no change in specific capacitance (130 F g-1)
even after 1000 cycles. The areal capacitance of 1.15 F cm-2
was obtained. The volumetric capacitance of 52.33 F cm-3
was obtained for 240 µm thick treated CNF-13 electrodes,
which is similar to that of a ~300 µm electrode made from
porous carbon powders (~50 F cm-3). A higher volumetric
capacitance of 63.03 F cm-3 for 198 µm electrode for
compressed CNF-13 nanofibers was obtained.
CONCLUSIONS
Heteroatom-enriched freestanding (binder-free) carbon
nanofibers for supercapacitors have been successfully
synthesized using a simple fabrication technique. . A high
specific capacitance of 204 F g-1, areal capacitance of 1.15 F
cm-2 and volumetric capacitance of 63.03 F cm-3 was
obtained in 1 M H2SO4, which is comparable to carbons
with high surface area (~2000 m2 g-1). Such high
capacitance in the reported materials is attributed to the
surface functional groups participating in pseudocapacitive
redox reactions. The method demonstrated in this work can
potentially be integrated with our previously published work
on porous carbon nanofibers[19] to generate heteroatom
enriched-porous carbon nanofibers to achieve a specific
capacitance exceeding 400 F g-1, with enhanced capacity
retention (at high power) and cycle stability.
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ABSTRACT
Type 1 diabetes (T1D) is an autoimmune disease in
which the body's own immune system attacks and
destroys the insulin-producing beta cells in the
pancreas. It is estimated T1D affects as many as 3
million people in US alone, with 80 new patients
diagnosed every day. The rate of T1D incidence
among children under the age of 14 is estimated to
increase by 3% annually worldwide. Although careful
and tight control of blood glucose level by injections
or infusion of exogenous insulin allows a T1D patient
to stay alive, the approach requires constant attention
and strict compliance. It does not cure the disease or
prevents its many devastating effects such as
blindness, hypertension, kidney disease, neuropathy,
amputations, heart disease and stroke. Islets
transplantation provides a potential alternative to treat
T1D and has been shown to restore normoglycemia
[1]. However, to avoid immune rejections, the patients
need to take long-term immunosuppressive drugs that
are known to cause deleterious side effects [2]. The
wide application of islets transplantation is also limited
by a great shortage of appropriate donors [2].
Transplantation of encapsulated, immuno-protected
islets becomes a much more attractive and extremely
promising way to reverse T1D [3-4]. It not only avoids
the life-long immunosuppression but also allows the
use of other types of cells such as xenogeneic islets
from pigs [5] or stem cell-derived ones [6]. In this talk,
I will discuss our recent efforts in designing novel islet
encapsulation devices based on fibrous materials for
T1D treatment. Specifically, I will discuss a spidersilk-inspired, islet encapsulation device. We showed
robust mechanical, mass transfer and biocompatible

properties. We also tested its functions in diabetic
mice using rat islets and scaled up the study to dogs.
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ABSTRACT
Emerging nanofiber technology offering a new tool
to study biological questions that otherwise cannot
be appropriately addressed by current technologies
has been widely used for various biomedical
applications. Particularly, in the last decade, the
potential of nanofibers produced by electrospinning
has been extensively explored for regenerative
medicine, including tissue engineering, cell
therapy, and drug delivery. Growing interest of
using nanofibers for regenerative medicine
applications has been indicated by an increasing
number of scientific publications focusing on
nanofibers for tissue engineering scaffolds or drug
carriers. Nanofibers are ultra-fine fibers with the
diameter and morphology resembling natural
extracellular matrix (ECM), which makes them
suitable as a three-dimensional ECM substitute for
tissue generation. The biomimetic properties have
been demonstrated to be a key trait that is capable
of inducing favorable biological response of
various cell types, including stem cells. In addition,
composed of nanometer-sized fibers, a nanofibrous
matrix is a highly porous structure with a high
surface area-to-volume ratio for accommodation of
a large quantity of cells. These unique properties
suggest that nanofibers can function as synthetic
ECM to culture stem cells for tissue generation. To

date, many synthetic or natural polymers have been
electrospun and characterized for different tissue
engineering applications, including cartilage,
nerve, and skin, and the results are generally
promising. My research has been focused on
investigating the potential of nanofibers for
generation of musculoskeletal tissues, such as
bone, cartilage, and tendon. We have reported that
stem cells cultured in nanofibers establish
biologically favorable cell-matrix interaction with
surrounding nanofibers, which instructs cells to
enhance lineage-specific differentiation, maintain
cell phenotype, and/or produce tissue-specific
ECM. We have also demonstrated that nanofibers
are able to recapitulate a stem cell
microenvironment and thereby direct cell response
through the cues of nano-features to prevent cell
senescence and enhance the multi-differentiation
capacity. Taken together, nanofibers as artificial
ECM for stem cell-based tissue generation is
promising and the interest of using nanofibers for
regenerative medicine applications is expected to
continually grow.
KEYWORDS
Nanofiber; electrospinning; regenerative medicine;
tissue engineering; stem cell
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One inexpensive, scalable processing method that can be
utilized to fabricate such a flexible coating is
electrospinning. Mats electrospun with incorporated
inorganic antibacterial agents—silver,(3-4) titanium
dioxide,(5) zinc oxide,(6) and carbon nanotubes(7)—have
demonstrated potential for use in biomedical applications,
such as wound dressings and water purification.
The most commonly reported method of imparting biocidal
properties to electrospun fibers is by incorporating silver
ions into the polymer precursor solution. Mats whose fibers
contain silver species have been demonstrated using a
variety of polymers including cellulose acetate,
polyacrylonitrile, polyvinyl chloride, poly(l-lactide), and
poly(vinyl alcohol).(6, 8-11) Additionally, we have
previously demonstrated polysulfone (PSf) fibers could be
electrospun and surface-modified using an oxygen plasma
treatment, which allowed for facile irreversible deposition
of cationically charged polyethyleneimine (PEI)-silver
nanoparticles
(AgNPs).
Time-dependent
bacterial
cytotoxicity studies indicated that the optimized PSf–AgNP
nanofiber mats exhibit a high level of inactivation against
both Gram negative bacteria, Escherichia coli, and Gram
positive bacteria, Bacillus anthracis and Staphylococcus
aureus.(2)
However, the exploitation of (bio)active antibacterial
agents, including silver species, yields concerns related to
their release rate, agent depletion, toxicity to human cells,
and bacterial resistance.(7) Therefore, this work aims to
achieve the additional benefit of minimizing the active
agent. Instead of incorporating AgNPs into or on-top of
nanofibers, for the first time, we aims to release extremely
small concentrations of silver ions from LTA zeolites grown
on the surface of electrospun polymer mats. Fibrous mats
enhanced with highly active, silver ions, would allow for the
proposed cytotoxicity mechanism, Ag+ ion leaching to
potentially inactivate bacteria.
In this study, we investigate the antibacterial activity of
electrospun cellulose fiber mats functionalized with inhouse grown silver ion exchanged LTA zeolites. The
antibacterial activity of the fabricated cellulose silver ion

exchanged zeolites fiber mats to the Gram-negative bacteria,
Escherichia coli K12, was evaluated as a function of
bacteria–fiber mat contact time.
APPROACH
Cellulose acetate nanofiber mats (3 cm × 3 cm) were
electrospun and converted into regenerated cellulose
nanofibers using a method similar to that reported by Ma et
al. (12). The regenerated cellulose fibers mats, which will be
referred to as “cellulose” were then secured between two
chemical-resistant polypropylene meshes (McMaster-Carr,
Robbinsville, NJ), and subjected to polycation adsorption
with 5% diallyldimethylammonium chloride (DADMAC)
solution, according to the method outlines by Caro et al.(12)
Zeolite A is then synthesized on the surface of the cellulose
nanofiber mats by immersing the DADMAC-treated fibers
in zeolite A synthesis solution, made according to Brunner
et al.'s method wherein silver ion is introduced into the
zeolite.(14)
Micrographs were acquired using a FEI-Magellan 400
scanning electron microscope (SEM). Fiber and zeolite
diameter distribution was determined by Image J 1.45
software (National Institutes of Health, Bethesda, MD). The
zeolites structure and release of silver ion from the zeolites
were characterized using x-ray diffraction (X'Pert Pro,
PANalytical) and UV-visible spectroscopy, respectively.
Direct colony counting of Escherichia coli K12 (E. coli), a
model organism was used to determine the ability of the
fiber-zeolites to inactive microbes as a function of time.
RESULTS AND DISCUSSION
Cellulose acetate fiber mats have been successfully
electrospun and regenerated into cellulose fiber mats. The
average fiber diameter for the regenerated cellulose
(cellulose) mats was determined to be 1.08 ± 0.46 µm.
Incubation of E. coli on the regenerated cellulose fiber mats
confirmed that microbes remain viable for an extended
amount of time and that without the addition of Ag zeolite,
minimal inactivation occurs (data not shown).
35
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INTRODUCTION
Virtually any surface can suffer the consequence of bacterial
colonization and subsequent biofilm formation. On ship
hulls, biofilm formation yields increased fuel consumption,
whereas on biomedical implants and transcutaneous devices,
it can facilitate the transmission of infectious diseases,
which can be fatal.(1) There exists a high demand for robust
antibacterial coatings that can be readily applied to a variety
of surfaces.(2)
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Figure 1. (Left) Representative micrograph displaying the
morphology of cellulose fiber mats surface-functionalized with
silver ion exchanged LTA zeolites. (Right) Silver ion
exchanged LTA zeolite diameter distribution is displayed along
with the average zeolite diameter and standard deviation
(n=50).

Silver ion exchanged zeolites were successfully synthesized
on the surface of cellulose fiber mats, Figure 1. The silver
ion exchanged zeolites were also successfully synthesized
on commercial cellulose filters (not shown). Image J
analysis on the zeolites confirmed that their average
diameter was 6.07 ± 2.5 µm. XRD spectra confirmed that
only zeolites with LTA structure were present (not shown).
The toxicity of electrospun cellulose mats with silver ion
exchanged zeolites grown on their surface was evaluated
against E. coli. A complete (> 95% inactivation) was
achieved by the mats after 90 min. This was in stark contrast
to the commercial cellulose filters and cellulose nanofiber
mats (controls), which were covered in E. coli colony
growth.
CONCLUSION
Cellulose fiber mats have been successfully synthesized and
then functionalized with in-house silver ion exchanged
zeolites that were grown on the surface of the fibers. Using
XRD, it was confirmed that only LTA zeolites were present.
Time-dependent bacterial cytotoxicity studies indicate that
cellulose fibers with silver ion exchanged zeolite on their
surface exhibit a high level of inactivation against the Gram
negative bacteria, E. coli. Current studies are underway to
quantify the release of silver ions from the zeolite and
correlate the results with their antimicrobial activity. Future
work will optimize the zeolite structure so that a tailored
release of silver ions can be achieved. Research into
composite delivery systems that maximize the efficiency of
active bactericidal agents continues to be a pressing
necessity as infectious disease and foodborne illness from
microbial outbreaks remain.
KEYWORDS
Antimicrobial, Cellulose, Electrospin, Nanofiber, Silver,
LTA Zeolite
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ABSTRACT
Our research in bilayered and trilayered
coaxial electrospinning has been motivated
by the fact that a composite polymer
nanofiber can be engineered to produce
almost any functionality desired. In addition
when polymers are combined with liquid
organic and/or inorganic precursors, many
new applications of multifunctional
nanofibers including sound adsorption,
targeted drug delivery, tissue engineering
and solar energy applications can be
envisioned.

under UV exposure with the existence of
photoinitiator2,3. To ensure the bioactivity of
growth factors, HGF was loaded into the
core of the second layer PCL- PEG fibers
by using a bilayered coaxial electrospinning
setup. The controlled release of HGF was
realized through the aqueous pores
which were created by the dissolution of
PEG in the shell. The functionality and
applicability of these two layer scaffolds
was demonstrated by cell culture studies
using Madin-Darby canine kidney (MDCK)
cells.

INTRODUCTION
Electrospun scaffolds are highly attractive
in tissue engineering and drug delivery
because they are similar to the natural
extracellular matrix (ECM) and they have
the ability to incorporate and control the
release of drugs and growth factors.
Previous studies have shown that epithelial
cell types undergo an epithelial to
mesencymal transition (EMT) in the
presence of soluble hepatocyte growth
factor (HGF)1. Our goal is to study the
effect of the ECM signal on cell surface
adhesion protein, epithelial (E)-cadherin
(ECAD), disassembly and the HGF induced
EMT phenotype of epithelial cells on
fibrous substrates. Towards this end we
designed a two layer scaffold with cross
linked gelatin fibers as the top layer and
HGF incorporated polycaprolactone (PCL)polyethylene glycol (PEG) fibers as the
bottom layer. Methacrylated gelatin was
synthesized and electrospun into fibers

PRELIMINARY RESULTS
Shown in Fig. 1 is a schematic of the
coaxial electrospinning device used to
produce
the
PCL-PEG/HGF fibers.
Although it follows a common design, it has
the flexibility to add a third component by
the insertion of another syringe so as to
produce trilayered coaxial nanofibers4.
A feasibility study was first carried out on
an electrospun coaxial Gelatin/PCL fiber
obtained using the setup depicted in Fig.1.
Preliminary AFM-IR5 results obtained on a
Gelatin/PCL fiber cross section in epoxy
using an Anasys NanoIR2 are shown in Fig.
2. The upper three pictures from left to
right are the IR image obtained at 1650 cm-1
(frequency of amide I gelatin band), AFM
topography and stiffness of a PCL/gelatin
nanofiber cross section. The bottom three
pictures from left to right are the IR image
obtained at 1730 cm-1 (frequency of C=O
PCL band), AFM topography and stiffness

of same fiber cross section. It is clear from
the IR images that the gelatin forms the
sheath of the fiber while PCL forms the
core. It is also obvious from the stiffness
images that PCL is the higher modulus
polymer found at the core.
Based on these preliminary experiments we
have begun to electrospin coaxial PCLPEG/HGF nanofibers and carried out
growth factor release studies on the two
layer construct. These will be discussed in
detail.

Figure 1. Schematic of a coaxial syringe that we
have used to produce HGF core loaded PCL/ PEG
fibers.

Figure 2. Images of a coaxial electrospun
Gelatin/PCL fiber cross section in epoxy. Top three
pictures from left to right are IR image obtained at
1650 cm-1 (frequency of amide I gelatin band), AFM
topography and stiffness of a PCL/gelatin nanofiber
obtained with an Anasys NanoIR2. Bottom three
pictures from left to right are IR image obtained at
1730 cm-1 (frequency of C=O PCL band), AFM
topography and stiffness of same fiber cross section.
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Cells are inherently sensitive to their three-dimensional (3D)
environments from the macroscale, microscale, to the
nanoscale. The nanoscale structure of the extracellular
matrix (ECM) provides a natural network of nanofibers
(30~100 nm) to support cells and guide their behavior.
Conventionally, biomaterial scaffolds for tissue regeneration
have been designed macroscopically to match the properties
of the organs they are to replace1. Microporous scaffolds
with the appropriate pore sizes (100~400 μm) and porosities
(~90 %) have been fabricated to support cell migration,
proliferation, vascularization and tissue ingrowth2.
Moreover, it has been proved the nanofibrous scaffold can
promote cell attachment, proliferation and expression of
matrix components3. Therefore, it is necessary to develop a
facile method to fabricate tissue regeneration biomaterial
with a 3D microporous nanofibrous scaffold structure for
more biomimetic cellular environment.
Bacterial cellulose (BC), produced by Acetobacter xylinum,
is one of biodegradable and biocompatible polymers4.
Because of its unique physical and mechanical properties,
such as high mechanical strength, high crystallinity, high
water holding capacity, and unique nanostructure, much
interest has been given on the development of medical
applications based on BC for wound care and implantable
tissue engineered biomaterials, such as modern wound
dressings, artificial skins, blood vessels, bone, urinary and
bio-membranes5. In particular, the nanofibrous network
architecture of BC mimics the extracellular matrix (ECM)
that may have significant effects on cell adhesion and
proliferation in tissue engineering6. However, BC itself has
no microporous architecture. The relatively dense
nanostructure of the nanofibrous network allows only
limited cell migration, penetration and in growth.

Fig. 1 Schematic illustration of template synthesis of Gel/BC
3D microporous nanofibrous architecture composite scaffolds.

Fig. 2 FE-SEM images of Gel template (a: surface morphology;
b: cross-section morphology), Gel/BC scaffold (d: surface
morphology; e: cross-section morphology) and micropore size
distribution of (c) Gel template and (f) Gel/BC scaffold. The
values of average pore diameter are average ± standard
derivation (N=200).

In this paper, a facile method was used to fabricate BC
composite scaffold with a 3D microporous nanofibrous
structure by stationary cultivation Acetobacter xylinum
using gelatin microporous scaffold as a template.
Template synthesis method was used to prepare gelatin/BC
(Gel/BC) composite scaffolds with 3D microporous
nanofibrous structure, by cultivating Acetobacter xylinum in
the presence of gelatin microporous scaffold for 7 days with
initial bacterial density of 3.8×105 cells/mL.
The structures and properties of Gel/BC composite scaffolds
were characterized by field emission scanning electron
microscopy (FE-SEM), attenuated total reflection fourier
transform infrared spectroscopy (ATR-FTIR) and cellular
evaluation in vitro.

Fig. 3 FE-SEM image of Gel/BC scaffold: a micropore and
surrounding BC nanofibrous network (a), higher magnification
of the micropore wall (b) and diameter distribution of BC
nanofibers. The values of average fiber diameter are average ±
standard derivation (N=200).

FE-SEM micrographs of the Gel template and Gel/BC
scaffold show the microporous structure with the 3D
interconnection between micropores. The pore size of Gel
template was 179±69 μm, and the Gel/BC scaffold was
171±71 μm. The micropore architecture of the Gel/BC
scaffold is suitable for usage in tissue regeneration. Under
higher magnification, a micropore of Gel/BC scaffold as
shown in Fig. 3 exhibited a microporous nanofibrous
network. The 3D nanofibrous matrix architecture of BC
showed close resemblance to the ECM, and the average
nanofiber diameter was 25.2±7.0 nm.
The ATR-FTIR spectra of the pure BC, Gel template and
Gel/BC scaffold were measured from 4000 to 650 cm-1, as
shown in Fig. 4. The pure BC spectra show a bond at 1644
cm-1, which is attributed to the carbonyl group (-COO) of
BC. The band at 3347 cm-1 is attributed to the O-H cellulose
stretching frequencies. The characteristic absorption bands
of the Gel template are the bands at 3297, 1634, 1544 cm-1,
which are identified as the amide A, amide I and amide II,
respectively. It is noted that the characteristic absorption
bands of BC are detected in the Gel/BC scaffold, which
indicate that BC is biosynthesized into the Gel template
after static cultivation.

Gel/BC scaffold with 3D microporous
architecture improve cell penetration.

nanofibrous

Fig. 5 SEM micrographs of human fibroblasts on the Gel/BC
Scaffold at 12 h after seeding(a and b) and 3D reconstructed
laser scanning confocal microscope (LSCM) images of human
fibroblasts on the Gel/BC Scaffold at 12 h of incubation(c).

In conclusion, a novel facile method for fabricating a 3D
microporous nanofibrous structure scaffold has been
developed using microporous Gel scaffold as a template and
biosynthesis of BC into the scaffold. It is demonstrated that
the scaffold exhibit better cell adhesion, spreading and
penetration. It is anticipated that this 3D microporous
nanofibrous scaffold can be applied in the fields such as
medical implants, cell supports, and materials which can be
used as instructive three-dimensional environments for
tissue regeneration.
ACKNOWLEDGMENT
This work was financially supported by the Fundamental
Research Funds for the Central Universities and the
National Natural Science Foundation of China (51273043,
81370795, 81100488).

Fig. 4 ATR-FTIR spectra of pure BC, Gel/BC scaffold and Gel
template.

Cell culture experiments with human fibroblasts were
carried out to evaluate the biocompatibility of the 3D
microporous nanofibrous Gel/BC scaffold. As shown in Fig.
5a and b, surface morphologies of human fibroblasts are
observed on the Gel/BC at 12 h of incubation. The seeding
density was 104 cells/mL. Human fibroblasts responded to
the Gel/BC scaffold with the nanofibrillar network of BC on
the pore walls by exhibiting good attachment and spreading
(white arrow in Fig. 5b). In comparison, fewer cells attached
to the bare scaffold without nanofibers is observed (black
arrow in Fig. 5b). This can be attributed to the increasing of
the nanoscale roughness of the scaffold pore walls which
increase cell attachment, spreading and proliferation.
Moreover, the 3D reconstructed laser scanning confocal
microscope (LSCM) images (Fig. 5c) demonstrate that the

REFERENCES
1. Stevens, M.M., George, J.H. Science, 310 (5751), 2005:
1135-1138.
2. Leong, K.F., Chua, C.K., Sudarmadji, N. Journal of
the Mechanical Behavior of Biomedical Materials, 1
(2), 2008: 140-152.
3. Pattison, M.A., Wurster,
S., Webster, T.J.
Biomaterials, 26 (15), 2005: 2491-2500.
4. Czaja,
W.K.,
Young,
D.J.,
Kawecki,
M.
Biomacromolecules, 8 (1), 2007: 1-12.
5. Wang, J., Zhu, Y., Du, J. Journal of Mechanics in
Medicine and Biology, 11 (2), 2011: 285-306.
6. Petersen, N., Gatenholm, P. Applied Microbiology and
Biotechnology, 91 (5), 2011: 1277-1286.

3D Micro-Nano Fibrous Scaffold for Bone Tissue Engineering
Jakub Erben1, Kateřina Pilařová1, Filip Sanetrník, Jiří Chvojka1,2, Jana Horáková1, Lenka Blažková1, Eva
Košťáková1, Jiří Havlíček1, Petr Mikeš1, David Lukáš1, Věra Jenčová1
1
Department of Nonwovens and Nanofibrous Materials, Technical University of Liberec, Technical University
of Liberec; 2Center for Nanomaterials, Advanced Technologies and Innovation, Technical University of Liberec
vera.jencova@tul.cz
KEYWORDS: meltblown, electrospinning, tissue engineering (TE), poly-ε-caprolactone
ABSTRACT
This study aims to a novel composite material for
tissue engineering consisting of microfibers
produced by meltblown technology ensuring optimal
threedimensional porous structure and sufficient
mechanical properties, electrospun nanofibers for
good cell adhesion and particles enhancing
increasing the biological activity and mineralization
of regenerated bone tissues. The preliminary in-vitro
tests showed the high potential of developed
composite materials in TE - good porosity of the
tested materials allows osteoblasts to proliferate into
the sample inner structure with the significant
contribution of nanofibers content to the cell
proliferation rate.
INTRODUCTION
Bone TE scaffolds have to fulfill some basic
requirements. They are typically made of porous
biodegradable materials which structure has to allow
osteoprogenitor cells migrate into inner structure of
scaffold followed by their proliferation and matrix
formation. Incorporation of biologicaly active
molecules can facilitate regeneration process and is
also of special interest in bone TE [1].
The meltblown is a nonwoven technology, which
produce fine fibers (1-5µm) [2]. The basic polymers
used for meltblown nonwoven production (PP, PE,
PS, PET, PLA..) are not biodegradable and therefore
are not used as scaffolds for tissue engineering
(except PLA). Nevertheless structurally, meltblown
materials are destined to be the bone or knee
cartilage scaffold for their diameter of fibers, random
orientation of fibers, three-dimensional structure,
high porosity, optimal pore size etc [3].
Electrospinning is generally well known technology
for polymer nanofibrous materials production with
respect to application in medicine and tissue
engineering [4]. Hydroxyapatite (HAp) has chemical
similarity to the inorganic component of bone matrix
and has been used for a variety of biomedical
applications [5].
EXPERIMENTAL APPROACH
Scaffold fabrication: Solution of 16% wt PCL
(Poly-ε-caprolactone,
Mw
45000)
in
chloroform/ethanol (9:1 by weight) was prepared for

electrospinning. The production equipment set-up
consisting of meltblown (laboratory equipment J&M
Laboratories, USA, now owned by Oerlikon
Neumag,
SUI),
electrospinning
(needle-less
electrospinning) and sputtering devices based on
vibration principle. The meltblown extruder screw
rotated 40 rpm (100g of polymer per 1 hour). The
spinning of electrospin roller was 50 rpm and the
roller positive charging was 35kV and collector
negative charging 20kV. The weight percentage of
HAp in the materials was 10%. The study compare
four different materials: i) meltblown material (M);
ii) meltblown material with sputtered particles of
HAp (MS); iii) meltblown material combining with
electrospun fibers (ME); iv) meltblown material
combining with electrospun fibers and HAp (MES)
Characterization: Dry scaffolds were characterized
in term of morphology. Samples were sputter-coated
by gold and then observed by a scanning electron
microscopy (SEM, Tescan Vega 3SB Easy Probe).
The biocompatibility of the material, cell
proliferation and migration was tested in vitro.
In-vitro tests:
In-vitro culture of MG-63 osteoblasts: human
osteoblasts (MG63) were maintained in EMEM
(ATCC) with 10% (v/v) FBS (Lonza) and 1%
penicilin/streptomycin/amfotericin B (Lonza). Cells
were maintained in a incubator (37 °C/5% CO2).
Medium was changed 3 times a week. The 2nd
passage culture was used for experiments.
Sample preparation, cell seeding: from prepared
layers were cutted discs (diameter 15mm, thickness
5mm) which were sterilized (70% Et-OH, 30min)
and washed in PBS (pH7.4) prior the cell seeding.
MG63 cells were seeded (1*105 cells per sample) on
scaffolds placed in 24-well Tissue culture plates.
MTT assay for the cell proliferation: Cell
proliferation was monitored after 1, 3, 7, 14 and 21
days by MTT assay. A 250μl solution of MTT (2
mg/ml in PBS pH 7.4) was added to 750μl of sample
medium (EMEM) and incubated with sample for 3
hours at 37 °C/5% CO2. Formazane crystals were
solubilized with isopropyl alcohol. Absorbance of the

Microscopy analysis (SEM and fluorescence):
After 1, 3, 7 and 14 days of cell seeding, the cellcultured scaffolds were processed for microscopy
analysis.
SEM: the scaffolds were fixed by 2.5%
glutaraldehyde and dehydrated with upgrading
concentrations of Et-OH (60%, 70%, 80%, 90% and
100%). Samples were analysed by scanning electron
microscope (Tescan, VEGA3 SB easy probe).
Fluorescence microscopy: The cells were fixed in
frozen methanol for 15 minutes, washed in PBS and
stained with propidium iodide for 15 minutes in the
dark. Then the layers were washed in PBS and
analyzed using fluorescence microscope (NICON
Eclipse Ti-E)
RESULTS AND DISCUSSION
Morphology characteristics were studied by SEM
visualization of the produced fibrous structures (Fig.
1.).
M

ME

MS

MES

Fig 1: scaffold morphology observed by SEM for four
tested materials – meltblown material (M); meltblown
material with HAp (MS); meltblown material combining
with electrospun fibers (ME); meltblown material
combining with electrospun fibers and HAp (MES) (scale
bar is 50μm).

In vitro tests (fig.2) reveal similar rates of adhered
MG-63 osteoblasts in all kinds of tested materials.
However from the 7th day after cell seeding the
significant differences in the cell proliferation rates
had been observed. Osteoblasts on samples
containing electrospun fibers (ME, MES) showed

significant increase in proliferation. Also sputterd
particles (MS, MES) seems to have a positive effect
on the proliferation rate compared to materials
without hydroxyapatite (M, ME). Fig.4. confirms
osteoblasts proliferation into the inner structure of
the materials with the significantly higher rate in
materials containing nanofibers (ME, MES).
absorbance at 570
nm

formazane solution was measured at 570 nm
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Fig 2: MTT assay results of scaffolds after 1, 3, 7, 14 and
21 days of MG63 cells seeding.

CONCLUSION AND FUTURE WORK
Good porosity of tested materials allows osteoblasts
to proliferate into the sample inner structure with the
significant contribution of nanofibers content to the
cell proliferation rate. We work on preparation and
test materials with diverse micro/nano fibre content
and also plan in-vivo tests of scaffolds with the most
promising in-vitro tests results.
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The military is dependent on a wide variety of
textile items in accomplishing its missions. Textile
items include dress clothing, combat clothing,
ballistic protective vests and helmets, chemical
biological (CB) protective clothing, cold weather
clothing, tents, sleeping bags, parachutes, and
numerous other items. Many of these items are
subjected to extreme conditions during their use.
Since many of these items are life support items,
they are designed and fabricated to very high
standards of performance.
Furthermore, the
performance of these items is constantly being
improved. At the same time, it is desired to reduce
the weight of these items without sacrificing
performance. Many of the developments in this
area are based on advances in nanotechnology,
biomimetic materials, and intelligent materials.
The next generation of military textiles is
benefiting from the integration of nanoparticles,
nanofibers, and electronics into fabrics and is
achieving a new level of performance. Targeted
applications
include
lightweight
ballistics
protection, low-cost flame resistance, soldier-worn
power, insect repellent coatings, and improved
repellency to liquid water and hazardous
chemicals.
Numerous approaches are being
worked to address these particular aspects of
protection and sustainability.
The development of soldier-worn power is
especially relevant to lightening the soldier’s load.
It’s not uncommon for a soldier in Afghanistan to
carry 70-90 pounds of water and batteries on a
given mission. The weight of batteries must
clearly be reduced.
Technologies such as
photovoltaics, energy harvesting of the soldier’s
movements, and polymeric thermoelectrics (TE)
will likely contribute to reducing this load.
Polymers with improved TE properties are being
developed and expected to challenge traditional TE
materials for integration into soldiers’ uniforms.

Poly(phenylene vinylene) (PPV) and certain
copolymers with PPV are promising materials for
this application.
CB protective clothing used by the military utilizes
air-permeable or breathable textile systems
consisting of an outer shell fabric and an inner
fabric which contains an adsorbent, typically
activated carbon. These layers work together to
provide liquid and vapor protection.
Liquid
droplets are held at the surface of the outer shell
fabric, while vapors are captured by the adsorbent
carbon. The outer shell fabric is treated with an
oil- and water- repellent fluoropolymer coating
which prevents liquid droplets from soaking into
the textile system and overwhelming the carbon
layer. These coatings, typically perfluoroalkylated
acrylates or polyurethanes, reduce the surface
energy of the individual fibers to around 11 mJ/m2.
Because of this exceptionally low surface energy,
the outer shell fabric is able to repel water, which
has a surface energy of 72.8 mJ/m2. It is also able
to repel hazardous chemicals such as the chemical
warfare blister agent sulfur mustard (surface
energy = 43 mJ/m2) and the nerve agents tabun,
sarin, and VX (surface energies = 25, 26, and 30
mJ/m2, respectively).
The combined effects of textile structure and low
surface energy can lead to fabrics which display
very high apparent water contact angles. When the
water contact angle exceeds 150o, the surface is
considered to be superhydrophobic. Similarly, a
surface having an oil contact angle greater than
150o is considered
superoleophobic.
One
additional factor is the roll-off angle which should
be less than 5 degrees. However, it is well known
that roll-off angles are affected by the mass of the
liquid droplet, the interfacial surface energy
between liquid and solid, and the local geometry of

the solid surface. It has been found that multi-scale
structures, such as many fabrics, can reduce roll-off
angles when treated with chemicals that impart low
surface energy to the fabric surface.
Current processes for treating fabrics with
fluorochemicals are either slow or require
specialized equipment not widely available in the
textile industry. It has been demonstrated that
fluorosilanes can be attached to reactive groups
such as amines, hydroxyl groups, or carboxylic
acid groups of polyamides or cellulosic fibers.
This process is amenable to considerable
improvement through the traditional wet (pad-drycure) process. The equipment for this process is
widely available in the textile industry and could
easily be used for the mass production of
superhydrophobic, superoleophobic fabrics. These
fabrics with advanced coatings will be selfcleaning in that dirt will not adhere to them. They
will also provide increased chemical protection in
that liquid droplets of hazardous chemicals will
easily roll from the fabric surface.
The next generation of CB protection will ideally
be a “Second Skin.” Responsive materials will be
employed in a lightweight construction which will
be comfortable in the absence of a CB threat while
autonomously changing their structure to that of a
protective or barrier state in the presence of a
threat. Catalysts and antimicrobial functionality
will neutralize the threat, and the material will
return to its original state when the threat no longer
exists.
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OBJECTIVE
To advance the field of vapor phase processing of nanoscale
coatings on military fabrics such as Nyco and Kevlar and
add multifunctional protection against common threats such
as flame, knife/spike, and chemical aerosols.
INTRODUCTION
Advanced fibrous materials will need well-defined
nanoscale surface functionality for future protection
systems. Our group explores vapor phase surface reactions,
including atomic layer deposition, molecular layer
deposition and sequential vapor infiltration to achieve
highly uniform surface modification and conformal thin film
coatings on synthetic and natural polymer nano- and microfibers. We recently showed, for example, using a vapor
phase process called atomic layer deposition (ALD) is a
valuable tool to coat high surface area materials with
complex geometries, including textiles. [1-3] Using ALD to
apply common inorganic metal oxide materials to the
surface of the textiles, has been shown to improve the
thermal stability and stab protection [4] of these materials.
Additionally, we also recently reported means to
encapsulate reactive nanofibers, including nylon, to protect
them from physical degradation upon chemical exposure.
[5] These results point to options for multifunctional
coatings that, for example, protect and simultaneously
functionalize the surface of military textiles for applications
including sensing. We will discuss surface reactions that
proceed during formation of inorganic as well has organicinorganic hybrid films on polymer fibers and include our
work related to improving the thermal and flame stability of
Nyco.
APPROACH
Atomic Layer Deposition
Atomic layer deposition (ALD) is a vapor thin film
deposition process that achieves highly conformal growth
with thickness controllable at the nm and sub-nm level. [1]
The reaction proceeds using a sequence of precursors
(typically a metal organic and an oxygen source gas) in a
binary self-limiting surface reaction scheme. [1] Atomic
layer deposition is capable of uniformly depositing ultrathin pin hole free coatings of oxides, metals, and
semiconductors
on
three-dimensional
nano-scale
architectures. A basic scheme for self-limiting ALD growth
is shown in Figure 1. ALD proceeds by a two-step reaction
process.
First, a precursor (often a metal organic)
chemically binds to reactive surface sites. The bound
precursor does not self-react, thereby permitting only a
single monolayer of deposition. Then a co-reactant is
introduced to either oxidize or reduce the precursor and

reactivate the surface for precursor binding. In between
cycles, an inert purge is used to evacuate all but the
chemisorbed species, thus resulting in self-terminating halfreactions. Each growth cycle deposits an ultra-thin layer of

Figure 1: Scheme for ALD showing sequential steps for growth
of a single Al2O3 layer using trimethyl aluminum (TMA) as a
precursor and water vapor (H2O) as the co-reactant. Repetition of
this cycle will add atomic layers to the film’s thickness. [2]

only a few angstroms thickness, making it useful for nanoscale processing.
Characterization
Flame stabilization and fire-retardancy tests on Nyco fabrics
was evaluated with vertical flame tests, cone calorimetry
and TGA.
RESULTS AND DISCUSSION
Flame Stabilization
We have performed initial fire-retardancy and stabilization
tests on Nyco fabrics coated with Al2O3. As shown in
Figure 2, after a vertical flame test, the coated Nyco retains
significant shape and structure, unlike the uncoated fabric
which fragments into char particles. The flame time was
reduced from 58 seconds (uncoated) to 45 seconds (coated),
using ASTM 6413 but the flame time was very high as
compared to FR-ACU. These initial coatings produced
small changes in flame propagation, but after combustion,
the coated fabrics had a more intact and stable final char
product. This demonstrates “flame stabilization” capacity
for these ALD coatings, and suggests that new materials are
needed for flame retardancy. To date, we have not
investigated how coating composition or thickness
influences the test outcome.

KEYWORDS
Flame stabilization, vertical flame, cone calorimetry,
Kevlar, Nyco, nanofibers, thin film coating, and atomic
layer deposition (ALD).
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Untreated Nyco Fiber

500 cy Al2O3 Nyco Fiber

Figure 2: Photographs of untreated NyCo and NyCo with
500 cycles of Al2O3 coating after burning in a vertical
flame test. The coated fiber retained its physical structure
much more than the uncoated.

Initial thermal analysis of the coated Nyco fabric have
revealed some interesting results. We found with a 100nm
Al2O3 metal oxide coating applied on Nyco, the coating
drastically altered the amount of heat released and the
changed the rate at which the fiber combusted. For the
untreated Nyco, the peak heat release rate exceeded 160
kW/m2, whereas after ALD-coating, the peak heat release
rate decreased to less than 40 kW/m2. This represents a
substantial decrease in the heat release, likely due to the
relatively high heat capacity of the coating material. The
heat release rate also decreased rapidly over time, with
much smaller average heat release during the combustion
period. The burn time also showed a dramatic change.
Consistent with the reduced heat output, the sample with the
coating combusted for a somewhat longer period of time.
CONCLUSIONS
In this work we have demonstrated using a vapor phase
process called atomic layer deposition (ALD) that, metal
oxide nanoscale coatings improve the thermal protection
level of currently fielded military fabrics. The coatings
were found to significantly reduce the heat release rate on
Nyco from 160 kW/m2 (uncoated) to less than 40 kW/m2
(coated). These nanoscale materials are of particular value
to the military because they can add new protective
functions with minimal to no add-on weight and no change
to the hand or fabric structure.
FUTURE WORK
Current research and development efforts for flame
stabilization are on-going and focused towards developing
coatings with intumescent properties. We are starting to
evaluate nitrogen and phosphate based materials and
targeting combining these materials into a single coating
system that will contain both char-forming and inert gasblowing agents.
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STATEMENT OF PURPOSE
The goal of this work is to develop a computational
framework to model knit fabric for soft armor applications.
Simulations of ballistic events are compared to experimental
results.
INTRODUCTION
High strength aramid fibers such as Kevlar are often used in
textiles for military soft armor applications. Woven fabrics
are commonly used and have been relatively well
characterized through experimental and computational
studies [1-8]. Knitted fabrics provide an alternative textile
construction with the advantage of increased stretchability,
which provides superior comfort in areas of the body that
undergo significant relative motion such as groin, elbow,
and knee joints. However, the mechanical behavior of knit
fabrics, particularly during ballistic impact, has been studied
much less comprehensively than that of woven textiles. In
particular, modeling tools have been developed for woven
textiles that discretize the fabric at membrane, yarn, and
fiber levels [2,3,8-11]. In contrast, there have been few
efforts to explicitly model the mechanics of knit structures
[12]. The unique structure of knits introduces new geometric
and behavioral features that complicate development of
computational models. In this work, a parameterized
description of the geometry of the knit fabric is developed to
allow for relatively simple and variable mesh generation.
Simulations of ballistic impact are performed and compared
against experimental results.
APPROACH
The focus of this study is a single jersey knit fabricated
using 600d Kevlar KM2 yarn. An x-ray computed
tomography image stack was generated using a Nikon
Metrology X-tek XT H 320LC to characterize the threedimensional geometry of the knit. The knit fabric was
modeled at the yarn level using hexahedral finite elements.
The yarn has an elliptical cross section with the minor axis
oriented towards the center of curvature to capture changes
in cross section along the path of the yarn. Parameterizing
the path enables the generation of a finite element mesh
based on the measured knit tomographical data.
Ballistic impact was simulated on a 3-inch diameter circular
target where the edges have a zero displacement boundary
condition. The projectile was a 0.22 caliber (6 mm diameter)
silica sphere that impacts the knit armor over a range of
velocities [13]. A transversely isotropic linear elastic model
was used to represent the Kevlar yarn. The tangent, normal,
and binormal vectors of the path of the yarn also define a
local coordinate system along the length of each course
where the tangent corresponds to the longitudinal fiber
direction. An elastic modulus of 71.4 GPa in the yarn’s

longitudinal direction compared to a relatively low
transverse elastic modulus of 1.4 GPa and shear modulus of
0.28 GPa enable the solid elements to behave similar to a
multi-filament yarn [3, 14]. Based on experimental work by
Nilakantan et al. [4], an effective tensile strength of 2.85
GPa in the yarn’s longitudinal direction was used to trigger
failure during the simulation through a linear reduction of
stress over time followed by element deletion. A coefficient
of friction of 0.18 was used for contact between yarn as well
as contact between the projectile and yarn [3].
Simulation results were compared to experimental ballistic
impact as well as quasi-static loading of knit Kevlar fabric
[13]. A helium-driven, smooth-bore gas gun with a spherical
6 mm diameter silica projectile was used for the ballistic
testing. Quasi-static tests were performed using a 6 mm
diameter silica sphere that is fixed to a piston. The sphere
was driven at 1.0 mm/s into the fabric until fabric failure.
The location of the initialization of failure was compared to
the simulation results.
RESULTS AND DISCUSSION
The impact of the projectile generates in-plane deformations
that propagate along the longitudinal direction of the yarns
and out-of-plane deformations via interactions between
adjacent courses. This produces an ellipsoidal backface
deflection pattern as the out-of-plane deformation wave
propagating more rapidly in the warp direction. This
ellipsoidal deflection pattern should be contrasted to the
pyramidal pattern that is seen in woven fabrics where the
orthogonally woven, relatively straight yarns provide a more
direct path for stress propagation from the point of impact to
the boundary of the target [1,8]. The ellipsoidal pattern is a
result of the knit geometry, where the higher yarn curvature
along the courses results in a lower effective elastic modulus
and wave propagation speed in the weft direction.
Figure 1A shows an image of the deformed fabric
undergoing a ballistic impact at the time of failure, where
the initial velocity of the projectile is 200 m/s. Color
weighting represents stress in the yarn’s longitudinal
direction. Stress in the yarn increases as the curved path
straightens and begins to be loaded. Stress increases first in
the segment of yarn that connects one course to the next as
well as in the peaks of the loops. Failure across the full cross
section of the yarn is first seen at 96 µs post impact in this
simulation.
An image taken from a high-speed camera of the quasistatic loading at the time of failure is shown in Figure 1B to
provide a comparison of the initial failure location. Failure
initiation is diagonally offset from the center of the
projectile (blue arrow), which is in agreement with

simulation results shown by the blue arrows in Figure 1A.
The offset from center is the result of frictional forces at the
center of the impact point that reduce longitudinal strain.
Failure in the yarn that is primarily oriented in the warp
direction can be attributed to the shorter distance that the
yarn needs to straighten before tensile loading begins.

Figure 1. A comparison of failure initialization (blue
arrows) in simulation and experimental results. Panel (A)
shows stress in the yarn’s longitudinal direction and initial
failure from a 200 m/s ballistic impact. Panel (B) shows
the initial failure from quasi-static experiments.

CONCLUSION
A primary feature of this work is a parameterized
description of the knit geometry. This allows for a flexible
method to generate the finite element mesh with
measurements taken from fabric images. The resulting mesh
has been used in a simulation of ballistic impact and
compared to experimental results to compare failure of the
fabric. Simulation results show that geometrical features of
the knit fabric, in addition to the material properties, will
play a role in determining how the fabric will deform and
fail in response to ballistic loading.
FUTURE WORK
The work presented here represents the preliminary
development of a knit fabric computational model.
Additional simulations and experiments will be performed
to work towards full validation of the model. In addition,

future work will investigate how variations in parameters of
the knit as well as backing conditions will affect the ballistic
performance.
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OBJECTIVE
Development of advanced nanofibers to improve the
protection against threat aerosols and vapors while reducing
the burden on the user.
INTRODUCTION
Toxic and pathogenic airborne particles (aerosols) and
vapors can be a significant threat to soldiers, first
responders, and healthcare workers. Personal protective
equipment (PPE), such as respirators and protective
clothing, can protect against such airborne threats. However,
protective equipment can be burdensome due to its bulk and
poor air and moisture transport (i.e., hot or hard to breathe
through). Thus, a major goal in developing protective
respirators and fabrics is to provide an effective barrier to
airborne threats while having high air and moisture-vapor
permeability.

resistance). Pt is the ratio of the downstream particle counts
to the upstream particle counts.
Chemical resistance was determined by exposure to droplets
and vapors of solvents and plasticizers followed by
measurement of the change in filtration performance.
RESULTS AND DISCUSSION
Filtration performance of nanofiber media
A significant issue in nanofibers achieving the potential to
reduce air flow resistance is the tendency for the fibers to
pack densely. By controlling the deposition of the fibers,
packing density, and fiber orientation a more ideal three
dimensional filter media structure can be achieved. Figure 1
illustrates the difference in performance for our nanofiber
media and media where these parameters are not controlled.

APPROACH
Materials preparation
The most facile way to produce sub-100nm diameter fibers
and control their assembly into effective filter structures is
to use electrospinning of polymer nanofibers. A custom
built electrospinning apparatus was used that includes
control of the electrospinning environment (temperature,
relative humidity, and gaseous composition) and control of
the deposition of the nanofibers. Filter media composed of
polysulfone or nylon 6 nanofibers (sub-100nm) were
fabricated with the desired fiber packing density and
orientation.
Some fibrous media were coated with aluminum oxide
(Al2O3) or titanium dioxide (TiO2) using atomic layer
deposition (ALD) to provide passivation against solvents
and plasticizers (Oldham, Gong et al. 2011). ALD provides
highly conformal, ultrathin coatings of desired thickness as
determined by the number of ALD cycles. Samples were
also prepared with of the MOF structure HKUST-1 (also
known as Cu2BTC3) added to the fibers according to Zhao
and coworkers (2014).
Characterization
Aerosol filtration performance was evaluated as particle
penetration (Pt) and filter pressure drop (ΔP, i.e., air flow

Fractional penetration, Pt
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Nanofibers with their small diameter and high surface area
have the potential to improve the ratio of filtration
efficiency to air flow resistance (Barhate and Ramakrishna
2007). Functionalizing fibers with metal organic
frameworks (MOFs) has the potential to incorporate capture
and/or degradation of toxic vapors and liquids (DeCoste and
Peterson 2014). We are developing low pressure drop, high
efficiency fibrous filtration materials with the intent to
reduce the burden of protective equipment.
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Figure 1. Filtration performance of conventional and nanofiber
media compared to RTI nanofiber media. The RTI media has
lower air flow resistance due to the combination of the average
fiber diameter < 100 nm, low fiber packing density, and partially
oriented fibers. RTI data points and standard deviations represent
average performance for polysulfone (PSu, ~30 samples) and
nylon 6 (PA-6, 97 samples).

ALD coatings for chemical resistance
Coating of fibers with Al2O3 or TiO2 provides excellent
preservation of fiber morphology and only slight increases
in the average fiber diameter. The metal oxide coatings are
approximately 10 nm thick. The coated fibers demonstrated
improved chemical resistance as illustrated in Figure 2. A
control sample (no coating) and a sample with Al2O3
coating on polysulfone fibers were both exposed to a
toluene solvent droplet. The ALD coated fibers were
unchanged while the uncoated fibers were destroyed.

CONCLUSIONS
Nanofiber filter media was developed that significantly
improves the ratio of filtration efficiency to air flow
resistance (filter pressure drop). Achieving an average fiber
diameter below 100 nm while keeping the void volume
large (low fiber packing) along with the fibers partially
aligned provides filter media with reduced pressure drop.
Figure 2. Uncoated and ALD (Al2O3) coated nanofibers response
to droplets of toluene. The ALD coated fibers retain their
morphology.

Exposure to chemical vapors and plasticizers showed less
than 10% decrease in filtration performance as measured by
Pt and ΔP.
An important concern with metal oxide fibers is brittleness.
Effect of coating temperature and thickness on fiber strength
and chemical resistance were explored as shown in Figure 3.
Deposition at lower temperatures and modest thicknesses
provided semiflexible fibers with chemical resistance

ALD coatings with metal oxides can provide semi-flexible
fibers with good chemical resistance. ALD coatings can also
facilitate growth of MOF crystals attached to fibers and aids
in more uniform functionalization of the media.
FUTURE WORK
Current research and development efforts for nanofiber
fabrication are focused on scaling up production. Efforts for
the functionalization of the fibers are focused on better
understanding the role of the ALD coating on nucleating
MOF growth. We are also expanding the types of MOFs
grown, for example the water and air stable UiO-66.
KEYWORDS
Air filtration, nanofibers, functionalized nanofibers, atomic
layer deposition (ALD), metal organic frameworks (MOFs)
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Figure 3. The effect of processing temperature and coating
thickness (ALD cycles) on brittleness and chemical resistance of
PSu nanofibers. Chemical resistance is reported as not resistant (0)
or resistant (1). Coating is Al2O3. A sweet spot in temperature and
thickness exists to provide semi-flexible fibers with chemical
resistance.

Functionalizing fibers with MOFs
Polypropylene microfibers and polysulfone nanofibers were
used to study functionalizing fibers with MOFs. Growing
MOFs attached to nanofibers was challenging. The MOF
crystals were typically found to be trapped in the matrix
with no real attachment to the fibers. Coating the fibers with
ALD to provide a seed layer for the MOF crystals resulted
in growth of MOFs on the fibers and improved attachment.
Figure 4 compares HKUST-1 MOF growth on
polypropylene fibers with and without an Al2O3 coating.

Figure 4. Comparison of HKUST-1 MOF growth without (a) and
with (b) ALD coating with Al2O3. Inset pictures show uniformity
differences in MOF functionalization of the nonwoven (scale bar =
1 cm).
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ABSTRACT
Electronic textiles, also known as e-textiles or
garment devices [1] have found a variety of
applications in the military and medicine to
monitor soldier or patient vitals, as well as in
athletic garments to give real-time feedback to
athletes on their performance. However, many of
these garments require a power source, such as a
battery, but have thus far only integrated
conventional coin cell or pouch cell batteries into
the fabric.
This paper provides an overview [2] of the
advances made in the field of wearable energy
storage, specifically pertaining to batteries or
electrochemical capacitors made as fabrics and
yarns. A concept garment incorporating energy
storing components can be seen in figure 1.
The field can be categorized into three main
thrusts: (1) coated textile energy storage, (2) fiber
or yarn energy storage, (3) custom textile
structures that incorporate energy storage. Each
approach has its advantages, where coating preexisting textiles with energy storing materials
means pre-made garments can be outfitted with
new technology. Fibers and yarns that can act as
energy storage devices can be woven, knitted or
stitched into full fabrics, meaning they have the
potential to be embedded into many different
kinds of garments. Lastly, custom designing
woven or knitted structures that incorporate all the
components of energy storage devices give
engineers the ability to design fabrics with
specified power and energy densities.
This paper also explores systems that combine
energy storage and energy harvesting, meaning
the battery or capacitor will constantly be charged
without having to “plug in” the garment.
In addition to reviewing work conducted in the
field, this review will address future challenges

and best practices for developing textile energy
storage. Metrics for textile energy storage,
washability, tensile properties, and safety, are also
discussed.

Fig. 1. Design concept for an all knitted smart garment
containing a. piezoelectric (energy harvesting) patch at the
joint of the knees, b. a textile antenna for communication, c.
electrochemical energy storage for powering the entire
garment, and d. integrated knitted conductive leads to
connect all components. [2]
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INTRODUCTION
Fibrous materials, whether worn as clothing or used for
shelter/building & construction use (example, tarps, wallcovering, seating, etc.) may need to have some ability to
either retard flame spread or resist ignition/smolder. This
depends upon the end-use application of the technology and
what fire risk scenarios may be present. For example, a
hospital gown worn where medical oxygen is used may
require some additional fire safety whereas a non-woven
synthetic fabric used to prevent run-off from a construction
site may not. There are many other fire risk scenarios where
fibers and fabrics may be exposed to flame including
aircraft/subway seating, industrial clothing, military
uniforms, curtains, carpets, and wall coverings.
Once a fire risk scenario is identified, the fire safety
engineer can decide how to protect that fiber against fire
damage and flame propagation. If appropriate, sprinklers
and other active fire extinguishment systems may be put in
place, but if passive fire protection is required, the use of
flame retardant technology may be required.
Flame
retardant technology for fibers is highly varied and is a
function of fiber chemistry, fiber burning behavior, and fire
risk scenario. One must look at the all three to come up
with an effective solution that meets not only fire
performance, but all the other fiber performance targets as
well. A solution which provides strong flame retardant
performance but washes off after one use may not be
acceptable for industrial or military clothing, and likewise a
durable flame retardant that quadruples the cost of the fabric
and makes it too stiff to wear may not be acceptable either.
In this paper/presentation, how fibers respond to flame as a
function of their chemistry will be discussed, along with
what flame retardant solutions (barriers, chemical additives,
coatings) are available today. Discussion of how these
flame retardant solutions work will be given, along with
benefits and drawbacks of the known technologies. Finally,
some discussion of future needs and trends in fabric
flammability will be discussed.
FIBER CHEMISTRY AND FIRE PROPERTIES
In general, how fibers burn depends upon their chemical
structure and how that chemical structure decomposes when
exposed to heat. Some examples are:
• Cellulose fibers: Tend to char and smolder as the
cellulose crosslinks and carbonizes, but can have fast
flame spread if of high surface area.
• Polyolefins: Drips and burns with high heat release.
• Nylons & Polyesters: Drip and flow during burning,
but do form some char.
• Aramids:
Charring and ashing depending upon
chemical structure.

•

Fiberglass: Does not support burning as it is in its
highest oxidation state.

FLAME RETARDANT APPROACHES
Almost all flame retardant approaches fall into the following
categories, with some fitting into more than one.
1) Chemical additive: A molecule (or polymer) which has
chemical properties that react in response to fire by one of
three mechanisms (see Flame Retardant Mechanism
Section) that is compounded into a thermoplastic fiber prior
to spinning, or is applied to the surface of a spun fiber.
2) Engineering solution: Use of some engineered design
feature that keeps the fiber away from flame or heat
damage. This can include metallization of fibers, inorganic
coatings, and assemblies that keep fibers away from heat
sources (air gaps, isolated power supplies, etc.)
3) Use of thermally stable fibers: If the polymer chemistry
of the fiber is such that it is very thermally stable, or
contains chemical structure that convert to highly
crosslinked carbon, the fiber may be inherently “flame
retardant”. Examples include inorganic fibers (glass, basalt)
and fibers with high aromatic (sp2 bonds) content
(polybenzoxazole, polyimide, carbon fibers).
FLAME RETARDANT MECHANISMS
When flame retardant chemicals are used, they work via one
or more of three known mechanisms. Some of the known
flame retardant chemistries are listed under these three
mechanisms:
Gas Phase Flame Retardants (ex. Halogen, Phosphorus)
- Reduce heat in gas phase from combustion by
scavenging reactive free radicals, resulting in
incomplete combustion.
Can be very effective at low loadings.
Inherent Drawbacks: Increase in CO and smoke.
Endothermic Flame Retardants (ex. Metal Hydroxides,
Carbonates)
- Function in Gas Phase and Condensed Phase by
releasing non-flammable gases (H2O, CO2) which dilutes
the fuel and cools the polymer.
- Tend to be very cheap in cost.
- Inherent Drawback:
High loadings degrade
mechanical properties.
Char Forming Flame Retardants
(ex. Intumescents,
Nanocomposites)
- Operates in Condensed Phase by preventing fuel
release and providing thermal insulation for
underlying polymer.
- Very robust method at providing fire safety.
Not universally acceptable for all polymer
systems, can be expensive.

CONCLUSIONS AND FUTURE NEEDS
Fibers exposed to flame may need to be flame retarded or
protected against flame damage as a function of fire risk
scenario, but they will always have to meet other product
performance needs like durability, appearance, cost,
mechanical properties, and so on. If fire protection is
needed, paying attention to fiber chemistry and available
flame retardant solutions is essential to come up with a
viable solution.
Due to changes in regulation, the need for fire protection
remains, but some flame retardant chemicals are being
deselected from use due to concerns about chemical
persistence, bioaccumulation, and toxicity issues. There are
some newer solutions available which use biological
materials to impart greatly improved fire protection (namely
layer-by-layer systems with polysaccharides and phosphorus
based flame retardants), but these are new and still require
more development. Other solutions such as new flame
retardant co-monomers are also being investigated. Fiber
flame retardancy is a very old field of science and some of
the technologies in place have been around for over a
century, but the need for fire protection remains and newer
solutions are being created for consideration. The fiber
scientist who needs to provide fire protection to their final
product is encouraged to pay attention to these new
technologies, the new chemical regulations, and existing and
coming fire risk scenarios to come up with a viable fire safe
solution.
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ABSTRACT
Since Bico and Quere[1] showed that liquids can
spontaneously move to the wider region of a cone due to
its ever increasing radius, many authors have assumed
that all liquids will always move to the widest region of
the cone, driven there by a gradient in the Laplace
pressure. However, Michielsen et al.[2] showed this is
not always the case. The theoretical conditions for
moving a drop to the widest region of a base-to-base bicone or to the narrowest region of a conical structure on
a fiber are given. Experimental results verifying this
analysis are also provided.
INTRODUCTION
The interaction of liquids with textiles has been studied
for many years. In some applications, wetting is
preferred, but when the liquid is highly toxic, wetting of
the textile could result in the immediate death of the
wearer. In addition, wetting and wicking affect comfort,
capture of liquids or release of liquids. Cassie and
Baxter studied duck feathers and broccoli in an attempt
to understand composite wetting. Their studies led to
what is now called the Lotus effect and
superhydrophobicity. Other recent studies have
addressed superoleophobicity, repelling oils.
In 2002, Bico and Quere published a study of wetting of
a conical section of a copper wire where water moved
spontaneously to the widest region, drive by the Laplace
pressure[1]. In subsequent studies of spindle knots on
spider webs, Jiang and coworkers, used this to collect
water [3] and Li et al. to separate water from oil[4].
However, Michielsen et al.[2] recognized that the liquid
could not climb a cone indefinitely. They pointed out
that, eventually, the liquid drop would be spread to less
than one monolayer. At this point, if not the assumption
of a “drop” breaks down. They derived a new expression
for a cylindrically symmetric drop on a conical structure.
The following paper will briefly review Michielsen et
al.’s analysis and extend it to the case of two finite cones
threaded base-to-base onto a fiber to simulate spindle
knots. The motion of liquid drops on these spindle knots
will be described.
THEORY
The Laplace pressure ΔP is
1
1
=
∆P γ LV ( + )
R1 R2

(1)

where γLV is the liquid vapor surface tension and R1 and
R2 are the principal radii of the drop at any point.
Although this is often simplified to ΔP = 2 γLV/R, this
simplification is not valid in the present case. For a
single drop in equilibrium, the Laplace pressure must be
the same everywhere. Carroll pointed out that R1 and R2
could have different signs, as is the case for certain
regions on the surface of cylindrically symmetric drops
on cylindrical fibers[5].

Figure 1. A liquid drop, gray, lies on a cone.
Geometrical parameters are shown.

Figure 2. Gibbs free energy for a liquid drop on an
endless cone. The left graph shows the free energy on
cones of different half angles but with a contact angle of
30°. The right image is for a cone with a half angle of
35° and various contact angles.
Michielsen, et al., extended Carroll’s solution for drops
on fibers to drops on cones. Figure. 1 shows a cone with
the symbols used in this paper. They obtained analytical
solutions to describe drops on cones and used this
analysis to derive the Gibbs free energy for the drop at
various locations along the cone, as shown in Figure 2. It
is clear that each combination of contact angle and cone
half angle results in a minimum in the Gibbs free energy
at a different location than on other cones. Note, the
minimum is never at infinite x.
Zhang, Lee and Michielsen recognized that a spindle
knot fiber could be modeled as two finite cones
connected base-to-base and threaded by a cylindrical
fiber, as shown in Figure 3. If the minimum Gibbs free

energy in Figure 2 occurs such that x1 is less than the
fiber radius, then the drop

SUMMARY
By creating conical sections on fibers, the Laplace
pressure and the Gibbs free energy can be used to
spontaneously move liquids along fiber surfaces. Fabrics
consisting of fibers with spindle knots could be used to
collect water in arid environments for military
applications or to collect chemical agents for disposal.
They can also be used to assist with moving liquids
through textiles to improve comfort. In other words, the
fiber shapes can be engineered to provide the desired
liquid management needs of various end use
applications.
KEYWORDS
Spindle knots, spider webs, wetting, Laplace pressure.

Figure 3. Geometrical representation of a narrow spindle
knot and a broad spindle knot.
will move to the cylindrical fiber. However, if x3 is
greater than the maximum width of the spindle knot, the
drop will move to the widest portion and straddle the
widest point. On the other hand, if the spindle knot is
long enough, the drop may stop somewhere along its
length.
Since the location at which the drop stops is controlled
by the cone half angle, the spindle knot length, the drop
volume and the interaction between the fiber and the
liquid, the final location for the drop can be engineered
to be at different positions for different liquids. This
allows for separation of water and oil, or the collection
of hazardous chemicals, such as pesticides and chemical
warfare agents.
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OBJECTIVE
This presentation will focus on the critical nature of the
innate immune system (cell types and temporal nature) and
its potential role in in determining the ultimate ability of an
implanted, acellular fibrous tissue engineering template to
induce and direct in situ regeneration.
INTRODUCTION
One area of concentration in the tissue engineering field is
the development of acellular regeneration templates that
make use of the ultimate bioreactor, the human body, for the
development/replacement in situ of new tissues and organs.
The templates are being fabricated by numerous methods
(e.g. electrospinning to decellularization) from a wide
variety of synthetic and natural materials. Regardless of the
method of fabrication and the composition, they all have
one critical aspect in common: Immediately upon
implantation, the innate immune system interacts with the
template and initiates a sequence of multifaceted events that
will be the ultimate determinant of template success or
failure [1].
BACKGROUND
The innate immune system is the body’s first line of defense
providing an immediate, fairly short-lived defense from
infections (i.e. bacteria), toxins, and other foreign
substances (i.e. synthetic implanted biomaterial templates)
in a non-specific manner. The primary cellular components
of the innate immune system include mast cells, phagocytes
(monocyte/macrophages, neutrophils and dendritic cells),
basophils, eosinophils, natural killer cells (NK cells), and
platelets. Neutrophils are highly mobile cells of the innate
immune system which are recruited rapidly and in large
quantities by chemotaxis to the site of inflammation/injury.
Historically, these cell were thought of as the “suicidal
killers” because they came in and their actions (release their
granule contents) were thought to be swift, followed by
apoptosis and clearance by macrophages. Evidence now
indicates this is inaccurate, and we really need to rethink
and focus on the role of neutrophils in wound healing and
the interaction with tissue engineering templates. Particular
attention should be directed at the temporal progression of
events that neutrophils set into motion and that contribute to
tissue healing/regeneration naturally and in the use of tissue
engineering templates. The interaction between neutrophils
and tissue regeneration templates must be regulated tightly
because an inappropriate, prolonged neutrophil response can
lead to extensive collateral tissue damage caused by the
release of reactive oxygen species. Of particular note, the
activated neutrophils provide the signals for the recruitment,
activation, and differentiation of macrophages and dendritic
cells [2]. Tissue macrophages and monocytes recruited
from the blood stream are the phagocytic cells involved in

clearing large quantities of debris and bacteria. The
macrophages also contribute to the subsequent tissue repair
which is currently a major focus in the field of in situ,
acellular tissue engineering template regeneration. The
dendritic cells present antigens to the T cells and thus act as
the envoy between the innate and acquired immunes
systems. The NK cells are important as part of the innate
immune system due to their ability to kill virus infected and
tumor cells. Finally, the eosinophils and basophils are
similar to neutrophils in that they release compounds that
aid in defense particularly against parasites. As one of the
cells that arrives instantly at the injury site, platelets appear
to have three roles: 1) hemostasis (platelet plug), 2) direct
binding via cell-surface receptors to various innate immune
system cells and pathogens, and 3) the secretion of various
cytokines and antimicrobial peptides that aid in modulating
the innate response. It should be noted that we do not fully
appreciate the degree to which cells of the innate immune
system synergistically interact, nor do we know the precise
nature of their multifaceted interactions. This knowledge is
essential to understand the innate immune response to
pathogens as well as tissue engineering templates. Most
critically, platelets and neutrophils will be the first and most
numerous cells of the innate immune system to interact with
the template and set the stage for the subsequent events.
Thus, these cells might need to be considered the true
“maestros” for orchestrating the overall innate response to
the implanted template.
INNATE IMMUNE SYSTEM—POTENTIAL ROLE IN
TEMPLATE REGENERATION
Historically, one thinks of implanted templates and innate
immunity interaction as inflammation leading to
macrophages fusing to form multinucleated foreign-body
giant cells and their contribution to fibrous encapsulation
and failure [3]. From wound healing studies and other
research, we know that this is not a necessary outcome as
the macrophage phenotype exhibits plasticity that is
regulated by the cellular microenvironment.
The
macrophage phenotype is now viewed as a continuum of
functional states between two opposing endpoints. At one
end is the M1 phenotype, embodied by classically activated
macrophages, which are pro-inflammatory and microbicidal,
while at the other end is the M2 phenotypes (multiple
subsets) of alternatively activated macrophages that are
immunomodulatory, angiogenic, regenerative, and poorly
microbicidal. In normal injuries, the sequential appearance
and relative balance of these two phenotypes plays a critical
role in the phagocytosis of pathogens, the clearance of
apoptotic cells, and the remodeling of injured
tissues/implanted templates. In a seminal study of skin
biopsies from human patients, gene expression was
analyzed at early (day 1-2) and late (day 4-8) stages of

wound healing. It was observed that the early stage included
a mix of M1 and M2 markers, whereas the late stage
displayed predominately M2 markers. This was viewed as a
typical and necessary progression of debriding and healing
macrophage phenotype distributions [4]. The recapitulation
of this phenotype progression will be critical for tissue
engineering templates because prolonged M1 activation will
lead to tissue injury. Therefore, one must achieve the
transition of M1s to M2s and maintain an appropriate
relative M1:M2 ratio to facilitate proper tissue remodeling
and angiogenesis after disinfecting and debriding a wound
site. Unfortunately, this important insight into macrophage
phenotype has the field focused on this single, late-stage
aspect of the innate immune response to implanted
templates.
The classical view of the neutrophil functions during wound
healing and/or template regeneration is now undergoing a
reevaluation, in part due to an expansive knowledge of the
role of neutrophils in cancer tumor biology. Only recently
has the field of immunology began to appreciate the
sophistication of neutrophils and the complexity of their
function. This is primarily due to evidence that neutrophil
granules release chemokines and cytokines that orchestrate
the overall inflammation/immune response, including the
priming of the macrophage response. Thus, it is high time
to rethink the overall heterogeneity of the neutrophil
populations in terms of phenotypic and functional profiles
as well as their life-span and manner of cell death under
pathological and physiological conditions. Extensive tumor
biology studies teach us that tumor associated neutrophils
(TANs) constitute a large percentage of the immune cell
infiltrate in solid tumors. These TANs have considerable
plasticity which is regulated by the microenvironment, to
date exhibiting two clear subsets (anti-tumor N1 and protumor N2) that are analogues to the M1 and M2
macrophages phenotypes. This commonality should come
as no surprise given the common origin/genesis of
neutrophils and monocyte/macrophages (refer to [5] for
more details). Thus, it is hypothesized that the appropriate
design
of
a
tissue
engineering
template
architecture/composition will regulate the neutrophil
response and tailor the desired response, leading to
reproducible and successful template regeneration. An
additional key contributing to potential success and a need
for refocused attention is that the neutrophil’s known robust
angiogenic potential is expression of a large quantity of
matrix metalloprotease 9 (MMP-9) which is uniquely
released free of tissue inhibitor of metalloprotease 1 (TIMP1). Neutrophils thus deliver TIMP-free MMP-9 as a potent,
proangiogenic molecule [6].
DISCUSSION
The research on macrophage [7] and mast cells [8] with
respect to their response due to the modification of
biomaterial implants and their architectures will be the focus

of the presentation. This is simply the area of current
focused research with supporting data. The potential critical
role of the neutrophils and platelets and their early stage
interaction with tissue engineering templates will also be
discussed. The reasoning behind this is that there is still a
great deal of research and understanding required about the
innate immune response to implants. It is imperative that
the research focus shift to the early-stage interactions and
cellular components of the innate immune response to tissue
engineering templates. More essentially, we must use all of
this information to design the next generation of tissue
regenerative templates that will promote the desired overall
innate immune response. It should be clear now, that one
must orchestrate the entire innate immune response from the
time of implantation, not just the later steps, to obtain a
successful outcome (tissue regeneration) upon implantation
of a tissue engineering template. This is especially true
because the later stages, which are currently the focus of
much research, are set in motion and dictated by the initial
response of the platelets and neutrophils. Without this
proposed shift in focus, we will continue to struggle to
achieve a reproducible, successful outcome of tissue
engineering templates. This is due to the basic fact that the
entire, temporal innate immune response determines the
success or failure of an implanted acellular template.
KEYWORDS
Electrospinning, Innate Immune System, Macrophage,
Neutrophil, Platelet, Tissue Engineering Template
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OBJECTIVE
This research was carried out to develop an energy
absorbing, body padding material assembly that will
enhance the impact energy absorbing properties of sports
apparel. To accomplish this, impact tests and finite element
analysis were conducted on an experimental padding
configuration containing flocked layers.
INTRODUCTION
Compressive impact energy absorption behavior is
important when studying energy absorption of body
padding. A series of padding specimens created from
flocked, foam and spacer fabric layers were developed for
testing. In experimental work, one configuration stood out
and was shown to be superior in impact performance to a
common type of foam used for body padding, vinyl nitrile.
This experimental specimen, designated as Comb55,
consists of successive layers of VelTex® loop fabric, a
double sided flocked layer, a layer of 6.4 mm diameter hole
perforated Vinyl Nitrile foam (VN -600P 7.5 mm thick), a
second double sided flocked layer, a Gehring-Tricot spacer
fabric (GT873) and a final cover of a micro-suede PET
fabric. Comb 55 had an overall thickness of 20.6 mm.
APPROACH
Drop-weight impact testing equipment, as shown in Figure
1, was designed and developed to measure the energy
absorption of specimens following ASTM standards D1596
and D3772.

that they significantly affect the impact behavior of the
materials. Also, multiple drop hit tests were conducted for
the purpose of evaluating each specimen during repeated
sequential impacts (“hits”). This multiple drop hit test
consisted of 15 consecutive drops that were 60 seconds
apart for each specimen. The kinetic energy absorbed after
each successive “hit” was measured for each specimen; the
decay in absorbed energy after each hit was determined.
In addition, a 2D axisymmetric transient dynamic Finite
Element Analysis (FEA) was conducted to simulate the
testing conditions. The FEA model consisting of a
projectile, specimen COMB55 and ridged base was created
in ANSYS Workbench R14.5, as shown in Figure 2.

Figure 2: FEA Model in Ansys Workbench R14.5
RESULTS AND DISCUSSION
From Figure 3, for the drop-weight impact test, the energy
absorption of each specimen was determined from
accelerometer measurements of the kinetic energy of the
projectile just before impact, Ei, the kinetic energy of the
projectile just after impact, Eo, the energy absorbed by the
specimen, Eab, and the energy passing to the specimen
support, Et.

Figure 1: Impact Testing Apparatus and Corresponding
Design Schematic
Drop tests were carried out at two different heights and
specimen temperatures. Changing these parameters showed

Figure 3: Energy Absorption Schematic
The percent of energy absorption by a specimen is therefore:
EA% = (100) Eab/ (Ei – Eo).

Test results for EA% at different drop heights are shown in
Table I. COMB 55 has superior energy absorption at the
0.5m drop height and is comparable to VN at 1m. Both
material samples absorb more energy at the lower drop
height, i.e., lower impact energy.

are similar to the phases described in ref. [1] for warp
knitted spacer fabrics under compressive impact loading.

Table I: Energy absorption, EA%, at different drop heights.
Specimen
0.5 m drop height 1 m drop height
Comb55
94.5 +/- 0.9
90.0 +/- 1.6
VN-600P(a) 89.7 +/- 1.8
87.9 +/- 2.4
(a) Foam from Der-Tex Corp. Saco, ME; 13.2 mm thick
The test results for EA% tested at different specimen
temperatures and a drop height of 0.5 m are shown in Table
II. Again there are 5 replicate tests per measurement.
COMB55 outperforms VN-600P at -20oC and 20oC and is
comparable at 60o C.
Table II Energy absorption EA%, at different specimen
temperatures, and constant drop height, 0.5m
Specimen -20o C
20o C
60o C
Comb55
88.6 +/- 1.4
94.5 +/- 0.9
90.3 +/- 1.4
VN-600P 76.5 +/- 3.5
89.7 +/- 1.8
88.5 +/- 1.9
For the multiple drop-hit tests, the energy absorption
behavior over successive specimen impacts was studied.
COMB55 has a slower decay rate of energy absorption per
hit cycle of 0.002 Joules/cycle compared to a 0.003
Joules/cycle decay for the VN-600P specimen. The
COMB55 specimen performs better at retaining its energy
absorption property after multiple hits.
The FEA model in Figure 3 illustrates the simulation of the
impact generated on the COMB55 specimen.

Figure 3: FEA Before, During, and After Impact
The solution of the model was obtained in terms of kinetic
and strain energy during impact. This was used to better
understand the behavior of the specimen and the
relationship between kinetic and strain energy during
impact. From the FEA simulations, the energy for the
specimen was obtained in terms of strain energy and kinetic
energy as shown in Figure 4. Note that there is an inverse
relationship between strain energy and kinetic energy.
Furthermore, the sum of the strain and kinetic energies or
total energy in the system is nearly constant at all instances
in time during loading and unloading as expected by the
conservation of energy. Figure 4 also notes that there are 3
important phases of the strain energy during loading. These

Figure 4: Energy Results for Comb 55
In the first phase the kinetic energy decreases, while the
increase in strain energy over time is linear with a relatively
small slope. Here the rate of energy storage by the specimen
is relatively low. In this phase the specimen behavior is
elastic representing approximately 10% of the energy
storage achieved by the specimen. In the second phase the
increase in energy over time is linear with a relatively large
slope. In this phase 2, the rate of energy storage by the
specimen is relatively high. In this phase the fibers are
buckling and the specimen collapses. This is an important
phase since 70% of the energy storage is achieved by the
specimen in this second phase. In the last phase the increase
in absorbed energy over time is nonlinear, the rate of energy
storage decreases to zero and the strain energy peaks. In this
phase the specimen is fully compressed (materially
consolidated). This accounts for the remaining energy
storage of approximately 20%. During unloading the strain
energy dissipates as the specimen rebounds and the kinetic
energy of the system increases.
CONCLUSIONS
Testing has revealed that the COMB55 specimen is superior
in impact performance to a commercial grade foam body
padding when it is exposed to either single or multiple
impacts. Also, FEA shows that there are 3 physical phases
in the impact event. The second phase is the most energy
absorbing since 70% of the energy storage is achieved by
the specimen in this phase where the fibers buckle and the
specimen collapses. This novel flock layer containing
padding material could be the gateway to new class of
energy absorbing padding materials.
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Impact, energy absorbing pad, flock, vinyl nitrile foam
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ABSTRACT
The ability to transfer the wanted guest molecules to the
targeted place and release it in a controlled manner is drug
delivery. In this research, PAN electrospun mat and a model
of an electrospun PAN\SBA-15 composite mat has been
examined to measure and compare the amount of drug
adsorption. Finally, the release profile of the drug-loaded
electrospun mats has been measured.
A biocompatible carrier which can load high amount of drug
molecules is needed for a drug delivery system. It should
have the ability to control the release of drug molecules with
proper rate of release (1).
INTRODUCTION
Nowadays, mesoporous silicas (MSNs) are good choice to
be used as drug carriers because they have high loading
efficiency and they are able to either control or sustain the
release of the drug. The high pore volume of MSNs has the
possibility to load a large amount of drug. Their large
surface area helps them to have high potential for drug
adsorption and their high density of silanol groups at the
surface which have the possibility of modification, allow a
better control over drug loading and releasing (2). SBA-15
which has been used in this research (3) is the type of
mesoporous silicas which is two dimension and has
hexagonal shape and amorphous parts. The synthesis of
these materials is fast and inexpensive.
Electrospinning, as a versatile method for manufacturing
continuous nanofibers, has been used. The large surface area
and high porosity of electrospun fibers show good potential
for drug adsorption (4). The drug-loaded electrospun mat
could also be easily fabricated into various shapes
(membrane, tube, etc.) for different applications, such as
wound dressing, waste water and nerve conduits (5). The
result of this research will be used in another research for
the medical waste water treatment.
EXPERIMENTAL
This research is based on the experiment that has been done
previously in our Laboratory. Webs of PAN fibers which
are embedded with SBA-15 ordered mesoporous silica
particles were firstly produced (6). The next step is the
measurement of the drug adsorption into the PAN\SBA-15
composite mat and PAN electrospun mat alone.

In this research Ibuprofen, non-steroidal anti-inflammatory
drug, is chosen as drug. SBA-15 is used as drug carrier and
polyacrylonitrile (PAN) as polymer.
As a first step, drug adsorbtion of PAN electrospun
nanofibers have been studied. Then the particles, SBA-15,
were embedded into the PAN solution and PAN/SBA-15
composites have been produced by electrospinning. Finally
the electrospun composite mat has been loaded with drug to
measure the drug absorption of the elecrospun composite
mat. The drug loading and drug releasing have been
examined in both mats and the results have been compared.
The 20ml of the PAN solution which consists of 88% of
Dimethylformamide (DMF) and 12% of the PAN polymer
was produced. The prepared polymer solution was put on
the stirrer for 24 hours under the magnetic stirring at the
speed of 3 rpm and at the temperature of 50°C. The process
of electrospinning was done in the conditions which are
shown in Table I, for 14 hours and 400mg of PAN
nanofibers were electrospun.
Table I. The electrospinning parameters for PAN.

Concentration
Applied voltage
Distance
Feed rate
Temperature
Needle size

50 wt.%
14.5 kV
20 cm
0.212 ml/h
28 °c
0.7 mm

After preparing the IBU/Ethanol solution, the PAN
nanofibers were soaked into the IBU/Ethanol solution. The
ratio 1:1 has been chosen between drugs and nanofibers. A
Buchner funnel in plastic was used to avoid the shrinkage
and destroying the PAN nanofibers while soaking to the
drug solution. The loading was done under the condition of
continuous stirring at 100 rpm. Each 2 hours about 3 ml of
our drug solution was removed for using Ultraviolet–visible
spectroscopy (UV/Vis) to study the concentration’s changes
of ibuprofen in the solution. In this study PerkinElmer
(Lambda 35) was used as UV/Vis spectrometer.
After soaking the nanofibers in drug solution for about 2
days, they were removed and washed with ethanol. Then
they were dried.

Then as a next step a dispersion of 12 wt % PAN and 3 wt
% SBA-15 in DMF has been prepared.
The same method for drug loading and measuring the drug
absorption of PAN/SBA-15 composite has been done and
the result has been compared.
RESULTS AND DISCUSSION
The UV/VIS result for PAN/IBU/Ethanol is shown below.
As shown in absorbance/wavelength curve, The PAN
nanofibers don’t have a good capacity to absorb drugs. The
264 nm is chosen as maximum wavelength. As it is shown
below, at 264 nm the absorbance doesn’t change by time.

Figure 1. Relationship between wavelength and absorbance in
different times.

The same method has been done for PAN/SBA-15
composite. As the result shows by adding SBA-15 in PAN
nanofibers the ability of drug adsorption increase. Then the
release profile of PAN/SBA-15 composite in PBS has been
measured.

FUTURE WORK
The morphology and structure of drug-loaded PAN/SBA-15
electrospun composite mat has been studied. The result of
this research will be used in another research for the medical
waste water treatment. Once the result of these studies is
validated, polyacrylonitrile will be replaced with a
biocompatible polymer for wound dressing.
KEYWORDS
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INTRODUCTION
Natural biodegradable polymers are emerging functional
materials that are broadly useful for industrial, commercial,
and biomedical applications [1, 2]. Poly-L-lactide (PLLA), a
linear aliphatic thermoplastic polyester originally obtained
from natural crops [3], is one of the most promising
biomaterials used to date for tissue engineering scaffolds
(TES) due to their environment-friendly composition,
tenability, biocompatibility and biodegradability, etc. [4].
In general, a foam biomaterial suitable for biomedical
applications should have controllable scaffold pore sizes,
tunable mechanical properties and excellent thermal stability
[5, 6]. Furthermore, it is critical that the pore size and the
biodegradation rate of the foams can match up with the tissue
regeneration process in vivo. It was found that small scaffold
aperture often significantly slow down the tissue regeneration
rate, while extremely large pore size not only reduces the
mechanical stability and the strength of TES, but also affects
the adhesion of regenerated cells on the scaffolds [6-8].
Therefore, controlling the pore size and property of scaffolds
is extremely important for fostering tissue regeneration in
vivo [9-11].
In this study, we first time use a solvent-free solid-state
physical foaming technology to fabricate the PLLA scaffolds
for biomedical applications, which has many advantages over
the previous PLLA scaffold materials. e.g. The whole process
is an all-green processing procedure without organic solvents
[12], and can provide foam materials with tunable mechanical
properties, controllable structures and better thermal stabilities
(Figure 1).
APPROACH
The microcellular PLLA foams were fabricated by a solventfree solid-state physical foaming technology. Meanwhile, the
characteristics of foams have been
investigated
comprehensively. Scanning electron microscopy (SEM),
dynamic mechanical analysis (DMA), differential scanning
calorimetry (DSC), wide angle x-ray diffraction
measurements (XRD), thermogravimetric (TG) analysis,
reflection-fourier transform infrared analysis (FTIR) and
enzymatic degradation studies were used to analyze the
scaffolds’ morphologies, structures and crystallinities, as well
as their mechanical, thermal properties and biodegradation
properties.

Figure 1. Schematic illustrations for the morphology and
phase structures and molecular orientations of PLA after
foaming.
RESULTS AND DISCUSSION
Morphological analysis showed that during the foaming
process, the pressure inside the pores increased with the
expansion of the pores, which also led to an increase of the
average pore size.
Thermal stability results indicated that the increase of
fabrication pressure provided additional strength and thermal
stability to the PLLA foams.
FTIR analysis was conducted to determine if there was any
structural change or molecular chain interaction during the
PLLA foaming process. Compared with the raw PLLA
samples, the absorption bands of foamed PLLA samples did
not have an obvious change at 1087 cm-1 (C–O antisymmetric
stretching), 1454 cm-1 (C-H deformation vibration), 1359 cm1
, 1270 cm-1, 1180 cm-1 (C–O–C stretching) [13,14], as well
as 1380 cm-1 and 2940 cm-1(C-H stretching and bending of
methyl groups). However, the 1750 cm-1 (C=O stretching of
carbonyl group) band have redshited, and a new peak
appeared after the foaming. FTIR results demonstrate that the
foaming process made the C=O bond stronger, and enhanced
the molecular interactions in the C–O–C bond region.
E' is the storage modulus of materials. The low storage
modulus materials can be easy to deform when the load is
applied on it. Contrarily, it is more desirable for high storage
modulus materials that can possess high stiffness when
loading at a specified temperature range. DMA results
demonstrated that bigger pore size will weaken the attraction
force between the polymer molecules, which will change the
entanglement scheme of segment. Thus, the crosslink density,
rigidity and toughness of foams were improved by the
increase of the pressure [15, 16].
By using the Peak FitTM software, XRD intensity profiles of
samples were deconvoluted based on the knowledge of the
crystalline and amorphous scattering contributions. With the
increase of CO2 gas pressure (4.0 MPa to 7.0 MPa), the

amorphous content of PLLA samples decreased from 0.66 to
0.50, while the crystallinity increased from 0.27 to 0.37, and
the mesophase fraction increased from 0.07 to 0.13. The XRD
results illustrated that after the raw PLLA sample was treated
under the foaming pressures, some parts of the amorphous
structures in the raw PLLA became crystals and the
mesophase fraction was also raised. In addition, DSC analysis
showed that the Tg and Tm of PLLA foams increased slightly
with the increase of foaming pressure, and their ΔHm values
also became larger. It is demonstrated that the molecular
mobility of the PLLA matrix decreased with the increase of
the saturation pressure. An obvious trend was also observed
by SSDSC that the foams treated at higher pressure have
higher crystallinities and rigid amorphous contents (RAF),
and their decomposition temperatures were also increased
(measured by TG), indicating the improvement of stability of
the PLLA samples. Therefore, it is clear that the foaming
procedure can significantly affect on the structure of PLLA,
not only increased the crystallinities of samples, but also
raised the contents of rigid amorphous (mesophase) structure
during this foaming process.
Enzyme degradation of different PLLA scaffolds was then
studied in vitro. Figure 2 presented the weight losses of the
untreated sample and the scaffolds fabricated at 4.0, 5.0, 6.0,
and 7.0 MPa. The degradation results also showed that
samples with high porosity tended to have slower
degradations.
CONCLUSION
In summary, this study first time gave a better understanding
the foaming pressure effects on the morphology, mechanical
property, thermal stability, enthalpy value, crystallinity and
rigid amorphous structure of porous PLLA materials. These
findings would enable precise design and fabrication of PLLA
scaffolds with control of the material properties, such as the
average pore size and the rigidity of foams, which would
significantly benefit the applications of novel engineered
scaffold materials in various biomedical fields in the future.
KEYWORDS
Poly-L-lactide, gas foaming, glass transition temperature,
rigid amorphous, mesophase, reorganization
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Figure 2. (A) Five-day proteinase K enzymatic degradation
study of PLLA scaffolds prepared by 4.0 MPa, 5.0 MPa, 6.0
MPa, and 7.0 MPa. (n>5, bars represent standard deviation,
p<0.001).
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ABSTRACT
In this presentation we will discuss strengths and
weaknesses of electrospinning as a platform
technology for a wide variety of biomedical
applications, such as wound dressings, and vascular
grafts as well as for creating complex 3-dimensional
(3D) structures for tissue engineering. Based on the
choice of natural or synthetic biopolymeric materials
used and in conjunction with nano/micro-sized
additives and crosslinkers, such as hydroxyapatite or
genipin, complex electrospun structures can be tailored
to emulate mechanical properties of various organs,
ranging from neural tissue to bone. Examples for
successfully electrospun biopolymers alone or in
combinations with synthetic biomaterials, such as
PLGA, include collagen, elastin and chitosan. Our
laboratory has recently described the use of chitosan
scaffolds for repairing critical-size defects in the
cranial bone of mice with and without pre-seeding the
scaffolds with mesenchymal stem cells1. Importantly,
following
mineralization
and
cross-linking,
electrospun chitosan scaffolds emulated the
mechanical properties of calvarial bone and were able
to induce bone regeneration, even in the absence of
stem cell seeding prior to implantation. As a weakness,
the tight structure and small pore diameters of
electrospun scaffolds usually obstruct cell penetration.
We will discuss methods to overcome this
shortcoming, e.g., by increasing the pore size using
sacrificial polymers and or by creating composite
blends with increased elasticity. As an alternative to
using animal-derived biomaterials, we will describe
recent studies utilizing plant derived compounds, such
as soy protein, for generating electrospun bioactive
wound dressings that are capable of improving the
healing of full-thickness cutaneous wounds in rodent
and porcine models2.3. Finally, we will discuss the use
of synthetic elastomeric biomaterials, such as
polyurethanes, in conjunction with innovative
manufacturing technologies for electrospinning
complex micropatterned vascular grafts4 that mimic
the compliance of natural blood vessels or for creating
anisotropic, textile- templated, scaffolds, that might be
useful for cardiac repair5.
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INTRODUCTION
Electrospinning technology has the potential to impact a
wide variety of industrial sectors including the medical
field. In particular, we believe that core-sheath
electrospinning provides a number of formulation
advantages to tailor and meet the performance targets of
different medical products. For example, core-sheath allows
complete microencapsulation of a therapeutic; in doing so,
this provides a mechanism for controlled release of
therapeutic compounds [1]. Core-sheath electrospinning
also confers the ability to combine two different materials
into a composite fiber to produce materials with unique
properties. We have leveraged these capabilities to develop
novel medical products based on electrospun core-sheath
fibers. Recently, we disclosed the development of a novel,
slit-surface electrospinning process that allows for highthroughput fabrication of mono and core-sheath electrospun
fibers at rates exceeding 1 L/h [2-4]. This breakthrough in
production rate advances electrospinning to commerciallyviable manufacturing levels. Here, we report on the
application of slit-surface core-sheath electrospinning to
create (1) solid dispersions of a poorly soluble drug for oral
delivery and (2) novel wound healing dressing materials.
Each of these applications will highlight the benefits of
using core-sheath electrospinning.
EXPERIMENTAL APPROACH
The material systems used in this study are described in
Table 1. Electrospinning was carried out using our novel
high-throughput core-sheath slit-surface electrospinning
technology capable of operating at flow rates in excess of 1
Table 1. Material systems for electrospinning
Application

Solid
dispersion

Sheath

Core

Polyvinylpyrollidone
(PVP) in
trifluoroethanol (TFE)

Hydroxypropylmethylcellulose (HPMC),
Soluplus®, or Eudragit
E100® in TFE with
itraconazole (ITZ)

L/h [4]. For solid dispersions, dissolution was performed in
a Type II apparatus using a coiled sinker with 100 RPM
paddle speed in 900 mL of simulated gastric fluid over the
course of four hours. Both meshes and oral solid dosage
forms were evaluated. The oral solid dosage form consisted
of a size 0 gelatin capsule filled with electrospun mesh that
had been cryomilled. For wound dressing materials, the wet
tensile strength of the material was determined by cutting
the meshes into dog-bone shapes, hydrating samples in Test
Solution A (a 0.83wt% sodium chloride and 0.037wt%
calcium chloride solution), and performing tensile testing
using an Instron at a pull rate of 50 mm/min. Absorption
was characterized by immersing 5x5 cm samples in Test
Solution A and allowing excess water to drip off prior to
weighing. Swelling was calculated as: (wet weight –dry
weight) / dry weight. Two commercially available hydrogel
dressing were characterized in the same manner and
compared to our materials.
RESULTS AND DISCUSSION
Solid dispersions. The main goals of formulating solid
dispersions of a poorly soluble drug are to (1) improve
dissolution and (2) maintain physical stability of the drug.
Core-sheath electrospinning offers the ability to process
material systems which otherwise would not electrospin on
their own, thus expanding the combinations of polymers,
drugs, and excipients that can be electrospun [1, 5]. This
flexibility in materials selection provides an efficient
formulation pathway to identify candidate material systems
that achieve the aforementioned objectives. In this study, we
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OBJECTIVE
The purpose of this study was to develop medical products
using
high-throughput,
slit-surface
core-sheath
electrospinning.
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Figure 1. Dissolution of ITZ from different mesh
formulations.

100%

commercial dressings – up to 200-fold higher (Figure 3).
Importantly, swelling performance was not compromised as
a result of these significant mechanical improvements;
Formulations A and B had equivalent swelling capacity
(~1800%) as the commercial dressings. The data shows that
our technology provides flexibility in producing hydrogel
materials with tunable properties.
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Figure 2. Dissolution of cryomilled HPMC:ITZ/PVP fibers
filled into a gelatin capsule at 0, 4, and 12 weeks of
accelerated stability testing.
identified a PVP sheath material system that exhibited
quality electrospinning on its own. Monofibers of PVP
containing ITZ led to improved dissolution; however, only
60% had dissolved by four hours (Figure 1). Using coresheath electrospinning, we quickly and readily introduced
three different materials (HPMC, Soluplus®, and Eudragit®
E100) mixed with ITZ as the core in a PVP sheath.
Dissolution of the resulting meshes indicated that both
HPMC and Eudragit® E100 were suitable materials that
enhanced the dissolution of ITZ. Indeed, within 15
minutes of testing, both meshes exhibited >90% ITZ
dissolution (Figure 1). The core/sheath HPMC:ITZ/PVP
fibers were then cryomilled, mixed with a pharmaceutical
disintegrant, and filled into a gelatin capsule to form a solid
oral dosage form. Dissolution of ITZ in this form factor also
showed fast kinetics, with >50% ITZ dissolved within the
first thirty minutes. This formulation was subjected to
accelerated stability testing at 50°C for up to three months
without significant impact on dissolution performance,
indicating good physical stability (Figure 2).
Wound dressing. Current wound dressing materials based
on fiber technology exhibit high absorptive capacity but are
limited by their mechanical strength. Using core-sheath
electrospinning, we were able develop novel composite
hydrogel materials in which the sheath is comprised of a
hydrophilic polyurethane material that is mechanically
fortified with a mechanically strong polyurethane core
material. The hydrophilic:hydrophobic polyurethane
composition of the core-sheath fibers was modulated by
varying the flow rates of the sheath and core solutions to
generate four different formulations. Characterization of the
four formulations revealed that ratio of the two
polyurethanes can be used to tailor the mechanical strength
and swelling performance of the mesh dressings. The
performance of our polyurethane based hydrogel materials
was compared to two commercially-available cellulosebased fiber wound dressings – Aquacel® and Durafiber®.
All four formulations developed in this study exhibited
significantly higher mechanical strength than the
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Figure 3. Wet tensile strength of polyurethane hydrogel
formulations (A-D) relative to two commercially available
wound dressing materials.
CONCLUSIONS
Core-sheath electrospinning was used to manufacture novel
medical products for oral drug delivery and wound healing
applications. The versatility of the slit-surface core-sheath
electrospinning technology platform enabled formulation of
materials with tunable properties. The ability to produce
fibers at high throughput has the potential to address the
current industrial manufacturing limitations for successful
commercialization of medical products based on core-sheath
electrospun fibers.
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INTRODUCTION
Transcatheter (non invasive) aortic valve implantation has
become an alternative technique to surgical valve
replacement for an increasing number of patients [1,2]. The
technique is cost effective and the patients comfort is
increased. Today, the valves used in non invasive valve
surgery are made up with biological tissue. This tissue
associated with metallic stents remains, however, fragile
material and becomes degraded during the crimping
process, especially at low diameters. Heim et al showed that
textile polyester could be an alternative solution to replace
valve leaflets [3]. If the authors report about the good
hydrodynamic performances obtained in vitro with textile
valve prototypes, no information is available yet about the
long term durability of fabric used as valve material. In
particular the optimized fibrous construction has not been
defined yet. The goal of the present work is to assess the
influence of the fabric construction parameters on the valve
fatigue performances.
APPROACH
Valve manufacturing and testing
The valve prototypes were obtained from shaping tubular
textile membranes, which were assembled with polymer
holding rings for an adapted positioning in a commercial
fatigue testing apparatus. The prototypes were tested at a 14
Hz cycling frequency up to 5 and 40 Mio cycles, when the
first signs of rupture could be identified in the most fragile
samples. The samples were then characterized to assess
potential modifications in the fabric. The fibrous
constructions were plain weave structures made from either
multifilament (calendered or not) or monofilament yarn.
Non-woven material was considered as well. The main
characteristics of the different fabrics used are presented in
Table 1.
Table 1. Samples main characteristics
Sample

A

B

C

Material characterization
In order to analyze the degradation of the samples 3 types of
analysis were carried out: (1) SEM analysis, (2) mechanical
tests, (3) DSC tests. SEM photographs were taken to
identify potential filament breakages due to inter-yarn and
inter-filament friction. Mechanical extension tests were
performed before and after cycling on both fabric yarns
(15mm long) and fabric strips (5mm large, 15mm long), to
assess changes in materials mechanical characteristics.
RESULTS AND DISCUSSION
Observations at macroscopic and SEM level
Heavy ruptures could be observed in the non-woven
material after already 5 Mio cycles (Fig.1). Both the
monofilament and the calendered constructions underwent
ruptures at around 40 Mio cycles (Fig.2 and Fig.3).
Conversely, the non calendered multifilament valves didn’t
show any sign of degradation after that time. In order to
compare the tested constructions to each other, cycling was
stopped for all woven samples and all valve prototypes were
characterized for degradation assessment.

Figure 1. Ruptures observed in the non-woven

Figure 2. Ruptures observed in the calendered multifilament
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Figure 3. Ruptures observed in the monofilament
In figure 2 the rupture is characterized by a cauliflower
pattern at the filament ruptured end, which is characteristic
for abrasion rupture. In figure 3 the rupture is characterized
by a tongue pattern, which is typical of filament fatigue
flexing rupture. Basically, in the monofilament valves each
filament is strongly maintained in position through the plain

weave yarn interlacing model and undergoes heavy repeated
flexure stress. With cycling, cracks located initially on the
filament surface propagate in the axial direction of the
filament, which leads to the observed tongue rupture
pattern. In the multifilament the process is different. When a
multifilament undergoes repeated flexure cycling, the yarns
involved in the construction tend to flatten in order to limit
the stress applied on each filament. However, if the
multifilament is calendered, the process is much more
difficult to occur as the calendering process has welded the
filaments together in some zones where they are blocked
together. The filaments rearrangement and sliding
movement are partially impeded, which leads to repeated
inter-filament friction effects generating local ruptures.
Mechanical testing
While no modifications could be observed at strip level
whatever the considered construction, the tests performed
on extracted yarns bring out some significant differences
between the woven samples (Fig.4).

Figure 4. Ultimate strength before and after cycling
The results point out a decrease in the yarns ultimate
strength value with cycling for all the woven samples,
which shows the slight degradation undergone by the fabric
material whatever the considered fabric. However, the
decrease is more important for sample A (33 % vs 14% for
sample B and 17% for sample C). Basically, the yarns
become looser in the multifilament over cycling as already
mentioned previously. The friction forces between filaments
within each yarn decrease accordingly. Because the strength
of a yarn depends partly on the yarn twist and internal
friction forces, the ultimate strength value decreases
naturally with cycling. This process doesn’t occur in the
more rigid sample B and C constructions as already
described. From these results one can conclude that the
observed ruptures are not directly related to the yarn loss in
strength as sample A is the most durable construction
despite the larger loss of strength observed in figure 4.
Actually, the degradation depends more on the stiffness of
the construction. The monofilament and calendered
materials being more rigid, they fail earlier because the
flexing stress, which is directly related to the stiffness, is
higher.

DSC analysis
Figure 5 presents the crystallinity rate evolution observed
between 0 and 40 Mio cycles for all woven samples.

Figure 5. DSC results
It appears that the crystallinity rate value reduces when the
material is cycled, irrespective to the fabric construction.
But the reduction is less than 10% on average over the
considered cycling period. This shows that the materials
microstructure is only slightly modified with cycling. The
repeated flexure stress generates ruptures in the polymer
macromolecular chains, which change the organization of
the material structure towards a reduction in the amount of
crystalline phases. Thus, the DSC results are in good
correlation with the loss in strength presented in the
previous section.
CONCLUSIONS
The results of this early work show that the durability of
fabric as valve material depends on the construction
parameters. While non-woven material shows limited
fatigue resistance, woven material is more durable. First
signs of rupture could, however, be observed after 40 Mio
cycles for the monofilament and the calendered
constructions, while the multifilament didn’t undergo
degradation. The results show that the durability is related to
the stiffness of the fabric construction and that multifilament
fabric material presents an advantage. Further fatigue tests
must be performed on valves obtained from additional
fabrics characterized by different weaves (satin, twill..) in
order to identify which material is best suited to the valve
application.
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INTRODUCTION
Electrospinning has gained a high interest in the last two
decades as it is a simple method that allows producing
nanofibers [1]. The process can be cost-effective, as there
are a few companies who produce nanofibers already.
Application of nanofibrous materials can be realized in
filtration masks or HEPA filters, protective or military
clothing, etc. [1-3]. At classical electrospinning a polymer
solution is fed through a metal capillary which is connected
to a high voltage power supply. A counter-electrode, that is
usually grounded, is also applied and named collector. The
fibers are formed by the electrostatic forces acting on the
liquid deforming that [4].
Although electrospinning is quite simple, it is still a big
challenge to increase the productivity of the process. One
capillary typically has an output between 0.1 and 5 ml/h,
depending on the solvent, polymer and different additives.
The produced fibers typically have a mass flow of one order
of magnitude smaller as the solvent has to be evaporated.
The simplest way to increase the productivity of
electrospinning is the multiplication of the needles, but that
leads to feeding issues, clogging of the capillaries and
different cleaning and maintenance problems. The emerged
difficulties relating to the needles can be avoided by using
needleless electrospinning methods which are quite popular
nowadays [5-9].
Electrospinning from a free liquid surface without using a
needle is possible if the gradient of the electric field is high
enough at the liquid surface therefore the jet forming forces
and tensor stresses can overcome the surface tension of the
solution. Several types of needleless fiber spinnerets have
been developed for increasing the productivity of nanofiber
manufacturing. Maybe the most popular one is
NanospiderTM technology [5], where a rotating cylindrical
electrode is submerged into the electrospinning solution
bath and nanofibers are evolving from the liquid layer
formed on the surface of the cylinder.
The main drawback of the needleless methods is the
occurrence of a relatively large free liquid surface (at
polymer solution reservoir, at rotating cone taper, etc.)
where besides jet formation other, undesired processes can
take place such as water vapor absorption, solvent
evaporation and in extreme cases ignition, too.
Thus the aim was to develop an electrospinning method
which is capable for high throughput production of

nanofibers and suitable to use volatile solvents to meet the
requirements of the pharmaceutical industry. The novel
technology [10] offers continuous mode with high
throughput and a simple, easy-to-maintain needleless
spinneret construction operating without free liquid surface
hence minimizing the solvent evaporation therefore
nanofibers can be produced from not just high but low
boiling point solvent based solutions as well.
APPROACH
The main idea of the spinning system is to continuously
supply the polymeric solution through a narrow, but long
gutter bounded by a metal electrode having sharp edge. The
highest electrical charge density is formed along the sharp
edge resulting many self-assembled Taylor-cones. The
rotating spinneret construction makes possible to apply high
electric field directly at the locations where Taylor-cones
are formed leading to efficient and high-throughput
nanofiber production. The concept of the coronaelectrospinning method can be seen in Figure 1.
The solution is fed through a hollow shaft having
appropriate roller bearings and sealing to avoid the leakage.
In the upper part the solution is distributed along the thin
gutter (between part 2 and 5). The cylindrical metal
electrode (other shapes can also work) have a sharp edge for
charge concentration. The lid (part 5) can easily be removed
for cleaning. The spinneret is connected to a high voltage
power supply and the generated nanofibers can be collected
on a grounded collector screen or on a textile substrate.

Figure 1. Schematic figure of the corona-electrospinning setup.
1: high voltage power supply, 2: circular electrode having sharp
edge, 3: grounded collector screen, 4: fiber formation space, 5:
lid, 6: solution feed, 7: traction of the collector textile.

RESULTS AND DISCUSSION
The working prototype having 42 mm electrode diameter
can be seen in Figure 2. The applied model material was a
solution of polyvinylpyrrolidone (PVP) dissolved in
ethanol. The small spinneret could reach a productivity up
to 200 ml/h fed by an Aitecs (Lituania) type syringe pump.

Figure 2. Taylor-cone formation along the round metal
electrode of the spinneret.

The formed nanofibers had a diameter of around 200 nm
and no significant difference could be observed between
these fibers and the ones generated by single capillary
method.
During the process rotation helps to uniformly distribute the
solution. The nanofibers are ordered in even distances and
as there is Coulomb-repulsion between them they diverge
from one another. This leads to a shape that looks like a
traditional crown hence we named our method Coronaelectrospinning.
CONCLUSIONS
A novel needleless method which offers high productivity
nanofiber formation was introduced in this work. The
process works without open liquid surface and the solution
flows continuously eliminating the problems of other
needleless methods.
The designed rotating spinneret prototype is a simple
construction, easy to clean and maintain and furthermore the
technology can easily be industrialized. The cones of the
solution evolving along the circular gutter leads to a crownshaped nanofiber generation. The productivity could reach

200 ml/h which is 2 orders of magnitude higher than that of
a single capillary method.
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INTRODUCTION
Polyhydroxyalkanoates (PHAs), a class of bacteriallyproduced biodegradable and biocompatible aliphatic
polyesters, have attracted scientific attention for their
promising application in various fields1. Among PHAs,
Poly(3-hydroxybutyrate) (PHB) is the most common type
which has very high crystallinity and melting temperature
due to its near perfect stereoregularity2. Recently, in order to
enhance the processing properties of pure PHB, a small
amount of 3-hydroxyhexanoate (3HHx) were copolymerized
with 3HBs, and the resultant random copolymer, Poly[(R)3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] (PHBHx),
becomes soft and flexible with an increase in the 3HHx
content.
It has been established that PHB can exhibit two different
crystalline polymorphs, the α-form and β-form, depending
on the processing conditions. The α-form, obtained from
typical crystallization processes, has a left-handed 21 helical
molecular chain conformation. The other crystal polymorph,
the β-form, is recognized as a strain-induced paracrystalline
structure of highly extended chains3, with the chains
adopting a twisted planar zig-zag conformation. The
generation of the β-form structure has a large effect on
various properties of the material. Thus, it is intriguing to
generate this strain-induced metastable structure in PHBHx
to further broaden the range of applications.
Electrospinning is an effective technique to produce
nanofibers. The total draw ratio during a typical
electrospinning process is estimated as 25,0004.
Furthermore, additional stretching forces can be manually
induced on fibers during deposition by using modified
collectors. These strong stretching forces, together with
extremely rapid solvent evaporation, has been observed to
induce the formation of metastable phases or crystalline
polymorphs5,6. Therefore, electrospinning would be a proper
choice of processing technique that may induce the
metastable β-structure in PHBHx nanofibers.
In this study, by using two modified collectors, i.e., an
aluminum foil with a rectangular air gap and a rotary disk
with a sharp edge, we have succeeded in obtaining the β
crystalline polymorph in macroscopically aligned
electrospun PHBHx nanofibers. The fiber morphology,
crystal structure and chain conformation were characterized
by SEM, WAXD and transmission FTIR. In addition, IR
spectra of individual fibers were collected by NanoIR, an
instrumentation combing AFM and Infrared Spectroscopy.
RESULTS AND DISCUSSION
The SEM pictures in Figure 1 clearly show the effect of the
collectors on the macroscopic alignment and morphology of
the fibers: fibers collected on the aluminum foil off the gap

are random (off-gap random fibers, Figure 1a), while the
fibers collected across the air gap (in-gap aligned fibers,
Figure 1b) and on the rotary disk (disk aligned fibers, Figure
1c) are macroscopically well-aligned. Furthermore, the
average diameter of the aligned fibers (~270nm) was much
smaller than that of the off-gap random fibers (~500nm),
indicating additional stretching force during formation.

a.

b.

c.

Figure 1. SEM images of fibers on different collectors

Figure 2 shows the WAXD profiles of the fibers collected
on different collectors. In all the profiles, diffraction peaks
assigned to the α-form with a 21 helical conformation were
observed7. Furthermore, for the aligned fibers, a diffraction
peak assigned to the β-form with a planar zigzag chain
conformation was observed at 2θ =19.6° 8. As is apparent,
the rotary disk aligned fibers have significantly more β-form
than the in-gap aligned fibers. For display purposes, the
intensity of α (020) at 2θ=13.7° in all the profiles was
normalized to unity. Considering that no β-form was found
in the off-gap random fibers, this extended chain
conformation must be induced by the two collection
methods where macroscopically aligned fibers were
obtained.
α (020)
α (110)
β-form

Figure 2. WAXD profiles of fibers from different collectors

The introduction of the planar zigzag chain conformation
was further confirmed by transmission FT-IR spectra
(Figure 3). The C=O stretching band in PHAs is strongly
correlated with the polymer backbone conformation. As
seen in Figure 3, the C=O stretching band of the off-gap
random fibers can be resolved into an intense peak at 1725
cm-1 corresponding to the crystalline phase, and a weak

shoulder at 1746 cm-1 corresponding to the amorphous
phase. As the amount of the β-form increased from random
fibers to aligned fibers, the peak at 1725 cm-1 became
broader and shifted to higher frequency, while the shoulder
at 1746 cm-1 showed an increase in the relative intensity and
shifted to lower frequency. In other words, the peak and the
shoulder gradually approached each other and became more
similar in shape as the concentration of the β crystalline
form increased. This observation demonstrates a correlation
between the presence of the metastable β-structure
(confirmed by WAXD) and the changes in the vibrational
spectra. As a result, those two peaks mentioned above could
be regarded as indicators of the presence of the planar zigzag backbone characteristic of the β crystalline polymorph.

spectra with the spectrum obtained from conventional FTIR
(Figure 3a), one could speculate that the FTIR spectrum is
the average of the spectra of a bundle of rotary disk aligned
fibers with different diameters. Hence, NanoIR is a
powerful tool to investigate the chemical and crystalline
structure of a single electrospun nanofiber.
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Figure 3. FTIR spectra of fibers using different collectors

In this study, we used a new technique, NanoIR, to look at
both the structural and morphological details of a single
electrospun nanofiber. NanoIR is a technique combining
Atomic Force Microscopy (AFM) and Infrared
Spectroscopy (IR) for nanoscale characterization. It can give
IR spectra and AFM images simultaneously of sub-100 nm
features with an AFM tip as the detector. The source is a
tunable IR laser whose wavelength can be swept through the
infrared “fingerprint” region in less than 1 minute. If one of
the wavelengths is absorbed by the sample, then expansion
of the sample occurs, which causes an oscillation of the
AFM cantilever and subsequently a “ringing” at that
particular frequency as the heat dissipates. The positive
amplitude of the oscillation represents the IR band intensity.
Hence as the frequency is tuned through the IR region (900
cm-1 – 3600 cm-1) an IR spectrum is obtained at a spatial
resolution of 50-100 nm.
Figure 4 illustrates the topographies (4a) and the
corresponding IR spectra (4b) of two individual rotary disk
aligned fibers with diameters of 245 nm and 426 nm,
respectively. Both of the fibers are from the same batch, i.e.,
they were fabricated from the same electrospinning solution
under the same conditions. For each fiber, IR spectra were
collected at 5 different spots on the surface distributed along
the fiber axis to assess the reproducibility of the spectra. As
shown in Figure 4b, the spectra for both fibers have two
distinctive peaks at 1728 cm-1 and 1740 cm-1. However, it is
obvious that the relative intensity of the peak at 1728 cm-1
(α crystalline phase) to that at 1740 cm-1 (β crystalline phase)
is dependent on the fiber size. In other words, smaller fibers
tend to contain more β crystalline form. Comparing these

Figure 4. NanoIR results of two rotary disk aligned fibers with
different diameters: (a) the AFM image; (b) the corresponding
IR spectra in C=O stretching region
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OBJECTIVE
Depth profiling of poly(ethylene terephthalate) (PET) fibers
modified
with
trimethylaluminum
(TMA)
using
transmission electron microscopy (TEM), atomic force
microscopy (AFM), and atomic force microscope-based
infrared spectroscopy (AFM-IR).
INTRODUCTION
Inexpensive PET fibers with inorganic surface coatings
command significant interest due to their high value
applications in bio-sensing,[1] electronics,[2] optics,[3] and
catalysis.[4] Such organic-inorganic hybrid materials can
be fabricated via sequential vapor infiltration (SVI), where
the PET fibers are cycled multiple times between exposures
of surface active species and water vapor.[5] Surface active
species diffuse through the hybrid coating, leading to an
outside-to-inside modification mechanism.
Processing
temperature also contributes significantly to the extent of
the infiltration, which affects the brittleness of the final
product.
Characterization of both the chemical and
structural properties of processed fibers can play a critical
role in guiding the process development parameters to
optimize fiber properties for specific applications.
Depth profiling of coatings on fiber materials is challenging
for surface chemical analysis. Using internal reflective
elements (IREs) with different refractive indices in an
attenuated total reflectance (ATR) Fourier transform
infrared (FT-IR) experiment, it is possible to infer radial
chemical information at different depths, but the choice of
optics, and therefore depths, is limited. Cross-sectioning
fibers yields a direct observation in space, but the spatial
resolution obtained using conventional FT-IR spectrometry
is diffraction limited to 3 to 10 µm [6], which is often larger
than the coating thickness. Here, high spatial resolution
TEM is used to correlate with AFM-IR spectroscopic data to
determine the mechanical and chemical depth profiles in the
cross section of TMA-modified PET fibers, where the
thickness of the coating is estimated to be 1-2 micrometers.
The fiber samples were microtomed to 500-nm thickness
and cross sections were deposited onto infrared transparent
substrates to be analyzed [7].
RESULTS AND DISCUSSION
TEM imaging suggests significant mechanical property
differences in the fibers as a function of processing
temperature. The edge of PET fibers treated by 90 cycles of

the SVI process at 60 °C possess a smooth finish. No
obvious boundary layers are noticeable at the edge. Fibers
after treatments at 150 °C for 60 cycles illicit uneven
morphologies within about one micrometer from the surface
of the fiber. The latter observation is consistent with the
microtomy of brittle materials (Figure 1).

Figure 1. TEM micrographs of cross sections of round fibers
treated with a) 90 cycles TMA SVI at 60 °C and b) 60 cycles TMA
SVI at 150 °C.

Using an AFM-IR instrument (nanoIR™, Anasys
Instruments Corp., Santa Barbara, CA), spatially resolved
infrared spectra of trimethylaluminum-modified (TMA)
fibers are collected from microtomed sections. AFM images
from the fibers are in good agreement with the TEM images.
The edge of PET fiber that was SVI-treated at 90 °C is
smooth (Figure 2), whereas the one treated at 150 °C shows
large chipped features consistent with brittle material
(Figure 3).

Figure 2. AFM-IR spectra collected from a microtomed section of
a TMA-modified PET fiber treated at 90 °C; each spectra is
separated by 200 nm in space.

Figure 3. AFM-IR spectra collected from a microtomed section of
a TMA-modified PET fiber treated at 150 °C.

AFM-IR spectra of TMA-treated fiber show striking
differences between treatment temperatures of 90 °C and
150 °C. The TMA-treated PET fiber at 90 °C shows
infrared absorption bands at 2920 cm-1 and 2860 cm-1
(Figure 2). These arise as the result of absorbed TMA
inside the PET fiber. IR absorption could be detected within
about one µm from the edge of the microtomed cross
section. The aryl C=C stretch as well as the anti-symmetric
stretch of the glycol CH2 groups remains mostly
undisturbed. In contrast, the edge of the TMA-treated PET
fiber at 150 °C shows strong baseline absorption between
2800 and 3600 cm-1 (Figure 3). The presence of hydroxyl
groups due to SVI treatments results in a broad OHstretching band appearing in the IR spectra up to 2 µm from
the edge into the core. This strong baseline absorption
varies in intensity relative to the PET absorption band. This
result suggests treatment temperature has a profound effect
on the mechanical and chemical nature of the resulting
hybrid organic-inorganic PET fibers.

CONCLUSION
The depth of penetration in the sequential vapor infiltration
of trimethylaluminum has been analyzed using TEM, AFM
and AFM-IR techniques. The cross section of PET fibers
treated at 90 °C show a smooth overall surface morphology
indicating little to no change in mechanical properties and
TMA was detected within one µm from the surface of the
fiber. The cross section of fibers treated at 150 °C showed
uneven surface morphology due to microtomy, indicative of
the brittle nature of the fiber surface and strong OH IR
absorption was detected to within about 2 µm from the
surface. Using this set of analytical tools, both chemical and
mechanical properties of fiber can be correlated. This
understanding should be useful for optimizing the
production of materials with properties specific to a given
application.
KEYWORDS
AFM, AFM-IR,
spectroscopy
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The characterization of the pore structure
of electrospun fiber mats is important for a
wide variety of applications, including
separation membranes, filters, and tissue
scaffolds. While characterization of the
fibers themselves is fairly well-advanced,
to date, the pore structure of electrospun
mats has only been inferred indirectly, by
mercury porosimetry, for example;
interpretation of such data generally
requires use of an over-simplified model
of the pore geometry. To remedy this
deficiency, we report the use of confocal
laser
scanning
microscopy
with
fluorescent markers and index matching to
collect 3D digitized images of electrospun
fiber mats and a borosilicate glass fiber
standard. By embedding the fluorescent

dye in either the material component
(fibers) or pore space component (the
index matching fluid), acquisition of both
positive and negative images of the porous
fibrous materials is demonstrated. Image
analysis techniques are then applied to the
3D data sets to extract important structural
metrics for both the material and pore
space components of the electrospun fiber
mats, the results of which are in good
agreement
with
experimental
measurements where available. The
network structure of the pore space is
characterized for the first time using
metrics, such as the Euler-Poincaré
characteristic, the connectivity ratio, and
size distributions of cavities and gates.

Impact of Water Vapor/Solvent Interaction on the Electrospinning
Process: Focus on Polystyrene Solutions

2

(1 − 𝑅𝑅𝑅𝑅) . One possible reason why RH still has a

strong impact on electrospinning process is that the
hydrophilic alcohol solvents will absorb water from the
ambient air. In this paper, we examine and compare the
effect of RH on the electrospinning process and
achieved fiber diameter for both Polystyrene (PS)
/DMF (hydrophobic/hydrophilic) and PS/toluene
(hydrophobic/hydrophobic) solutions. In addition, to
explicitly understand the impact of absorbed water, we
model the effect of RH on absorbed water.
EXPERIMENTAL ANALYSIS
23wt% PS (192,000 Mw), which is hydrophobic
polymer, was dissolved in toluene (hydrophobic) and
DMF (hydrophilic) to investigate the effect of
interaction between water vapor and solvent on
electrospinning process. The low conductivity of
PS/toluene solutions (<10-7 μS/cm) makes it hard to
electrospun. So fiber formation for PS/toluene
solutions,
1wt%
methl-trioctylammonium
bis(trifluoromethylsulfonyl)imide (MTI) was selected
as an additive, which improves solution conductivity,
but has minimal influence on other solution properties
(in terms of viscosity and surface tension). The
operating regime bounds for those two solutions are
shown in figure. 1. It is noticed that RH has a great
effect on the operating regime bounds of PS/DMF
(hydrophilic) solutions, but not on PS/toluene
(hydrophobic) solutions.
Effect of RH on process parameters and fiber
diameter
The importance of considering the interaction
between the water vapor and solvent is suggested

(a)
Electric field
(kV/cm)

INTRODUCTION
It is known that relative humidity (RH) has a
significant influence on most electrospinning
processes. To investigate the role of RH, we have
studied the effect of RH on process measurements,
including jet diameter (djet) and current (I), and
achieved fiber diameter (dfiber) for PEO aqueous and
PVP alcohol solutions [1]. For PEO/water solutions,
the relation of fiber diameter to straight jet diameter
and ambient RH levels is 𝑑𝑑𝑓𝑓 ~𝑑𝑑𝑗𝑗𝑗𝑗𝑗𝑗 (1 − 𝑅𝑅𝑅𝑅)4 . For
aqueous solutions, evaporation rate is proportional to
RH. To further study the effect of RH, we extended our
experiments to PVP/alcohol solutions, whose solvent
evaporation rate ( 𝒎𝒎̇𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 ) is not dependent on RH.
However, we found that the achieved fiber diameter is
0.3
still strongly affected by RH ， 𝑑𝑑𝑓𝑓 ~𝑑𝑑𝑗𝑗𝑗𝑗𝑗𝑗 ∙ 𝑚𝑚̇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
∙

Electric field
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Figure. 1 (a) Operating conditions for 23wt% PS/DMF
solutions at 4 different RH levels. (b) Operating conditions
for 23wt% PS/toluene solutions at 4 different RH levels.

by the effect of RH on PS/DMF and PS/toluene
solutions. It is noticed that achieved fiber diameter
increases as RH increases for PS/DMF solutions
(figure. 2.a). However, for PS/toluene (hydrophobic),
RH has no effect on achieved fiber diameter (figure.
2.b).
Since the current is one critical determinant for the
dominant stretching electric force, the above
observations raise a question why achieved PS/DMF
fiber diameter increases, while measured current keep
constant with RH? One possible reason is that the
hydrophilic DMF will absorb water. The absorbed
water in PS/DMF solution will increase the
solidification time and also affect the solution
properties. In addition, for PS/DMF solutions, since PS
is hydrophobic, there is phase separation in the
electrospinning process, where water is absorbed into
the jet. Pockets from the phase separation in
electrospun PS fiber were observed by Rutledge [2].
We are investigating if the phase separation is the
factor that increases the PS fiber diameter as RH
increases (which are opposite to the experimental result
of hydrophilic PEO and PVP fiber diameters [1]).

23wt% PS/DMF

23wt% PS/DMF
dfiber

55%

0.11 ml/min

50%
35%

0.09 ml/min
0.11 ml/min
I

0.09 ml/min

(a)
dfiber

(a)
23% PS/toluene

23% PS/toluene
0.11 ml/min

0.11 ml/min
0.09 ml/min

0.09 ml/min
I

(b)
Figure. 2 Impact of RH on PS solutions: (a) for PS/DMF,
current (I) almost keeps constant, but fiber diameter (dfiber)
increases. (b) for PS/toluene both current (I) and fiber
diameter (dfiber) almost keeps constant.

45%

RH: 30% to 47%

(b)
Figure. 3 Correlation of jet diameter to fiber diameter for (a)
23wt% PS/DMF and (b) PS/toluene solutions with different
RH levels.

Using Forward’s model, we calculate the equilibrium
molar fraction of absorbed water in the jet. It is found
that equilibrium molar fraction of absorbed water in the
jet increases 1.8 times as RH increases from 35% to
55% (figure.4). Moreover, it is also found that there is a
relation between the calculated absorbed water molar
fraction and the achieved fiber diameter (figure. 4).

In addition, we also seek to understand why RH has no
effect on the current of PS (hydrophobic polymer)
solutions, but the current decrease as RH increases for
PEO and PVP (hydrophilic polymer) solutions?
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Fiber diameter correlation
Our approach of measuring upper jet diameter to
determine resulting fiber diameter is used to
correlate fiber diameter for PS solutions and study
the role of RH. Figure. 3a shows that for PS/DMF
(hydrophobic/hydrophilic) solutions, the upper jet
diameter can be correlated to the fiber diameter
using a second order dependence of relative
humidity: 𝑑𝑑𝑓𝑓 ~𝑑𝑑𝑗𝑗𝑗𝑗𝑗𝑗 ∙ (1 − 𝑅𝑅𝑅𝑅)−2 . For PS/toluene
(hydrophobic/hydrophobic) solutions, since RH has
no effect on achieved fiber diameter, the upper jet
diameter provides a good correlation to fiber
diameter by itself (figure 3.b).
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MODEL ANALYSIS FOR WATER ABSORPTION
From previous results, it is found that absorbed water
has a great impact on achieved fiber diameter. In order
to explicitly understand the impact of absorbed
water, we seek to study the effect of RH on absorbed
water and the relation between the absorbed water
and achieved fiber diameter. Forward [3] developed a
mass transfer model to determine the solidification time
of jet, which provides valuable insight into the process.

Figure. 4 Plot of molar fraction of absorbed water as a
function of RH and fiber diameter as a function of molar
fraction of absorbed water for various RH levels (30%, 45%,
50% and 55%).
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OBJECTIVE
Electromagnetic interference shielding attempts to minimize
deleterious and erroneous signals that can be generated by
modern electrical appliances by creating a barrier that
reduces the wave’s propagation. Currently, the standard for
electromagnetic shielding consists of a thin layer of copper
deposited over the housing of the shielded electronics. This
copper layer adequately impedes the propagation of
electromagnetic waves, however it suffers from a variety of
undesirable properties. A small scratch in the copper can
easily compromise the shielding effectiveness of the
housing, eddy currents can be generated within the
shielding, sublimation or spray shielding is often cost
inefficient, and gaps in the construction of the housing cause
electrical breaks resulting in a decrease of shielding
effectiveness.

Effect of single and double fiber angles on shielding
The test samples were constructed to investigate the impact
of fiber geometry on shielding effectiveness. A variety of
samples were created with one and two directions of fiber
alignment. Tenax® E HTA 40 E13 200 carbon fiber was
selected as the investigated shielding material while
standard cotton stitching thread and cotton nonwoven
backing material were used for the TFP construction. Cotton
was tested and found to have no impact on the shielding
effectiveness.

Carbon based fibrous materials exhibit the high electrical
conductivities required for electromagnetic shielding.
Furthermore, they do not suffer from a decrease in shielding
effectiveness with surface scratches, the higher resistance in
noncircular paths is believed to reduce eddy current
formation, known composite production methods decrease
cost of manufacturing, and the housing can be constructed
of
a
single
electromagnetically
sealed
form.
APPROACH
Tailored Fiber Placement (TFP) was utilized as the initial
textile process to rapidly create the carbon fiber test
samples. Textile properties investigated included: material,
fiber thickness, layering, angle, backing, and stitching. The
tests performed on these samples were then compared to one
another and against three control samples. Following the
production using TFP, the samples were milled to the
correct geometries for the ASTM 4935 test standard and
evaluated. Samples were tested in the frequency range of
50MHz to 500MHz which is within the testing limits.

Table II detailing the labeling for one and two angles
Effect of four fiber angles on shielding
An investigation into four layers of carbon fiber was also
completed. Six representative patterns were selected to be
created and evaluated.

Control samples
The four control samples consisted of two thin copper foils
mounted to a glass fiber backing representative of
standardized spray shielding, a glass fiber shield
representative of no shielding, and a thick copper plate
representative of total shielding.
Table III detailing the labeling for selected four angles

Table I detailing the control sample parameters used

Effect of stacked woven layers on shielding
Composite test samples were made with woven sheets of
carbon fiber consisting of tabby weave construction with
200 Tex carbon fiber and an area density of 160g/m2.
Laminates consisting of 1-6 layers were hand layered to
match the orthogonal direction of the previous layer.

RESULTS AND DISCUSSION
The control samples were found to produce the predicted
results. Furthermore, the test setup was found to have an
upper limit of 80dB before reaching the signal to noise ratio
as determined by the system’s dynamic range.

Layering of woven carbon fiber produced the most
predictable shielding effectiveness. As each corresponding
layer provides decreasing shielding, this experiment proves
the majority (80%) of shielding is through reflection with
much less shielding provided through absorption. 5 layers of
200 Tex carbon fiber provide comparable shielding to the
more traditionally used copper foils and sprays.

Figure 1 showing the shielding of the control samples
For single and double angles, the more perpendicular the
fiber angles were, the higher the shielding. 55dB of
shielding was achieved with an orthogonal orientation while
less than 20dB of shielding was achieved with the same
amount of material in a parallel orientation. This is
comparable to the single angle’s 20dB of shielding.

Figure 4 showing the effect of 1-6 layered woven sheets
CONCLUSION
Carbon fiber can provide comparable electromagnetic
shielding to copper with unique and desirable textile
properties. Five layers of 200 Tex woven carbon fiber
shields approximately as well as traditionally used copper.
The method of shielding is primarily through reflection with
some contribution by absorption.
An orthogonal orientation of fibers is desirable to maximize
shielding effectiveness by impeding more components of
the electromagnetic wave, while minimizing the amount of
conductive material required. A parallel orientation of two
layers yields a similar shielding effectiveness to a single
layer of parallel fibers.

Figure 2 showing the shielding of one and two fiber angles

Figure 3 showing the shielding of four fiber angles
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ABSTRACT
An analysis of nanoliter samples presents a significant
challenge because many polymers and sol/gel precursors
used in ceramic processing rapidly react to the
environmental conditions by changing their rheological
properties. Rheology of polymer solutions and gels depends
on the concentration, level of cross-linking, oxygen content,
temperature, pH, and many other environmental parameters.
Drastic thickening of fluids in a short time interval often
results in the far-reaching consequences, for example, sickle
cell disease results in the increase of the cytosolic viscosity
inside the red blood cells [1, 2], polymerization of
fibrinogen leads to fibrin clot formation and wound healing
[3-5]. Polysaccharides gelling in fractions of a second, are
actively used by animals as reactive extracts and cuticular
building blocks of insects [6-8] and found practical
applications for manufacturing fibers and films [9-13]. This
broad spectrum of dependences and abundance of rapidly
gelling systems call for the development of new methods of
their analyses and characterization.
Recognizing the importance of scale and linking various
scales (e.g., nano, micro, and macro) are vital to
understanding materials composition and structure. Little
effort has been directed toward understanding how the
scales are related, mostly because of the lack of suitable
technology and instrumentation. In order to infer rheological
interactions between different scales, one has to deal with
minute amounts of liquids. Nanoliter samples are the most
attractive candidates for this analysis as smaller samples
would lack the important connection between micro and
macro scales, while the larger ones can be studied with the
existing instruments. The available rheological techniques
fall short in studying nanoliter samples and providing a
viable information about the in vivo physico-chemical
reactions and mechanisms of polymer and nanofiber
assembly and gelatin in the real teime [14].
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STATEMENT OF PURPOSE
Our goal is create hydrophilic yet non-water soluble
fibers by exploiting electrospinning to drive polymer
phase separation. Using homogenous solutions of
Poly(lacticacid) (PLA)/PLA-b-Poly(ethylene glycol)
(PLA-b-PEG) in solvent Dimethylformamide
(DMF), phase separation should occur between the
bulk PLA and the PEG from copolymer PLA-b-PEG.
The more hydrophilic polymer, PEG, should increase
at the fiber’s surface with increasing wt%.
INTRODUCTION
The control of sub-micron pore architecture and
surface chemistry of smart textiles and filtration
membranes is becoming increasingly important.1-6
Poly(lactic acid) (PLA) is a biodegradable,
biocompatible material that can be modified using
copolymers to achieve specialized properties that can
be applied to the previously mentioned applications.7
By adding a less hydrophobic polymer to bulk PLA
it is possible to modify the hydrophobic surface
properties of PLA.8-10 Here we seek to determine the
amount of PLA-b-PEG necessary to maximize
migration of PEG to the bulk PLA nanofiber’s
surface.
Nano- to mico-scaled fibers are formed by
electrospinning when the surface tension of the
polymeric solution is overcome by high voltage.3
Our custom electrospinning apparatus used in this
study is shown in Figure1.11

Figure 1. Electrospinning Apparatus.

Electrospinning is applicable since the large
electrostatic field essentially phase separates
polymers with dissimilar polarizabilities and
hydrophobicity.8,12 When the two polymers are
combined with a solvent and then through
electrospinning the solvent is removed, the phase
separation can take place.13-15 By achieving this

phase separation, PEG can be later functionalized for
use in disease and contamination detection/filtration
specifically in aqueous media.
APPROACH
The optimal PLA-b-PEG block lengths and block
length ratios to maximize PEG at the fiber surface
will be determined by spin-ability and use of
wettability testing to measure increased water uptake
as PEG is increased at the fiber surface. Varying
chain lengths of di-block copolymer PLA-b-PEG
will be investigated to achieve the optimum chain
length necessary for greatest migration of PEG to the
electrospun fiber’s surface.
RESULTS AND DISCUSSION
With the addition of PLA-b-PEG, fiber diameter
decreases significantly when compared to that of the
control PLA fibers as determined by SEM and
ImageJ™ analysis. This is the result of changing the
viscosity, molecular weight, and surface tension.
After a point however, the addition of PLA-b-PEG
yields larger fiber diameters as a result of crystal
formation (determined by DSC) and chain
entanglements.
Using DSC analysis, glass transition and
crystallization temperatures decreased with addition
of copolymer PLA-b-PEG (Figure 2).11 PEG acts as
a plasticizer and begins to form its own crystalline
phase. ∆H=0 was calculated to determine the wt%
PEG when crystal formation first begins. Onset of
phase separation was determined by observance of a
PEG melting temperature. For homopolymer PEG
the melting temperature was observed for all wt%s
however for copolymers the onset was at 10wt%
PEG, suggesting phase separation began at 10wt%
PEG. DSC cycling thermographs display a PEG melt
upon first heating, however the melting temperature
is not present on re-heating providing evidence that
electrospinning is driving phase separation.

12wt%PEG from copolymers, PEG crystalline
domains within the PLA/PLA-b-PEG fibers result in
the decrease in wettability.

Figure 2. Tg and Tc data for varying wt% of
copolymer/homopolymer.

PLA(1000)-b-PEG(5000)
and
PLA(1000)-bPEG(10000) most efficiently phase separated PEG
to the fiber surface, increasing wettability 1300%
relative
to
PLA
fibers
(Figure
3).11
Counterintuitively, however after 12wt% PEG from
copolymers, wettability decreases as the result of
PEG crystal formation within the PLA fiber as
opposed to PEG phase separating to the fiber’s
surface (Figure 3).11

Figure 3. Wettability results for PLA(1000)-b-PEG(5000).

CONCLUSIONS
Decreasing glass transition and crystallization
temperatures indicate PEG acts as a plasticizer and
form its own crystalline phase within the PLA/PLAb-PEG fiber. Phase separation of the PEG is
achieved through electrospinning, as evidenced by
DSC.
With addition of 12wt% PEG from PLA(1000)-bPEG(5000) or 12-14wt% PLA(1000)-b-PEG(10000),
a 1300% increase in wettability is observed. After

FUTURE WORK
By using the most wettable fibers developed here,
nanofabrics can be modified to detect/capture
specific compounds. One example where this is
imperative is in water contaminates such as
cytotoxins. Cytotoxins are used in the treatment of
cancer and are excreted by patients; however they
potentially result in birth defects and immune
dysfunction.16-18 By using these nanofabrics in
microfluidic
devices/
filtration
membranes
successful capture/filtration can be achieved.
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OBJECTIVE
Understanding myocyte contraction is important in a variety
of diseases, as the electromechanical behavior of these cells
is often affected. We have created a biocompatible selfpowered electrospun platform that can be used to detect
small scale forces which mimic myocyte contraction
strength.
INTRODUCTION
Materials that respond on a nanoscale level to both electrical
and/or mechanical stimuli are promising candidates for
sensor applications.1 Piezoelectrics are a unique class of
materials that are able to respond to both electrical and
mechanical stimulation by producing a voltage when
mechanically deformed or conversely, mechanically deform
in response to an applied voltage.
Piezoelectric
fluoropolymers (PFP) such as polyvinylidene fluoride
trifluoroethylene (PVDF-TrFe) have been reported to be
biocompatible and hold promise for tissue scaffolding and
regenerative medicine, as well as for biological pressure
sensor applications.2,3 Moreover, electrospun aligned
piezoelectric fibers have been interfaced with flexible
plastic substrates and termed nanogenerators for energy
harvesting devices and self-powered mechanical systems.4
Within the context of diagnostic and medical devices,
sensors that are able to respond to and be driven by
mechanical and/or electrical stimulation in situ have
enormous potential. Because they do not require an external
power source, cell-powered devices have the ability to
revolutionize the field of nanomedicine and lab-on-a-chip
diagnostics, as they can be scaled down and tailored for
small layers of cultured cells. The ability to measure an
electrical signal in situ from cultured neurons or myocytes
could aid in high-throughput drug screening or a quicker
diagnostic for detection of a specific disease. Here, we aim
to optimize and characterize electrospun aligned PVDFTrFe fibers on nanogenerators in the context of biological
applications by characterizing the piezoelectric response
after sterilization and within cell culture media. In addition,
we have interfaced collagen with the PFP in order to make
the nanogenerator more biocompatible..
MATERIALS AND METHODS
Electrospinning of PVDF-TrFe and col/PVDF-TrFe
Solutions for electrospinning were prepared from PVDFTrFe (15 wt%) in methyl ethyl ketone (MEK) and
electrospun at 10 kV with a 0.9 mL/hr pump rate and 10 cm
collection distance. Collagen (col) was prepared at an 8
wt% concentration in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP). Coaxial electrospinning was achieved through the
use of a custom made coaxial spinneret providing a core

solution of PVDF-TrFe to be electrospun simultaneously
with a shell of collagen at rates of 0.9 mL/h and 1.1 mL/h
respectively.
Creation and testing of nanogenerators
Nanogenerators were prepared according to the method
established by Chang et al. and previously reported by our
group.5 Briefly, a flexible plastic TOPAS substrate was
covered with ESD tape to reduce background noise during
piezoelectric measurement testing. Conductive electrodes
for the nanogenerators were constructed out of aluminum
conductive tape. Coaxial col/PVDF-TrFe fibers were
electrospun onto nanogenerators using the same techniques
previously described. Prepared nanogenerators containing
the aligned coaxial col/PVDF-TrFe fibers were tested by
placement onto a Newport RS 1000 stabilizer table with
tuned damping.
For benchtop testing, an arbitrary
waveform generator was used to produce an 8 V peak- topeak square wave which deformed the cantilever with a
force of 8 mN at a frequency of both 2 and 3 Hz to further
ensure signal quality.

RESULTS AND DISCUSSION
PVDF-TrFe electrospun fibers from the MEK solvent are an
average of 340 nm and possess distinct rough surface
features as shown in Figure 1a. This is most likely due to
the the evaporation rate of the MEK solvent. Aligned
coaxial fibers of col/PVDF-TrFe are shown in Figure 1b,
with the distinct rough features no longer present due to the
shell of collagen. The average diameter of coaxial fibers are
524 nm, and have a slightly less cylindrical morphology
compared to that of the PVDF-TrFe fibers.
a

b

Figure 1. SEM micrographs of electrospun fibers (a) aligned
PVDF-TrFe (b) aligned coaxial col/PVDF-TrFe.

The typical piezoelectric response of aligned PVDF-TrFe
fibers on the fabricated nanogenerators are shown in Figure
2. A control response from aligned denatured collagen fibers
(which in this context is not piezoelectric) is shown in the
top panel of Figure 2a and reveals no noticeable peaks.
Along with additional representative oscilloscope readings,
the control response was utilized to determine a noise
threshold of approximately 35 mV. Figure 2b reveals an
overlay of voltage-time plots of three individual
nanogenerator experiments, demonstrating a consistent
pattern to the signal. Although the voltage amplitude varies,
overall the signal forms are very similar. An enlarged peak
is shown in Figure 5c, with a strong signal peak of 1.3 V
occurring within hundredths of a second. In order to
characterize the voltage signal across multiple
nanogenerators, data was compiled and maximum and
minimum peaks over 30 mV were averaged. Figure 5d
reveals the median peak voltage response values and ranges

Figure 2. Peak analysis of nanogenerators after cantilever
deformation. (a) Non-piezoelectric signal (b) Overlay of
voltage vs. time output of three separate nanogenerators
after 8 mN deformation at 3 Hz (c) Magnified region of
voltage peak occurring within milliseconds (d) Overall
peak voltage amplitude of all nanogenerators tested (n=
6).

for PVDF-TrFe nanogenerators, with an average peak
voltage of approximately ± 0.4 V.
This signal is
approximately 10 times the noise level observed.
CONCLUSIONS
A platform for the measurement of small cellular
mechanical forces (i.e. contraction) was created from an
electrospun PVDF-TrFe fibrous scaffold interfaced with a
flexible plastic substrate and made more biocompatible with
a collagen coating.
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OBJECTIVE
In this study, the effect of solvents on the morphology
and conductivity of Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate)(PEDOT:PSS) nanofibers was
investigated. Conductive PEDOT:PSS nanofibers were
electrospun by dissolving a fiber forming polymer,
polyvinyl alcohol (PVA), in an aqueous dispersion of
PEDOT:PSS. The conductivity of PEDOT:PSS
nanofibers was enhanced 15 fold by addition of
DMSO and almost 30-fold by addition of ethylene
glycol to the spinning dopes. This improvement is
attributed to the change in the conformation of the
PEDOT chains from the coiled benzoid to the
extended coil quinoid structure as confirmed by
Raman spectroscopy, X-Ray Diffraction (XRD), and
Differential Scanning Calorimetry (DSC) results.
Scanning Electron Microscopy (SEM) images showed
that less beady and more uniform fiber morphology
could be obtained by incorporation of ethylene glycol
in to the spinning dopes.
INTRODUCTION
Electrically conductive polymers have both the
physical and chemical properties of organic polymers
as well as the electrical properties of metals.
PEDOT:PSS, a conducting polymer, attracts special
attention because it has superior conductivity as well
as electrochemical, thermal, and oxidative stability.
Due to these excellent properties, PEDOT:PSS has
broad applications in areas of flexible electrodes,
electrochromic displays, and transistors1-3. Recently,
there has been an increased interest in PEDOT for
biomedical applications due to its good oxidative
stability4.
Incorporation of some organic solvents such as
ethylene glycol (EG), poly(ethylene glycol) (PEG),
dimethyl sulfoxide (DMSO), or sorbitol, in an aqueous
dispersion of PEDOT:PSS, results in an improvement
of the conductivity of PEDOT:PSS thin films5-12.
Several theories for mechanism by which the
conductivity is increased have been presented such as
conformational change in PEDOT structure, removal
of insulating PSS 'shell', and decrease in Coulomb
interaction between PEDOT and PSS chains.
Ashiwaza et al. observed enhancement in the
conductivity of PEDOT:PSS thin films after adding

various amounts of ethylene glycol and suggested that
the added solvent reduced the effective energy barrier
for hopping charge carriers between localized states5.
Kim et al. observed an increase in conductivity after
adding DMSO, DMF or THF to the aqueous
dispersion of PEDOT:PSS12. They noted that polar
organic solvents with high dielectric constants induce
a screening effect between positively charged PEDOT
chains and negatively charged PSS chains by reducing
the Coulomb interaction between them. Jönsson et al.
demonstrated that conductivity was enhanced by
adding sorbitol and, -N-methylpyrrolidone in
PEDOT:PSS aqueous dispersion11. They concluded
that solvents wash away the excessive non-conductive
PSS 'shell' which surrounds the PEDOT:PSS grains
and increases the PEDOT-to-PSS molar ratio. Ouyang
et al. proposed that ethylene glycol treatment induces a
conformational change of the PEDOT chain from coil
to extended coil or linear structure and suggested that
the new linear or extended coil structure would
improve conductivity through increased interaction
between the PEDOT chains6.
In this study13, PEDOT:PSS nanofibers were obtained
by electrospinning an aqueous dispersion of
PEDOT:PSS with PVA as a carrier. PVA is selected as
a fiber forming polymer due to its water solubility and
biocompatibility. The different solvents including
DMF, DMSO, THF, EG, PEG were used as secondary
solvents to investigate their effects on fiber
morphology. Those producing the best results (EG and
DMSO) were then investigated further to examine
their impact on the conductivity of PEDOT:PSS
nanofibers. 5wt. % was selected as an optimum
solvent concentration because no significant
improvement in nanofiber morphology was noted with
a lower concentration (2.5 wt.%). At higher
concentrations excess solvent did not evaporate
completely during electrospinning, producing solvent
droplets on the nanofibrous mat.
RESULTS AND DISCUSSION
Effects of adding solvents to the electrospinning dope
were immediately evident in the morphology of the
resulting fibers (Fig. 1). Of most interest, the number
of beads decreased significantly and the average fiber
diameter increased when fibers were electrospun from

solutions with 5 wt. % EG or DMSO. The most
uniform fiber morphology was obtained by adding 5
wt. % EG to the solution.

Figure 1. SEM images of (A) PEDOT:PSS nanofibers and
nanofibers electrospun from spinning dope with 5 wt.% of
(B)DMF, (C)THF, (D) PEG, (E) DMSO, (F) EG.

Element mapping with Energy Dispersive X-ray
(EDX) on SEM images confirmed that the sulfur
atoms associated with PEDOT:PSS are concentrated in
beads on non-uniform fibers but well dispersed in
more uniform fibers. Analysis of Raman spectra
confirmed a shift in PEDOT conformation in fibers
from the less conductive benzoid structure to the more
conductive quinoid structure when DMSO or EG was
added to the spinning dope.
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Figure 2. Room temperature conductivity of nanofibers

With improved morphology, improved dispersion of
PEDOT:PSS within the nanofibers and higher fraction
of PEDOT in the quinoid form, nanofibers spun with
DMSO or EG in the spinning dope did have
significantly increased conductivity.
CONCLUSIONS
Adding EG and DMSO to the spinning dopes resulted
in transformation of PEDOT:PSS chains from random
coil to extended coil conformation. The transformation
from random coil to extended coil not only increased
the conductivity by increasing the inter-chain
interactions among the PEDOT chains, but also

improved the fiber morphology and spinnability of the
solution. DSC investigations indicated the increase in
crystallinity after solvent addition to the solution and
the strong interaction between PEDOT:PSS and PVA.
XRD results showed the formation and development
of a new crystalline structure, when EG or DMSO
added to the spinning dopes. The most uniform and
conductive nanofibers resulted from introducing EG to
the dopes.
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ABSTRACT
The introduction of knee cartilage scaffold production and
its preliminary in-vitro testing is the main subject of the
presentation. Scaffolds are produced by combination of
electrospinning and 3D printing. The electrospun materials
are patterned to obtain a higher porosity with maintaining
fiber diameter for better cell migration and good cell
adhesion.
INTRODUCTION
The rapid aging of the population makes a major worldwide
problem an stimulates cartilage and bone regeneration
research. Biodegradable scaffolds using for knee cartilage
tissue engineering research are fabricated by many methods.
These scaffolds should be biodegradable during cartilage
tissue growth, and their mechanical strength should be
sustained during this process. The scaffold has to contain
optimal pores sizes to allow chondrocytes to grow into the
scaffold; also, the appropriate pore structure in threedimensional substrates should be completely interconnected
to transport nutrias and waste products and facilitate cell
colonizaion/biosynthesis [1]. But the optimal scaffolds
combinating of good mechanical properties and good
proliferation, migration and cell adhesion is not sufficient
still.
The combination of 3D printing and electrospinning has
been already used for production of knee cartilage and bone
scaffolds [1-3]. All the composite scaffolds researched and
used nowadays in tissue engineering combining only simple
nanofibrous structure with random orientation of fibers and
simple shaped frames from 3D printing. Combination of
these technologies offers to combine printed by 3D printing
– good mechanical properties and any shape (according the
bone defect shape) and electrospinning – good cell
adhesion, porosity and proliferation etc. The 3D printing can
produce
high
porous
interconnected
structure.
Electrospinning is and alternative technique that can be used
to produce fibrous scaffolds with a structure similar to that
of the extracellular matrix. These composite scaffolds have
a porous structure and the diameter of the constituting fibers
can be controlled from the nano to micrometer scale.
MATERIALS AND METHODS
Poly-ε-caprolactone (PCL) having an average molecular
weight of 42,500 [Mn], by Sigma Aldrich Inc. dissolved in
chloroform/ethanol mixture (9:1 by weight) is mixed for 24
hours at a magnetic stirrer. The polymer concentration in the
solution was 15 wt%.

The patterned nanofibrous layer was produced by usage of
NanospiderTM and special patterned wire collector as we
already described in [4]. The perpendicular laid structure
produced by 3D printing was realized by 3D printer
produced by the team members especially for this
application. The final material consists of four 3D printed
layers and three nanofibrous patterned layers, which were
bonded by fourty spots of PCL solution (30 wt%) uniformly
distributed onto 3D printed layer facing the nanofibers, see
Fig. 1.

a
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Fig. 1 A photo of the wire collector (a) used for production of
patterned nanofibrous layer (b). A visualization of the used 3D
printer (c), one layer produced by 3D printer and final material
combining 3D printing and patterned nanofibrous layers
(diameter 16 mm, thickness 4 mm).

Dry scaffolds were characterized in term of morphology.
Samples were sputter-coated by gold and then observed by a
scanning electron microscopy (SEM, Tescan Vega 3SB
Easy Probe).
In-vitro testing, in-vitro culture:
Rabbit chondrocytes 8 9 10 4 /cm 2) were seeded on
scaffolds and incubated in serum-free medium without
hanging the media for another 72 h. Cells were maintained
in an incubator (37 °C/5% CO2). Medium was changed 3
times a week. The second passage culture was used for
experiments.

MTT assay for the cell proliferation: Cell proliferation was
monitored after 1, 3, 7, 14 and 21 days by MTT assay. A
250ul solution of MTT (2 mg/ml in PBS pH 7.4) was added
to 750ul of sample medium (EMEM) and incubated with
sample for 3 hours at 37 °C/5% CO2. Formazane crystals
were solubilized with isopropyl alcohol. Absorbance of the
formazane solution was measured at 570 nm (reference at
650nm).
Microscopy analysis (SEM and fluorescence):
After 1, 3, 7 and 14 days of cell seeding, the cell-cultured
scaffolds were processed for microscopy analysis. SEM: the
scaffolds were fixed by 2.5% glutaraldehyde and dehydrated
with upgrading concentrations of Et-OH (60%, 70%, 80%,
90% and 100%). Fluorescence microscopy: The cells were
fixed in frozen methanol for 15 minutes, washed in PBS and
stained with propidium iodide for 15 minutes in the dark.
Then the layers were washed in PBS and analyzed using
fluorescence microscope (NICON Eclipse Ti-E).

Fig. 3 SEM images at day 14 – top view onto complete scaffold
(left side) and top view onto scaffold after separation of one 3D
printed layer and one nanofibrous layer (right side).

Fig. 2 SEM images of top view onto produced scaffold
combining 3D printing and patterned electrospun layers.

RESULTS AND DISCUSSION
Results from scanning electron microscope Vega 3 Tescan
and fluorescein microscope Nikon showed that the scaffold
support the cell adhesion, proliferation and very good
viability. The results are visible at images (Fig.3 and 4)
taken at day 14, which showed very good cell adhesion
mainly onto nanofibrous layer. The subsequent separation of
individual layers of scaffold confirmed the cell migration
into complete scaffold.
CONCLUSIONS
The production of materials based on 3D printing and
electrospinning is very interesting by point of cell
proliferation into bigger depth, what is general problem in
knee cartilage tissue engineering. The contribution shows
successful possibility of combination of 3D printing and
patterned electrospun nanofibrous layer for knee cartilage
regeneration. The in-vivo test (rabbits) are in progress now.
KEYWORDS
Scaffolds, polycaprolactone, 3D printing, electrospinning,
nanofibers.

Fig. 4 Images from fluorescence microscope composed of 100
images captured by motorized microscope stage with a
changing focus in the z axis of the 1 micrometer distance.
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ABSTRACT
Thermoplastic polyolefin nanofibers were prepared
through melt extruding a blend of the polymer with
cellulose acetate butyrate using a co-rotating twinscrew extruder. The nanofibers were then easily
dispersed and spray-coated onto fibrous supporting
materials as nanofibrous membranes with high
surface areas. The nanofibrous membranes were
the chemically modified with different functional
moieties, which all demonstrated unique and
desired biological and chemical functions.

many layers of the nanofibers, the overall pore size
could be smaller than 100 nm.

INTRODUCTION
Thermoplastic nanofibers were prepared by using
special properties of immiscible polymers and
cellulose derivative polymers. In immiscible
polymer systems, under vigorous mixing
conditions, a polymer can be dispersed in microspherical form into another polymer [1]. If the well
mixed polymer hybrid blend is extruded through a
die, the micro-sized spherical polymer can be
deformed or elongated under high shear and
elongational forces to nano-sized or micro-sized
linear structures in the composite mixture [2-4]. Due
to the use of a regular twin-screw extruder, the
production capacity of the process could be very
high, even if we are only harvesting a portion of
the product such as 20% of nanofibers from the
extrudates based on the content of thermoplastic
polymer in the polymer blends. The nanofibers
produced by the above process can be dispersed in
different solvent systems to make uniform
dispersions, and the dispersion was applied onto a
supporting material, either a meltblown PP
nonwoven or a fine polyester screen fabric to form
nanofibrous membranes. The new membranes are
physically and chemically stable to undergo
chemical modifications and generate surface active
membranes with special functions.

Applications of Nanofibrous Membranes Due to
the fine fiber sizes and small pore structures,
membranes made of nanofibers could be
nanoporous with very high surface area and
reactive sites.
Such membranes could be
extremely useful in providing special performance
functions chemically and biologically. Here are
two examples of applications of the membranes
with unique properties.

RESULTS AND DISCUSSION
The SEM images of nanofibrous membranes made
from poly (vinyl alcohol-co-ethylene) (PVA-coPE) are shown in Figure 1. The size of the fibers
was in a range of 100-200 nanometers. The pore
size is in a range of 100-2000 nm. Since there are

Figure 1. SEM images of PVA-co-PE on PET
screen fabric membranes in different magnification
scales

High surface areas and active sites on nanofibers
provide vast opportunities to surface modify the
nanofibrous materials. SEM images of nanofibrous
membranes are shown in Figure 2 as the first .
example, demonstrating the retention of surface
(a)

(b)

morphology of the materials after the reaction
(Figure 1), as well as the porous structures.
Figure 2. SEM images of PVA-co-PE (27% PE)
membranes (a) before and (b) after chemical
modification.
The chemically modified nanofibrous membranes
could produce hydrogen peroxide under light
exposure effectively. The amounts of produced
hydrogen peroxide are corresponding with the

amount of the photosensitizer (AQC) (Figure 3).
The hydrogen peroxide could provide photoinduced antibacterial functions, as shown in Table
1.
This presentation will demonstrate several
additional unique properties of the thermoplastic
nanofibrous membranes.
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Figure 3. Reaction scheme on PVA-co-PE.
Table 1. Photo-induced antimicrobial results
Bacterium
S. aureus
E. coli
Exposure
30
60
30
60
time
min
min
min
min
PE2787.623 >99.999 80.443 >99.999
AQC
PE3286.893 >99.999 78.012 >99.999
AQC
PE4487.920 >99.999 82.375 >99.999
AQC
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STATEMENT OF PURPOSE
The main objective of this work is to produce 3D patterned
electrospun nanofibers mats from Polyamide-66 (PA-66) by
using different 3D printed collectors which are designed for
electrospinning. The purpose is to provide a medium in the
form of 3D scaffold for cell culture and investigate how
those patterns can affect the properties of cell growth.
INTRODUCTION
3D scaffolds play an important role in tissue engineering.
The goal of production patterned scaffold is to provide a
structure that mimics the native Extra Cellular Matrix
(ECM) environment [1]. The electrospinning technique
provides nonwovens made of nano-fibers with large surface
areas, ease of functionalization for various purposes and
superior mechanical properties. The possibility of large
scale productions combined with the simplicity of the
process makes this technique very attractive for many
different applications. Biomedical field is one of the most
important applications areas among various fields of
utilizations of electrospun nanofibers such as filtration and
protective material, sensors, nanofiber reinforced
composites etc. Electrospinning assembly can be modified
in different ways for combining materials properties with
different morphological structures for these applications. [2]
Collector design is the most important parameters to
determine the nanofibers’ orientation in electrospun
nanoweb in many applications such as tissue engineering.
Using a patterned collector helps to obtain oriented
nanofibers. Recently, researchers have approved that by
using a specially designed collector which collects the
nanofibers into well-organized structure, the different
patterns of electrospun nanofibers with different orientations
can be realized [3, 6].
Since it is shown that particular forms of collectors can
control the deposition of the fibers, thus improvement of the
biological responses like cell attachment and proliferation
can be achieved [4]. Until now different studies have been
done using different collector plates to have ordered and
aligned nanofibers, such as rotating drum, rotating disc,
parallel electrodes, etc. but in the last years, some studies
have been carried out in assessing the ability of collector
plate design for having 3D patterned fibrous structures [5,
6].
In this study, we focus on a novel method to generate 3D
electrospun scaffolds by using patterned resin collectors
produced by 3D printer in combination with
electrospinning. This 3D printer system jets layers of liquid
photopolymer resin onto a build tray and instantly cures

them with UV light. It also jets a gel-like support material to
support complicated geometries.
MATERIALS AND METHODS: Scaffold fabrication
electrospinning conditions
Electrospinning of Polyamide-66 due to its good mechanical
and physical properties [7] was done with 4 different
concentrations by using single needle electrospinning
machine. The average fiber diameter was calculated from 30
single nanofibers in each photo by ImageJ software from the
images obtained by (Scanning Electron Microscopy) SEM.
Then two conditions, as shown in Table I, were chosen for
electrospinning on different collectors with different groove
size.
Table I. The electrospinning parameters for PA-66 17% and
20% on the aluminum foil
Concentration (wt %)
17
20
Applied voltage (kV)
30
30
Distance (cm)
30
10
Needle gauge (mm × mm)
0.7
0.7
Feed rate (ml/h)
0.119
0.119
Average Diameter (nm)
98.1
194.3

Collectors
To discover the effect of collector geometry on fiber
orientation and architecture, 9 CAD models of patterned
collectors with different grooves dimensions, as shown in
Table II, were created. For fabrication, the CAD models
were uploaded to the 3D printer machine (3D printer Objet
Eden 260V, France). After fabrication, 3D collectors were
observed using SEM as presented in Fig. 1 (B).
Table II. Size of grooves
Distance
Grooves
between
names
grooves (D)
[mm]
Sample1 (S1)
0.2
Sample2 (S2)
0.2
Sample3 (S3)
0.2
Sample4 (M1)
0.4
Sample5 (M2)
0.4
Sample6 (M3)
0.4
Sample7 (L1)
0.6
Sample8 (L2)
0.6
Sample9 (L3)
0.6

Width
(W)
[mm]
0.4
0.6
0.8
0.4
0.6
0.8
0.4
0.6
0.8

Height
(H)
[mm]
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

An appropriate frame was also fabricated, using the same
3D printer machine, to fix the fibrous nonwoven for cell

culture tests (Fig. 1 (A)). Then electrospinning of PA-66
was carried out on the patterned collectors for 2 minutes, as
shown in Fig.2. Then the collector was pulled out from the
frames by a lock to avoid any changes in the formation of
nanoweb.

scaffolds with repeatable 3D geometry. This provides the
possibility of having interconnected porous net which can
be used in tissue engineering.

Scaffold characterization
The morphology, structure of the scaffolds and the fiber
diameter were characterized by scanning electron
microscopy (SEM). One of the challenges was removing of
nonwoven layer from the collector without damaging the
concave and convex shapes. To achieve this goal, the
collectors have been covered with a thin layer of gold to
facilitate the detachment of the non-woven before the
electrospinning process.
RESULTS AND DISCUSSION
The results show that structured collectors allow producing
nanowebs templates made of nanofibers with alternative
pattern of oriented and non-oriented area, Fig. 1 (C), which
can provide an appropriate surface for cells’ growth.
Figure 2. Electrospinning of nanofibers on the patterned
collector and design and manufacture of patterned collector.

FUTURE WORK
In order to evaluate the in vitro performances of the
produced scaffolds, cell culture studies were initiated and
the experiments are ongoing.
KEYWORDS
Electrospinning, patterned
polyamide-66 scaffold

Figure 1. (A) The illustration of the frame-collector, (B) the
SEM image showing side view of the 3D printed collector (L1)
and SEM image of the collector surface (L1), (C) (D) images of
scaffold (S1).

For the next step, the ability of the PA-66 3D scaffold to
support cell activities, specifically, the cellular viability,
proliferation and differentiation will be investigated. In this
way morphology of oriented and non-oriented parts of
electrospun scaffold will be precisely studied.
CONCLUSION
This work, demonstrates the potential of 3D printing
technology when it is combined with electrospinning
method to produce 3D polymeric scaffolds.
In this study, nine patterned collectors with different groove
sizes have been produced by 3D printing. The electrospun
Polyamide-66 nanofibers were produced on the patterned
collector. The characterization results have shown that the
PA-66 nanofibers followed both the geometries and
dimensions of the fabricated 3D collectors. So, it has been
proven that different scaffold designs can be obtained from
3D printing and it is possible to produce electrospun

collectors,

3D

printer,
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Silver nanoparticles (SNP) have attracted considerable
attention due to their potential applications as electronic,
optical, sensing, catalytic and importantly antibacterial
materials. Their broad spectrum antimicrobial activities
and high toxicity to different type of microorganisms
endowed them in antibacterial applications for thousands
of years1,2. However, conventional methods to prepare
SNP involved the reducing and stabilizing reagents
which are not environmental. It is necessary to develop a
simple and environment-friendly method especially in
medical field for the synthesis of SNP.
Bacterial cellulose (BC) is a polysaccharide produced by
Acetobacter xylinus and some other Acetic acid bacteria.
It has a gel-like appearance which accumulates on the
surface of liquid culture media. BC is considered to be a
natural wound dressing since it provides balanceable
moist environment which is particularly important for
wounds with a large volume of exudates resulting in a
better wound healing.3 However, BC itself has no
antimicrobial activity to avoid wound infection. In this
paper, a facile and green method without added
reductant was used to synthesize SNP into BC for
antimicrobial dressing by using the reduction properties
of end groups and hydroxyl group.
“Green Synthesis” method was used to prepare SNP
into BC nanofiber, using BC as both the reducing and
protecting agents with different AgNO3 ( from 0.001M
to 1M ) concentration at 0.205 MPa and 121 ℃ for 10
min without any other chemicals (Figure 1).

Figure 1. Schematic illustration of green synthesis for
SNPs/BC nanocomposites.

The structures and properties of SNP into BC were
characterized by UV-visible spectral analysis, X-ray
diffractometry (XRD), scanning electron microscopy
(SEM), inductively coupled plasma (ICP) and
antibacterial properties.

Figure 2. The UV-Vis absorption spectra of control (BC) and
SNP into BC samples with different AgNO3 (A: 0.001 mol/L,
B: 0.005 mol/L, C: 0.01 mol/L, D: 0.05 mol/L, E: 0.1 mol/L, F:
0.25 mol/L, G: 0.5 mol/L, H: 1 mol/L, I: 2 mol/L). Inset shows
the digital image of SNP into BC samples.

Figure 2 shows the UV-Vis absorption spectra of and
SNP into BC samples with different AgNO3. From the
Figure, we can observe a peak at 410 nm which come
from the SNP absorption. Moreover, the peak shifts to
435 nm at the AgNO3 concentration of 2 M, indicating
the larger grain formed with the increase of AgNO3
concentration from 0.001M to 2 M. The color becomes
more deeply with the increase of the AgNO3
concentration shown the inset of Figure 2.4,5
Figure 3 shows the XRD spectra of control (BC) and the
samples of SNP/BC and Figure 4 shows the SEM
images of the samples of SNP/BC. The results show that
the SNP were spherical or nearly spherical with the facecentred cubic (fcc) geometry. Uniform distribution of
silver nanoparticles in the three-dimensional network
structure of BC is observed and the size of nanoparticles
was found to be about 60 nm. With the increase of the
AgNO3 concentration, the diffraction intensity of SNP
become stronger and the amount of grain increase and
grain size become larger, which indicates the quantity of
SNP impregnated into BC become larger and the result
confirmed by ICP analyses. Table 1 shows the amount of
SNP into BC by ICP analyses. From the data in Table,
the content of Ag increased from 16 mg/100 cm2 to 115
mg/100 cm2.

Figure 3. The XRD spectra of control (BC) and the samples of
SNP/BC (A: 0.001 mol/L, C: 0.01 mol/L, E: 0.1 mol/L, H: 1
mol/L)

Figure 5. Release of silver ions from SNP/BC samples [AgNO3
concentration of 0.001 mol/L (A), 0.01 mol/L (C), 0.1 mol/L
(E) and 1 mol/L (E)]

The release of silver ions was investigated by ICP, as
shown in Figure 5, the release of silver ions increased
with the increase of the SNP into BC and constant
release of silver ions imply the lasting antibacterial
properties.
Antibacterial activities of all samples were determined
against escherichia coli, staphylicoccus aureus, canidia
albicans and pseudomonas aeruginosa and the excellent
antibacterial properties are all obtained and the
antibacterial rate is greater than 99.99%.

Figure 4. The SEM images of the samples of SNP/BC (A:
0.001 mol/L, C: 0.01 mol/L, E: 0.1 mol/L, H: 1 mol/L)
Table 1 Silver content of SNP/BC samples.

Sample

AgNO3
（mol/L）

Ag content
（mg/100cm2 ）

Ag/BC(A)

0.001

16

Ag/BC(C)

0.01

32

Ag/BC(E)

0.1

54

Ag/BC(H)

1

115

In conclusion, it is anticipated that this SNP/BC
nanocomposites can be applied in the fields such as
wound dressings. Further investigation in animal
experiment and clinical test is in progress
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OBJECTIVE
In this talk I will discuss what we currently know about the
defensive slime of hagfishes, with an emphasis on the silklike fibers that permeate the slime. I will discuss the
material properties of slime threads and what we know
about how they are made within the slime glands. I will end
with a discussion of our biomimetic efforts to produce
synthetic slime threads.
INTRODUCTION
Hagfishes are an ancient group of marine animals that are
best known for their ability to produce vast quantities of
defensive slime when they are provoked (1). The slime
consists of silk-like protein threads and mucus that together
are exceptionally good at entraining large volumes of
seawater and clogging the gills of predators (2, 3). The
slime threads are made within the cytoplasm of specialized
cells called gland thread cells, and consist of bundles of the
cytoskeletal elements known as intermediate filaments (4).
Early work on the mechanical properties of slime threads
demonstrated that stretching them in water transforms them
into a material with strength and toughness that rival spider
dragline silk (5, 6). These results have inspired biomimetic
efforts to produce eco-friendly and high performance
protein materials based on the slime thread model.

studying how the slime threads are produced within gland
thread cells.
RESULTS AND DISCUSSION
We have found that draw-processing and drying of slime
threads transforms them into fibers with outstanding
material properties. The high strength and toughness of
these fibres corresponds with the transformation of slime
thread proteins from a structure dominated by aligned alphahelices to one dominated by beta-sheets and beta-sheet
crystals, which are known to be one of the keys to the high
performance of spider dragline silks (7). To date, we have
tried two approaches to making synthetic slime threads in
the lab. The first involved producing fibers from slime
thread proteins that had been solubilized in formic acid (8).
This method resulted in fibers that were weak compared to
native slime threads. In our second attempt, we made fibers
from another intermediate filament protein, vimentin, which
we first allowed to self-assemble into networks of 10-nm
filaments (9). These fibers were stronger than the ones
produced from solubilized protein and showed clear
evidence of an alpha-to-beta transition. Recent work on the
maturation of slime threads in gland thread cells (4) suggest
several promising approaches we will try to further improve
the quality of the fibers we make in the lab.
CONCLUSION AND FUTURE WORK
Hagfish slime threads are produced within cells via a
process that may be easier to mimic than the process by
which spiders make silk. Future work will focus on methods
to increase quality control during fibre spinning as well as
methods to induce a protein condensation step that we
observe in the maturation of native threads.
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INTRODUCTION
By combining different types of protein
biopolymers, it is possible to create diverse
protein composites that can be used for multiple
biomedical purposes. Silk fibroin is a
semicrystalline fibrous protein with beta-sheet
crystals that can provide perfect mechanical
durability and controllable biodegradation, but
their water vapor barrier properties are very poor
in a wet environment. While zein is a globular
protein generated from corns which contains a
large fraction of nonpolar hydrophobic amino
acids with good water and oxygen resistance.
Pure zein materials are very brittle therefore
require the addition of plasticizer for increasing
the flexibility. Protein blends based on silk
fibroin and zein were then produced with different
mixing ratios to explore their biomedical
applications.
Fourier
transform
infrared
spectroscopy (FTIR), Temperature-modulated
differential scanning calorimetry (TM-DSC) and
Atomic force microscopy (AFM) with
nanoindentation were used to demonstrate the
structural and morphological changes as well as
the thermal properties of these composite
materials. By identifying interactions between
these two proteins, we are able to create new
composite materials with controllable thermal
stability, biodegradability, and mechanical
resiliency. These protein composite materials
have many applications in the biomedical field
since they are perfectly biocompatible and
biodegradable, and can be further made into
variable materials such as films, sponges, gels,
and thermal, optical, and electrical devices.
EXPERIMENTAL APPROACH
Silk-Zein Alloy Soultion – Bombyx mori
silkworm fibers were first boiled in a NaHCO3
solution and then dissolved in a LiBr solution.

After dialyzing against distilled water, a pure silk
fibroin aqueous solution was obtained. Zein was
dissolved in a 90% MeOH/water solution (6 wt%)
and then slowly mixed with the 6 wt% silk
aqueous solution. The final blended solutions
were based on a mass ratio of silk : zein = 100:0
(pure silk) 90:10 (SZ90), 80:20 (SZ80), 75:25
(SZ75), 60:40 (SZ60), 50:50 (SZ50), 25:75
(SZ25), 10:90 (SZ10), and 0:100 (pure zein).
Films were obtained by casting solutions or gels
on polydimethylsiloxane (PDMS) substrates with
30 μm thickness.
DSC – the method was used to remove water at
150oC first, from -30 to 330 oC at a 10oC/min
heating rate.
FTIR – using Bruker FTIR spectroscopy, 64 scans
at 4cm-1 resolution.
Water Vapor Annealing – the technique was used
to physically crosslink the silk-zein films using a
vacuum desiccator. After pumping out the air, the
water vapors annealed the blend samples in the
vacuum for 12 h.
RESULTS
Using the FTIR, the structure of various silk-zein
films was able to be determined. For untreated
samples, Zein shows a typical helix structure.
With an increase of zein content from 40% to
50%, the protein blend structures suddenly
transformed from random coils to beta-sheets, and
became gels quickly. After 12h water-vaporannealing treatment, soluble silk-zein blend films
can be physically crosslinked by the beta-sheet
crystals (peak is around 1620 cm-1).

Figure 1: FTIR study reveals the structures of different
silk-zein films, including alpha helix, random coils,
and beta sheets.

CONCLUSION
Using these methods, the material properties of
silk-zein samples were studied. The silk-zein
protein alloy solution can be subsequently
designed into a wide range of biomaterials with
tunable properties in our lab, including material
matrixes for thermal, mechanical, optical,
electrical,
chemical,
pharmaceutical,
computational and biomedical applications.
This study was supported by Rowan University
Faculty Research Grants, Rowan University
2013-2014 Seed Funding Program (10110-609307460-12), and NSF-MRI Program (DMR1338014).
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INTRODUCTION
As a natural fibrous material, the tensile strength of spider
silk is comparable to steel, as high as 1.75 GPa, and is able
to elongate by 26% before breaking. It also has considerable
elasticity of up to 35%, behaving like rubber on a weight to
weight basis and is two to three times as tough as nylon or
Kevlar. In spider silks, the intrinsic thermal transport
capacity is strongly determined by molecular weight,
structure, crystallinity and alignment. For example, defects
are the main source of reduction in strength and thermal
conductivity.
Therefore,
thermal
diffusivity
and
conductivity can be used as signatures to reflect the overall
structure of spider silks. Unfortunately, very little research
has been done on the thermal transport capacity in spider
silks. Therefore, there has been very little use of this
property to characterize its structure variation.
In this work, we will present our recent progress in studying
the phonon thermal transport in spider silk by varying its
temperature from room temperature down to 10 K.
Traditionally, the thermal conductivity and thermal
diffusivity are two parameters widely used to describe the
thermal transport capacity in materials. These parameters
are determined by several combined properties, like density,
specific heat, phonon velocity, and phonon relaxation time.
In this work, we introduce a new parameter entitled
“thermal reffusivity” that works in a very novel way to
characterize the static phonon scattering in spider silks.
APPROACH
Thermal characterization of the spider silk fiber is carried
out in a cryogenic system [CCS-450, JANIS]. The system
can be used to perform experiments under temperatures as
low as 10 K. A closed loop of helium gas is compressed and
expanded between the compressor and the cold head.
During the expansion phase of each cycle, heat is removed
from the cold finger, on which the electrode base with
spider silk fiber is installed. The cold finger is covered by a
radiation shield to block room temperature radiation before
it reaches the sample, allowing the lowest possible sample
temperature to be achieved. A heater and thermometer are
installed on the cold finger and are used to precisely control
the sample temperature by a temperature controller. The
system is connected to a cold-trapped mechanical vacuum
pump to reach a vacuum level as low as 0.3 mTorr, which is
needed to eliminate the heat convection effect in the
measurement. For the sake of measurement, the electrode
base is electrically insulated from the sample mount by
applying a thin cryogenic vacuum grease (Apiezon N
Grease) film between them. The grease film also provides a
good thermal contact, making the sample temperature very
close to that of the cold finger. The electrodes are connected
to the electrical feedthroughs by using small gauge wires
(32 AWG) for applying current to the sample and for
voltage measurement across the sample.

The thermal properties of spider silk fiber are measured by
using the transient electro-thermal (TET) technique. The
TET technique has been thoroughly evaluated by measuring
well-known reference materials, and is widely used to
measure new materials in our lab.1, 2 The non-conductive
spider silk fiber is first coated with a 15 nm Ir film (Q150T,
Quorum Technologies) to make it electrically conductive.
Afterwards, a periodic step DC current is fed through the
sample to introduce Joule heating. The temperature rise
evolution due to the heating can be monitored through the
voltage increase recorded by a digital oscilloscope. During
the heating process, the voltage will increase from the initial
value V0 to the steady state V1. The transient phase can be
used to determine the thermal diffusivity of the sample.
Details of the TET technique can be found in our past
work.1 The thermal conductivity of the sample can be
determined by the steady voltage rise and its temperature
coefficient of resistance (TCR) that is determined by a
calibration process.
RESULTS AND DISCUSSION
Figure 1 shows the spider silk fiber measured in our work
(Nephila Clavipes scaffold fiber). It consists of several
strands of fibers, each of which has a diameter around 4 µm.
The sample’s length is 549.4 µm and is attached to the
electrodes using silver paste.

Figure 1: SEM images of the Nephila Clavipes scaffold
fiber measured in our work.
To describe the thermal transport capacity of a material, the
thermal conductivity and thermal diffusivity are widely
used. On the other hand, these two properties are determined
by several combined properties, like density, specific heat,
phonon velocity, and phonon relaxation time. Their values
reveal little knowledge about the phonon scattering process
and the defect level. In this work, we defined a new
parameter, named “thermal reffusivity”: Θ, which is the
inverse of thermal diffusivity (α). For metals, the thermal
reffusivity should be defined as Θ=T/k, here T is
temperature in Kelvin, and k is the thermal conductivity.

In kinetics theory, we have =
k 1/ 3 ⋅ ρ c p v 2τ , where ρ and
cp are the density and specific heat, v the phonon velocity,
and τ the phonon relaxation (scattering) time. Therefore, the
thermal reffusivity can be expressed as Θ =3 / (v 2τ ) . Note
here we take the single-relaxation time estimation for
phonon thermal transport. This allows us to quickly capture
the real physical meaning of thermal reffusivity. Phonon
scattering can be induced by phonon-phonon collision, and
scattering by defects, like grain boundary and defects. This
type of defect-induced scattering involves a static structure
in the material, and the related scattering time is temperature
independent: τdef. Following Matthiessen's rule on phonon
−1
−1
scattering, we have =
Θ 3 / v 2 ⋅=
τ −1 3 / v 2 ⋅ (τ ph
− ph + τ def ) .
The phonon-phonon scattering time τph-ph is proportional to
the phonon number density, and will become infinite when
temperature goes to zero. So by studying how Θ varies with
temperature, and identify the residual Θ (Θ0), we could
evaluate the static phonon scattering. Also this information
will allow us to study the structure size that induces static
phonon scattering.

Figure 2: Variation of the thermal reffusivity of the spider
silk versus temperature.
Figure 2 shows the thermal reffusivity variation of the
spider silk against temperature. It is observed that when
temperature is high (>100 K), Θ changes with T almost
linearly. This is because when temperature is high, the
phonon number density is proportional to temperature.
However, when temperature goes to zero, Θ does not go to
zero. Instead, it converges to a value about 1.05×106 s/m2.
We designate this as residual thermal reffusivity:Θ0, similar
to the concept of residual electrical resistivity in electron
transport in metals. We have conducted extensive studies
and evaluations of the thermal reffusivity change for
bulk/crystalline materials. For those bulk and defect-free
materials, Θ0=0, which means the structure size is very
large, leading to negligible scattering in phonon transport.
So from this figure we can conclude that at room
temperature, the thermal reffusivity has a big contribution
from the static phonon scattering, around 1.05×106 s/m2.
Therefore at room temperature, the intrinsic thermal
reffusivity of the silk should be around 0.58 106 s/m2. So we

can conclude that for a defect-free spider silk, its thermal
diffusivity sustained by phonon-phonon scattering will be
around 1.72×10-6 m2/s. This value is about three times the
value we measured in this work.
As we analyzed above, the residual thermal reffusivity is
solely induced by static defect-phonon scattering. Therefore,
the scattering time is tightly related to the characteristic size
of the structure (Lstr). This relationship holds to the firstorder estimation: l = υt def ~ Lstr , here l is the phonon free
path. For spider silk, its longitudinal phonon velocity is
around (vL) 3000~5000 m/s, and the transvers phonon
velocity (vT) is 200~700 m/s. Take a phonon velocity of (3v1
=1/vL+2/vT) 630 m/s, we have τ def ~ 7.2 × 10−12 s .
Consequently we have Lstr~ 4.5 nm. This means the
crystalline structure really has a very small feature size,
which scatters phonon significantly.
More extended thermal reffusivity study has been conducted
in our lab for silkworm silk and DNA, and we have been
able to identify the residual thermal reffusivity and the
structure characteristic size in phonon scattering.
Furthermore, our detailed study (not published) on electron
transport in extremely confined domains also extends the
application of thermal reffusivity.
CONCLUSION
In this work, we have developed a system to measure the
thermal transport in spider silk fibers from room
temperature down to 10 K. Our measurement technology is
able to measure fibers of thickness from mm down to nm
scale. A new parameter: thermal reffusivity was defined and
evaluated for the spider silk fiber. The residual thermal
reffusivity of the sample does not go to zero when
temperature goes to 0K. The residual value provides a
quantitative measure of defect-induced phonon scattering.
This enables us to understand the potential of thermal
transport of a material, and to characterize the structure size
in the spider silk during phonon transport.
KEYWORDS
Spider silk, thermal reffusivity, cryogenic measurement,
static phonon scattering, characteristic structure size
ACKNOWLEDGMENT
Support of this work by Army Research Office (W911NF12-1-0272), Office of Naval Research (N000141210603),
and National Science Foundation (CBET1235852,
CMMI1264399) is gratefully acknowledged.
REFERENCES
1. Guo, J., Wang, X., Wang, T. "Thermal characterization
of microscale conductive and nonconductive wires using
transient electrothermal technique." Journal of Applied
Physics, 101 (6), 2007: 063537.
2. Lin, H., Xu, S., Wang, X., Mei, N. "Thermal and
Electrical Conduction in Ultra-thin Metallic Films: 7 nm
down to Sub-nm Thickness." Small, 9 (15), 2013: 25852594.

The Mechanism of Moisture Collection on Spider Silk
1

Wenwen Zhang1, Stephen Michielsen1, Eugene Wilusz2
North Carolina State University; 2US Army Natick Soldier Research, Development, and Engineering
(RD&E) Center, Natick, MA 01760
wzhang17@ncsu.edu

KEYWORDS: Spider silk, moisture collection, spindle knots, capillarity, Laplace pressure

ABSTRACT
Spindle knots on spider silk are regarded as the
key property that enables spider webs to collect
moisture. Previous authors have stated that
liquids will always move to the widest part of
the spindle knot. However, new theoretical and
experimental results reported here show that this
is not necessarily correct. Using analytical
theoretical results along with numerical
simulation and carefully designed experiments,
the behavior of liquid drops on spindle knots
has been analyzed. It was found that spindle
knots can drive the drop to the widest region, as
reported by previous authors, or to the
narrowest region. In addition, under certain
conditions, the drop may not move at all. The
conditions for moving the drops is presented.
INTRODUCTION
The moisture collection on spider webs brings
the possibility of improving the lives of people
living in arid regions. A spindle knot structure
has been found on spider webs and the authors
of those studies have assumed that droplets on
spindle knots will always move spontaneously
to the widest part region due to the Laplace
pressure [1], [2]. However, recent work by
Michielsen et al.[3] has shown that the drops
may move to the widest region or the narrowest
region, depending on the cone half-angle and
the contact angle between the drop and the cone.
The work reported below is aimed at a better
understanding of the conditions for collecting
water on spider webs.
THEORETICAL STUDY
The Gibbs free energy of barrel shape and
clamshell shape droplets on spindle knots has
been studied based on the method introduced by
Michielsen et al.[3] and Surface Evolver®[4]
simulations, as shown in Figure 1.

Figure 1: Illustration of parameters of a barrel shape
droplet (case I and case II) and clamshell sitting on
cone (bottom).

EXPERIMENTAL APPROACH
Materials
A spider web, water, Kaydol, dodecane, and
spandex were used as received.
Methods
The droplet at both the micro- and picoliter
level were studied separately in order to verify
they follow the same wetting behavior. Firstly,
the structure of a spider web and its wetting
behavior of water mist on the web have been
observed.

Figure 2: The basilica spider web used by this study.

Secondly, the communication between two
micro droplets (water, Kaydol, dodecane) on
spandex yarn has been studied. Thirdly, the
wetting behavior of micro droplets on spindle
knots on fish line has been studied. Fourthly, the

wetting behavior of picoliter droplets on flat
surface, grooved surfaces, and spindle knots on
single fiber (D~30µm) were studied using the
apparatus shown below.

Wetting behavior of microliter droplets on
spindle knots
The wetting behavior of microliter droplets on
spindle knots agree with the results from theory
study.
Wetting behavior of picoliter droplets on
spindle knots

Figure 3: The picoliter application and observation
apparatus used in these experiments.

RESULTS AND DISCUSSION
Microstructure of basilica spider web

Figure 4: Microstructure of supportive silk.

Figure 5: Microstructure of net silk.

Capillarity and microflow driven by Laplace
pressure

Figure 6: The microflow model used to understand
the droplet merging on spandex yarn.

A model of flow bases on Poiuselle flow is:
T=

3
V1
3η
2(4π )1/3 γ LV K1 ∫0

L
dx
1
1
−
−
[(V1 − x) 3 − (V2 + x) 3 ]

Figure 7: Spontaneous motion of picoliter droplets
on single spindle knot (fiber diameter 30µm).

CONCLUSIONS
The moisture collection of spider web is due to
droplet collision, capillarity, merging of droplets
driven by Laplace pressure and spontaneously
motion driven by Gibbs free energy if the
required conditions are satisfied. This study not
only created a mathematical approach to design
the structure of spindle knot fiber, but also
verified the theoretical study using experiment.
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INTRODUCTION
Evolved over millions of years’ natural selection, very thin
(~0.4 mm) and lightweight wild silk cocoons can protect the
silkworms from extreme weather conditions (e.g. –40 ºC or
50 ºC) and other challenges (e.g. attack from sharp bird
beaks), while supporting their metabolic activity. In
comparison with domestic silkworm such as Bombyx mori
(B. mori), wild silkworms need much greater protection
from environmental, biotic and physical hazards [1].
Our previous work has investigated both the mechanical
properties [1] (peel resistance, indentation and compression)
and the thermal insulation properties [2, 3] of the silk
cocoons, which are essential for the survival of silkworms
when they enter diapause and metamorphosis. Intrigued by
the need for the wild cocoons to protect against penetration
from bird beaks, twigs, parasites and predators that threaten
the life of silkworms, we have studied the needle
penetration resistance of the cocoon walls in this work. It is
of practical importance since the needlestick injury is a
common hazard faced by healthcare professionals and
workers in law enforcement and sanitation services, who
have a high risk of exposure to blood-transmissible
infections.
Relative humidity is an important environmental factor
affecting the survival conditions of the pupa inside the
cocoon [4]. How the silkworm cocoons maintain the
moisture environment inside the structure and how the
moisture transfers through the cocoon wall are intriguing
scientific questions. In the present work, both domestic and
wild cocoons were studied.
APPROACH
The B. mori, Samia cynthia (S. cynthia) cocoons were
purchased from silk rearing houses in Northeast India and
the A. pernyi cocoons were collected from Northeast China.
The aramid fabric used for needle penetration tests was from
a Turtleskin Insider protective glove (Warwick Mills, USA)
and has a plain weave structure (240 ends/10 cm warp, 480
picks/10 cm weft). Needle penetration tests were performed
on a 5967 Materials Testing System (Instron Corporation,

USA) equipped with a 100 N load cell. A lab-designed test
set-up consisted of a base holding the test specimen in
position and a puncture probe to which the needle was
installed for applying a compression force to the specimen.
A tension force of 2.3 N was applied to the specimen by a
spring between the two mounting blocks. A loading rate of
10 mm/min was used to test samples with the dimension of
25 mm × 8 mm. The relative humidity measurements were
conducted in a sweating guarded hotplate (SGHP), which is
located in the platinum series of temperature and humidity
standard chamber (ESPEC). The relative humidity inside the
cocoon was measured with the SHT71 sensors combined
with the evaluation kit (EK-H4). To remove the effect of
cocoon volume, artificial cocoons were used for tests, which
are composed of a plastic cylinder in the middle, a rubber
cap in one end and a cocoon wall piece with the same
dimensions in the other end.
RESULTS AND DISCUSSION
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STATEMENT OF PURPOSE
The main aim of this work is to understand the structureproperty-function relationship of the natural protective
silkworm cocoon shells. This understanding will inspire
further effort to tackle the perennial challenge of developing
lightweight and highly protective textiles and composite
structures. Such materials are essential for a wide range of
applications including outdoor activities, healthcare,
security, as well as defence sectors.
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Fig. 1. Needle penetration resistance of different cocoon types
in comparison with the synthetic aramid fibre fabric.

A cocoon is a multilayer composite material formed by
continuous twin silk filaments conglutinated by sericin. The
twin silk filaments are arranged in a three-dimensional
distributed form after they are extruded through two
spinnerets of the silkworm. The filaments are coated and
fastened by sericin, creating a compact cocoon structure
around the silkworm [5]. Fig. 1 shows that the wild cocoon
A. pernyi had the highest needle penetration resistance
among all tested pieces with a maximum needle penetration
force of 11.8 N. The woven aramid fabric had a
significantly lower maximum needle penetration force (7.1
N). The other cocoon types measured exhibited maximum
needle penetration forces between 2-5 N, with higher
displacement (at maximum force) than the A. pernyi cocoon
and aramid fabric. During penetration of the A. pernyi

cocoon wall, the resistance of the cocoon structure caused
the needle shaft to bend elastically, which was not observed
in any of the other materials measured. The needle
penetration damage of all tested sample types was observed
by SEM. The samples with low needle penetration
resistance showed cleanly and sharply-cut fibres, while the
samples with high needle penetration resistance showed
ductile fibre flattening at the cutting end.
After removal of the mineral crystals from the surface of the
A. pernyi cocoons, the maximum needle penetration force
reduced 7%. Removal of 30% of the sericin matrix resulted
in a 28% decrease in needle resistance. With further
removal of sericin matrix, the cocoon started to lose its
integrity and the fibres became loosely packed. The needle
easily penetrated the 50% degummed cocoon through many
thin individual debonded layers after sericin removal. This
result suggests that sericin plays a critical role of bonding
the silk fibres together, restricting the relative motion of
fibres during needle penetration.

Fig. 2. Experimental set-up for the moisture transfer
measurements. a) environmental chamber; b) sweating guarded
hotplate; c) artificial cocoon; d) sensor EK-H4.

The relative humidity profiles of both the chamber interior
and the artificial cocoon interior were measured using the
experimental set-up shown in Fig. 2.

higher for the A. pernyi artificial cocoon when the
environmental humidity is decreased. The slower moisture
diffusivity through the A. pernyi cocoon wall provides a
more comfortable living condition (in the wild) for the
silkworm residing inside the original cocoon.
From the measurements of the natural A. pernyi cocoon, the
moisture diffusivity is higher in the outward direction than
the inward direction, which is beneficial for maintaining a
relatively dry condition inside the cocoon. As a biological
structure, the wild A. pernyi cocoon has cubic mineral
crystals located on the outer layers that can be distinguished
from the domestic B. mori cocoon. These crystals can
promote the air flow to be more disordered and turbulent,
which further increases the wind and moisture resistance
[38]. Therefore, the moisture resistance of the A. pernyi
cocoon wall is higher in the direction from the outer surface
to the inner surface than is the case in the opposite direction.
CONCLUSION
The needle penetration resistance and moisture transfer
properties of silkworm cocoons were investigated. The wild
A. pernyi cocoon showed significantly higher (70% higher)
needle penetration resistance than the synthetic protective
glove material (an aramid fabric). Silk sericin is shown to
play a critical role in providing needle penetration resistance
of the composite cocoon structure. With a reduced content
of sericin (50 % removal) the A. pernyi cocoon lost
protection capability to resist needlestick penetration.
Compared with the domestic B. mori cocoon, the A. pernyi
cocoon can provide a more stable interior environment
under the same fluctuating relative humidity conditions,
which is due to the higher moisture resistance of the A.
pernyi cocoon wall in the direction from the outer to the
inner surface than that in the opposite direction.
FUTURE WORK
These phenomena will be studied further and used for
biomimetic fabrication for protective materials and
structures.
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Biological materials, fibrous structure, protective function
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Fig. 3. The comparison of relative humidity profiles between
the artificial cocoons constructed from the A. pernyi and the B.
mori cocoon walls.

Under a constant temperature condition (35ºC), the relative
humidity change inside the bottle is smaller for the A. pernyi
cocoon wall than the B. mori cocoon wall, i.e. the rate of
humidity increase and the humidity itself are smaller for the
artificial A. pernyi cocoon than the artificial B. mori cocoon
when the environmental humidity is increased and the rate
of humidity reduction is smaller and the humidity level are
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INTRODUCTION
Polymer composites made of natural fibers aim at playing a
significant role in the fields of construction, automotive, and
aeronautics thanks to their light weight property and
reduced content of petro-chemical origins. Flax fibers show
promising results as an alternative to glass fibers as they
show comparable specific mechanical properties but also
good thermal and vibration insulating properties. The
interfacial strength between the fibers and the polymer also
determines to a large extent the final properties of the
materials, i.e. the compatibility between both constituents
must be good to guarantee an homogeneous impregnation of
the fibers and a strong adhesion. To predict such
compatibility, surface energetic components of the fiber
have to be assessed. They are traditionally obtained using
the acid-base theory [1] where the surface energy of the
fiber is divided into dispersive (Lifshitz-Van der Waals),
acid, and basic components. Using Young’s equation [2],
the characterization of the fiber surface requires to measure
the contact angles made by three different probe liquids
around the fiber. These angles are usually obtained using the
Wilhelmy technique [3]. The experiment consists in dipping
the fiber into a reservoir of liquid and then withdrawing it
from the same reservoir at a constant velocity. The microbalance attached to the fiber is then able to measure the
force exerted by the liquid on the fiber and gives access to
respectively the advancing and receding contact angles via F
= pγLcosθ (Eq. 1) with F the force measured by the
microbalance, p the perimeter of the fiber, γL the
liquid/vapor surface tension and θ the contact angle.
The surface energy characterisation of fibers via the
Wilhelmy method then involves three consecutive steps
which are the:
• perimeter measurements,
• force measurements and contact angle calculations,
• surface energy component calculations.
Due to its low surface tension (18.2 mN/m), the contact
angle between hexane and a fiber is assumed to be zero so
that the perimeter can be estimated from Eq. 1.
This methodology is valid under the additional assumption
that the perimeter is constant over the length of the fiber.
If true for synthetic fibers like glass and carbon, for flax
fibers, like every other natural fibers, these assumptions
may not be valid. Indeed, natural fibers can have irregular
shapes and not constant perimeters. They may also swell
significantly when in contact with a liquid.
This work presents original methods to check if these
assumptions are meaningful when flax fibers are considered

as well as alternative routes to cope with the complexity of
these surfaces.
METHODOLOGY
The dynamic Wilhelmy plate method is used. The primary
testing equipment is a Krüss K100 tensiometer encapsulated
in a vibration-absorbing box to exclude artefacts on the
force measurements (Figure 1). The tensiometer has a
resolution of 0.1 μg. The temperature during testing is stable
and controlled at room temperature. The experiments are
conducted in an irregulated ambient relative humidity
environment. However, prior to measuring, the samples
were stored in a humidity regulation chamber (RH=50%)
for 2 days. Since the total duration of the experiment is
fairly short (20 minutes) it can be assumed that the fibers are
therefore tested at the condition they are in, at RH=50%.
The probe liquids are hexane, ultra pure water, ethylene
glycol, and diiodomethane. The flax fiber is dipped in and
withdrawn from the pool of liquid at a constant velocity of 1
mm/min [3]. The measurements are performed on untreated
flax fibers provided by Lineo. For every test liquid, the
measurements are performed 5 times with technical fibers
with a diameter of around 100μm.

Figure 1: Krüss K100 tensiometer and its key elements.
RESULTS AND DISCUSSION
Assumption 1: The hexane/fiber contact angle is 0°
A first experiment is done with a flax fiber which is
afterwards coated with gold and then immersed again in
hexane. The nano-layer coating has a negligible influence
on the perimeter of the flax fiber. Since gold (high surface
energy) has a 0° contact angle with hexane, identical forces
for both experiments indicate that hexane has indeed a 0°
contact angle with the flax fiber. Figure 2 shows that the
forces before and after coating overlap to a large extent.
This indicates that the force measurements are the same and
so the contact angles. Therefore, it gives conclusive proof
that the contact angle between hexane and flax fibers is 0°.
This is crucial as it guarantees a reliable estimation of the
perimeter. To test potential modifications induced by

hexane on the surface of the fiber, the same fiber was used
in consecutive experiments (and dried between two
experiments). No noticeable modification of the forces was
measured by the microbalance, i.e. hexane did not modify
the surface of the fiber.

CONCLUSION
We use the Wilhelmy technique to evaluate the contact
angles of hexane around flax fibers. We show that specific
attention must be paid to the measurement of the perimeter
of the fiber. A new method based on local perimeters is
proposed and permits to correct the values of the contact
angles around the fiber. We believe that this is a first step
towards a better characterization of natural fibers. However,
there is a particular need to develop experimental methods
to characterize these fibers at the yarn level. This is
ongoing.

Figure 2: Forces measured on the same fiber before and
after coating.
Assumption 2: The perimeter is constant over the length of
the fiber.
As the assumption of a 0° contact angle between hexane and
the flax fiber was checked, the perimeter variation along the
fiber can then be assessed. Figure 3 shows this variation
normalized by the average perimeter which is traditionally
used. A deviation up to 15% is reached and since all the
contact angle calculations are based on the perimeter, it is
vital to account for this local perimeter.

Figure 3: Relative perimeter of a flax fiber.
The logical consequence is to consider the local perimeter
measured at a given position to evaluate the local contact
angle. Figure 4 show the variations of the contact angles if
a local perimeter is considered rather than an average one.
Between 1.5 mm and 3 mm, a discrepancy between the
contact angles obtained from respectively the local and
average perimeters can clearly be seen. It strongly suggests
that the local perimeter technique should be given priority to
the classical average perimeter technique as this new
method provides a better description of the surface
properties of the fiber.

Figure 4: Contact angles calculated with average (blue line)
and local perimeters (red line). The local perimeter is also
shown (green line).
REFERENCES
1. Van Oss, C.J., Good, R.J., Chaudhury, M.K. Journal of
Colloid and Interface Science, 111, 378, 1986.
2. Young, T. Philo. Trans. R. Soc. London, 95, 65, 1805.
3. Fuentes, C.A. L.Q.N. Tran. C. Dupont-Gillain, W.
Vanderlinden, S. De Feyter, A.W. Van Vuure, I. Verpoest,
Colloids and Surfaces, A, 380, 89, 2011.

X-Radiography for Fibrous Web Structural Analysis
D. Steven Keller, Guizhou Wang, Chi Feng, Huang Yan
Miami University, Department of Chemical, Paper and Biomedical Engineering, Oxford, OH, 45056, USA
kellerds@MiamiOH.edu
INTRODUCTION
The spatial distribution of stochastically formed fibrous
structures is of critical importance for end us performance.
This is especially true for low density web materials such as
nonwovens and paper tissue and towel products, where
permeability or absorption are balanced with mechanical
strength and uniformity. Such structures often require multiple levels of engineered design to introduce features that
increase bulk of the individual or stacked web, while
providing points of densified contact where interfiber bonding is promoted that results in increased web strength. Thus,
when considering the structure of tissue and towel papers
and nonwovens, one often needs to consider spatial dimensions that span four orders of magnitude, from fiber widths
to the pattern of induced features. The investigation discussed in this presentation focuses on the analysis of 2D and
3D X-radiographic data sets to determine the local thickness, density 1,2 and fiber segment orientation3. The overall
objective is to provide a means to characterize the effects of
forming and processing conditions on structure, and the
effect that structural characteristics effect end use properties
and behavior. High resolution tow dimensional Xradiographic imaging is used to determine the fiber segment
orientation from which the local orientation distribution is
derived. 2D-Xray data sets are also used to determine the inplane distribution of mass that, when combined with local
thickness maps obtained by non-contact laser profilometery,
is used to map the local volumetric density of these materials. Micro X-ray computed tomography (µ-XRCT) is used
to obtain 3D data sets of much smaller regions, on the order
of 5 mm square. The extraction of local fiber orientation, in
three dimensions, as well as the thickness and density calculated along vectors perpendicular to the mean center surface
will be discussed.
EXPERIMENTAL
Materials: The samples examined in this study were commercially available nonwovens representing a wide variety
of common applications and commercially available single
and two-ply paper towels. Nonwoven samples were selected
from the INDA Reference Sampler (INDA, Cary,NC), and
include materials from the spunbond, meltblown, and airlaid
forming processes. The paper towel samples were selected
to represent the three major manufacturing methods. These
methods are conventional wet pressing that involves creping
and embossing of the web, through air drying and ATMOS™. The latter two use belts to form features and bulk
the structure. These products all show considerable out of
plane deformation due to induced engineered features.
Soft X-Radiography (2D images): In-plane distributions of
mass were determined from images obtained from contact
radiography using soft (6 kV) X-rays3. A Minishot X-Ray
cabinet (Associated X-Ray Corp.) was used to expose samples in contact with Structurix D2 (Agfa) X-ray film. Calibration was achieved using a step wedge of Mylar films.

Figure 1. X-radiographic image of paper towel sample. Right
image is zoomed view of box indicated in the left image. The
depth of field and resolution enable quantification of web and
individual fiber structure.

Developed films were scanned in transparency mode at 5.3
µm/pixel and 16 bit gray level using an Epson V700 desktop
scanner. The spatial non-uniformity of exposure, due to the
isoplanatic distribution of intensity (vignetting), was corrected using a geometric function and grammage maps were
created using the local mass at each pixel location. The
quality of imaging by this method is shown in Figure 1.
2D Image Analysis: The ratio of mass and thickness, as
determined by non-contacting laser profilometry2, was used
to map the in-plane volumetric density of samples. The local
fiber segment orientation was determine by iteratively stepping through each pixel within the sample image, selecting a
circular sub-region surrounding the center pixel, and calculating the ellipse representing the second moment (so called
image moment). From this, the lengths of the principal and
secondary axes, and the mean orientation angle of the ellipse with respect to the sample was determined, as shown
in Figure 2 (left).
X-Ray Micro-Tomographic Imaging (3D arrays): Micro
X-ray computed tomography (µ-XRCT), obtained at the
European Synchrotron Radiation Facilities (ESRFGrenoble), provided 3D data sets for determining local
thickness, density and fiber segment orientation. The samples were scanned in a cylindrical region for a voxel size of

Figure 2. Representations of the 2D inertial orientation ellipse
(left) and 3D orientation ellipsoid (right) used to calculate the
local fiber segment orientation from radiographic data sets.
From Keller et al.3

0.7 µm in an in-plane dimensions of 2048 × 2048 pixel2 (1.4
× 1.4 mm2). Data was denoised, segmented and binarized by
thresholding for the analyses discussed in this presentation.
3D Image Analysis: The determination of fiber segment
orientation involved iteratively determining the moment of
inertia for a spherical region about each solid voxel and determining the angles and axis lengths that define the represented ellipsoid (at each location). This approach is illustrated in Figure 2 (right). Complimentary colors are used to
represent the orientation of fiber segments with respect to
specific planes. Examples for in-plane orientation are provided in this presentation.
For samples with considerable out-of-plane deformation due
to embossing or TAD features, the determination of local
web thickness and density for was determined at each point
along a vector perpendicular to the mean-smoothed center
plane. The method improves the analysis of feature side
walls and corrugations.
RESULTS AND DISCUSSION
2D Fiber Segment Orientation: Figure 3 illustrates the
orientation maps for a reference image and from a radiographic image of paper towel. The left shows the grammage
map expressed as gray levels, white having higher mass.
The right image shows the response to inertial calculations
of the orientation analysis. The representation s shows vertical alignment as green, horizontal as red, and blue and yellow representing complimenting +/- 45°. Figure 4 shows the
results for a highly oriented spunbond nonwoven.
3D Fiber Segment Orientation: The 3D local fiber orientation may be represented as 4D maps where color represents
the angle with respect to one of the three orthogonal planes.
Figure 5 shows the results for orientation in the principal

Figure 3. Local segment orientation (right) obtained from a
gray level grammage map (left). From Keller et al.3

Figure 4. Local segment orientation (right) obtained from a
gray level grammage map (left) for a spunbond nonwoven.

Figure 5. Local fiber segment orientation of CWP paper towel.

plane (X-Y) of a 1.3 x 1.3 mm2 paper towel sample using
the same color legend as shown in Figures 3 and 4. Notice
that the edges of the collapsed fibers show consistent orientation direction, while the centers show more ambiguity.
CONCLUSION
New methods for characterizing the structural properties of
local thickness, density and orientation are shown for low
density fibrous webs. Data obtained from these analysis will
provide useful insight for the understanding of web formation and modification processes on end use characteristics and behavior.
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OBJECTIVE
In this study, composite nanofibers of polyacrylonitrile
(PAN), amino functionalized carbon nanotubes (fCNTs), silver nitrate (AgNO3) and camphorsulphonic
acid (HCSA) doped polyaniline (PANI) were
produced by electrospinning method. PANI and f-CNT
content were kept constant as 3 w% and 0.5 w%,
respectively while the AgNO3 content was changed as
0.5 and 1 w%. The effects of the addition of
polyaniline, amino-functionalized CNTs, and AgNO3
on the morphology, conductivity and mechanical
properties of composite nanofibers have been
analyzed.
INTRODUCTION
High electrical conductivity and thermal conductivity,
high strength and aspect ratio of carbon nanotubes
have motivated considerable research in their
composites with many polymers [1].
Silver
nanoparticles have attracted great attention because
they have been found to exhibit remarkable catalytic
activity, high electrical conductivity and antimicrobial
activity [2]. On the other hand, polyaniline has been
the most widely investigated conducting polymer due
to its special properties and wide range of potential
applications [3]. In literature, there are many studies
regarding PAN/CNT, PAN/AgNO3 and PAN/PANI
composite nanofibers. In this study, composite
nanofibers of PAN/f-CNT/AgNO3 and PAN/PANI/fCNT/AgNO3 were produced by electrospinning
method with an attempt to obtain conductive
nanofibers.
APPROACH
Polyacrylonitrile (PAN) (Sigma Aldrich, 181315),
polyaniline (PANI) (Sigma Aldrich, 530689), AgNO3
(Alfa Aesar Premion, 10858), camphor sulfonic acid
(CSA) and dimethylsulfoxide (DMSO) were used as
received. Multi-walled carbon nanotubes were used
after functionalization. For PAN/f-CNT/AgNO3
composite nanofibers, required amount of f-CNTs and
AgNO3 were added to DMSO and ultrasonicated with
ultrasonic tip for 10 minutes and with ultrasonic bath
for 45 minutes. Then PAN was added to the solution.
The solution was mixed with magnetic stirrer at 40˚C,
300 rpm for 2.5 hours. For PAN/PANI/f-CNT/AgNO3
composite nanofibers, the required amount of

camphorsulfonic acid and polyaniline (equivalent
molar ratio PANi:sulfonic acid = 1:2) were added to
dimethylsulfoxide and mixed with magnetic stirrer at
40˚C, 300 rpm for 2 days. After filtration, the required
amount of f-CNTs and AgNO3 were added and the
same procedure as that applied to solutions of PAN-fCNT-Ag nanofibers was followed. The concentration
of PAN was kept constant as 7 w%. The contents of
PANI and f-CNTs were kept constant as 3 w% and 0.5
w% respectively while the AgNO3 content was
changed as 0.5 and 1 w%. Horizontal electrospinning
setup with a rotating collector was used. The applied
voltage was 15 kV, the distance between the tip and
the collector was 10 cm and the flow rate of the
spinning solution was 1 mL/h. For in-situ synthesis of
silver nanoparticles chemical reduction using aqueous
solution of hydrazinium hydroxide was performed.
SEM images of the composite nanofibers were
obtained using EVO MA 10 scanning electron
microscope. The diameters of 50 randomly selected
nanofibers were measured using Image Analysis
Software. Mechanical properties were measured using
tensile tester with a 100 N load cell at a crosshead
speed of 20 mm/min. The length and width of the
specimens were 35 mm and 5 mm, respectively. The
gage length was 15 mm. Volumetric resistances were
measured using a two-circular-probe system connected
to Microtest 6370 LCR meter with four wire system
and then volumetric conductivity was calculated.
RESULTS AND DISCUSSION
SEM images of some selected samples can be seen in
Figure 1.

a.

b.

c.

d.

e.

f.

Figure 1. SEM images of the composite nanowebs.

Table I. Mechanical properties and conductivities of composite nanofibers.

Sample
100% PAN
PAN-0.5%f-CNTs-0.5%Ag
PAN-0.5%f-CNTs-1%Ag
PAN-3PANI-0.5%f-CNTs-0.5%Ag
PAN-3PANI-0.5%f-CNTs-1%Ag

Breaking
Stress
(N/mm2)
10.58±2.04
8.78±2.53
10.61±2.10
7.45±1.61
7.15±1.39

Neat PAN fibers and composite PAN nanofibers with
0.5 w% f-CNTs and 1 w% Ag had uniform structures
while the nanofibers produced with 3 w% PANI, 0.5
w% f-CNTs and 1 w% Ag had some structural
deformations such as beads and fusions among fibers.
The reason for these deformations might have been the
poor dispersion of the higher amount of additives. The
average diameters were 515.34, 459.38 and 770.24 nm
for the neat PAN nanofibers, PAN-0.5%f-CNTs1%Ag,
and
PAN-3PANI-0.5%f-CNTs-1%Ag,
respectively. The addition of 0.5 w% f-CNTs and 1
w% Ag resulted in a decrease in nanofiber diameter
which was most probably due to the increased charge
density which resulted in higher drawing during
electrospinning. The average diameter increased with
the addition of 3 w% PANI, 0.5 w% f-CNTs and 1 w%
Ag most likely because of the increased concentration
of the electrospinning solutions.
The mechanical properties and conductivity values of
the nanowebs are presented in Table I. As the type and
amount of filler increased, breaking strength decreased
due to the increase in the tendency of agglomeration,
nonhomogeneous distribution and the void formation
between filler and polymer matrix. Among all
samples, PAN-0.5%f-CNTs-1%Ag had similar
breaking strength with neat PAN nanoweb. The
increase in breaking elongation with the addition of
PANI might have been due to the yielding of voids
and the increase in alignment of nanofibers as a result
of the increase in the net charge density.
The results of conductivity measurements are also
presented in Table I. All the samples showed improved
conductivity when compared to the conductivity of
neat PAN nanofibers which is reported to be 10-12
S/cm [4]. The conductivity of PAN/f-CNT/Ag
nanofibers was around 10-7 S/cm while the
conductivity of PAN/PANI/f-CNT/Ag nanofibers was
around 10-8 S/cm. The quaternary composite
nanofibers showed lower conductivity most probably
due to the nonhomogeneous dispersion of the
conductive polymer and nanoparticles in the nanofiber
structure.

Breaking
Elongation
(%)
8.47±2.24
11.59±3.47
8.04±1.78
19.51±4.13
15.46±4.29

E-Modulus
(N/mm2)

Conductivity
(S/cm)

69.78±19.28
42.75±11.38
68.77±20.44
30.43±7.18
29.13±7.69

1.30E-07
1.48E-07
8.48E-08
1.38E-08

CONCLUSIONS
In this study, semiconductive nanofibers of PAN/fCNT/AgNO3 and PAN/PANI/f-CNT/AgNO3 were
successfully produced by electrospinning. Scanning
electron microscope (SEM) ensured the nanofiber
formation. Incorporation of additives resulted in an
increase in nanofiber diameter. PAN-0.5%f-CNTs1%Ag had a similar breaking strength with 100% PAN
reference sample. The conductivity was improved to
the level of 10-7 S/cm with addition of conductive
nanoparticles. The conductivity of PAN/f-CNT/Ag
nanofibers was around 10-7 S/cm while the
conductivity of PAN/PANI/f-CNT/Ag nanofibers was
around 10-8 S/cm.
FUTURE WORK
In future work, different dispersion techniques will be
studied in order to have more homogeneous structure.
KEYWORDS
Carbon nanotubes, conductive, electrospinning,
nanofiber, polyaniline, polyacrylonitrile, silver nitrate.
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INTRODUCTION
Fiber reinforced polymeric composite materials
are widely used in several technical applications.
The mechanical properties of thermoplastics and
its fiber reinforced composites depend on their
structure, environmental factors (humidity,
temperature) and time. Thermoplastics could
show significant creep deformation even at
moderate stress and temperature. There are only
few data available on long term creep behavior
because these measurements are much more time
consuming, and less economical than short term
tests.
Urzumtsev and Maksimov [1] presented the
results of their comprehensive investigations of
several decades, among others the time-stress
superposition (TSS) principle. Other theoretical
models and experimental results and introduction
of the crazing phenomena of polymers can be
found in Ehrenstein’s [2] work. The predicting of
creep
behavior
from
stress
relaxation
measurements is the novel approach of
Grzywinski and Woodford [3]. The prediction of
the stress relaxation behavior from constant strain
rate tensile tests can be associated to Vas and
Nagy [4]. Our previous investigations [5-7] of the
relationship between the constant strain rate
tensile tests and creep behavior of PP and its glass
fiber reinforced composites are in an advanced
state, but finding the relation between the crazing
phenomena at tensile tests and accelerating of
creep strain (beginning of the 3rd creep phase).
The creep failure strain can be estimated using the
introduced estimating method [7], but using creep
stimulus, the prediction of the strain state where
crazes begin to evolve is still a big challenge.

In order to study the volume variation of glass
fiber (GF) reinforced polypropylene (PP)
composites and neat PP, constant force rate and
strain controlled tensile tests were both carried
out, and the results were analyzed. The
longitudinal strain was measured using video
extensometer, the transversal strain was measured
using strain gauges. The volume change was
calculated from the measured strain values.
MATERIALS AND METHODS
In this study tensile tests were performed on neat
PP homopolymer (Tipplen H 949A from TVK,
Hungary) and its 5, 10, 20, 30 and 40 m% GF
(Thermo Flow EC 13 738 from Johns Manville,
USA) reinforced composites. As adhesion
promoter two mass percent of the fiber content
maleic anhydride grafted polypropylene (Orevac
CA100 from Arkema, France) was used.
According to the ISO 527-2 Standard type 1A
dumbbell specimens (148 x 10 x 4 mm) were
injection molded by an Arburg Allrounder 320 C
500-170 (Germany) machine. The zone
temperatures were set to 170–175–180–185–
190°C and the injection rate was 50 cm3/s. The
fiber content dependent injection pressure and
holding pressure were set to 700–1000 bar and
500–700 bar, respectively.
Zwick Z005 (Germany) universal testing machine
was used for the constant force rate and constant
strain rate tensile tests. The applied gauge length
of the room temperature (23°C) tensile tests was
100 mm. At the constant force rate tests 50 N/s
force rate, and at the constant strain rate tests 2
mm/min stress rate was applied until the
specimen failed. The longitudinal strain (z) was
measured with the aid of video extensometer

(Zwick, Germany) and the transversal strain via
strain gauges (x: HBM 1-LY11-3/350 and y:
HBM 1-LY11-1.5/350 with LS7 solder terminals,
Germany) and HBM Spider8 (Germany) for data
acquisition (Figure 1). During the tensile tests the
breaking process was investigated by acoustic
emission.

Figure 1. Strain measuring via video extensometer and
strain gauges during the tensile test.

CONCLUSIONS
The widely-used creep prediction models could
demonstrate the probable creep behavior but they
are not suitable to determine either the lifetime,
the strain at break or the appearance of crazing of
the specimens. The tensile curves with the
volume change measured at room temperature
seems to be a good base for adapting the
elaborated method [5-7] –originally developed for
tensile creep prediction – for creep-crazing
prediction and thus for lifetime estimation as
well.
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OBJECTIVE
The objective of this study is to investigate a novel kind of
yarn structure with negative Poisson’s ratio and to analyze
its deformation behavior under extension.
INTRODUCTION
Materials with negative Poisson’s ratio are called auxetic
materials. As opposed to most conventional materials with
positive Poisson’s ratio, auxetic materials laterally expand
in tension and laterally contract in compression [1]. This
counterintuitive behavior leads to a lot of interesting
properties of materials, such as the formation of synclastic
curvature under bending, effective de-coupling of the
Young’s and shear moduli, enhanced energy absorption
ability and indentation resistance [1].
As a kind of auxetic materials, auxetic textiles have gained a
great attention in recent years [2]. Among various auxetic
textile materials, helical auxetic yarn [3] invented by Hook
Patrick has demonstrated a great interest for practical
applications. The helical auxetic yarn is constructed by
combining two yarn components with different stiffness in a
double-helix geometry, in which a relatively stiffer yarn,
referred as a “wrap”, is helically wound around a more
compliant and initially straight elastomeric cylinder,
referred as a “core’. When this double-helix yarn is
stretched longitudinally, both the thin wrap and thick core
are elongated. However, the much stiffer wrap laterally
displaces the more compliant core, causing an overall lateral
expansion of the yarn. As a result, auxetic effect is achieved.
Although a number of applications can be explored using
the helical auxetic yarn, some intrinsic structural drawbacks
limit it in a wider range of applications. The first drawback
is that the stiffer wrap can easily slip along the surface of
the core yarn, which results in the difficulty to make very
regular yarn in twist. The second one is its low yarn
structural stability since the stiffer wrap can easily get loose
after tension. To overcome these drawbacks, a novel auxetic
yarn with a different yarn structure is proposed in this study.
APPROACH
As shown in Figure 1, the novel auxetic yarn proposed
consists of two soft yarns in a larger diameter and two stiff
yarns in a smaller diameter [4]. Two kinds of yarn
components are alternately placed each other along the yarn
axial direction and twisted together. Compared to the
existing helical auxetic yarn, the twist of the new auxetic
yarn can be easier controlled, so that the twist regularity of
the auxetic yarn can considerably be improved.

Figure 1. The structure of the new auxetic yarn

The mechanism to realize the auxetic effect of the yarn is
shown in Figure 2. In the initial state (Figure 2(a)), two stiff
yarns are located outside of two soft yarns. In this state, all
the yarn components are tightly contacted along their lateral
surface in a helical form. As shown in Figure 2(b), when the
auxetic yarn is stretched along its axial direction, two stiff
yarn components which have relatively lower axial
deformation will tend to migrate into the inside of the
auxetic yarn. This migration will push the soft yarns with
bigger diameter out and thus lead to an increase of the yarn
cross-section. As a result, auxetic effect is realized. Figure 2
(c) shows the stiff yarns totally enter into the center of the
auxetic yarn. In this state, the diameter of the auxetic yarn
reaches its maximum value. Figure 2 (d) shows that the stiff
and soft yarns both contract in their diameters when the
auxetic yarn continues to be stretched until the stiff yarns
are broken. In this state, the soft yarns still stay in the center
of the auxetic yarn. Auxetic effect may be exhibited or not
depending on the contraction degrees of yarn diameters.
Once the auxetic yarn is relieved from tension before
breakage, both the soft and stiff yarn components can easily
return to their initial position due to their elasticity.

(a)

(b)

(c)

(d)

Figure 2. The cross-section of the auxetic yarn: (a) Initial state; (b)
entering of the stif yarns; (c) full entering of the stiff yarns; (d)
contracting of the stiff and soft yarns under tension

Four samples were fabricated with two types of stiff yarns
and two types of soft yarns to examine the auxetic effect of
the structure. Their structural parameters are shown in Table
I.

Table I. Structural parameters of the auxetic yarns
Sample code

Diameter(mm)
Stiff yarn
Soft yarn

Twist

A1

0.78

2.04

52.63

A2

0.18

2.04

53.33

A3

0.78

1.02

50.71

A4

0.18

1.02

89.73

The Poisson’s ratio as a function of axial strain is shown in
Figure 5. It can be found that the auxetic effect of all the
auxetic yarns first increases and then decreases with the
increase of axial strain. Poisson’s ratio tends to be zero with
continuous increasing of axial strain to break of stiff yarns.
As samples A1 and A3 were made of the same stiff yarns,
their rupture elongations are similar. The same phenomenon
is also found for samples A2 and A4.

Figure 3. Tension testing system

As shown in Figure 3, the above four samples were
subjected to a tensile test along their axial direction until
breaking using an INSTRON 5566 tester (Instron
Worldwide Headquarters, Norwood, Massachusetts, USA).
The gauge distance and tensile speed were set at 250 mm
and 50 mm/min, respectively. A digital camera was used to
record the width change of the yarns along the yarn radial
direction during extension.
RESULTS AND DISCUSSION

Figure 5. Poisson’s ratio as a function of axial strain

CONCLUSIONS
A novel kind of auxetic yarn structure was proposed and
four auxetic yarn samples were fabricated with two kinds of
stiff yarns and two kinks of soft yarns. The tensile tests were
conducted. According to the results, it can be concluded that
1) the auxetic effect of the yarns first increases and then
decreases with the increase of axial strain; 2) auxetic yarns
made of the same stiff yarn have similar rupture elongation.
FUTURE WORK
In addition to experimental studies, the theoretical analyses
will also be conducted. Both analytical and finite element
methods will be adopted to analyze the deformation
behavior of auxetic yarns.
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Figure 4. Radial-axial strain curves

Figure 4 shows the radial-axial strain curves of the above
four samples, respectively. It can be found that the radial
strains of four auxetic yarns first increase and then decrease
with the increase of the axial strain. This means that the
variation of the radial strain with the axial strain is not
monotonic. This result is consistent with the yarn
deformation mechanism when stretched as shown Figure 2.
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INTRODUCTION
Commingling is one of the best alternative methods
to make the synthetic yarns more durable to the
high amount of tensions. Commingling is also
called intermingling, splicing, interlacing and
entanglement in a variety of references. This
method has started to substitute conventional
methods such as sizing and twisting to maintain
durability of the filament yarns. The commingling
process mixes multifilament yarns along with knots
and open sections alternately throughout the length
of the yarns. This technique makes the strength of
multifilament yarns totally different from the each
separate filament. Two issues are usually voiced to
describe the commingling characteristic along the
filament yarn. These are fixed point (knot) numbers
in a meter of the yarn and knot stability [1].
Boubaker et al. [2] studied on a descriptive model
for the longitudinal structure of wet pneumatic
spliced yarn. It is found that elastic spliced yarns
stand two more asymmetrical twisted zones in
microscopic analysis although classical spliced
yarns contain a symmetrical twisting zone.
Webb et al. [3] maintained a study about
relationship between splicing performance and
yarn count. This study concluded that when yarn
counts increase sufficiently, it is needed to enhance
three variables to acquire optimum splicing. These
three variables are cross section of the splicing
chamber, airflow, and the knife separation.
Ozkan and Baykal [4] performed a study on
intermingling
parameters
and
filament
characteristic effect to the strength of knots. They
found that a positive linear correlation exists
between air pressure and knot stability.
Kravaev et al. [5] presented a new method to
analyze the blending quality along the length of
commingled yarns. It is claimed that this new
method can be applied for the manufacturing
process of thermoplastic composites.
Alagirusamy et al. [6] carried out an article about
effect of jet design on commingling process. This
study described that in commingling, reinforcing
and matrix-forming filaments are intimately mixed
in a nozzle by means of compressed air.
Commingling
involves
purely
mechanical
interaction of rapidly moving air with filaments of
the yarn that generates entanglements in and
among filaments. Therefore, it is also applicable to

most nonthermoplastic filament yarns including
glass and carbon. This process is very versatile and
gives very soft, flexible, and drapeable yarn. This
has made commingling technology suitable for
textile preforming process to develop composite
structures for high-performance applications.
As mentioned above, previous studies have focused
on the subjects such as jet design and nozzle
geometry. Although many industrial application
fields exist, there are limited studies in the area of
commingling effect on the synthetic yarn strength.
However, the number of related studies increases
recently. Here is, this study primarily tries to define
the effect of commingling on the filament yarn
strength. This study also describes yarn speed
effect to the intermingling uniformity with various
synthetic filament yarn samples.
MATERIALS AND METHOD
In this study, PES texturized intermingled filament
synthetic yarns with the linear densities of 50, 70,
100,150 denier and PA6 texturized intermingled
filament synthetic yarns with the linear densities of
40, 70, 100, 140 denier were used. We also used air
covered elastic PES guipe(elastic yarn blended
samples) yarns with the compound of 50/20, 70/20,
100/20, 150/20 and air covered elastic PA6 guipe
yarns with the compound of 40/20, 70/20, 100/20,
140/20. In these compounds, first parts symbolize
PES and PA6 yarn counts, second part (20)
symbolize elasthane yarn count in all samples. The
elasthane yarn draft value is 2.8 which mean the
elasthane yarn stretch to the 280% value of its first
length. Three different machine speeds were used
to separate the samples in three different groups
which are low intermingled, medium intermingled
and high intermingled. The machine speed also
called yarn speed values are 500, 600 and 700
meters per minute.
All samples were tested in a tensile test device
which is called Uster Tensorapid 3. These tests
were repeated twice and mean values were taken as
the final tensile value. Test speed is 500 mm/min
and pre tension value is 4.3 cN in this test device.
Tensile test unit was taken as cN/tex in the test
device. Before the tensile test, all yarn samples
were unwounded about 300 meters to prevent yarn
unevenness in upper parts of the yarns. All yarns
were acclimatized in the standard atmosphere
conditions during 72 hours before testing.

RESULTS AND DISCUSSION
Table 1 shows a sample of average tenacity values
and knot numbers of intermingled PA6 and PES
composition yarns.
Table 1. Tenacity values and knot numbers
Yarn
Strength
Strength Average
Compound
of
of
knot
(700 m/min)
Sample
Sample
number
1(cN/tex) 2(cN/tex) /meter
40/1 PA6
33.15
38.36
95
33.96
33.50
40/20 PA6
110
guipe
50/1 PES
50/20 PES
guipe

32.98

35.19

34.39

30.97

100
135

It is considered that existing meaningless results
could come out due to using different raw materials
in the tensile tests. In 40/1 PA6 samples,
meaningless tenacity results could occur owing to
short linear density value and raw material based
low strength value. In 40/20 PA6 guipe samples,
the tenacity results increase from the yarn speed of
700 m/min to 500 m/min as expected. PES yarns
have more pointless tenacity results compared to
PA6 yarns. It is thought that these pointless results
exist because of raw material variety and color
difference.
It is given principle of commingling process with
knots and fluffy areas in Figure 1 for the sake of
descriptive.

study, PES and PA6 synthetic filament yarns with
various linear densities are used to find out the
effect of yarn count and yarn speed to the strength
of intermingled yarns and intermingling
uniformity. Our experimental observations
revealed that strong relationships exist between the
variables of yarn type and machine speed with final
yarn strength and knot numbers. It is known that
knot number directly affects the yarn strength in a
positive way. Furthermore, it is also observed that
as machine speed increases, knot number will
generally decrease due to less amount of air
pressure exposure to the yarn. Eventually, it is
accepted that the commingling is an innovative
answer to make the filament yarns more durable
against high volume tensions and yarn breakages in
the manufacturing stages of multifilament yarns.
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Figure 1. Principle of commingling
CONCLUSION
Commingling uniformity and stability can be
affected from various factors like yarn count, air
pressure, machine speed and raw material. In this
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ABSTRACT
The standards used by clothing manufacturers are defined
for younger age group, disabling older people to be
accommodated by the apparel industry. These misfit
garment problems are generally due to the different body
configurations brought by the aging process, causing
dissatisfaction and frustration. There are very few garments
available that were designed taking in consideration the
older population anthropometrics. As such, it is important to
understand the various measurements that characterize the
senior population in order to produce more form-fitting
garments.
The objective of this paper is to perform a comparative
analysis between the body dimension of younger and older
people. Additionally, it is intended to create a base model
for a mannequin that has the appropriate anthropometric
dimensions to accommodate the older population.
INTRODUCTION
With the advancing of age, the human body becomes
different than it was at a younger age. Despite the clothing
size worn by a person could be the same throughout a
lifetime, the way that it fits is most certainly different. A
size 36 fits differently a person who is 40 years old than a
person that is 75 years old.
Clothing fit is generally affected by age-related changes in
the body. Some studies showed that the difference in body
measurements of the elderly include increased girth
measurements in the bust, waist, abdomen, and hips;
increased weight and decreased height; and lower bust lines
and rounded backs (Ashdown and Na, 2008).
As such, having knowledge about how the human body
evolves throughout the years is very important. Further, the
body characteristics and measurement of older people
should be taken in consideration to the design of clothing.
This study intends to compare the measurements of some
body parts in older people and in younger people. The main
purpose of this comparison is to produce a base of
knowledge to be used in the development of basic pattern
design that reliably describes the body shapes and posture of
different ages.
LITERATURE REVIEW
Over the years many studies have been conducted in order
to observe the body measurements of older and younger
women and to quantify the postural variations that affect
clothing fit (Goldsberry et al., 1996; Lunn, 1983; Patterson
& Warden, 1984).

Design well-fitting apparel for the senior population
segment is intrinsically dependent from an increasingly
important understanding of the specific body proportions
and details of the posture changes resulting from ageinduced anatomical and physiological changes. Thus, to
create apparel goods that can better accommodate this
population it is important to use a database that accurately
quantifies the different body shapes and dimensions of
mature individuals and to understand the impact of the
changes that occur with age (Kohn, 1996).
Ashdown and Na (2008) also emphasize that the shoulder
and neck area are determinate measurements since much of
people’s clothing is suspended from this area,
compromising the balance and fit of the garment. In their
study, despite the limited number of subjects, they found
that some significant differences between older and younger
women in both the left and right sides of the body for angles
that define the forward roll of the shoulder.
There has been an increasing awareness of the clothing fit
for the senior population problem, since many mature
women and men have expressed their displeasure with the
fit of ready-to-wear garments (Goldsberry et al., 1996;
Woodson & Horridge, 1990). The older population usually
goes through a tedious process of trying on many sizes in
the search for the appropriate fit.
METHODOLOGY
The selected subjects for this study were mothers and
daughters and fathers and sons that have similar body
shapes. This choice was based on the assumption that the
body types between closely related people would be much
more alike than if the comparison was made between
random people.
To perform the comparison, a set of body dimension was
selected. These measurements were:
1. Hip circumference
2. Waist circumference
3. Bust circumference
4. Shoulder length
5. Back width
6. Neck base circumference
7. Waist to shoulder frontal length
8. Waist to shoulder back length
Besides comparing the anthropometrics of the subjects, the
selected measurements were also used to create the basic
body patterns for both groups of participants. A garment

was then produced and evaluated in terms of fitting and
comfort.
All the measurements were taken using a three-dimensional
body scanner (Microsoft Kinect) – Figure 1. This makes it
possible to take measurements that would be very difficult
to take using the traditional method of measuring directly on
the body.

Each subject was scanned five times to ensure reliable and
precise data, without tiring the study participants or the
technician doing the measurements. Additionally, using 3D
scans also facilitates the process of comparing both the
several sides of the body and the various test subjects.
CONCLUSIONS
This paper will provide the necessary data to create well
fitted garments for the older population, reducing the
frustration in the selection of appropriate clothing,
improving their comfort and aesthetics with a better fit.
KEYWORDS
Garment misfits, older population, anthropometrics.
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Figure 1: Scans of some participants
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OBJECTIVE
Aromatic polyimide fiber (PI) has been recognized as one of
the important members due to its excellent thermal stability,
mechanical properties along with their good chemical
resistance, low creep and excellent radiation shielding
capability.[1,2] However, further improvement of
mechanical and thermal properties of the fibers is of
importance for the extensive application, esp. in the harsh
environments such as aerospace. The driving force of
developing these fibers has been of scientific and
commercial interests. Incorporating rigid aromatic
heterocyclic units has been regarded as one of the most
effective approaches, as it could increase the rigidity of the
polymer backbones and introduce additional intermolecular
associations such as hydrogen bonding interaction.[3, 4]
Among many existing functional groups, benzimidazole is a
rigid-rod unit, which has strong inter- or intra-molecular
hydrogen-bonding formation capability that may strengthen
the mechanical properties of resulting materials. The
polymers containing benzimidazole units in backbone, such
as polybenzimidazoles (PBIs), which generally exhibit
highly ordered structure, it also has favorable adhesive
properties in preparation of composites by forming
complexes with the resin matrix. Moreover, amidecontaining polymers, such as Kevlar, exhibit superior
thermal and mechanical properties due to very favorable
hydrogen bonds and regular crystalline structure. [5] Hence,
the introduction of the amide group into polyimide
backbones may greatly enhance the mechanical properties
of the resulting polymers. Taking into consideration of the
above factors, we hypothesize that the introduction of these
two versatile units into the polyimide backbone is expected
to fabricate high performance PI fibers by two-step process
with outstanding mechanical, thermal and other properties
to meet the integrated performance requirements for
applications.
EXPERIMENTAL APPROACH
The precursors of the co-polyimide, poly(amic acid)s
(PAAs), were prepared by mixing equimolar amounts of the
dianhydride and diamine dissolved in DMAc under a dried
nitrogen atmosphere. With this procedure, co-PAA solutions
with various BIA/DABA molar ratios (10/0, 9/1, 7/3, 5/5,
3/7, 0/10) were synthesized in the present work. The PAA
precursor fibers were produced by extruding the viscous
PAA solutions through a spinneret (50 holes, 80 μm in
diameter) into a H2O/DMAc coagulation bath. The PAAs
were then converted to polyimides by successive heating at
80, 120, 180, 220, 280 and 300 °C for 1 h at each
temperature. Besides, for each type of PI fibers, efforts were
made to achieve the maximum draw ratios at more than 450
°C.
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Scheme 1. Schematic diagrams for the synthesis of the
BPDA/BIA/DABA co-PAA and co-PI.

RESULTS AND DISCUSSION
Table 1. The mechanical properties of the prepared PI fibers

Sample

BIA/DABA

Tensile
strength
(GPa)

Initial
modulus
(GPa)

Elongation
(%)

PI-0

10:0

1.23

39.7

3.1

PI-1

9:1

1.43

67.5

2.1

PI-2

7:3

1.96

108.3

1.8

PI-3

5:5

1.57

83.9

1.9

PI-4

3:7

1.17

61.6

1.9

PI-5

0:10

1.03

51.5

2.0

The tensile strength and modulus of the prepared fibers were
measured by the tensile testing experiment. As shown in
Table 1, the mechanical properties of the fibers vary greatly
with various diamine ratios. The homo-PI (BPDA/BIA)
fibers possess the tensile strength and modulus of 1.23 and
39.7 GPa, respectively. After the incorporation of DABA
into the PI backbones, the mechanical properties of the PI
fibers are significantly enhanced, the tensile strength of
resulting co-PI fibers ranges from 1.03 to 1.96 GPa, and
corresponding initial modulus varies from 51.5 to 108.3
GPa. With the molar ratio of BIA/DABA being 7/3, the PI-2
fiber shows the most remarkable mechanical properties, and
the tensile strength and modulus reach 1.96 and 108.3 GPa.
The significant improvement of the fibers' mechanical
properties may be mainly attributed to the enhanced
regularity of the molecular packing and homogenous
structure in fibers.
As we know, the crystallinity and crystal orientation in the
polymeric fibers have a great influence on their final
mechanical properties. Herein, it is necessary for us to
investigate the changes of molecular packing of polyimide

ratio of BIA/DABA reaches 50 %, indicating the
incorporation of DABA results in the decrease of the
ordering chain repeat length. Further increasing DABA
content makes tiny effects on d-spacing values, while a new
peak at 29.4° appears.
(A)

(B)
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fibers after introducing the DABA moiety into the
backbones. It has been shown recently that the main
information on the microstructure of insoluble PI fibers
could be obtained by the analysis of the meridianal and
equatorial reflections of the samples, using the X-ray
diffraction patterns. Figure 1 shows the WXAD patterns of
homo-PI (Fig. 1A and 1F) and co-PI fibers (Fig. 1B-E).
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Figure 2. WAXD intensity profiles of the PI fibers: (A) equator
and (B) meridian directions.

Figure 1. WAXD patterns of the PI fibers with various diamine
molar ratios (BIA/DABA): (A) 10/0, (B)9/1, (C) 7/3, (D) 5/5,
(E) 3/7 and (F) 0/10.

Figure 1A of homo-PI (BPDA/BIA) fiber exhibits clear
diffraction streaks along the meridian direction, indicating
regular arrangement of the polymer chains along the fiber
axis. Six Bragg diffraction streaks, related to the periodicity
along the polymer chains, at 2θ=8.8 (with strong intensity),
11.6 (medium), 13.3 (weak), 14.9 (medium), 20.5 (medium)
and 29.8° can be observed (Fig. 2B). The scattering pattern
along meridian indicates a lamellar structure of (00l) plane
stacked with the lamellar along with fiber axis. The dspacing calculated at 2θ=8.8° is 8.08 Å, which is in
approximate agreement with one third of the estimated
projection of a BPDA/BIA repeat unit (22.01 Å) on the fiber
axis. Molecular modeling of the both dimer structures was
conducted on the Materials Studio software, and the lowest
energy conformation of the homo-PI dimer structure of
BPDA/BIA gives rise to the repeat of 22.01 Å. If we set the
crystal index at 2θ=8.8° to be the (003) plane (8.08 ×
3=24.24 Å), accordingly, the diffraction patterns at 2θ=11.6,
14.9, 20.5 and 29.8° can be ascribed to the (004), (005),
(006) and (009) plane, respectively. Besides, the reflection
of BPDA/BIA system appeared as narrow meridianal arcs,
indicating a highly ordered structure along the fiber axis.
In the meridian regions of the diffractograms, as shown in
Fig. 2(B), substantial changes also occur though the
polymer chains are highly oriented along the fiber axis in all
the cases, which guarantees the good mechanical properties
in both homo-PI and co-PI fibers. Homo-(BPDA/BIA) and
PI-1 fibers exhibit similar diffraction patterns, for the co-PI
fiber with BIA/DABA=7/3 and 5-5, four diffraction streaks
at around 2θ=9.0, 11.6, 15.1 and 20.5° are observed.
Compared with PI-0 fiber, the streaks at 2θ=13.3, 17.8 and
29.8° disappear, while the intensity of the streaks at
2θ=20.4° becomes stronger. In the meantime, another new
streak at 2θ=34.5° starts growing, suggesting the formation
of a new ordered structure along the fiber axis. Moreover,
the streaks at 2θ=8.8 11.6, 14.9 and 20.5° for the homo-PI
(BPDA/BIA) fiber slightly shifts to high angles before the

To investigate the degree of orientation along the fiber axis
in detail, the orientation coefficient (fc) was calculated
quantitatively based on the Herman's orientation factor:

f c ⋅100%= [3 < cos 2 fc > −1] / 2
Where fc is the orientation factor along the fiber direction,
and fc represents the angle between the center diffraction of
the preferred crystalline plane and the c-axis of the crystal
unit cell. calculated preferred orientation factors for the
fibers with various diamine ratios are 0.82, 0.85, 0.88, 0.57,
0.55, 0.44. According to the results, co-PI fiber with
BIA/DABA=7/3 has the highest degree of orientation along
the fiber axis, being 87.6 %, which may result in good
mechanical properties of this fiber. Generally, a series of
high-performance polyimide fibers containing amide and
benzimidazole groups with various diamine ratios were
successfully prepared, and the optimum mechanical
properties of co-PI fibers were obtained when the molar
ratio of BIA/DABA was 7/3. The molecular packing of the
fibers has been investigated in detail.
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INTRODUCTION
Natural creatures have evolved diverse novel strategies of
collecting water for the sake of survival. Unlike mammals
and trees, which can obtain water directly via mouth and
roots, respectively, the desert cactus has a multi-structural
system composed of clusters of conical spines and
trichomes, demonstrating unidirectional water collection
abilities [1]. The geometry-induced gradient of Laplace
pressure is believed to be the driving forces behind the
phenomenon of unidirectional water transfer. The principle
can also be used in accounting for one-way uptaking water
droplets to mouth after open-close breaks by long thin beaks
of shorebirds [2]. Capturing natural features in biomimetic
structures has been now an active area of research [3].
Specifically, unidirectional transfer of liquid water is
imperative to functional textiles.
Although great progress has made in unidirectional water
transfer on 1D fibers and 2D surfaces, the accessibility of
such a transport to 3D spaces is still limited. The pioneering
researchers have designed a hydrophobic-hydrophilic (HH)
dual-layer fabric, allowing transverse penetration of water
from hydrophobic to hydrophilic layers but preventing the
water transport from the opposite way [4]. However, the
water may be trapped in the hydrophilic layer, blocking the
pores of the fabric and hindering the water transfer. Here,
we design a novel fabric for complete unidirectional water
transfer, inspired by water collection of biological creatures.
APPROACH
In this fabric (Fig. 1), hydrophilic yarns are coated on both
sides of the hydrophobic substrate. Caused by the capillary
pressure and the gravity effects, water moves autonomously
across the tiny channel of the hydrophobic substrate via
hydrophilic yarns. Analogous to the strategy of water
capture by a desert beetle, water droplets at the end of the
outlet hydrophilic yarns form and remove from the
hydrophobic region. Similar to unidirectional water
collection in conically shaped structures like cactus spines,
we design yarns with axial variation in width for
asymmetric water transfer. Moreover, the outlet yarns are
covered with a hydrophobic layer, avoiding water invasion
but allowing water extraction. A clover-like distribution of
hydrophilic yarns is adopted for ensuring water removal
when the fabric is inclined.
RESULTS AND DISCUSSION
The designed fabric is “tree”-like (Fig. 1). The hydrophilic
yarns, absorb water on the skin side like “roots”, conduct
water across the hydrophobic substrate like “trunks”, and
detach water droplets outside like “leaves”.

Figure 1. Schematic of a unit cell of the bio-inspired fabric
with unidirectional water transfer properties
The outlet hydrophilic yarn covered by a hydrophobic layer
is like a valve (Fig. 2). The water outside cannot penetrate
into the hydrophobic pore (Fig. 2, upper), as the
gravitational pressure (G1) of the water droplet is smaller
than the capillary pressure (P):
G1<P, with G1=4ρgr3/3R2 and P=2γcosθ/R

(1)

where r is the radius of the water droplet, ρ is the density of
water, γ is the surface tension, θ is the contact angle, and R
is the equivalent radius of the pore between hydrophobic
layers. However, the internal water can extract from the
hydrophobic pore (Fig. 2, lower), as the corresponding
gravitational pressure (G2) is larger than the capillary
pressure (P) considering the long hydrophilic yarns:
G2>P, with G2=ρgh
where h is height of the hydrophilic yarn.

Figure 2. Schematic of a hydrophobic “valve” for water

(2)

Water droplets extracted from the “valve” fall off when their
gravitational forces are greater than the critical adhesive
forces at the end of hydrophilic yarns. The detachment of
liquid droplets can accelerate water transfer significantly in
comparison to evaporation of water in commercial fabrics.
Furthermore, we found that smaller yarn ends make easier
detachment of water droplets.
We also used hydrophilic yarns with decrease in width,
which have faster spreading of water along this direction
than from the opposite direction [5-7]. The variations of
complete flow time in different directions are significant.
Moreover, the water droplets fall easily when the fabric is
inclined under gravity, because one of the three ends of
hydrophilic yarns must be lower than the others.
CONCLUSION
Novel fabrics with unidirectional liquid transport properties
have been designed with bio-inspiration. The mechanism
has been demonstrated through a combination of
experimental and theoretical approaches. We construct this

smart fabric by the commercial HH textile materials without
using fancy micro-fabrication techniques, and thus it can be
compatible with the textile industry for scale-up.
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ABSTRACT
This work aims to design and investigate a smart
compression stocking using shape-memory polymer (SMP)
for the prevention and management of chronic venous
disorders. A shape-memory stocking (SMS) was developed
using a blend yarn consists of shape-memory polyurethane
and nylon filaments. It was possible to control or manage
the pressure exerted by the stocking in wrapped position,
and extra pressure (up to 50%) was generated by simple
heating. Increasing the temperature and strain in the
stocking stimulated more amount of extra pressure
generated. The SMS could be used for smart compression
management.
KEYWORDS: Compression stocking; Pressure; Shapememory; Venous disorders
INTRODUCTION
The prevention or management of venous disorders (edema,
thrombosis, etc.) by a compression stocking depends on the
pressure applied to the affected portion of the limb [1].
Acheiving the recommended compression, and the
sustenance of pressure by the stocking has been always
remain a major concern among the health practitioners. The
applied pressure depends on the internal stress developed in
the sotcking, and is greatly influenced by the limb shape or
size, and material and constructional parameters [2].
Conventional stockings becomes ineffective once the
pressure falls below a target level, and needs to be repalced
to offer effective compression during the cource of
treatment. Once the stcoking is placed on the affected limb,
there is no alternative way to readjust the pressure to obtain
the reccomended value.
APPROACH: POTENTIAL OF SHAPE MEMORY
SMP can memorize the original shape that can be recovered
from a temporary deformed shape upon exposure to an
external stimulus [3]. The internal stress of thermalsensitive SMP in the temporary deformed state is frezzed by
cooling below a certain transition temeprature (Ttrans), and
the stress is reactivated to recover the original shape of SMP
by heating above Ttrans. Incorporating SMP in the
compression stocking could be used to control or change the
internal stress in the stocking, and therefore it would be
possible to manage or readjust the pressure generated by the
stocking even at wrapped position by external means, e.g.,
simple heating. Keeping the above facts in the mind, the
present work aims to design and investigate the shapememory stocking for compression treatment as a novel
wound care management.

EXPERIMENTAL
Shape-memory polyurethane (SMPU) filament was
produced using bulk polymerisation method via melt
spinning process. A combined yarn consists of SMPU (18.6
tex) and Nylon (18.9 tex) filaments was used for the
development of a shape-memory stocking using circular
knitting machine whose details are listed in Table I.
Table I. Details of the shape-memory stocking
Chemical composition, %
50.4 (Nylon)
49.6 (SMPU)
Mass per unit area, g/m2
310.1
Thickness, mm
0.76
Threads per unit length
12 (wales/cm)
27 (courses/cm)
The pressure measurement was done using a KikuhimeTM
pressure sensor, and the set-up is shown in Figure 1. After
the application, the entire set-up was placed in a heated
chamber, and the variation in the interface pressure
generated by the stocking was obtained. Extra pressure
generated in heated chamber was obtained at three levels
each for the factors temperature (30, 40 and 50ºC) and
strains (5.85, 13.06 and 20.27%). ANOVA (analysis of
variance) analysis was performed for the test of
significance, and the factor was considered as statistically
significant if the p-value is less than 0.05. The pressure
variation over time at different temperature and strain levels
were also examined to evaluate its long term performance.

Figure 1. Pressure measurement using Kikuhime
RESULTS AND DISCUSSION
The pressure exerted by the stocking was increased when
the stocking was placed in the heated chamber, and finally
the pressure reached to a maximum value. Figure 2 shows
the effect of increasing temperature on the extra pressure
generated by the stocking. Increasing the temperature results
in the higher amount of extra pressure (p<0.05). This is due
to more recovery stress that is generated in the SMPU
filament at higher temperatures.

Figure 4. Pressure variation over time
Figure 2. Effect of temperature on the extra pressure
generated by the stocking
Increasing the strain levels in the stocking produced more
extra pressure (Figure 3). More strain in the stocking
generates more recovery stress in the SMPU filament while
heating, and therefore produce more extra pressure
(p<0.05).

CONCLUSION
The SMS could offer several advantages in compression
management. First, SMS could give more freedom to nurses
to control or readjust pressure at wrapped position, and to
achieve an appropriate level of pressure. Second, the
advantage of SMS over the existing conventional stockings
would be that when the pressure drops below a targeted
level then it would be possible to readjust pressure level
even without replacing the stocking, and therefore could
provide sustained compression. Third, SMS could offer
better compliance for patients for continuous compression
treatment. It could be used to provide high compression
during day time, and later in night low compression without
its removal.
FUTURE WORK
Future work need to be focussed on the effect of several
factors, e.g., different SMPs, hard segment content,
proportion of SMP in the blend yarn, etc. The repeatability
and reproducibility of the stocking should also be examined.

Figure 3. Effect of strain on the extra pressure generated by
the stocking
Figure 4 shows the pressure variation over time. On
activating SMS by increasing temperature, the pressure
increases to a higher level for the initial period (~15 min),
and thereafter, the pressure level starts decreasing. Pressure
drop is faster for initial period, and later the rate of
reduction slows down.
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INTRODUCTION
Carbon nanotubes (CNTs) have attracted a great deal
of interest as reinforcement materials in the
composites field due to their combination of low
density and exceptional tensile properties. Individual
CNTs offer tensile strengths on the order of 10-100
GPa and tensile moduli up to 1 TPa.1 The tensile
properties of macroscopic materials (sheets, yarns, etc)
comprised of CNT, however, are significantly poorer.
Yarn-like CNT fibers have tensile strengths of 1-5
GPa; still a factor of 10 weaker than discrete CNTs.1
Several factors contribute to this discrepancy between
micro- and macro-scale tensile behavior, including:
defects on the CNTs, less than optimal CNT packing
leading to poor inter-CNT surface contact, and a low
frictional barrier to inter-CNT shear under load.2 The
frictional forces resisting inter-CNT shear are only
0.1-10 MPa.3 Under tensile stress, this low resistance
to inter-CNT shear leads to slippage of the CNT
relative to one another, resulting in poor load transfer
across the material. This CNT slippage mechanism
must be addressed if CNTs are to reach their full
potential as mechanical reinforcements in composite
materials.
Computational studies predict that creation of covalent
bonds between the CNTs can significantly improve the
bulk tensile properties of CNT-based materials.4
These covalent bonds increase the stress that is
required to induce inter-CNT slippage, thereby
increasing the tensile strength of the bulk material.
Conversion of a low percentage of the carbon atoms
from sp2 to sp3 hybridization is not expected to
negatively impact the tensile strength of individual
CNTs.
APPROACH
The objective of our project is to examine the
suitability of CNT materials as a “drop-in” substitute
for carbon fiber in polymer matrix composites
(PMCs). The ultimate target is to prepare PMCs

having a strength to weight ratio superior to the
currently available carbon-fiber based PMCs. The
tensile properties of as-prepared CNT yarns or sheets
are not sufficient to surpass the strength and stiffness
of carbon fiber, thus we are examining post-processing
methods to improve the material properties. Our
group has examined covalent functionalization,
electron beam irradiation, and uniaxial straining both
individually and in combination as routes to improve
the tensile properties of bulk CNT materials.5 The
materials used for this project were multi-walled CNT
sheets and yarns obtained from Nanocomp
Technologies Inc. The degree of functionalization is
determined by the mass difference between the CNT
sample before and after reaction.
RESULTS AND DISCUSSION
This presentation will focus on our studies using
covalent functionalization and crosslinking of CNT
materials as a route to increase the tensile strength.
The creation of covalent bonds between CNTs within
the material impedes CNT slippage under loading,
resulting in improved bulk tensile properties. The use
of sheet straining and solvent densification to improve
CNT alignment and packing density in conjunction
with covalent functionalization will also be presented.
Of the routes we have examined, grafting of functional
groups through thermal decomposition of azides to
yield nitrene intermediates has been the most effective
route for enhancing the mechanical properties of the
sheet. Using a combination of straining and hydroxyl
functionalization via grafting through nitrene
intermediates, the mean specific tensile strength CNT
sheet material was improved to 310 MPa/(g/cc),
compared to 120 MPa/(g/cc) for the as received,
unmodified material. The specific tensile modulus
was improved from 0.5 GPa/(g/cc) for the as received
sheet to 10 GPa/(g/cc) for the modified sheet (Figure
1).

Specific Tensile Modulus (MPa/(g/cc))

a 20-fold increase in specific modulus compared to the
sheet material as received from the manufacturer.
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The next stage of this research is to evaluate the
performance of these functionalized CNT materials in
the preparation of PMCs using epoxy and
poly(benzoxazine) thermoset resins. The mechanical
properties of these composites will then be compared
to those prepared using unmodified CNT materials, as
well as traditional carbon fiber composites.
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Figure 1. Tensile modulus and strength comparison for (A)
as received, (B) 2 mol % hydroxyl functional, (C) 17 %
prestrained, and (D) 18% prestrained, 5 mol % hydroxyl
functional CNT sheet
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Figure 2. Raman spectra of as received (lower) and 2 mol%
hydroxyl functional (upper) CNT sheet

An examination of the Raman spectra (Figure 2) for
CNT sheet material shows an increase in the D-band
peak
intensity
(1330
cm-1)
post-hydroxyl
functionalization. The IG/ID ratio decreased to 3.2 +
1.1 for the functional sheet, compared to 9.0 +2.9 for
the as received material. An increase in the D-band
intensity suggests that covalent modification of the
CNT has occurred.6 If the reactants were merely
forming a coating on the CNT without covalent
interaction with the CNT, we would expect IG/ID to
remain unchanged.
CONCLUSIONS AND FUTURE WORK
We have developed a method using covalent
modification to improve the tensile strength and
modulus of bulk CNT materials. A combination of
uniaxial straining and functionalization of CNT sheet
led to a 150% increase in specific tensile strength and

ACKNOWLEDGMENTS
Project funding was provided by the NASA Space
Technology Mission Directorate’s Game Changing
Technology program. James Baker was supported by
a research fellowship from the NASA Postdoctoral
Program administrated by Oak Ridge Associated
Universities.
REFERENCES
(1) Lu, W., Zu, M., Byun, J.-H., Kim, B.-S., Chou, T.W. Adv. Mat.,24, 2012: 1805-1833.
(2) Hill, F., Havel, T., Hart, A.J., Livermore, C. ACS
Appl. Mater. Interfaces, 5, 2013: 7198-7207.
(3) Vilatela, J., Elliot, J., Windle, A. ACS Nano, 5,
2011: 1921-1927.
(4) Cornwell, C., Welch, C. J. Chem. Phys.,134, 2011:
204708.
(5) Miller, S., et al.. ACS Appl. Mater. Interfaces, 6,
2014: 6120-6126.
(6) Graupner, R. J. Raman Spectrosc., 38, 2007: 673683.

Solvent Effects on Electrospinning PVDF-TrFe
Laura T. Beringer, Caroline L. Schauer
Department of Materials Science and Engineering, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104
cschauer@coe.drexel.edu

INTRODUCTION
Flexible, self-powered materials are in demand for a
multitude of applications such as energy harvesting, robotic
devices, and lab-on-a chip medical diagnostics.
Electrospinning
piezoelectric
fluoropolymers
into
nanofibers can provide these functionalities in a facile
method.
Solvent effects are very important to the
electrospinning process and slight changes in the solvent
can produce remarked changes in fiber morphology. This
work outlines the solvent effects for the PVDF-TrFe
piezoelectric polymer.

RESULTS AND DISCUSSION
PVDF-TrFe electrospun fibers from the MEK solvent are an
average of 340 nm and possess distinct rough surface
features as shown in Figure 2.

Figure 1. Chemical Structure of PVDF-TrFE and MEK
MATERIALS AND METHODS
Polyvinylidene fluoride trifluoroethylene (PVDF-TrFe)
(Figure 1) copolymer with a 65/35% mol ratio was
generously donated by Dr. Mitch Thompson at
Measurement Specialties Inc. (Hampton, VA). Methyl ethyl
ketone (MEK) was purchased from Sigma-Aldrich (St.
Louis, MO) and was determined to be approximately 25
years old. In order to investigate whether the aged solvent
affected fiber surface morphology, a new bottle of MEK
(nMEK) was purchased from Oakwood Chemicals (West
Columbia, SC). Ethyl alcohol (EtOH) 200 proof (Decon
Laboratories, King of Prussia, PA) and 1,1,1,3,3,3hexafluoro-2-propanol (HFIP) purchased from Oakwood
Chemicals (West Columbia, SC) was used as received.
Acetic acid (AA) and isobutyl alcohol (IBA) were both
purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. Water (dH2O) was purified using the Millipore
Milli-Q system (Millipore, MA).
Preparation and electrospinning of piezoelectric fibers
Solutions for electrospinning were prepared from PVDFTrFe (15 wt%) in two different lots of MEK solvent, both
the original (MEK) and new lot (nMEK). For the solvent
addition studies, 10 v/v% of the additive (either EtOH, AA,
IBA, or dH2O) was mixed with nMEK to which 15wt%
PVDF-TrFE was added. PVDF-TrFe solutions were loaded
into a 10 mL Becton Dickinson (BD, Franklin Lakes, NJ)
syringe fitted with a 20 gauge needle and a 10 cm collection
distance. The solution pump rate and voltage were set
between 0.5-0.9 mL/h and 10 kV respectively. A high
voltage power supply (Gamma High Voltage Research,
Ormond Beach, FL) provided the positive electrode, which
was directly connected to the needle by an alligator clip.
The syringe was then placed on an advancement pump
(Harvard Apparatus, Plymouth Meeting, PA) and the
negative ground electrode was placed onto a copper
collecting plate. All fiber mats were spun for approximately
30 min on a copper collecting plate coated with aluminum
foil for fiber morphology characterization.

Figure 2. SEM micrographs of electrospun fibers PVDFTrFe from old MEK (left) and nMEK (right).

While the fiber morphology appears different, the fiber
diameter and FTIR spectra are similar as seen in Figure 3.

Figure 3. Histogram distribution of fiber diameter for both
new and old MEK. FTIR spectra of electrospun PVDF-TrFe
fibers within both MEK and nMEK solvents.

In an effort to understand the differences in the MEK
bottles, FTIR (Figure 4) and NMR were run. The spectra
were identical.

Figure 5. SEM micrographs of electrospun PVDF-TrFe
solvent addition study with nMEK (a) 10 % v/v EtOH (b)
10 % v/v acetic acid (c) 10 % v/v isobutyl alcohol (d) 10 %
v/v dH2O (e) Fiber diameter averages and distribution
ranges.

CONCLUSIONS
Here, we optimized and characterized electrospun aligned
PVDF-TrFe fibers. In addition, we have discovered that
rough surface features within the electrospun fibers do not
significantly alter signal quality.

Figure 4. FTIR spectra of the new and old MEK solvents.
The effects of a trace amount of additives was also studied
to see if the unusual morphology could be reproduced.
Ethanol, acetic acid, isobutyl alcohol and water were added
to the new MEK solvent and the morphological effects
monitored. Interesting as seen in Figure 5, only water was
able to create similar rough surface effects. Therefore it is
assumed that the old bottle of MEK had acquired water over
time and that is what caused the rough surface.
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In recent years, cellulose material has become one of the
focuses as a replacement of petroleum-based material in the
field of fibers and textiles due to the anxiety about
exhaustible resources.1-3 However, limited by the strong
intermolecular interactions of a large number of hydrogen
bonds among hydroxyl groups of the anhydroglucose units
in cellulose (Fig. 1),4-7 its processing is basically realized by
solvation and derivatization to weaken and unlock the
intermolecular hydrogen bonds,8-9 which is nongreen and
raises a lot of environment problems. The present-day
formation of regenerated cellulose fibers such as viscose
rayon and cellulose acetate (CA) fiber normally involves
solution spinning.

Fig. 1 Schematic diagram of H-bondings in cellulose.
Compared to solution spinning, melt spinning offers several
advantages corresponding to the efficiency, convenience of
modification and better properties of fiber products.10
However, Cellulose cannot melt for its higher melting
processing temperature (Tm) than decomposition
temperature (Td), resulting from the strong intermolecular
interactions. The melt spinning of thermoplastic cellulose
derivative such as cellulose triacetate (CTA) and cellulose
proprionate (CP) has been reported but never practiced
commercially.10-12 Although acetyl groups substituting the
hydroxyl group in Cellulose diacetate (CDA) making it
thermoplastic,13 CDA cannot be melt spun without any
modification dut to its melting processing temperature (Tm)
close to decomposition temperature (Td). Some attempts
have been made by introducing long chain to CDA, i.e.
chemical modification.14-15 It is reported that CDA grafted
by polylactic acid (PLA) were melt spun to fiber.14 Despite
of the good modification effect of introduction of side chain,
it also causes some problems to be solved such as side chain
flow and increased brittleness of products and so on.
Ionic liquids (ILs) are low melting point salts and have been
extensively investigated in the last decade.16-18 It is reported
that ILs containing imidazolium or pyridinium cations are
similar to some conventional plasticizers, containing an
aromatic core and pendant alkyl groups (Fig. 2).18 Moreover,
ILs exhibit many ideal plasticizer characteristics such as low
volatility, low leachability, high and low thermal stability
and so on being some of greatest advantages over traditional
plasticizing agent, which attract many interests in the
studies on the plasticizing effect of ILs as plasticizer of
polymer.18
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Fig. 2 Chemical structure of plasticizing agents.
In this study, a novel preparation technique was used to
manufacture CDA fibers by melt spinning with good
mechanical strength based on synergistic reaction between
plasticization by ILs and thermoplastic effects by acetyl
groups in CDA. The plasticization effect of ILs was
investigated firstly. ILs and CDA were mixed and dissolved
in acetone. Colorless and transparent solutions were
prepared and then were casted in aluminum foil. Thin
plasticizing film samples were recovered after acetone
volatilization. In this paper, three ILs 1-butyl-3methylimidazolium terafluoroborate (BMIMBF4), 1-butyltrifluoromethanesulfonate
3-methylimidazolium
(BMIMOTF)
and
1-butyl-3-methylimidazolium
hexafluorophosphate (BMIMPF6) were used as plasticizer,
and plasticized samples were tested for thermal stability.

Fig. 3 Thermal stability of CDA and plasticized CDAs by
different ILs.
It is evident from Fig. 3 that CDA sample plasticized with
15 wt% BMIMBF4 had a similar thermal stability with
CDA, which was more stable than those plasticized by
BMIMOTF and BMIMPF6 (Table 1). The glass transition
temperatures of CDA and plasticized CDAs samples were
also tested by DMA. As shown in Table 1, Tg of plasticized
CDAs were much lower than CDA, while the differences in
Td were not significant, especially in the case of BMIMBF4
as plasticizer. It is indicated that ILs as plasticizer can be
effective in broaden the processing temperature by reducing
Tg of plasticized CDA. Among three ILs, BMIMBF4 was
considered to be the most effective.
The interaction between BMIMBF4 and CDA was
investigated by FT-IR (Fig.4). It can be noticed that the O-H
stretching decreased in intensity and the peak position
assigned to C=O in acetyl groups19 moved to higher

wavenumber with the introduction of BMIMBF4,
meanwhile, the peak position assigned to C-H in
imidazolium ring20 moved to lower wavenumber, which is
indicated that the hydrogen-band matrix in CDA is
weakened and partly destroyed by the interaction between
CDA and BMIMBF4.
Table 1. Tg and Td at 5%, 10%, 50% weight loss of CDA
and plasticized CDA (15 wt% ILs).
samples
Tg
T5%
T10%
T50%
CDA

231 °C

318 °C

334 °C

363°C

CDA/BMIMBF4

161 °C

312 °C

328 °C

361 °C

CDA/BMIMOTF

163 °C

327 °C

333 °C

344 °C

CDA/BMIMPF6

176 °C

234 °C

283 °C

301°C

Fig. 4 IR spectra of CDA, [BMIM]BF4 and CDA/25
wt%[BMIM]BF4 in the region (a)from 3600 cm-1 to 2800
cm-1; (b)from 1800 cm-1 to 1200 cm-1.
CDA plasticized by 25 wt% BMIMBF4 was extruded and
chipped, and then melt spun to fibers at 220-230°C, with a
spinneret diameter of 0.3 mm, L/D of 2, and windup speeds
of 100-200 m/min, and then washed in deionized water for 4
hours to get rid of BMIMBF4 in ultrasonic cleaner.

Fig. 5 SEM Images of CDA fiber after removing BMIMBF4
(a) surface; (b) cross – section.
Fig. 5 shows scanning electron microscopy photographs of
CDA fibers. It is very clear that the surface of the CDA
fibers were smooth without obvious crevices or flaws. The
cross-section image shows that there were many voids in the
cross section of the CDA fibers, which were caused to a
great extent by the escape of BMIMBF4.
The fineness of CDA fibers after removing BMIMBF4 were
31.0 dtex, and the mechanical properties were verified using
an XQ-1 tensile tester (China Textile University, Shanghai,
China). The CDA fibers had a tensile strength of 1.04
cN/dtex, which was very close to what had been reported in
literature about CDA filaments produced by dry spinning
with a range of 1.06-1.23cN/dtex.21 Further work is being
carried out to optimize the spinning parameters to get better
mechanical properties.
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INTRODUCTION
Bacteria cells, such as Escherichia coli (E. coli), are freeflowing unicellular microorganisms. Through initial
attachment to supporting surfaces and subsequent chemical
communication amongst one another, these cells may
develop into a harmful biofilm layer. In recent years,
microbial biofilm formation has become an increasing
problem in the food processing, healthcare treatment, and
water management industries.1,2 For example, 73,000
Americans contract food borne illnesses each year2 as a
result of harmful E. coli O157:h7 contamination and
colonization in the human intestinal and gastrointestinal
tracts.1 Biofilm development in the hospital setting can
result in medical device contamination and infectious
diseases, which are detrimental to hospital patients’
recovery. Furthermore, biofilm development within potable
water sources provides suitable conditions for sustaining
additional pathogens; thereby further contaminating water
supplies. Electrospun nanofiber mats hold potential to
remove pathogenic microbes from a variety of surfaces that
are a worldwide threat to public health.
Here, cellulose acetate (CA) solutions were electrospun and
post-treated to form regenerated cellulose (RC) mats.
Experimentally, the ability of the mats to collect
Escherichia coli K-12, a model microorganism was
determined. Systematically, changes in mat diameter, initial
bacteria concentration, and state of bacteria were
investigated in order to fundamentally understand how these
parameters affect bacterial collection capacity. With this
information, engineers can tailor nanofiber mats for
environmental, medical, and laboratory applications.
METHODS
Solutions of cellulose acetate were electrospun and
regenerated into cellulose nanofiber mats through thermal
and alkaline treatment processes consistent with previous
studies.3 Cultures of E. coli K-12 were prepared and
suspended in a phosphate buffer saline solution. The RC
nanofiber mats were incubated for 2 hr in bacterial solutions
of known concentration. A BioTek ELx800 absorbance
microplate reader was used to measure the absorbance of
bacterial solutions at 600 nm. A calibration curve was
developed to convert from microplate readings to optical
densities and finally, to the number of E. coli K-12 cells.
Changes in mat diameter, initial concentration of bacteria,
and state of bacteria (dead/alive) were investigated. Controls
of commercial cellulose filters (in place of RC nanofiber
mats) and solutions of bacteria with silicon dioxide (SiO2)
particles (1 μm in diameter) were also performed. The
percentage of bacteria collected at time (t) was calculated,
using changes in machine absorbance readings as given
below:
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (%) =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡
× 100%
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡

RESULTS
Cellulose acetate (CA) nanofiber mats were successfully
electrospun and post treated to produce regenerated
cellulose (RC) nanofiber mats with an average fiber
diameter of 1.08 ± 0.46 µm and an average thickness of 72.3
± 16.5 μm. The bacterial collection capacity of RC
nanofiber mats was then investigated for three different
diameters with a known initial concentration. After 2 hr
incubation time, the 1’’ (25.4 mm) diameter mats collected
54.2% of bacteria while the 0.5’’ (12.7 mm) diameter mats
collected 12.0%, Figure 1.

Figure 1. Circular RC nanofiber mats with 1’’ (25.4 mm),
0.75’’ (19.05 mm), and 0.5’’ (12.7 mm) diameters were
tested with an initial concentration of 8.53 × 108 cells. Error
bars represent standard deviation of 6 trials.
The collection capacity of 1’’ diameter mats was
investigated for three different initial bacteria solution
concentrations. After 2 hr incubation time, mats in the most
concentrated solution (3.10 × 109 cells) collected 58.5% of
bacteria, which is equivalent to 1.81 × 109 cells. The least
concentrated bacteria solution (8.53 × 108 cells) collected
57.7%, equivalent to 4.92 × 108 cells. It was determined that
mats incubated with dead (nonmotile/paralyzed) E coli K-12
collected a greater amount of bacteria after 2 hr (74.0%)
versus alive E. coli K-12 (57.7%) at the same initial
concentration (8.53 × 108 cells) and mat diameter (1’’).
Furthermore, bacteria collection capacity of 1’’ RC
nanofiber mats was studied for solutions containing partially
negative charged SiO2 particles with E. coli K-12. Three
ratios of bacteria: particles (1:1, 1:2, and 2:1) were
investigated. After 2 hr incubation the 1:2 ratio collected
71.1% of bacteria, and the 2:1 ratio collected 73.2%.
CONCLUSION
RC nanofiber mats exhibit the same collection trend (Figure
1), regardless of mat diameter or initial bacteria
concentration. Increase in initial bacteria concentration or
RC nanofiber mat diameter led to increased collection

capacity. Bacteria collection capacity was increased for
solutions containing bacteria and particles. Additionally, RC
nanofiber mats collect a greater amount of bacteria than
commercial cellulose filters. Therefore, electrospun
nanofiber mats have potential to replace current commercial
filtration products.
FUTURE WORKS
Currently, commercial water treatment includes chlorination
and ozonation for disinfection.1 However, electrospun
nanofiber mats have the potential to remove infectious
microbes from water through filtration. Future work
includes measuring bacteria collection of cellulose
nanofibers as filters for use in water treatment processes.
The interaction of RC nanofiber mats with various types of
waterborne bacteria, including Salmonella, Chigella,
Campylobacter, Vibrio cholera, and Legionella may be
explored. These microbes have been proven to cause the
following health ailments: typhoid fever, diarrhea, nervous
system disorders, pneumonia, and respiratory infections.1
Characterization of RC nanofiber mats with waterborne
pathogens, such as protozoa and viruses, could also be
explored.
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INTRODUCTION
Highly purified soy protein isolate (SPI), which is both
renewable and biodegradable, can be electrospun into
“green” scaffolds that show promise as bioactive
dressings in the area of wound healing1,2. Our previous
work has demonstrated that these scaffolds support cell
adhesion and proliferation and exhibit mechanical
properties similar to those of human skin1. This work has
progressed to the application of electrospun soy protein
scaffolds as wound dressings in two animal models – in
the rat and in the pig2.
KEYWORDS
Soy protein, electrospinning, scaffold, wound healing,
reepithelialization
APPROACH
Soy protein isolate was combined with polyethylene
oxide in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) to
electrospin scaffolds with mechanical properties similar
to those of human skin. These scaffolds were applied to
full thickness excisional wounds in both models. In the
rat, the wound was kept open with the aid of a ring to
prevent healing by contraction, which is common in
rodents. Wound healing in both pigs and humans occurs
by the same mechanism of reepithelialization; hence, for
the pig studies we made no attempt to maintain an open
wound. Animals were kept for up to 28 days after
surgery, with wounds covered either by soy wound
dressings or, as controls, with the standard of care,
Tegaderm®. Photographs were taken at each bandage
change in order to further characterize the inflammation
and rate of healing. At set time points, animals were
euthanized. Wounded tissue was collected as was
“normal” skin tissue far removed from the wound sites.
The samples were processed for histology and
immunohistochemistry. Macroscopic images of the
wounds taken during the study and H&E staining of
tissue sections indicate that soy wound dressing exerted a
benefit to healing rate and quality when soy bandages are
applied. Additional quantitative data was collected from
photographic images taken under standardized light
conditions to evaluate the degree of “redness”, or
inflammation of the pigs’ wounds using an algorithm
developed in our lab.
RESULTS AND DISCUSSION
Initial studies in both wound models have begun with a
single application of the soy scaffolds immediately after

creating a full thickness excisional wound. The wounds
receiving soy scaffold treatment resulted in visually
faster wound healing than untreated wounds, but the
qualitative assessment showed this was only statistically
significant at early time points. Similarly, an algorithm
we developed to quantify the extent of wound “redness”
as an indicator for inflammation was able to show that
soy treated wounds were less inflamed (p<0.05) at early
time points in the study. These findings suggest that
repeated application of the soy dressing may improve the
quality and rate of wound healing. However, hematoxylin
and eosin staining and Masson’s trichrome stain both
indicated that despite only one application, the wounds
treated with soy protein re-epithelialized and reformed
appendages at earlier time points than those left untreated
and more closely resembled unwounded skin.
CONCLUSION
The animal studies performed to date strongly suggest
that electrospun soy scaffolds may be beneficial as
bioactive dressings in the treatment of chronic wounds.
Further studies need to be carried to assess an optimal
treatment regimen. Current studies also focus on
generating soy-based scaffolds in which soy protein is
not dissolved in HFP.
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closure, wound dressing, and in anti-cancer drug delivery,
etc. [7, 9, 10].

INTRODUCTION
Tissue engineering aims to restore, regenerate or replace
functional tissues compromised by injuries or diseases [1,
2]. In recent years, many artificial tissues have become
extremely useful in clinics, such as for in-vivo cornea and
cartilage repairing, etc [3, 4]. However, fine control the
properties of artificial tissues and use them for variable
applications still remain difficult, and need to be further
developed and improved. For example, there is no
biomaterial system so far that can cover the mechanical
properties of different tissues from thin skins to highly
vascularized hard tissues (like bones), in order to meet the
specific requirements of various clinic applications [5].
Therefore, fabricating multifunctional, biodegradable
structural composite materials provides a useful direction in
biomaterial and bioengineering fields [6, 7], through which
the properties of biomaterials can become tunable if simply
changed the ratios of components in a same material system.

APPROACH
The surface morphologies of the samples were observed by
SEM (LEO 1530 VP, ZEISS Corporation, Japan). Fourier
Transform Infrared spectroscopy (FTIR) analysis of
silk/PDLA films was performed using a FTIR
spectrophotometer (TENSOR 27, BRUKR Co. Ltd,
German), equipped with a deuterated triglycine sulfate
detector and a multiple reflection, horizontal MIRacle ATR
attachment (using a Ge crystal, from Pike Tech). In addition,
the dried silk/PLA blends (each about 5 mg) were
encapsulated into Al pans and heated in a TA Instruments
(Q100, TA Instruments Co. Ltd, USA) DSC, with purged
dry nitrogen gas flow (50 ml·min-1), and equipped with a
refrigerated cooling system. Thermal gravimetric Analysis
(Hi-Res TGA 2950, TA Instruments Co., USA) was also
used to measure weight changes of SF/PLDA samples with
increasing temperatures. The enzyme degradation study of
film samples were performed at 37 °C in 3.1UmL-1 protease
XIV (Sigma-Aldrich, St. Louis, MO) PBS (phosphate
buffered saline) solutions.

A large number of studies have illustrated that new soft
composite materials based on proteins and synthetic
polymers are promising, as the backbones of these two
molecules can be significantly different, so that the
advantages of each component can be complementary, i.e.,
the selectivity, specificity, precise chemical structure,
diverse functionalities of biomolecules, as well as strong
corrosion resistance and the stability or processability of
synthetic polymers [6, 8] in the materials.
In this study, we blended SF with PLA systematically in
solvent to fabricate SF/PLA composite films at different
ratio using a physical method. The ratios of SF are from 0%
to 100% at 10~20% intervals. Besides, the molecular
interactions between SF and PLA were investigated by DSC
and FTIR techniques, and the morphology of composites
was observed by SEM. Finally the thermal stability of
composites was evaluated by TG analysis, and the
enzymatic degradation behaviors of samples were also
observed. This study not only provided comprehensively
phase information and structural properties of SF/PLA
blend films, but also theoretically proved that a fully
miscible blending system of protein (SF) and synthetic
polymer (PDLA) is achievable. Simultaneously, this study
will help for tailor-making novel SF composites in the
further, i.e. films, gels, microspheres, nanofibers, sponges,
which have broad applications in the biomedical sciences,
such as for tissue regeneration, tissue fixation, wound

RESULTS AND DISCUSSION
The IR results indicated that a new conformation (Silk II
structure, 1625 cm-1,1540 cm-1 and 1267 cm-1) appeared
after mixing [11,12]. Some structure contents, such as alpha
helix (1652 cm-1), have also increased, and the Tyr side
chains (1514 cm-1) [12] were enhanced after SF blending
with PLA. Besides, to quantify the percentage of the
secondary structures in the SF/PLA samples, a
deconvolution method based on curve fitting FSD spectra
was performed in the Amide I region.
The standard DSC and temperature modulated DSC
(TMDSC) was used to prove that the formed SF/PLA
systems were fully miscible with different ratios of these
two components. [13]
The TGA results demonstrated that the SF and PLA
components were well blended in the film systems, and did
not follow their original individual thermal stability profiles
[14].
SEM showed that the morphologies of blend films are
uniform in macroscopic scale, but with interesting microphase separation patterns.
The enzymatic degradation showed that the in-vitro
biodegradation of the SF/PLA films are increased with the
increase of SF contents.

Figure 1. Standard DSC scans of the SF/PLA blend films
(SP100 (silk), SP90, SP70, SP50, SP30, SP10 and SP0
(PLA)). The samples were heated at 2 ℃•min-1 from 30 ℃ to 400 ℃.

CONCLUSION
This study provided comprehensive information about
miscibility,
stability,
structure,
morphology
and
biodegradation properties of SF/PLA blend films. The
SF/PLA composites can be further fabricated into various
forms such as nanosphere, sponges, gels and fibers.
Therefore, this study provided an important platform for the
fabrication of different SF composites with various
biomedical, green chemistry and engineering applications in
the future.
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INTRODUCTION
In this study carboxylic acid coated magnetite nanoparticles
(CA-Fe3O4 NPs) were applied to mechanically robust,
Nylon 6 nanomembranes by three different techniques; 1)
simultaneous electrospraying-electrospinning, 2) layer-bylayer (LbL) deposition of PEI/ NPs on Nylon 6, and 3)
grafting of NPs onto Nylon 6 via EDC/NHS chemistry. The
aim of this study was to find the optimal method for loading
NPs on fiber surfaces, evaluate NP homogeneity and
durability on the membranes for potential wastewater
treatment applications [1]. The carboxylic acid polymeric
coating on the NPs facilitated loading by all methods to
offer different advantages and display distinct chemical
bonding pathways: hydrogen bonding, ionic bonding, and
covalent bonding. Electrospinning the fibers while
simultaneously electrospraying is a simple method to
incorporate NPs within fibers independent of polymerparticle solvent compatibilities, LbL assembly can allow for
the number of NP layers to be controlled, and the grafting
method can allow for the formation of durable, covalent
bonding between the carboxylate groups of the NPs and
amine end groups on polyamides [2-4]. Main
characterization techniques included electron microscopy,
ICP-AES analysis and CIELAB spectrophotometry. Results
reveal that electrospinning-electrospraying and chemical
grafting methods produced a homogeneous NP dispersion
on the membranes. The durability of the treatments is pH
dependent and driven by electrostatic interactions. These
surface treatment methods have not been previously
attempted with Nylon 6 fibers and polymer coated Fe3O4
NPs. Additionally, few studies evaluate the durability of NP
treatments on fibers although it is an issue of high concern
and NP leaching should not occur for the intended end-use.
KEYWORDS
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MATERIALS
Nylon 6 pellets (10 kDa), polyethyleneimine (PEI, 750
kDa), 1-ethyl-3-(3 - dimethylaminopropyl) carbodiimide
hydrochloride (EDC), sodium phosphate monobasic
(NaH2PO4) were purchased from Sigma-Aldrich. Sodium
hydroxide pellets (NaOH), 88% formic acid, hydrochloric
acid (HCl) solution, acetone, and methanol were purchased
from VWR International, LLC. 15 nm sized CA-Fe3O4
nanoparticles dispersed in deionized water (5 mg/mL) and
soluble in polar solvents were supplied by Ocean NanoTech
LLC. N-hydroxysulfosuccinimide (sulfo-NHS) was
purchased from ProteoChem Inc. DI H2O was used to
prepare aqueous solutions.

METHODS
Electrospinning
20 wt% Nylon 6 pellets were dissolved in 88% formic acid
and agitated on a wrist-action shaker for 24 hrs at room
temperature to produce a polymer solution suitable for
electrospinning. An upscaled electrospinning set-up was
employed, which consisted of a multi-jet needle system at
both sides of a large rotating drum. The electrospinning
conditions were as follows: applied voltage of 25 kV, 10 cm
tip-to-collector distance, and a 0.2 ml/hr flow rate. Twelve
20 gauge needles and a heavy duty aluminum foil collector
were used.
Electrospraying
5 wt % CA-Fe3O4 NPs dispersed in methanol were prepared
for electrospraying. A 20 wt% Nylon 6 polymer solution
was used for the simultaneous electrospinningelectrospraying process. The needle stand on one side of the
rotating drum electrspun fibers and on the other side
electrospraying occurred. The experimental conditions were
the same as the electrospinning conditions with the
exception of using 25 gauge needles and a flow rate of 0.2
ml/min. The total operation time of the system was 4.5
hours with simultaneous electrospinning-spraying in the last
1.5 hours.
Layer-by-Layer assembly
Nylon 6 nanomembranes were cut into rectangular samples
5 x ½ in2 in size. The membranes were dipped in 0.08
wt/vol% PEI and alternatively in 5 wt% CA-Fe3O4 NP
solution at pH = 7 for five minutes to produce a total of five
bilayers. The samples were rinsed in deionized water
between each dip to remove excess and unreacted
compounds.
Chemical grafting with EDC/S-NHS
5 mg of EDC and 5 mg of sulfo-NHS were mixed in 1 mL
of 5 mM NaH2PO4/ H2O + NaOH/HCl at pH = 8 and
immediately reacted with 5 mL of 3 wt% CA-Fe3O4 NP
solution in an inert atmosphere. The mixture was agitated on
a wrist-action-shaker for 20 min and the Nylon 6
membranes were subsequently immersed in the EDC/SNHS NP solution for 40 minutes. Unbound nanoparticles
were removed by washing the nanomembranes in acetone
for 5 hrs and rinsing with H2O.
Washing Protocol
Nanomembranes treated with the NPs by the three methods
were immersed in varied pH baths (4, 7, 10) each with a
buffer concentration of 5 mM NaH2PO4/ H2O + HCl/NaOH.

The baths were agitated on a wrist-action-shaker for 10, 30,
and 60 minutes. Aliquots were taken from each bath to
determine Fe content in the solution per allotted time using
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) (Spectro Analytical Instruments, INC).
RESULTS
Nanoparticle/fiber morphology
Figure 1 displays a representative electron microscope
image of 15 ± 0.95 nm colloidal, CA-Fe3O4 NPs deposited
on 20 wt% Nylon 6 nanofibers with an average diameter of
150 ± 5 nm.

Figure 1 TEM image of electrosprayed NPs on Nylon 6 fibers

ICP-AES studies
ICP-AES results display NP release from all three methods
based on a play of electrostatic and intermolecular forces
between the treated membranes and pH environment as
shown in Figure 2. NPs incorporated via the electrospray
and grafting method released the least NPs at low pH and
the LbL method had the lowest particle release under neutral
and high pH conditions. Quantitatively, the grafting method
exhibited the highest NP release of the three methods, which
indicates that other molecular forces beyond covalent
bonding were present. CIELAB studies of the post-washed
membranes revealed little or no color change compared to
the original samples.

Figure 2 ICP-AES results from a) electrosprayed, b) LbL treated,
c) grafted membranes

CIELAB studies
A MacBeth Color Eye 2020+ spectrophotometer was used
to determine the homogeneity and NP uptake with each

treatment. It uses the CIELAB 3D color coordinate system.
The samples were evaluated in three different areas to
determine homogeneity of treatment. The ∆L*∆a*∆b*
values of treated membranes indicate color changes of
darkening, redness, and yellowing, which correspond to the
tan color of the NPs. Overall, good NP homogeneity was
observed for the electrosprayed and grafted membranes.
Composite membranes prepared via the LbL method
displayed non-homogeneous dispersion suggesting NPs
agglomeration in certain regions.
CONCLUSIONS
In comparing the three preparation methods, the
electrospray and grafting method are the simplest based on
NP loading, good dispersion and homogeneity on the
fibrous membranes. Although the NPs are weakly bonded to
the membranes via the electrospray method, the particles
become physical trapped in the fiber matrix. The entrapment
makes them difficult to wash away. Chemical grafting is
also a viable method to decorate NPs on the fiber surface,
however, further studies are needed to confirm covalent
bonding since washing results indicating other types of
bonding is occurring. Layer-by-layer could not provide
homogeneous NP distribution, so it will not be studied
further.
FUTURE WORK
In future work the performance of the electrosprayed and
grafted nanomembranes would be examined by evaluating
the membranes magnetization, the absorption capacity for
cationic dyes, and reuseability of the membranes for
potential wastewater treatment.
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INTRODUCTION
Silk is a protein polymer spun by insects and
other organisms for natural purposes. For 5000
years, silk has been used as a textile; a practice
originating in Asia. However, in recent years
there has been interest in using silk as a
biomedical material thanks to its unique physical
properties. Silk is made up of smaller units called
fibres. These fibres have unique repeating amino
acid sequences, and this greatly affects the
structure of the protein chain, which in turn
affects the material properties of the silk. In this
study, different types of silk will have their
material properties tested and compared in order
to determine their usefulness in biomedical
applications.
The 5 different types of silk being tested are Mori,
Thai, Eri, Muga, and Tussah. The Mori silk
comes from the Bombyx Mori silkworm, which is
the domesticated silkworm that has been used to
produce silk for textile purposes for milennia. The
silk is white and the cocoon is spun into a hard
egg like shape. Thai silk (yellow) also comes
from domesticated silkworms, however, these
worms are raised in Thailand, so the different
climate and environment affects the cocoon
differently than those raised elsewhere. The other
3 silks come from wild silkworms. Tussah silk is
produced by the Antheraea mylitta silkworm and
the cocoon is dark tan or brown in color and fairly
smooth, similar to paper. The structure of the
cocoon is also significantly harder than the other
cocoons and they are the largest in this study. Eri
silk comes from the Philosamia ricini silkworm.
The silk is white in color and the cocoons have a
rough fibrous outside. These cocoons are also less
stiff than the others. Finally, Muga silk comes
from the Antheraea assamensis species of silk
worm and is light tan to gold/yellow in color. The

cocoon has many loose fibers on the outside and
is also fairly flexible. In addition to studying these
silks purely on their own, there will also be
testing done on blending different ratios of the
silks together in order to see how the properties
are affected when the silks are combined.
EXPERIMENTAL APPROACH
In order to test the material properties of the silks,
first the silk is made into a thin film. Then the
films are tested using two methods. For thermal
analysis of the silks, a Temperature Modulated
Differential Scanning Calorimeter (TM-DSC) was
used. The TMDSC compares the sample to a
reference material and is used to determine phase
changes of the material as it is heated or cooled
through a large temperature range. These phase
changes include the glass transitions and the
degradation phases. Glass transition is when the
material becomes more of a liquid, and less rigid
and brittle after a certain temperature. The
degradation phase is when the silk is destroyed
after being exposed to high heat. The silk cannot
return from this phase. Additionally, a Fourier
Transform Infrared Spectrometer (FTIR) was
used in order to determine the structure of the
polymer chain of the various silks. In this study,
beta sheet crystallization, which is useful for
biomedical applications since it causes the silk to
become insoluble, was compared to the different
silks as well.
RESULTS
The TM-DSC provides information on water
evaporation, glass transition phase, reversing heat
capacity, total heat flow and degradation of
different regenerated silk films. The results from
total heat flows can be seen in Figure 1.
Using the FTIR, the structure of various silk films
was able to be determined. In addition to the pure
silk samples, whose data can be found in Figure 2,
silk films treated in methanol were also tested. It
was found that Mori and Thai crystallize almost

completely after 20 minutes. On the other hand,
Muga, Tussa, and Eri silks required more
treatment time to achieve crystallization at 24
hours. Muga showed some crystallization after 20
minutes but it wasn't until the full 24 hours that it
showed full crystallization.

Figure 1. Total heat flow from TM-DSC study.
The 5 different silk films labeled on the graph
were heated from -30o C to 400o C at 2oC/min.

Figure 2. FTIR study reveals the structures of

different regenerated silk films. AH represents
alpha helix structure, RC represents random coil,
and Tyr indicated the tyrosine side chains
presented in the silks.
CONCLUSION
Using these methods, the material properties of
silk samples regenerated from different silkworm
species that are desirable for medical applications
may be discovered and further studied.
Additionally, silk is a natural protein so it is
sought after for medical purposes since the human

body can better process the introduction of this
material into their body much more easily. These
properties of different silks have led to a
significant increase in their study for biomedical
applications.
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STATEMENT OF PURPOSE
In this study, novel 3D patterned electrospun scaffolds,
including oriented and non-oriented parts and also having
different groove sizes, were fabricated from Polyamide-66
(PA-66). 3D scaffolds were produced by electrospinning of
polymer solution on different 3D collectors which have
been obtained from 3D printing technique. The aim of this
work is to investigate the attachment of the chondrocyte
cells on the prepared scaffolds which have different type of
orientations and groove sizes for potential tissue engineering
applications.
INTRODUCTION
Electrospinning is the one of the most versatile method for
producing ultra-fine nanofibrous 2D membranes [1]. Since
Tissue engineering involves 3D scaffolds as the supports
which mimic the native Extra Cellular Matrix (ECM)
environment for cell growth, in this study, we focus on a
novel method to generate 3D PA-66 electrospun scaffolds
by using patterned resin collectors produced by 3D printer
in combination with electrospinning. Since it is shown that
particular forms of collectors can control the deposition of
the fibers, thus improvement of the biological responses like
cell attachment and proliferation can be achieved [2, 3].
Moreover, it was proved that producing aligned nanofibers
is an effective method to control cell orientation and
migration in tissue engineering [4].
MATERIALS AND METHODS: Scaffold Fabrication
Collectors and frames
Nine patterned collectors with different grooves size were
created by using 3D printing (Objet Eden 260V, France), as
shown in Fig. 1, and 3 of them (S1, S2, S3) were chosen to
do cell culture which are grouped in Table I. In addition, an
appropriate frame with suitable dimension also is fabricated,
as presented in Fig. 2 (A), using the same 3D printer
machine, to maintain the fibrous non-woven stable and
capable of functioning biologically in the implant site.
Polyamide-66 (17 wt %) was electrospun over the patterned
collectors by electrospinning machine that was designed and
built in LPMT [5] and the scaffolds with the same structure
as the collectors were achieved with an average fiber
diameter of approximately 100 nm. The morphological
properties of nanofibers in the produced scaffolds were
examined by SEM and inverted phase-contrast microscope.

Figure 1. Design of fabricated patterned collector
Table I. Sizes of the parts of the collectors
Samples
Distance between
Width
grooves (D)
(W)
[mm]
[mm]
Sample 1
(S1)
Sample 2
(S2)
Sample 3
(S3)

Height
(H)
[mm]

0.2

0.4

0.05

0.2

0.6

0.05

0.2

0.8

0.05

Cell culture studies
Chondrocytes were used from histology and embryology
department’s cell reservoir (Department of Histology and
Embryology, Faculty of Medicine, Mersin University,
Mersin, Turkey). Cells were cultured in culture flasks
consisting of DMEM containing %10 FBS and the cell
culture media was changed every 3 days. Chondrocytes
were cultured in flask at 37°C in 5% CO2 and in a
humidified (%95 RH) incubator. Cells obtained at passages
3 were used in this study. In the next step, the patterned PA66 scaffolds between the frames were sterilized by ethanol
70/30 for 2 hours. Then the chondrocytes were seeded onto
the scaffolds and their attachment, proliferation and

migration were analyzed by using confocal microscope and
Scanning Electron Microscope (SEM).
RESULTS AND DISCUSSION
The results demonstrated that structured collectors allow
producing nanowebs templates made of nanofibers with
alternative pattern of oriented and non-oriented areas, as
shown in Fig. 2 (C), which can provide an appropriate
surface for cells’ growth.

The phase-contrast image of the chondrocytes in the flask
taken by inverted microscope (Nikon TS100 Nikon
Instruments Inc. Tokyo Japan) has been demonstrated in
Figure 3. For the next step, the ability of the PS-66 3D
scaffold to support cell activities will be investigated.
Specifically, the cellular proliferation, and morphology on
oriented and non-oriented parts will be examined.
CONCLUSION
This work, demonstrates the potential of 3D printing
technology when it is combined with electrospinning
method to produce 3D polymeric scaffolds in nanoscale. In
this study, different patterned collectors with different
groove sizes have been produced by 3D printing. The
electrospun Polyamide 66 nanofibers was produced on the
patterned collector. In order to evaluate the in vitro
performances of the produced scaffolds, chondrocytes were
isolated from cartilage tissue and cell culture studies were
initiated to evaluate the attachment and proliferation of cells
on different parts of the patterned scaffolds and the studies
are ongoing.
KEYWORDS
Electrospinning, 3D printer, tissue engineering, cell culture,
Polyamide 66, chondrocyte.
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Figure 2. (A) The illustration of the frame-collector and the
SEM image of the collector surface, (B) the SEM image
showing side view of the 3D printed collector, (C) (D)
images of S1 taken with inverted phase-contrast
microscope, (E) the SEM image of oriented part.

Figure 3. (A) Cultured Chondrocytes (passage=3, X40), (B)
Cultured Chondrocytes (passage=3, X100).
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STATEMENT OF PURPOSE
Development of an electrospun fiber scaffold for cell culture
composed of extracellular matrix derivatives gelatin and
hyaluronic acid allows for control of cell alignment and
biocompatibility of cultured neurons.
INTRODUCTION
The use of nanoscale electrospun fibers with structure
mimicking that of extracellular matrix (ECM) is a
commonly used approach to generate tissue engineering cell
culture
scaffolds.
Hyaluronic
acid,
a
major
glucosaminoglycan component of the ECM, plays a
significant role in the structure of the central nervous system
[Rauch 1997]. HA has also been shown to improve
regeneration in peripheral nerves [Seckel 1995], which
suggests it may have similar beneficial effects in other
neural cell culture applications. Both of these indicate that
HA would make a good candidate for electrospun cell
culture scaffolds, but high viscosity of pure HA solutions at
low concentrations make electrospinning difficult. Previous
techniques to make electrospinning of HA possible include
blowing-assisted modified electrospinning setups [Um
2004], addition of phosphate salts [Brenner 2013] and use of
carrier polymers such as collagen [Hsu 2010] and gelatin [Li
2006, Li 2006]. Utilizing different sovent systems has also
been investigated, such as dimethylformamide (DMF):water
(H2O) [Li 2006], 25:50:25 H2O:formic acid (FA):DMF [Li
2011], sodium hydroxide:DMF [Kim 2008], 3:7 formic
acid:1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) [Liou 2013]
and ammonium hydroxide:DMF [Brenner 2011].
Unfortunately HA appears to show effects of degradation in
some highly basic solvent systems [Brenner 2011].
By combining HA with the carrier protein gelatin, a product
of partial hydrolysis of ECM-component collagen that has
previously shown potential for neural scaffolds [Sazo 2012],
in a pure formic acid solvent, which has already
successfully been used in electrospinning neat gelatin fibers
[Ki 2005], we have successfully generated nanoscale
electrospun fibers that show potential for use in culture of
neural tissues.
APPROACH
Solution preparation Solutions were prepared at a
concentration of 12 wt% gelatin in formic acid (FA).
Hyaluronic acid (HA) was blended with the 12 wt% gelatin
solutions at a concentrations of 0, 0.5, 1 and 1.5 wt% HA.
Due to the viscous nature of the blend solutions, solutes
were mixed together prior to addition of solvent and stirred
for approximately 12 hours. For crosslinking of HA, divinyl

sulfone (DVS) was added to solutions at a concentration of
0.5 v/v%.
Electrospinning and crosslinking Solutions were
electrospun from a disposable syringe fitted with a 0.5mm
inner diameter needle at a voltage of 15kV with a pump rate
of 0.9 mL/h, a collection distance of 10 cm and for
approximately one hour. Fibers were collected on both a
random setup consisting of an aluminum foil covered
copper plate, as well as an aligned setup. The aligned setup
consisted of two parallel metal prongs electrically grounded
and positioned vertically with 1 to 1.5 inches of space
between them. The relative humidity of the air was
measured and kept below 35%, utilizing gaseous N2 in an
enclosure around the electrospinning equipment if
necessary. Post-spinning crosslinking of the gelatin
component of the samples was achieved using
dehydrothermal treatment (DHT) in an oven at 140 ºC for
48 hours.
Scanning electron microscopy Electrospun samples were
sputter coated with platinum-palladium for 35 seconds, then
imaged using a Zeiss Supra 50/VP scanning electron
microscope. Fiber diameter was measured using ImageJ
software on a selection of 50 randomly selected fibers per
sample type.
Cell culture Samples used for cell culture were coated
overnight with 40 ug/mL laminin. Spinal cord explants from
embryonic rats at gestational day 15 were placed onto the
scaffolds and cultured in Neurobasal medium supplemented
with 2% B-27, 1% penicillin/streptomycin and 1%
glutaMAX. After 14 days in culture the cells were fixed and
stained with microtubule associated protein-2 (MAP2) and
Hoechst dye to determine biocompatibility and microtubule
alignment relative to the electrospun fibers.
RESULTS AND DISCUSSION
SEM images of randomly aligned fibers (Figure 1) show
random patterning of linearly aligned fibers. Two of the
samples produced numerous fibers (Figure 1: A and C) 0
wt% and 1 wt% respectively, while the other two did not
produce nearly as many (Figure 1: B and D) 0.5 wt% and
1.5 wt% respectively. This is an area currently under further
investigation, and may be due to changing electrostatics in
solution due to the different relative ratios of HA to gelatin.

Figure 1: SEM images of Gelatin/HA Randomly Aligned
Electrospun Fibers A) 0 wt% HA and 12 wt% Gelatin in FA
B) 0.5 wt% HA and 12 wt% Gelatin in FA C) 1 wt% HA
and 12 wt% Gelatin in FA D) 1.5 wt% HA and 12 wt%
Gelatin in FA.
A difference in fiber diameters was also noticed between the
same two sets of samples. Formulations with 0 wt% HA, 0.5
wt% HA, 1 wt% HA and 1.5 wt% HA had fiber diameters
of 132+/-62 nm, 405+/-137nm, 71+/-28nm and 201+/-90nm
(values reported as mean +/- standard deviation), showing
that the samples with fewer fibers also produced larger
fibers.
Neurons cultured on the scaffolds demonstrated good
biocompatibility evidenced by cellular attachment and
spreading. In aligned samples the MAP2 staining showed
preferential alignment of the cells along the longitudinal
direction of the electrospun fibers.
CONCLUSION
Crosslinked electrospun fibers of hyaluronic acid and
gelatin in a solvent of formic acid show potential for use as
a cell culture scaffold for neurons. All combinations of HA
and 12 wt% gelatin scaffolds were biocompatible with
cultured embryonic rat explants, and aligned HA/gelatin
fibers induced cultured cells to align preferentially along the
fibers.
KEYWORDS
Gelatin, Hyaluronic acid, Electrospinning, Neural Tissue
Engineering
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STATEMENT OF PURPOSE
The purpose of this research is to discover viable methods
of producing self-folding knitted textiles with auxetic
characteristics, through the manipulation of geometry and
stitch architecture. Due to their force absorbing abilities and
unusual deformation mechanisms, textiles possessing
auxetic characteristics have potential for applications in a
number of fields, including medical, military and athletics.
Our research began through the study of knit stitch
geometry arrangements, and the observation of the
similarities to the paper folding patterns of origami
tessellation patterns. These patterns remained an integral
part of the pattern development throughout, as research was
conducted to find a recognizable relationship to convert
from one medium to another. A number of variables were
considered for the successful translation from paper to
fabric prototypes, including material composition, stitch
length, gauge, and tension.
INTRODUCTION
Auxetic Meta-Materials
Meta-materials are materials whose characteristics depend
on their structure, rather than their composition [1]. Auxetic
materials are a type of meta-material which exhibit a
negative Poisson’s ratio. Poisson’s ratio is the ratio of
transverse to longitudinal (axial) strain in a material under
tension (Fig.1). The negative Poisson’s ratio allows for
greater force absorption, by means of redistributing the
force more evenly across the surface. The structural
arrangements of these materials may be used to create
garments and other products with greater levels of fit [2],
and conformity to the surface they protect. Due to these
characteristics, auxetic textiles are ideal for use in the
development of passive smart textiles, (textiles that have
smart properties without use of electronic components) of
protective, compression healing, or athletic garments.
APPROACH
Computer Aided Knitting
Industrial knitting technology is a key tool for the
development of smart textiles and garment devices, with
distinct advantages over other textile production methods
[3]. Using industrial knitting machines, a wide variety of
shapes and textures can be created from various stitches,
such as knit, purl, miss and tuck, as well as shaping through
widening and narrowing the fabric. To better quantify the
scope of materials these combinations may produce, it
should be noted that all textiles produced in this body of
research utilize only knit and purl stitches. All knit samples
were produced on Shima Seiki Industrial knitting
machinery, including the Shima Seiki SWG041N and the
Shima Seiki SV122SG. Before prototypes of each textile
were created, the Shima Seiki SDS-Apex Design System

Figure 1. Conventional Materials vs. Auxetic (Negative
Poisson’s Ratio) Materials. (Knittel 2013)

was used to program each textile, and examine computersimulated images of the knit architecture.
Study of Origami Tessellation
Using geometrical patterns, traditional paper folding
techniques may be used to create paper structures with
auxetic characteristics. Applied forces cause the folded
structures to tessellate outwards, creating multidirectional
expansion. Therefore, origami tessellations were studied as
a means of understanding how to create auxetic structures
through geometric principles, and to discover a relationship
between paper folds, and self-folding fabrics. Using a
repeated zigzag pattern such as that designed by Yanping
Lui et al. [4], a fabric structure may be produced that is
similar to a common origami structure, featuring repeated
zigzag valleys and peaks [5]. What is different however, is
how and where these features are created. In the paper
model, folds occur along the boundary lines of the
geometrical shapes. In a textile model, the folded lines occur
along the points of the shapes instead. Though their folds
are different, the resulting materials are similar. This finding
is of importance, because it shows that in the fabric samples,
folds are created not simply along the line of changed stitch
pattern, but instead at the points of greatest imbalance
between the stitch geometries.
From the understanding of the behaviors of both vertical and
horizontal rib knits it was determined that a critical angle
should exist, marking the change between the dominance of
the knit fabric and the purl fabric. A study was conducted

observing different angles of change between the knit and
purl fields of the textile.
RESULTS AND DISCUSSION
Horizontal vs. Vertical Stitch Arrangements
In order to determine a formulaic method of developing
self-folding auxetic textiles, it was important to observe and
understand the effect of stitch arrangements. Starting on the
simplest level, we may note the difference between
horizontal and vertical arrangements of knit and purl
stitches. When knit and purl stitches are arranged in a
repeating pattern that creates vertical columns of each stitch
type, in the resulting fabric, a self-folding effect is exhibited
where the knit stitches naturally overtake the purl, and rise
to the surface of the fabric. When knit and purl stitches are
arranged in a repeating pattern that creates horizontal rows
of each stitch type, an opposite effect is achieved, and the
purl stitches become dominant. After determining the
vertical and horizontal effects of the stitch arrangement, the
effect created by the angles between 0 and 90 degrees still
required quantification. Therefore, swatches were created by
dividing a square between knit and purl, at varying angles
between 0 and 90 degrees, and repeatable results were
found.
Self-Folding Angle Behaviors
Through the method previously described, it was
determined that:
• Between 0 and 45 degrees, purl stitches are dominant,
and create a strong fold that pushes the knit stitches down
below.
• Between 75 and 90 degrees, knit stitches are dominant,
and create a strong fold that pushes the purl stitches down
below.
• Between 45 and 58 degrees, purl stitches are slightly
dominant, creating a gentle fold that pushes the knit
stitches down only slightly.
• Between 58 and 75 degrees, knit stitches are slightly
dominant, creating a gentle fold that pushes the purl
stitches down only slightly.
• At the angle of 58 degrees, neither knit, nor purl stitches
are dominant, and a flat fabric is produced.

Figure 2. Textile with auxetic characteristics produced
at the Shima Seiki Haute Tech Lab.

CONCLUSION
Through understanding the self folding mechanisms created
by knit and purl stitches, and the angles at which these are
most effective, it was determined that the development of
auxetic textiles is effectively achieved using geometrical
knit stitch architectures (Fig.2). In the process of developing
auxetic characteristics, a number of other desirable
characteristics were produced. These include textiles with
cell like structuring, high levels of articulation, and
transforming mechanisms.
FUTURE WORK
Moving forward, further research will continue developing
and understanding the techniques carried out in this body of
research, as well as the mechanical and material
characterizations of these textiles. Additionally, designs will
be explored in terms of scalability and performance under
stress and continued fatigue. Material choice will affect not
only the level of auxetic behavior exhibited, but also the
length of duration of repeated use.
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Wearable exoskeletal technology remains a
challenging task despite advances in sensing,
actuation, and fabrication techniques. It can be
used in the military for strength augmentation,
the medical field for rehabilitation, and
commercially for gaming and haptic human
computer interaction. The hand provides a
unique platform for this technology because of
its anatomical complexity. Previous research
in hand exoskeleton interfaces utilize bulky
actuation methods and require range-limiting
tethers to a computer and or power source [1]
[2] [3]. These technologies are both
uncomfortable and impractical for extended
everyday use. We have developed an
untethered, soft haptic exoskeletal system that
is not bound by these constraints.
The soft Exo-Skin glove is fabricated using
the Shima Seiki Whole Garment SWG041N
knitting machine. It is programmed similar to
a 3-D printer. Rather than extrude plastic, it
knits a structure with a variety of fibers
including nylon, spandex and low-melt PET.
These fibers are specifically positioned
throughout the glove to knit a complex
structure into a single piece. After the glove is
knitted it is heat-treated so that all phalangeal
segments become semi-rigid while the
interphalangeal segments remain malleable to
accommodate for joint flexion. This
fabrication platform allows rapid prototyping
that can be scaled quickly to accommodate
different size hands, and seamless translation
to cost effective commercial production [4].
The Exo-Skin device is a tendon-actuated
exoskeleton capable of delivering force and
textural feedback to individual fingertips.

Each finger is controlled by two cables that
mimic the flexor and extensor tendons of the
hand. The artificial tendons run through
pathways knitted into the glove and attach to
actuators mounted on the wrist cuff. The two
actuators for each finger work in unison,
receiving force feedback data from two force
sensors mounted in each fingertip. When the
slightest change in fingertip pressure is
detected, the tendon actuators react
accordingly, actively adapting to the natural
motion of the hand. The synergistic motion
between the user and device can then be
augmented for resistance or amplification
purposes. A vibrotactile stimulator is also
located at each fingertip for textural
simulation in human computer interaction.
This is achieved by controlling the vibration
frequency and amplitude according to the
pressure and velocity of the fingertip relative
to the virtual surface [5]. All actuation and
control mechanisms are mounted on the arm,
making the device an untethered standalone
system.
The Exo-Skin is controlled by an Arduinobased system communicating via wireless or
Bluetooth link to any authenticated computing
device. For human computer interaction
applications, the Leap Motion sensor provides
sub-millimeter accurate location information
locating the user’s fingers and hand within a
3-D simulated volume. All aspects of the
haptic interaction, such as structure texture
and rigidity, can be adjusted via the connected
computer. The system was integrated and
tested with LEVER3D stem cell visualization
and analysis software [6] [7].

The device can also be used for assistive
strength augmentation as well as hand
rehabilitation after tendinopathy or neural
injury. The Exo-Skin is able to sense minute
changes in fingertip pressure, thus amplifying
the forces exerted by the user. This has
potential for a variety of applications ranging
from stroke and Parkinson’s patients to
military personnel. The device is also able to
provide 24/7 monitoring of patient compliance
and rehabilitative status. It continuously
collects hand kinematic data which can be
interpreted in real time by a therapist while
being
algorithmically
analyzed
for
predetermined patterns.
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ABSTRACT
EMI shielding effectiveness of woven fabrics fabricated
from PET and short connected solenoids inserted as weft
was analyzed. The solenoids were fabricated as a hybrid
fancy yarn by wrapping a carbon nanotube (CNT) yarn an
insulated steel wire. Polyester (PES) yarns were used as
warp, whereas PES and hybrid fancy yarns were used as
weft. The ends of the CNT yarn-based coils of all solenoids
were parallel connected by the additional two silver wires.
EMI shielding effectiveness was preliminary analyzed in the
frequency range of 30 MHz–1.5 GHz. The EMI shielding
effectiveness (SE) more than 25 dB for the presented
Steel/CNT solenoid based woven fabrics was reported in the
assumed frequency range.
INTRODUCTION
With the increasing use of electronic products and
telecommunication equipment, electromagnetic interference
(EMI) has become a major problem, as it reduces the
lifetime and efficiency of the instruments. To reduce the
impact of electromagnetic radiation, EMI shielding
materials are widely investigated. Textile-based EMI shields
are very attractive because of specific mechanical properties
of textile structures that are lightweight, highly flexible,
stretchable, elastic, etc. Generally EMI shields must be
realized from conductive materials. The first approach to
obtain conductive fabrics are fibers and yarns made of
copper, aluminium, stainless steel or yarns with conductive
coatings incorporated in the yarn production. The second
approach include the application of conductive materials
(conductive polymers, metals, carbon materials, etc.) on the
surface of the fabric using different finishing processes such
like lamination, coating, spraying, printing, ionic plating,
electroless plating, vacuum metallization, etc. Attenuation
provided by shield results from three mechanisms: 1/
Incident energy of electromagnetic waves is reflected by the
surface of the shield because of the impedance discontinuity
of the air-conductor boundary; 2/ The part of energy that is
not reflected is attenuated when passing through the shield
by absorbing properties of electroconductive material. 3/
The part of energy that reaches the opposite face of the
shield is reflected back into the shield because of another
impedance discontinuity of air-conductor boundary.
The idea of incorporation of Steel/CNT solenoids to woven
fabric was the increase of absorbing mechanism of the
electromagnetic waves energy by the induction of electric
currents in CNT yarns when these waves pass through the
shield. Because of short connection of CNT yarns, induced
current is totally converted into heat. Presented idea of
fabrication of solenoid-based textile EMI shield was firstly
developed by Grabowska at al. [1]. In this shields, the
solenoid core was made of steel yarn and coil was made of
insulated copper wire.

EXPERIMENTAL
Materials
The CNT Yarns were formed from the spinable carbon
nanotube forest in the Commonwealth Scientific and
Industrial Research Organisation CSIRO (Australia) [2]. In
Table I basic parameters of CNT yarn used are presented.
Table I. Parameters of CNT yarns used
Parameter
Unit
Linear mass density
Tex
Yarn diameter
µm
Yarn twist
twist/m
Yarn density
g/dm3
Yarn resistance
Ω/cm

Value
∼0.5
13-18
25000
2.1
∼580

The steel wire was used as core of solenoids. It was also
delivered from CSIRO (Australia). Diameter of steel wire
was 35 µm. Because the electrical insulation between coil
and core in solenoid must be provide, before wrapping a
carbon nanotube (CNT) yarn around of steel wire it was
surface coated by the silicone conformal coating Electrolube
DCA, specifically designed for the protection of electronic
circuit. Dip coating technology was used and thermal curing
in the temperature of 120°C. The thickness of silicone layer
coated was ca 6 µm.
One type of polyester textured yarn was used for the
manufacturing of woven fabric. The linear mass density of
this yarn was 220 dtex, the number of filaments in crosssection was 48.
Fabrication of Steel/CNT selenoids
The Steel/CNT solenoids were fabricated by the wrapping
technique, according to the scheme presented in Figure 1.

Figure 1. Scheme of Steel/CNT solenoids fabrication: 1/
steel wire, 2/ CNT yarn, 3/ rotating disc, 4/ pulling rollers,
5/ Steel/CNT hybrid fancy yarns as solenoid

For this purpose, a prototype of wrapping machine was
used. It contained: 1) a core wire pulling rollers driven by
stepper motor; 2) rotating disc with wrapping CNT yarn
driven by stepper motor; 3) computer control system.

solenoid samples that were used for the fabrication of
woven fabric..

Fabrication of Steel/CNT solenoid based woven fabric
The Steel/CNT solenoid based woven fabrics were
fabricated using the hand weaving loom, according to the
scheme presented in Figure 2.

Figure 3. The images of of Steel/CNT solenoids
As it is shown in Figure 3, CNT yarn was successfully
wrapped around of steel wire. The wrapping pitch is ca 0.5
mm. Silicone based insulated layer over steel wire is clearly
visible.

Figure 2. Scheme of Steel/CNT solenoid based woven fabric
fabrication: 1/ Steel/CNT solenoid, 2/ PES yarns, 3/ silver
wires, 4/ Silver wire/CNT yarn connection point
The PES yarn were used in warp and weft sets but every
third weft, Steel/CNT solenoid was inserted to woven fabric
as weft. The warp and weft densities were 20 yarns/cm and
16 yarns/cm respectively. After weaving process, the ends
of the CNT yarn-based coils of all solenoids were parallel
connected by the two additional silver wires by using the
silver-based electroconductive glue. For the conversion of
induced currents in the CNT yarns into heat flux, the closed
loop between silver wires was formed.
Shielding effectiveness
The EMI shielding effectiveness was measured according to
the ASTM D 4935-99 standard in the frequency range of 30
MHz to 1.5 GHz. The measurement set consisted of the
Rohde & Schwarz ZVA-40 network analyzer, which is
capable of measuring incident, transmitted and reflected
powers, and a proper sample holder. The shielding
effectiveness was determined by comparing the difference
in attenuation of a reference sample to the test sample,
taking into account the incident and transmitted power.
RESULTS AND DISCUSSION
Optical microscope images of Steel/CNT solenoids
Figure 3 shows images (taken with an Olympus
stereomicroscope SZX-10) of a representative Steel/CNT

EMI shielding effectiveness (SE)- preliminary results
The preliminary results of EMI shielding effectiveness
showed that the Steel/CNT solenoid based woven fabric had
the SE in the range of 25-30 dB. It is not a high but
fabricated woven structures had a quite lose structure, thus
having quite large space between the yarns. It will be
developed further.
CONCLUSION
The Steel/CNT solenoid based woven fabrics was study as a
new EMI shield. The solenoids were successfully fabricated
as a hybrid fancy yarn by wrapping a carbon nanotube
(CNT) yarn around of insulated steel wire. The preliminary
results of EMI shielding effectiveness of woven fabrics
shown, that in the frequency range of 30 MHz–1.5 GHz,
they are more than 25 dB. Probably the SE can be increased
by the increasing of Steel/CNT solenoid density in weft set.
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STATEMENT OF PURPOSE
This paper introduces a stereovision system for 3D image
generation of fabrics, and the 3D image analysis
algorithms for fabric pilling measurement.
INTRODUCTION
For more than two decades, instrumental methods for
fabric pilling evaluation have been developed to enhance
its objectivity and effectiveness. Most of these
developments have involved using image-processing
techniques to analyze two-dimensional (2D) fabric
images, in which surface variations are recorded by
pixels of different grayscale or color values. For
example, Xu applied the Fast Fourier Transform to
remove weave texture information from an image, and a
template-matching scheme to locate pilling areas[1].
Torres et al. took advantage of spatial and frequency
domain operations to calculation pilling areas[2]. Wagner
correlated pilling area with axes length ratio (pill major
axis breadth/pill major axis length) to eliminate
unwanted textural effects highlighted by an oblique
lighting[3]. Xin, et al., carried on the idea of obtaining a
pill threshold from a trained pill template which uses a
2D Gaussian fit method on a batch of pill images[4].
Because these 2D image-based approaches have
limitations on processing images of colored or printed
fabrics, various 3D imaging techniques, including laser
scanning[5-7], edge silhouette[8-11], dual-CCD scanning
[12]
, shape-from-shading[13], and stereovision[14, 15], came
into use lately for 3D surface reconstruction and
characterization of fabric pilling. The 3D measurement
systems, called “color-blind” systems, are independent
of changes of sample colors and therefore can improve
the reliability of detecting surface features in the 3D
space [14].
Compared to scanning-based 3D sensing technology,
stereovision appears to be a more efficient and
economical approach for fabric surface reconstruction
because it only needs to take a pair of images with two
regular digital cameras[15]. With a proper setup and
calibration, a stereovision system can possess high
resolutions in x, y and z and generate a 3D image that
shows fine structures on the fabric surface[14]. However,
algorithms to detect pilling areas using 3D data have not
been thoroughly studied.

APPROACH
In this research, we attempted to develop new algorithms
for pilling detection and characterization using 3D
information of a fabric surface. 3D fabric images are
first generated using a stereovision system developed in
the prior study. Based on the depth information
available in the 3D image, the pilling detection process
starts from the seed-searching at local depth maxima to
the region-growing around selected seeds using both
depth and distance criteria. The pilling appearance can
be characterized by the density, heights and areas of
individual pills in the image. The depth information in a
3D image permits more reliable pilling detections and
more comprehensive descriptions of pilling features than
in a 2D image. The pilling detection algorithm takes
three major steps: (1) Pilling seed searching (Fig. 1), (2)
Pilling region growing (Fig. 2), and (3) Pilling feature
extraction (Fig. 3).

Fig. 1 Pilling Seed Searching

Fig. 2 Pilling region growing
Po

h

Pp

Fig. 3 Pilling feature extraction

RESULTS AND DISCUSSION
The samples used in the experiment were 100% cotton
fabrics of different colors and structures that were
treated either by random tumbling or home laundering.
Each sample was rated on a 5-grade scale by three
trained individuals using the ASTM photographic pilling
standard.

3D (count/cm2)

There were five ASTM pilling grades and six samples in
each grade in the test. The magnifier for manual
counting has a viewing area of 2.5 × 2.5 cm2. The
comparison between the two methods (3D vs. manual)
could be made only for the pilling densities (D) because
the other two pilling measurements (H and A) were
difficult to be measured manually. The two sets of D
data were compared separately at each grade, and the R2
(R is the correlation coefficient) ranged from 0.678 at
grade 4 to 0.995 at grade 1. When the Ds of all the
grades were pooled together, the R2 was 0.985 (Fig. 4).
In terms of D, the stereovision system gave the highly
consistent result with the manual counting.
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Fig. 4 Pilling density measurements
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CONCLUSION
This paper presents 3D image analysis algorithms for
characterizing and quantifying fabric pilling appearance.
After the calibration, a 3D image generated by the
stereovision system can yield a depth resolution of 0.02
mm, and a resolution of 0.28 mm in both x and y
directions. As opposed to a 2D image, the 3D image of a
fabric is insensible to color changes on the surface and
offers depth information for more reliable detection of
pilling regions. Seed-searching and region-growing are
two key consecutive procedures designed to prevent
false detections of pilling. Pilling density, height and
area are the three main characteristics used to describe
pilling appearance. The pilling densities measured from
the 3D images of 30 samples were highly correlated with
those counted manually (R2 = 0.985). Although only the
pilling density consistently changed with the pilling
grade for the given set of samples, the pilling height and
area should be useful parameters for assessing pilling

appearance, especially for fabrics with different fiber
contents and structures.
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OBJECTIVE
In this study, polyaniline was doped with
camphorsulfonic acid and dodecylbenzene sulfonic
acid sodium salt in N,N-dimethlyformamide and
dimethylsulfoxide and then pressed as pellets in order
to be able to investigate the conductivity variations
caused by different dopants and solvents.
INTRODUCTION
Polyaniline (PANI) is one of the most investigated
inherently conductive polymer due to its unique
electronic properties and potential applications [1]. It
exists in different oxidation levels such as the fullyreduced leucoemeraldine base form, the half-oxidized
emeraldine base (EB) form and the fully-oxidized
pernigraniline base form [1,2]. The emeraldine salt
form of polyaniline, which is conductive, is formed by
the addition of protons to the EB through treatment
with an acid [3,4]. The protonation and solubility of
PANI is reported to be greatly affected by the type of
the dopant and the solvent used [4-8].
In
this
study,
camphorsulfonic
acid and
dodecylbenzene sulfonic acid sodium salt were used as
dopants while DMF and DMSO were used as the
solvents and the protonation of PANI was investigated
by
UV-Vis
spectroscopy
and
conductivity
measurements.

UV-Vis absorption spectra of PANI solutions were
taken with Shimadzu UVmini-1240 UV-Vis
Spectrophotometer in the 300-1100 nm region. Hanna
HI 8633 conductivity meter was used to measure the
conductivity of the PANI solutions. A two-circularprobe system connected to Microtest 6370 LCR meter
with four wire system was used to measure the
volumetric resistances of the pressed pellets.
Volumetric conductivity in S/cm was calculated using
the volumetric resistance value measured and the
geometric dimensions of the pellets.
RESULTS AND DISCUSSION
UV-Vis Spectroscopy was carried out to investigate
the changes in the doped state of polyaniline with
different dopants in different solvents. The PANI base
has two absorption peaks at around 330 nm and 630
nm. The absorption peak at 330 nm is due to the Π-Π*
transition of benzenoid rings, while the absorption
peak at 630 nm is due to the Π-Π* transition of
quinoid rings on the PANI chains [9]. Figure 1 shows
the UV-Vis spectra of doped PANI solutions. While
the characteristic peaks of the base form is observed
for the solutions of PANI doped with DBSANa+, new
peak at around 800 nm appeared in the UV-Vis spectra
of the solutions doped with CSA which showed the
conductive nature of these solutions.

APPROACH
Polyaniline (PANI) (Sigma Aldrich, 530689, average
Mw: 65.000 g/mol), camphorsulfonic acid (CSA) and
dodecylbenzenesulfonic acid sodium salt (DBSANa+),
N,N-dimethylformamide(DMF) and dimethylsulfoxide
were used as received.
Required amount of sulfonic acid (dopant) (molar ratio
of EB (tetramer unit): sulfonic acid = 1:2) and
polyaniline were added to the solvent (DMF or
DMSO), and mixed with magnetic stirrer at 40˚C, 300
r/min for 2 days. After filtration of the solutions using
Sartorius Stedim filter paper (No.389), the solid
particles which were precipitated on the filter paper
were dried and then used in the preparation the pellets.
The pellets were pressed under a force of 10 tons. The
diameters of the pellets were 1.88 cm2.

Figure 1. UV-Vis spectra of a. PANI.CSA/DMF; b.
PANI.CSA/DMSO;
c.
PANI.DBSANa+/DMF;
d.PANI.DBSANa+/DMSO.

The conductivities of the solutions and the pressed
pellets are presented in Table I.
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Table I. Results of conductivity measurements
Solution
Pressed pellet
conductivity conductivity
(µS/cm)
(S/cm)
CSA-DMF
324
7.38E-04
DBSANa+-DMF
930
5.73E-08
CSA-DMSO
368
7.52E-05
DBSANa+-DMSO
621
1.54E-07
The solution conductivities were higher for the
solutions that contained DBSANa+ as the dopant.
Electrical conductivity can be used as a measure of the
concentration of ionizable solutes present in the liquid
since current is carried by ions in liquids [10]. For
PANI solutions, the higher the solution conductivity,
the higher is the ion concentration which means that
the ions move freely without attaching to the
polyaniline chains for doping. This is also apparent
from the conductivity values of the pressed pellets.
The conductivities of the pellets in which DBSA+ is
used as dopant are much lower than the pellets in
which CSA is used as dopant. CSA is smaller in size
and more acidic when compared to DBSANa+ which
result in better protonation and thus higher
conductivities in pellets. These results are also
supported by the UV-Vis spectra that the solutions
with DBSANa+ showed the characteristic peaks of the
PANI base form while new peaks showing conductive
nature were observed for the solutions with CSA.
When the effects of the solvents were compared no
significant differences were observed.
CONCLUSIONS
In this study, the effect of different types of dopants
(camphorsulfonic acid, dodecylbenzenesulfonic acid
sodium salt) and solvents (DMF and DMSO) on the
protonation of PANI was investigated using UV-Vis
spectroscopy and conductivity tests. It was concluded
that higher solution conductivity resulted in lower
pellet conductivity. UV-Vis spectra of the solutions
confirmed the conductive nature of the solutions in
which PANI was doped with CSA. The conductivities
of the pressed pellets which varied from 7.4*10-4 S/cm
to 5.7*10-8 S/cm were in the semiconductive range
[11]. It was shown that the influence of different
dopants on the doping property of PANI differed
greatly in different solvents. In this study, CSA
resulted in better protonation of PANI in DMF.
KEYWORDS
Camphorsulfonic
acid
(CSA),
conductivity,
dodecylbenzenesulfonic acid sodium salt (DBSANa+),
dopant, solvent, polyaniline, UV-Vis spectroscopy.
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OBJECTIVE
To design and implement usefulness of an inexpensive 3D
printed robot for the production of electrospun scaffolds
onto complex geometries and to augment spinning protocols
with concomitant ‘printing’ techniques.
INTRODUCTION
Electrospun nanofibrous mats and scaffolds are increasingly
used for diverse applications, such as for water filtration or
tissue
engineering.
Common
laboratory
scale
electrospinning setups can be built inexpensively with
merely a syringe pump, a high voltage supply, and an
aluminum foil target. These simple systems, however, are
generally limited to flat target surface geometries that span a
few centimeters.1 While a scaffold can be cut or folded to
conform to the geometry of bone or other complex
biological surface, spinning directly onto a surface with
significant peaks and troughs results in poor fiber
uniformity. Furthermore, if an alteration of fiber properties
is preferred, the high voltage setup limits user access and
customization of parameters during the spinning period.
Finally control of the electric field is compromised by the
proximity of grounded electrical components.2
We have augmented traditional electrospinning systems
with a three-dimensional robotic control system and electric
field focusing, to enable not only the production of complex
coating geometries, but also to control fiber properties at
will. The system presented allows control of spinning
parameters and geometry from standard CNC g-code, and
also enables the use of additional ‘print’ heads to facilitate
bioprinting and multimaterial spinning under precise 3D
control.

This part of the bone is close to 16cm long, but is 7.5cm
deeper in the middle, even when laid as flat as possible.
Electrospinning was then carried out at a constant targetspinneret distance linearly interpolated from 4 measured
points, or a set distance from the ‘tallest’ point on the bone
as a control.
Analysis of the resulting scaffold was carried out in a laser
scanning confocal microscope (Olympus) under reflected
light at 488nm. Fiber diameters were measured in 3 fields
by measuring 15 fibers (n = 45 per section of scaffold).
To demonstrate the ability of the robot to function in other
contexts and create integrated results, a second spinneret
was added to the head for the deposition of fluorescent
riboflavin (vitamin b2) onto the scaffold in two-dimensional
control. To demonstrate tight spatial control, a rectangular
scaffold (60mmx22mm), was produced diagonally across a
flat aluminum target. Riboflavin loaded fibers were spun
onto a spot near both ends of the rectangular scaffold. The
two spinning needles were used serially, that is, one at a
time, demonstrating the combination of a printing
component, which could operate separately from the
spinning procedure within a single programmed scaffold.
Riboflavin deposition was analyzed by fluorescence in the
green channel on an Olympus FSX stitching fluorescent
microscope to enable imaging of the entire scaffold.
G-Code commands for the robot were generated in Matlab
(Mathworks) and interpreted using the Marlin open source
3D printer firmware.
RESULTS AND DISCUSSION

APPROACH
The electrospinning robot demonstrated here was almost
exclusively constructed from parts produced using a
benchtop 3D printer (Printrbot). All components within the
spinning chamber were constructed entirely of plastic with
the exception of the steel spinneret needles, focusing
electrodes, and wires connecting to the voltage supply.
Electrospinning was carried out paradigmatically with
20%w/v polystyrene (American Styrenics) dissolved in
tetrahydrofuran (THF) (Alfa Aesar) at a flow rate of 5
microliters per minute over a spinning distance of 120mm
with an acceleration voltage of 28KV (Gamma High
Voltage).
The 20 gauge stainless steel spinneret is
augmented with a 6cm annulus to focus the electric field
and to reduce the height change across fiber deposition. For
experiments involving riboflavin, THF was first saturated
overnight with powdered riboflavin (bulksupplements.com)
and then used to dissolve polystyrene.
To demonstrate the usefulness of the robot’s dexterity, a foil
target was prepared on the lower half of a model hip bone.

Figure 1: Hip bone with mounted aluminum target and
polystyrene scaffold produced when tracking the target
geometry. The four square defects indicated by the arrows are
the locations of scaffold retrieved for fiber diameter analysis.
Note the even deposition of the fibers.

CONCLUSION
We have here demonstrated that the use of a robot capable
of motion in the three linear degrees of freedom can be used
to control fiber morphology on large non-flat surfaces. The
same system can also be easily altered to allow for a
multitude of additional uses, including bioprinting, which
can be completed together with other scaffold generating
tasks in a serial fashion by the robot.

Figure 2: Effect of surface tracking on fiber diameter. When z
position is fixed (non-tracking) for the spinneret, fiber
diameters decreased linearly with height of the sample, while
they remain fairly constant with surface tracking enabled. At
the highest point, the two setups coincide and fibers were
identical. The height dependence may result from increased
spinning distance at the ‘low’ points and the resulting altered
field strength, as well as the complex electric field in the
concave shape. It is important to note that while we
demonstrate that variability can be reduced, it could also be
encouraged, enabling coarse and fine fibers to be deposited in a
controlled fashion across the scaffold’s length, width, and
depth by varying the spinneret z position.

FUTURE WORK
The electrospinning robot demonstrated here is only one
step on the path to designing from the ground up
inexpensive systems to enable tighter control over
electrospinning parameters. The system currently integrates,
flow, field, and positional control, but must be augmented
with environmental control.3 Furthermore, the current
system is incapable of monitoring the properties or health of
the spinning setup, which can be remedied by the
measurement of spinning current.4 Finally, control should be
integrated into an enhanced interface allowing not only
easier on-line control, but also the integration of complex
control algorithms.
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Figure 3: A simple rectangular electrospun polystyrene scaffold
with riboflavin loaded fibers deposited on either side from a
second spinneret. The scaffold was spun on a diagonal to
demonstrate two-dimensional control and the two
electrospinning needles were used in a serial fashion.
Riboflavin displays strong fluorescence, enabling visual
demonstration of loading as seen in the overlaid stitched
micrograph.

Figure 4: Average fluorescence displayed along a stitched
micrograph taken of the riboflavin patterned scaffold. Periodic
noise is due to vignetting in the individual micrographs.
Fluorescence validates patterned vitamin deposition.
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INTRODUCTION
Electrospinning, evinced more interest and attention in
recent years, is considered to fabricate natural fibers.
However, for several reasons, the electrospinning of
biopolymers, such as Hyaluronic acid (HA) to achieve
a desired fiber diameter is difficult [1]. For example,
multi-jets, found in the electrospinning process of HA
solutions, amplify the achieved fiber diameter
variation. Since the property characteristics, such as
molecular weight, have a wide range in one batch and
vary from batch to batch, the emitted jet from Taylor
cone is difficult to achieve steady state. To design a
better electrospinning setup for achieving uniform
desired fiber diameter, we focus on the effect of
electrospinning orientation and external electric field
on the jet formation of HA electrospinning process.
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A horizontal setup (figure. 1) and a similar vertical
setup are developed to study the effect of
electrospinning orientation and gravity interaction on
the jet formation. For the horizontal setup, the
electrospinning direction is orthogonal to the gravity.
For the vertical setup, the electrospinning direction is
along with the gravity.
In addition, a round conductive disk (20 cm in
diameter) is installed around the nozzle (1.2 mm in
diameter) to study the effect of external electric field on
the jet formation. Compared to the “needle-to-plate”
system, the “plate-to-plate” system provides an external
uniform electric field around the nozzle, which helps to
direct the deposition of the fiber onto the collector [2].
RESULTS AND DISCUSSTION
For a horizontal setup without disk, multi-jets are
formed and those multi-jets move back and forth on the
Taylor cone (figure. 3a). Those multi-jets lead to a
large fiber diameter variation, shown in figure. 2. The
achieved fiber diameter standard deviation is 26.9%.
This is over 2 times larger than the standard deviation
of PEO and PVP solutions, for which only one jet is
formed on Taylor cone [3].

Figure. 1 Schematic of electrospinning setup

Frequence

EXPERIMENTAL ANALYSIS
Hyaluronic acid (HA), due to its polyelectrolyte’s
nature, the low polymer concentrations will exhibit a
high solution viscosity. 1wt% HA (1000k to 2000k
Mw) was dissolved in a solvent system of 1:1 DMF:
water to investigate the effect of electrospinning
orientation and external electric field on jet formation
of HA solutions.
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Figure. 2 Fiber diameter distribution for a 1wt%
HA/(1:1 DMF:water) solution. The achieved fiber
diameter standard deviation is 26.9%
For a vertical setup without disk, multi-jets are still
formed and move back and forth on the Taylor cone
(figure. 3b). It indicates that the effect of gravity on the
multi-jets formation is not critical.
For a horizontal setup with disk, only one jet is formed
and moves circularly on the Taylor cone (figure. 3c). It
indicates that the external electric field has a significant
impact on multi-jets formation. The multi-jets can even
be avoided by a conductive disk around the needle.
For the vertical setup with a disk, there is also only one
jet, which moves circularly on the Taylor cone (figure.
3d). It indicates that the external electric field also has
an influence on jet processing.

Vertical

Without disk

Horizontal

(a)

Disk

(b)

(c)
(d)
Figure. 3 Effect of electrospinning orientation and external electric field on jet process: a) for horizontal
setup without disk. Multi-jets are formed and move back and forth; b) for vertical setup without disk. Multijets are formed and move circular; c) for horizontal setup with disk. Only one jet is formed and moves
circularly; d) for vertical setup with disk. Only jet is formed and moves circularly.
From the above observation, it is known that the multijets formation is strongly related to the external electric
field, but not the electrospinning orientation. One
possible reason is that, in the “needle-to-plate” system,
the strong electric field around the Taylor cone will
readily result in multi-jets. However, the formed jet
with a conductive disk, which has a circular motion, is
still not in steady state. To develop a better
electrospinning setup for a uniform fiber diameter, we
are investigating the factor that dominates the jet
processing.
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OBJECTIVE
Over the past several decades, preparation of high
performance polyimide fibers has made significant
progress. Aromatic polyimide (PI) fibers have been
recognized as one of the important members in the
family of high performance polymeric fibers that can
be widely utilized in aerospace, membrane separation
and high performance composites[1, 2, 3]. However,
stability and microstructure control of the polyimide
fibers are in need of further improvement, though the
fibers possess outstanding chemical and irradiation
resistance and thermal stability compared to other high
performance polymeric fibers.
For some time, several methods have been tried to
improve the mechanical properties of the PI fibers
such as the incorporation of rigid aromatic
heterocyclic units to increase the rigidity of the
polymer backbone and introducing additional
intermolecular associations such as hydrogen-bonding.
[4, 5, 6]

the take-up. The as-spun fibers were dried, and then
drawn with various ratios in a furnace over 450 °C.
RESULTS AND DISCUSSION
Fig. 1 shows the representative ATR-FTIR spectra for
the four PIs. All polyimides exhibit typical
characteristic imide peaks at 1780 cm-1 (imide
carbonyl symmetric stretching), 1720 cm-1 (imide
carbonyl asymmetric stretching) and 1368 cm-1 (C-N
stretching), respectively. Furthermore, these spectra
show the characteristic absorption bands for C-F at
1168 cm-1 and the N-H stretching in the imidazole ring
at 1667 cm-1. Furthermore, in the range of 3700-3000
cm-1, the stretching band of N-H groups is observed.
The shape of the N-H band is relatively broader and its
intensity increases simultaneously with increasing BIA
content, which suggests that N-H groups in
benzimidazole ring participate in the formation of
hydrogen-bonding.

With the purpose of preparing high performance PI
fibers, a series of soluble PI fibers have been
fabricated via the one-step spinning technology by
copolymerization
of
3,3′,4,4′benzophenonetetracarboxylic dianhydride (BTDA),
2,2′-bis
(trifluoromethyl)-4,4′-diaminobiphenyl
(TFMB)
and
2-(4-aminophenyl)-5aminobenzimidazole (BIA). Here, we focus on the
effects of BIA on the intermolecular interactions of the
polyimide fibers.
EXPERIMENTAL APPROACH
Co-polyimide (BTDA/TFMB/BIA) was synthesized
from BTDA, TFMB and BIA. Polymerization was
carried out with various ratios of TFMB to BIA: 85/15
(co-PI-1), 50/50 (co-PI-2), 40/60 (co-PI-3) and 10/90
(co-PI-4). Detailed synthesis routes have been
described previously. The copolyimide solutions were
filtered and degassed at 60 °C prior to spinning. The PI
fibers were spun by a wet-spinning method. The PI
dopes were extruded through a spinneret (50 holes
with a diameter of 80 µm) into a coagulation bath. The
solidified filaments entered into the second and third
washing baths with 60 °C water, and then clustered at

Fig. 1. ATR-FTIR spectra of the co-PI fibers with various
ratios of TFMB/BIA.

Here, an investigation on the formation of hydrogenbonding is performed by analyzing the frequency
shifts of the N-H and carbonyl bands as a function of
the diamine composition of TFMB/BIA. The degrees
of the frequency shifts of the functional groups are
used to differentiate the relative strengths of hydrogenbonding. Fig. 2(A) depicts the representative carbonyl
stretching bands in the region of 1800-1600 cm-1. For
the PI fibers containing BTDA, there should be three
sorts of carbonyl bands in the FTIR spectra, two arise
from the carbonyl in the imide ring and the third one is
from the benzophenone carbonyl group in BTDA.

Hydrogen-bonded imides (%) = Ic /(Ic+Ib) × 100%
The percentage of the hydrogen-bonding associated
imides ranges from 40% to 66%. In detail, the values
of the PIs with the ratio of TFMB to BIA of 85/15,
50/50, 40/60 and 10/90 are 40%, 44%, 64% and 66%,
respectively. Apparently, the increase of BIA content
results in the increasing percentage of the hydrogen
bonded imides, accounting for the significantly
improved mechanical properties of the PI fibers.

Absorbance

hydrogen-bonded C=O
symmetric stretching of
cyclic imide

(B)

Absorbance

(A)
"free" C=O symmetric
stretching of cyclic imide

b
c

b
c

a

1750

1740

1730

1720

d

a

d

1710

1700

1750

1740

Wavenumber (cm-1)

1730

1720

1710

1700

Wavenumber (cm-1)

(D)

Absorbance

(C)

c
Absorbance

Generally, the carbonyl bands in imide ring is
observed near 1780 and 1720 cm-1, and the other one
appears near 1670 cm-1. In Fig. 2(A), the carbonyl
band is observed at 1724 cm-1 in co-PI-1 and shifted to
1716 cm-1 in co-PI-4 with more BIA contents in PI
chains. For the long pair of nitrogen in the 5membered imide ring near 1780 cm-1, the carbonyl
band is expected to offer appropriate conditions for
forming hydrogen-bonding interaction with N-H
groups in BIA. However, no significant frequency
shifts in the benzophenone carbonyl band near 1670
cm-1 is observed, indicating that the carbonyl between
the two phenyl rings in BTDA does not participate in
the formation of hydrogen-bonding. For discussion of
the N-H group, FTIR spectra of the region 3500-3000
cm-1 for the PIs is shown in Fig. 2(B). The N-H
stretching band shifts to the lower frequency with
decreasing BIA content, while the aromatic C-H band
constantly positions at 3066 cm-1.
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Fig. 3. Curve-resolved spectra in the 1750-1700 cm-1 region
of the fibers with a ratio of TFMB/BIA = 85/15 (A), 50/50
(B), 40/60 (C) and 10/90 (D).

Generally, interchain hydrogen-bonding interactions
have been illustrated to be formed between the imide
units and benzimidazole moieties, accounting for the
exceptional physical properties of the PI fibers.
Fig. 2. Representative FTIR spectra of the fibers with
various ratios of TFMB/BIA in the 1800-1600 cm-1 (A) and
3500-3000 cm-1 regions (B), FTIR spectra for the fiber with
a ratio of TFMB/BIA=10/90 in the temperature of 30-300
°C (C), and proposed hydrogen-bonding interaction (D).

To evaluate the hydrogen-bonding effect quantitatively,
the FTIR spectra in the range of 1700-1750 cm-1 are
carefully investigated. Firstly, we deconvolute the IR
spectra in a wavenumber range of 1750-1700 cm-1 to
identify different C=O stretching vibrations, and then
calculate the proportions of the hydrogen-bonded C=O
stretching of the imide groups. As shown in Fig. 3,
four peaks are separately identified in the range of
1750-1700 cm-1. The band a (ca. 1736-1739 cm-1)
and band d (ca. 1708 cm-1) are due to the symmetric
and asymmetric stretching of C=O from the
intermolecular chemical links. Band b (ca. 1727-1729
cm-1) and c (ca. 1716-1719 cm-1) are corresponding
the "free" and hydrogen-bonded carbonyl symmetric
stretching of the cyclic imides. For a quantitatively
evaluation, the percentage of the hydrogen bonded
imides can be calculated by the following equation:
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APPROACH
The measurement device takes in a defined air
volume. The output should result in the amount of
fibers per cubic meter of air [fibers/m³]. All
possible types of textile fibers that can be found in
the air should be detected and counted.
Furthermore, the measurement device must
consist of components which allow a valid
determination of the fiber content in short
intervals of about 30 minutes. These components
must have a very low design effort to achieve a
low-cost solution of a measurement device. In
addition to this, the device needs to be freely
positionable, mobile and silent. The design of the
device has to allow for sterilisation to ensure
applicability
also
in
hygiene-critical
environments. It is therefore necessary to ensure
moisture resistance and smooth surfaces. A
concept based on these requirements uses an
exhaust system and an optical sensor for the
measurement of airborne fiber concentration. An
exhaust system leads ambient air through a duct.
In the duct, the airflow is accelerated. A light
beam at the outlet of the duct detects fibers
possibly existing in the airflow. In case a fiber
passes the light beam, it is detected by the control
system of the sensor. With the course of sensor
signal over time the airborne fiber concentration
in the unit [fibers/m³] can be evaluated.
RESULTS AND DISCUSSION
If there is a fiber detected by the device, a signal
characteristic as shown in fig. 1 is expected.
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Figure 1: Expected sensor signal

Whereas ws is the width of the light beam and lf is
the fiber length. A preliminary validation trial is
performed by the intake of an ideal polystyrene
ball (diameter 16 mm) into the measurement
device. The result of the corresponding signal
characteristic is shown in fig. 2.
fiber length

4,5

Sensor signal s [V]

INTRODUCTION
Knowledge of fiber amount in the air is essential
to determine operation conditions and air quality
in e.g. textile mills, museums or operating rooms
in hospitals (Hatchfield 2002) (Yoon 2000). This
paper presents the design of an adequate
measurement device to determine airborne fiber
concentration. The device consists mainly of a
duct, an exhaust system and an optical sensor.
Preliminary trials prove the functionality of the
developed fiber measurement system.
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Figure 2: Detection of ideal polystyrene ball

When there is no object in the measuring zone,
100 % of the emitted light signal impinges on the
receiver of the sensor system. This results in a raw
signal of about 4 V. When the polystyrene ball
enters the measurement zone, a decrease in signal
intensity is detected by the sensor which results in
a decrease of the output voltage signal. The slope
of the falling and rising edge depends on the
velocity of the sphere. Thus, the slope of the
edges is an indicator for the flow rate. Due to the
constant flow rate of the exhaust system, the slope
of the falling and the rising edge should be
approximately equal. Between about 3 ms and
22 ms the polystyrene ball completely covers the
light beam. Therefore the light intensity detected
by the receiver falls to zero. After that, the ball

leaves the measurement zone. Thus, the detected
white light signal intensity increases continuously
up to raw signal level of about 4 V. The distance
between the falling and rising edge is therefore an
indicator for the length of the detected fiber.
Fig. 2 shows one more indicator for fiber length.
As soon as a fiber enters the measuring zone, it
covers a part of the emitted light. A fiber with a
larger volume covers a greater part of the light
signal when it is completely located within the
light beam than a smaller fiber. Thus, a larger
fiber is assumed to lead to a deeper signal peak.
The preliminary validation trial proved the
functionality of the measurement device by
detecting an ideal polystyrene ball. The resulting
signal characteristic (fig. 2) fits to the expected
characteristic (fig. 1). The measurement device
has to be validated further to investigate whether
textile fibers can be detected. In order to do this,
polyester fibers (170 dtex) of three different
lengths are taken in into the measurement device.
Five trials per each fiber length are performed
consecutively. Each trial consists of taking in a
fiber into the measurement device and saving the
corresponding signal characteristic. Fig. 3 shows
the arithmetic means of the achieved signal
characteristics.
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CONCLUSION AND FUTURE WORK
In this paper, the development of a device for the
measurement of airborne fiber concentration is
presented. Based on some deficits of the state of
the art (IFA 1995), a new method to measure the
airborne fiber concentration is developed. This
paper describes the design of the new
measurement device as well as the selection of a
sensor system suitable for fiber detection. This
work concludes by analyzing the results of
validation trials. The developed measurement
device successfully detects fibers of three
different lengths. Further development steps
consist in testing the developed device under real
conditions. Furthermore, the accuracy of the
device according to the detection of different fiber
lengths has to be investigated under real
conditions.
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fiber with a length of 0,5 mm. Also the smallest
distance between falling and rising edge belongs
to the signal characteristic of the smallest fiber
examined within the trials. Obviously, the
mentioned indicators for the fiber length can be
found also in the signal characteristics of fibers
with a length of 1 mm and 5 mm. Furthermore, it
is visible that the slope of the falling edges and
the rising edges are equal. Thus, the fibers enter
and leave the measuring zone with a constant
velocity, which means that a constant flow rate is
established.
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Figure 3: Different fiber lengths detected by the device

Results show that fibers of the lengths 0,5 mm,
1 mm and 5 mm can be accurately allocated to the
three different signal characteristics. As
mentioned above, the distance of falling and
rising edge of the signal characteristic is assumed
to be an indicator for the fiber length.
Furthermore, the depth of the signal peak is
assumed to be an indicator for the same. By the
results in fig. 3 this assumptions can be
confirmed. The signal characteristic with the
smallest peak was gained during the detection of a
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INTRODUCTION
Polyhydroxybutyrate (PHB) is a carbon storage polymer
among heterotrophic bacteria and is the most commonly
occurring member of the Polyhydroxyalkanoate (PHA)
family of polymers. The synthesis of these energy-rich
granules is triggered in the event of deficiency of essential
micronutrients such as Nitrogen, Iron, and Phosphorus and
it accumulates in the form of intra-cellular inclusions in the
cytoplasm of the microorganism.

overnight curing of the resin, thin sections of the sample
were observed under the FEI Technai 20 (200kV)
transmission electron microscope.

STATEMENT OF PURPOSE
Various photoautotrophic cyanobacterial species synthesize
PHB; however, the knowledge of PHB accumulation in the
Anabaena genus is limited and scarcely explored. This
study describes the investigation of the photosynthetic
biosynthesis of PHB (poly 3–hydroxy butyrate) in the two
Anabaena species- A. variabilis and A. flos aquae followed
by extraction of the biosynthesized polymer using methanolchloroform
solvent
extraction
technique
and
characterization of the physicochemical properties of the
solvent spun microfibers.

Molecular weight distribution
Matrix Assisted Laser Desorption Ionization (MALDI)
technique was used to determine the average molecular
weight distribution of the extracted polymer samples. 2, 5
dihydroxybenzoic acid (DHB) was used as matrix and 0.8 µl
of sample was mixed on plate with the matrix and dried.
The sample was interrogated using a Bruker Autoflex
MALDI-Tof mass spectrometer in the reflectron mode.

METHODS
Cyanobacterial culture
The axenic cultures of Anabaena variabilis and Anabaena
flos aquae were grown in 500 ml sterilized Erlenmeyer
flasks in standard BG11 media aerobically at 25º C in 7-8
pH at 10% biomass concentration under day/night cycle of
14/10 hrs with an light average intensity of 250-300 μmol
photon m-2 s-2 PAR. After 21 days of exponential growth,
the cultures were subjected to N- or P- deficient conditions
by introducing them in aseptic conditions into BG-11 media
that was devoid of NaNO3 or K2HPO4. The culture was
bubbled with sterilized 20 parts of CO2 at a flowrate of 4
ft3/hr. The biomass of the culture and accumulation of PHB
were monitored for 14 days.
Extraction of polyhydroxy butyrate
The intracellular PHB granules were extracted using the
process of Methanolysis at 60°C in chloroform followed by
precipitation of PHB in chilled methanol and subsequent
solvent casting the polymer film (Law & Slepecky, 1961).
Estimation of PHB accumulation
Upon extraction of PHB (using methanolysis as described
above) from the pre-weighed dried pellets using
methanolysis method stated above, the pellet containing
pure polymer is weighed to determine the yield of PHA as
% dry weight of the biomass.
Transmission Electron Microscopy (TEM)
A small amount of the lyophilized culture was fixed in
glutaraldehyde followed by osmium tetraoxide. After

Polymer/fiber characterization
To investigate the characteristic properties of the
biosynthesized PHB polymer, commercially produced PHB
granules (GoodFellow®- Biopolymer®) were obtained and
used as standard for comparison.

Fiber spinning
Both commercially obtained Polyhydroxy butyrate pellets
and the extracted cyanobacterial PHB samples were
subjected to solvent spinning.
Surface morphology of spun fibers
The surface morphology of the solvent spun fibers was
determined by examining it under a Zeiss 1450 Extended
Pressure Scanning Electron Microscope where the average
diameter of the spun fibers of both the standard and
extracted polymer, were also determined.
RESULTS AND DISCUSSION
Both the diazotrophic cyanobacterial species of Anabaena
responded to phosphorus limitation by a bleaching process
called“ chlorosis” or decomposition of the photosynthetic
pigment- Phycocyanin (Abed, Dobretsov, & Sudesh, 2009).

1(a)

1(b)

1(c)

1(d)

Fig. 1. Chlorosis of A. variabilis culture (1(a) and (b) and A.
flos aquae (1(c) and (d)) in standard BG-11 medium and
N/P deficient medium respectively

Under
photoautotrophic
conditions,
the
highest
accumulation of PHB in A. variabilis was approximately
14.35% PHB (based on dcw) on day 10 and approx. 16.36%
PHB (based on dcw) on day 12 in A. flos aquae after
introduction of the control culture into N/P deficient
environment under bubbling of air and CO2 mixture as
shown in Fig 2.

The solvent spinning technique yielded micro-fibers of the
extracted PHB polymers of an average diameter of approx.
6.06-6.78 ± 0.5 µm.

Fig. 5. Surface morphology of spun PHB micro fibers from
polymer extracted from (a) A. variabilis and (b) A. flos
aquae
FUTURE WORK
PHB is brittle and has low strain-to-failure response to load
thus blending with complementary polymers such as
polypropylene, polyhydroxy valerate (PHV) will improve
its thermal processibility range and fiber properties.
Fig. 2. PHB accumulation profile of A.flos aquae and A.
variabilis cultures in N & P –deficient medium (PHB
content % w/w of dry cells w.r.t days of incubation)

Fig. 3. Cell ultrastructure of phosphorus and nitrogendeficient cultured cells of (a) A. variabilis (b) A. flos aquae
showing PHB granules

Intens. [a.u.]

Both the extracted and commercial PHB samples showed
similar peaks at 343.7 m/z and 582.2 m/z which are
characteristic of short chain length poly hydroxybutyrate
(scl-PHB) polymers (Suzuki et al., 2001). The profile of the
extracted PHB polymer showed many extra peaks due to the
presence of degraded secondary metabolites (Wodzinska et
al., 1996) and the analysis also did not yield the
identification of long chain length- PHB.
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Fig.4. Molecular weight distribution profile of the extracted
PHB granules

CONCLUSION
The exponential intracellular accumulation of PHB in the
Anabaena cells in a short period of time indicates the
market potential and economic feasibility of the large-scale
PHB production using cyanobacterial strains. With further
research and investigation, these polymers can be
economically produced in large scale industry settings, thus
ushering an era of environment-friendly and sustainable
materials.
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OBJECTIVE
A dye-sensitized solar textile (DSST) with flexible character
will be presented as a power source for wearable electronics
and smart clothing, by balancing its electrical function and
the requirements as an E-textile. For the practical roll-to-roll
mass production, fibrous electrodes will be assembled into
conventional satin weave structure by using a hand loom.
Furthermore, to enhance the conversion efficiency of the
cell and to provide a decorative factor for DSSCs for smart
clothing, the effects of panchromatic patterning of DSSTs
will be evaluated by arranging different ratios of three types
of indoline sensitizers onto selective loading sites.
INTRODUCTION
With the recent notable progress in wearable device and
smart clothing, the importance of flexible energy harvesting
batteries has become critical. Among various types, the
unlimited, freely available, ecofriendly solar cell that
converts the ambient solar radiation into useful electricity is
being recognized as one of the most important energy
sources for these mobile devises. Known as a third
generation photovoltaic device, DSSC mimics the process
of photosynthesis and shows additional advantage of low
cost and higher efficiency under weak light conditions. The
relatively simple fabricating procedure of DSSCs onto
flexible substrates enables the smart device to become more
flexible, compact and light. Based on fibrous material with
3-dimentional geometry, Fiber-type DSSCs (FDSSCs), is
gaining the highest attraction in flexible DSSC research
area since it offers the wider incidence angle compared to
other types. However, although various types of FDSSC
was introduced for wearable applications, most types are
neglecting some important factors, by being mainly focused
to the flexibility of single fibrous structure or their power
conversion efficiencies. To realize FDSSCs as a wearable
power source and smart clothing, more practical issues such
as and its end use structure and color decorative factor
should be carefully considered.Textile, which is
characterized by their flexible, soft and lightweight
properties, is one of most preferred type of clothing
material. With the similar physical appearance to common
textiles, Electronic textiles (E-textiles) incorporates the
functionalities of electronic devices which into the textile
geometry. Through the textile structure and its
entanglements, the mechanical stability between fibrous
electrodes can be enhanced in FDSSCs. Also, the
performance of the cell can be considered to gradually
enhanced by panchromatic effect that allows a broader
absorbance spectrum of solar energy, by arranging multiple
color arrangements in single DSSCs. Moreover, as an
fashion aspect, the identity of the user for smart clothing can
be enhanced through successfully loading the multiple dye

colors onto selective loading site as a decorative color
factor. In this study FDSSCs with fibrous wire based
electrodes was assembled into satin structure, by
considering the end use and mechanical stability. Through
immersing the photoelectrode into different colors of
sensitizers and placing them with different arranging ratio,
six different types of single/ multi-color flexible solar textile
was fabricated. To analyze the panchromatic effect, the
efficiency of six solar textile with different color
arrangements was compared. Finally, to evaluate the
characters of the sensitizers as DSSC and E textile material,
the lifetime and the color fading characters of three indoline
dyes on ZnO NRs SS was observed before and after the
exposing under continuous light.
EXPERIMENTAL
For the fabrication of a flexible, stable, and durable DSST,
one-dimensional (1-D) ZnO nanorods (NRs) were directly
grown on fibrous stainless steel (SS) wire as the base
material of photo electrode through the hydrothermal
synthesis method. ZnO NR SS wires were then selectively
immersed in 0.5 mM of D102, D131 or D149 in an
acetonitrile/tert-butyl alcohol mixture (v/v ¼ 1: 1) solution
(65°C). The colored electrodes, as a warp, were assembled
to six types of satin structure with different color
arrangements with the platinum-coated SS wire based
counter electrodes, as weft, by using a handloom. For the
lightweight, non leaking and flexible DSSCs, the polymer
solid electrolyte and flexible Polyethylene terephthalate
(PET) film was coated onto the weave structure. Finally, six
types of DSSCs were named by their single (i.e., 102S,
131S, and 149S) or multi-color arrangement (i.e., 102M,
131M, and 149M) of indoline dyes (i.e., D102, D131 and
D149). A solar simulator with an irradiance of 100 mW/cm2
at AM 1.5 using a 50–500 W Xe Lamp (ThermoOriel,
91193, USA) was used for measuring the performance of
solar textiles. The photostability of sensitizers loaded on
ZnO NRs-SS were evaluated, after being exposed under
continuous irradiation followed by the American
Association of Textile Chemists and Colorists (AATCC)
Test Method (16-2004b, option 3). UV-visible
spectrophotometer (Hewlett Packard, Hayward, CA, USA)
and Portable Sphere Spectrophotometer SP60 was used for
observing the lifetime and color fastness of the dye loaded
ZnO NRs-SS which was further evaluated by the the
Commission International d’Eclairage (CIE) LAB color
value.
RESULTS AND DISCUSSION
The performances of solar textiles with single or multi-color
DSSTs has shown the order of efficiency, 131M > 131S >
102M > 102S > 149M > 149S, identical to the order of Jsc

from the highest to lowest. A maximum overall energy
conversion efficiency of 1.16% was achieved for multicolor-based DSSTs with D131 as the main color (131M
DSST, ratio = D102: D103: D149= 1: 3: 1). The order of the
highest to lowest efficiency and Jsc values was shown as
D131 > D102 > D149 for both single and multi-color
system. This result follows the same order based on the size
of the band gap and the adsorbed amount of the dyes, which
further indicates that higher conversion efficiencies were
mainly influenced by the stronger binding force between the
semiconducting layer and the sensitizer. With the same main
color, the multi-color DSSTs was always higher in both
efficiency and Jsc compared to the single DSSTs. This
supports the panchromatic effects of multi-color systems by
the expanded light absorption spectra of a single satin
structure based DSSCs.
After exposing the ZnO NR-SS sample with different dye
colors under 1.5 AM with different irradiation time, the
photochemical the stability and the color fastness was
evaluated by the specific position of UV absorbance peak
and the CIE color values. The peck of each dyes were
identically maintained during continuous irradiation with
the total decrease amount of dyes being observed in an
opposite order to their molecular size of 131<D102<D149.
This shows that the dyes with smaller molecular sizes
showed faster degradation phases because they are more
exposed to air and light. The color difference of two
samples (ΔE) before and after irradiation was calculated by
the equation:

ΔE= [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2
Here, D131 showed the smallest change in ΔE (6.7),
followed by D149 (14.4) and D102 (17.8). The results also
correlate with predictions based on the molecular size of
each indoline dye and the shape of the fading rate curve,
which represents the physical state of the dye on a fibrous
material and the color factor lightening rate, respectively.
CONCLUSION
A significant process has been made in flexible solar cell as
the renewable power device for wearable electronics
through the DSSTs design. The first, completely solid,
multi-color, flexible solar textile with satin structure were
fabricated. Through the panchromatic effect in multi-color
solar textile, the efficiency and short circuit current density
were increased simultaneously. The highest energy
conversion efficiency of 1.16% for multi-color-based 131M
DSST (ratio = D102: D103: D149= 1: 3: 1). CIE color
values was first introduced DSSC research area, in order to
observe the life time related to the dye stability and color
fastness of each sensitizer.
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