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ABSTRACT

In this thesis work, electrically conductive CNF/PCL composite fibers were
fabricated using the microfluidic method. The fibers were made with different content levels
of CNFs and flow rate ratios between the core and sheath fluids. The electrical conductivity
and tensile properties of these fibers were then investigated.

A cross-flow geometry microfluidic channel with four chevron-shaped grooves as
shaping elements was designed for microfluidic fiber fabrication. A CNC micro-milling
machine was used to create the PMMA master molds, the surfaces of which were further
smoothened by chloroform vapor. PDMS microchannel was prepared by molding replication
based on the micro-machined PMMA master molds.

Using the as-fabricated PDMS microchannel, electrically conductive CNF/PCL
composite fibers were successfully fabricated using the microfluidic method. It was found
that at a CNF concentration of 3 wt.%, the electrical conductivity of the composite fiber
increased to 1.11 S/m, which was around 10% times of the electrical conductivity of the pure
PCL. The yield strength, Young’s Modulus and ultimate strength of the 3 wt.% CNF/PCL
composite fiber increased relative to the pure PCL fiber by a factor of 1.72, 2.88, and 1.23,
respectively. Further increasing the content of CNF, the electrical conductivity increased
slightly, while the tensile strength dropped sharply due to the agglomeration of CNF.
Additionally, the results showed that the microfluidic could be considered as an effective
method to align CNFs along the fiber in the longitudinal direction. The alignment of the

CNFs showed a positive effect on the electrical conductivity and tensile strength.
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CHAPTER |

INTRODUCTION

1.1 Background

In recent years, electrically conductive polymer fibers have been extensively investigated
due to their promising applications in a wide range of areas, such as static charge dissipation and
dust-free clothing [1], sensors [2-6], actuators [7], fiber based wearable electronics [8], energy
storage [9], drug release [10], tissue engineering [11], electromagnetic interference shielding
[12], and so on.

In general, there are three approaches being used to fabricate electrically conductive
polymer fibers: directly spinning of intrinsically conductive polymers, coating insulating
polymer fibers with electrically conductive materials to form the conductive network on the
surface of the fibers, and fabrication of electrically conductive fillers/polymer composite fibers.

1) The spinning of intrinsically conductive polymer (ICP).

Intrinsically conductive polymers (ICP), such as such as poly(aniline), poly(pyrrole),
poly(acetylene) and other conjugated polymers, have been considered as a promising substitute
materials for semiconductors or metallic conductors in some special areas owing to their
excellent electrical properties compared with general polymers [13, 14]. Electrically conductive
polymer fibers could be fabricated by directly spinning of intrinsically conductive polymers via
common spinning techniques [15]. However, the spinning process of ICPs is generally very
difficult due to their inherent infusibility and insolubility in common solvents [16]. To make a
less difficult ICP spinning solution, some toxic or corrosive solvents have been used [15, 17, 18].

Also completed spinning equipment might be needed due to the poor stretchability of the ICP
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solution [15]. Additionally, the rigid molecular backbones of conductive polymers result in poor
toughness and mechanical brittleness, which restrict the wide application of fibers spun from
intrinsically conductive polymers [19, 20].

2) Electrically conductive coating

To avoid the processing difficulties and mechanical brittleness of intrinsically conductive
polymer fibers, an alternative way is to coat commercially available fibers or yarns with
conductive materials [21]. The conductive coating could significantly increase the conductivity
of polymer fibers. Meanwhile, the flexibility and other mechanical properties of polymer fibers
can be maintained to some extent. ICPs, carbon nanotubes/polymer composites and other
conductive materials have been reported to have been successfully coated onto non-conductive
polymer fibers [22-27].However, as scratch and wear resistance of the conductive coatings might
be poor, the coated conductive fibers are concerned about their reliability for long-term service
owing to the loss of the conductive coatings on the surface [28].

3) Conductive fillers/polymer composite fibers

Conductive fillers/polymer composite fibers have been paid much attention due to the
diversity and flexibility of their spinning methods and service reliability. A variety of materials,
such as metal filament [29], carbon black [30], intrinsically conductive polymer [31], graphite
[23], carbon nanotubes [32, 33], carbon nanofiber [34], have been successfully incorporated into
polymer matrix to fabricate conductive composite fibers. In order to significantly increase the
conductivity of the insulating polymer matrix, the concentration of the conductive fillers should
be above the percolation threshold, at which conductive network is formed by the conductive

fillers. In addition to high electrical conductivity, optimal conductive fillers should have fairly
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large aspect ratio and can be dispersed in the polymer matrix uniformly, which could favor the
formation of conductive network and decrease the percolation threshold [35, 36].

A variety of conventional fiber spinning techniques, including electrospinning [32], wet-
spinning [26], and melt spinning [23]have been widely reported to be used to fabricate
conductive polymer composite fibers. Microfluidics, on the other hand, has shown promising
potentials to be used in a wide scope of applications ranging from energy to biomedical
industries [37-42]. Regarding fiber fabrication, the newly emerging microfluidic method has
attracted a significant amount of attention by cause of its relatively cheap tooling costs, low
consumption of materials, and ability to control the cross-sectional shape and size of the
resulting fibers[43]. Owing to the flexibility of the microfluidic approach, a few studies have
been published about microfluidic fabrication of polymer composite fibers, into which cells,
liquid crystals and gold nanoparticles were incorporated [44-49]. However, to the extent of our
knowledge, there has been no research reported on the fabrication of electrically conductive
polymer composite fibers based on a microfluidic platform.

In this thesis work, a cross-flow geometry microfluidic channel with four chevron-shaped
grooves as shaping elements was designed for microfluidic fiber fabrication. Two
polymethylmethacrylate (PMMA) master molds for fabricating the microfluidic channel were
made by machining of PMMA substrates using a computer numerical control (CNC) micro-
milling machine. Then the polydimethylsiloxane (PDMS) microfluidic channel with three inlets
was made via molding replication using the micro-machined PMMA master molds. After that,
polycaprolactone (PCL), which is a biocompatible and biodegradable polymer was selected as
polymer matrix. Carbon nanofiber (CNF) with high electrical conductivity and large aspect ratio

was selected as the electrically conductive filler. Electrically conductive CNF/PCL composite
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fibers were fabricated using the microfluidic approach for the first time. The morphology,
electrical conductivity, and tensile properties of the resulting fibers fabricated with different

content levels of CNF and sheath-to-core flow rate ratios were investigated.
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CHAPTER 2

LITERATURE REVIEW

2.1 Intrinsically Conductive Polymer Fibers

Owing to their low density, corrosion resistance and excellent electrical property which is
comparable to semi-conductors or even metals, intrinsically conductive polymers (ICP)
including polyaniline, polypyrrole, polyacetylene and polythiophene have been paid much
attention since the discovery [1-5].

Electrically conductive fibers could be obtained by spinning of ICPs using commercially
available fiber spinning techniques. However, due to the inherent infusibility and insolubility in
general solvents, conductive polymers are generally difficult to be spun into fiber directly.

To increase the solubility, one approach is to chemically modify the ICPs, such as
grafting polymer chains and synthesizing copolymers. However, chemical modification of the
molecular structure could also decrease the conductivity of the ICPs [6].

In order to make a spinnable solution of ICPs without chemical modification, some
special solvents have been used.

Andreattta et al. successfully dissolved polyaniline (PANI) into concentrated sulfuric acid
[7]. The resulting polyaniline/sulfuric acid solution was spun into PANI monofilaments using
dry-jet wet spinning. Although the mechanical properties of the as-spun PANI fiber were
relatively weak, an excellent conductivity of up to 20-60 S/cm was obtained which might be
ascribed to the high degree of crystallinity proved by wide-angle X-ray diffraction. To improve
the mechanical properties of the resulting PANI fiber, the mixture of poly-(p-phenylene

terephthalamide) (PPTA) and PANI was dissolved in concentrated sulfuric acid for fiber
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fabrication [8]. The mechanical properties were improved significantly due to the addition of
PPTA. Meanwhile, Incorporation of PPTA did not lead to a large decrease in the electrical
conductivity.

Pomfret et al. made a spinnable solution by dissolving 2-acrylamido-2-methyl-1-
propanesulfonic acid protonated PANI into dichloroacetic acid [9]. The PANI fibers were
obtained by wet-spinning of the PANI solution. In addition to good mechanical properties, the
electrical conductivity of the as-spun fiber was 150 S/cm. Also, it was found that the drawing of
the PANI fibers could lead to increasing of both mechanical properties and electrical
conductivity, which might be due to the stretching induced alignment of the PANI molecular
chains.

Instead of making spinnable solution using ICPs directly, an alternative way is to use a
solution of ICP precursors, which show better solubility than ICPs. After fiber spinning, post-
process is required to convert precursor polymers to conjugated polymers.

Andreattta et al.[8] fabricated poly(2,5-dimethyoxy-p-phenylene vinylene) (PDMPV)
precursor and poly(2,5-thienylene vinlene) (PTV) precursor fibers using PDMPV/chloroform
and PTV/chloroform solution via solution spinning approach. After the drawing process, the
precursor fibers were converted to PDMPV and PTV fibers by doping with iodine vapor. The
mechanical properties and electrical conductivity showed increasing upon drawing. Although the
iodine vapor doping slightly decreased the mechanical strength, the PDMPV and PTV precursors
could be converted to PMDPYV and PTV fibers, which exhibited high electrical conductivity.

Additionally, the fairly rigid molecular backbones of ICPs general endow the ICPs
solution poor elasticity, which makes it difficult to fabricate ICPs using some commercially

available spinning techniques, like electrospinning [10].
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To address the insufficient elasticity of PANI solution, a co-axial electrospinning
equipment was used for electrospinning of PANI by Zhang et al. [11]. The coaxial
electrospinning system was consisted of two concentric spinnerets. During the electrospinning
process, the low-elasticity PANI solution and high-elasticity poly(methyl methacrylate) (PMMA)
were introduced into the core spinneret and outer spinneret respectively. The spinning of the
PANI core solution into continuous fiber was achieved owing to the elongation induced by high-
elasticity PMMA shell solution. Pure PANI fiber was obtained by washing away PMMA shell of
the electrospun core-shell fiber with isopropanol. The PANI fiber showed the conductivity of 50
+ 30 S/cm, which could be further increased to 130 + 40 S/cm through aligning of polymer
chains achieved by solid-state drawing.

In summary, polymer fibers with excellent electrical conductivity could be obtained by
directly spinning of ICPs. However, to achieve spinning of ICPs, strongly corrosive or toxic
solvent, complex spinning equipment or post-processing procedures might be needed. Also, due
to the fairly rigid molecular backbones of ICPs, ICP fibers generally exhibit considerably

mechanical brittleness, which restricts their application in some areas [12].

2.2 Polymer Fibers with Conductive Coatings
Coating commercially available fibers with conductive materials is a relatively
convenient and effective approach to endow fibers with fairly high electrical conductivity. At the
same time, the mechanical properties of the coated fibers could be retained.
One of the widely used coating materials is intrinsically conductive polymer because of

their high electrical conductivity, environmental resistance and ease of synthesis [13].
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Ding et al. successfully coated Spandex, cotton, polyester and other commercially
available fabric with poly(3,4-ethylenedioxythipphene) polystyrene sulfonate (PEDOT-PSS)
nanoparticles by simply immersion of the fabric into the PEDOT-PSS aqueous suspension [14].
Not only the electrical conductivity was increased significantly, the stretchability of the fabric
was also retained. In addition, it was found that more immersion times and using fabric with
higher water uptake could result in higher conductivity.

As mentioned in the previous section, intrinsically conductive polymers are generally
non-soluble in most of the solvents, special treatment is needed before making ICP solutions.

Kim et al. increased the solubility and dispersion of PANI in xylene via dodecylbenzene
sulfonic acid (DBSA) treatment and used the as-prepared PANI/xylene solution as the bath for
coating polyethylene terephthalate (PET) fibers [15]. Compared with PANI filled composite
fibers from melt spinning, the PANI-coated PET fibers showed higher conductivity and better
mechanical properties. Additionally, the conductivity of the coated fibers was significantly
influenced by the coating temperature and duration time, surface properties of fibers before
coating, and soak-up speed of the fibers.

Another way to address the difficulty of dissolving intrinsically conductive polymers is to
coat fibers with ICP monomers which would be further polymerized into polymers on the surface
of the fibers.

PANI coated PET conductive fibers with highly improved conductivity were prepared via
processing PET fibers through immersion into NaOH solution, washing with DI water, plasma
treatment, immersion in aniline solution and oxidative polymerization [16]. The treatment of
PET fibers with NaOH and plasma turned out to be an effective method to produce projections

and pits on the surface of PET fiber, which could play a role in fixing the PNAI coating. The
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reliability of the conductive PNAI coating was also investigated by washing PANI coated PET
fibers with ultrasonication cleaner. The surface resistivity increased from around 170 Ohm to
1450 Ohm after five times of washing. Besides, although the pre-treatment produced rough
surface could increase the bonding between PET fibers and PANI coating, the mechanical
properties were decreased due to the resulting defects.

Kim et al. successfully coated Polypyrrole (PPy) on the surface of the PET fibers via
polymerization of pyrrole on the surface of the substrate PET fibers [17]. Firstly, pyrrole agueous
solution containing polyvinyl alcohol (PVVA) as the surfactant was sprayed on the surface of PET
fibers. Then the spraying of oxidant solution was followed. The chemical polymerization of
pyrrole was performed at certain temperatures with desired time. After repeating the chemical
polymerization for several times, electrochemical polymerization was followed in an electrolyte
solution. It was found that the electrical conductivity of the PPy/PET fibers could be increased
by electrochemical polymerization, which produced more uniform and thicker PPy layer on the
surface of PET substrate fiber. Also, to achieve a uniform coating on the substrate fiber,
polymerization parameters and concentration of the monomer solution should be optimized.

Besides, monomer ethylenedioxythiophene (EDOT) was also reported to be coated on
various commercially available polymer fibers [13, 18, 19]. After polymerization process,
PEDOT conductive layer was formed on the surface of the substrate fibers.

In addition to using conductive polymers as coating materials, carbon nanotubes have
also been paid much attention in this area.

Polyelectrolyte-based carbon nanotubes (CNTSs) coating was successfully produced on
the surface of cotton yarn after immersing cotton yarn into CNTs suspension [20]. The as-

prepared cotton fibers possessed satisfied electrical conductive which was enough to be used in a
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simple LED circuit. Owing to the interaction between polyelectrolyte and cotton substrate fiber,
the CNTs showed irremovable from the substrate fiber upon exposure to heat and solvents.
Additionally, CNTs coating not only increased the conductivity of the cotton fiber, but also
improved the mechanical properties significantly.

Xue et al. dipped five kinds of commercially available fibers into CNTs and PVA (1:1)
solution to fabricate coated conductive fibers [21]. The resulting CNT-coated fibers showed low
resistivities ranging from 0.25 Kohm/cm to 48.67 Kohm/cm. The mechanical strength and
flexibility of the substrate fibers were also retained.

Robert et al. deposited CNTs/polymer composite on the surface of PET fibers via
spraying CNTs/polymer solution on PET fibers layer by layer. Owing to the preserved flexibility
and tunable electrical parameters by adjusting coating layers and CNTs concentration, the as-
prepared fibers were made into a smart monitor of strain [22].

In summary, coating insulating polymer fibers with conductive material is a relatively
simple method for making highly electrically conductive fibers. The conductive coating could
increase the conductive significantly and preserve or even enhance the mechanical properties of
the original fibers. However, special methods are required to increase the stability and reliability

of the conductive coatings.

2.3 Conductive Fillers/Polymer Composite Fiber
In order to bypass the difficulties of spinning of ICPs and improving the stability and
reliability of conductive coatings, great efforts have been devoted to fabricating electrically

conductive fillers/polymer composite fibers. To achieve significantly increasing of electrical

www.manaraa.com



15

conductivity, the concentration of the conductive fillers should be above the percolation

threshold, at which the conductive network is formed by the fillers in the polymer matrix.

2.3.1 Conductive composite fiber spun via electrospinning

As a widely used fiber fabrication technique, electrospinning is to utilize electric force to
produce polymer fibers with the diameters of ranging from nanometers to microns. Generally,
there are two types of electrospinning set up, i.e. vertical and horizontal set up, both of which
contains three main parts: a high voltage power source, spinneret and fiber collecting part [23].
The process of electrospinning is [24]: (1) high voltage is applied between spinneret and fiber
collector; (2) the polymer solution or molten polymer is pumped into the spinneret; (3) at the
critical point, a Taylor cone will form because of the voltage power is high enough to produce
electrostatic force to overwhelm the surface tension of the spinnable liquid; (4) the fiber jet will
emit from the apex of the Taylor cone and travel further to the collector.

The advantages of electrospinning are low-cost setting up, flexibility, feasibility for
various kinds of polymers, and probability for mass production. However, the application of
electrospinning is limited by the complexity of controlling of fiber alignment and difficulty of
producing single continuous fiber [25].

Regarding fabrication of composite fibers, it is worth noting that the electrospinning is
considered to have the capability of aligning the fillers with aspect ratio larger than 1 in polymer
matrix due to the severe stretching during spinning process [26].

Jeong et al. performed electrospinning of multi-walled carbon nanotube
(MWCNT)/polyvinyl alcohol (PVA) composite fiber using suspension of acid-modified

MWCNT in PVA aqueous solution [27]. Due to the hydrophobicity of the CNT surface, the
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dispersed MWCNTS could be wrapped by the PVA molecules driven by the thermodynamic
force [28]. The resulting composite fibers with the lower concentration of MWCNTS exhibited
smooth surface, uniform morphology and increased mechanical properties. However, the higher
concentration of carbon nanofiber resulted in rough surfaces, defects, distortion and decreased
mechanical strength of the composite fiber due to the agglomeration of MWCNTSs. In addition to
the viscosity of the spinnable solution, the dispersion of MWCTs in polymer solution could also
affect the fluid charge density which plays a significant role in the electrospinning process,
formation and properties of the final fiber products.

The uniformity of dispersion and alignment of conductive fillers along the axial direction
of the composite fiber is beneficial for mechanical reinforcement and formation of the
conductive network [29].

Salalha et al. successfully fabricated single-walled carbon nanotubes (SWCNTSs)/ poly
(ethylene oxide) PEO composite fibers via electrospinning of SWCNTS suspension in
PEO/(ethanol/water) solution containing amphiphilic polymer as the surfactant [30]. It was found
that the distribution and alignment of the carbon nanofiber inside the as-spun composite fibers
are highly affected by the CNTs-polymer interaction and dispersion uniformity of CNTs in
polymer solution before electrospinning.

Kedem et al. performed electrospinning using the suspension of CNTs in
poly(acrylonitrile) (PAN)/dimethylformamide (DMF) solution. HRSEM and TEM images
showed that CNTs were uniformly dispersed and highly orientated in the PAN matrix [31].

Sundaray et al. prepared MWCNT/PMMA composite fibers via electrospinning of
MWCNTSs suspension in PMMA/chloroform solution. The as-spun composite fiber showed very

low percolation threshold (addition of 0.05 wt.% increased the conductivity from 102 S/m to 4.5
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x10 S/m ), which might be due to the uniformly dispersed and uniaxial aligned MWCNTSs in
PMMA matrix [32].

In addition to carbon nanotubes, other conductive materials could also be used as
conductive fillers. Due to the challenge of spinning of intrinsically conductive polymers as
mentioned in the previous section, they could also be used as conductive fillers for spinnable
polymers to fabricate conductive composite fibers.

Ghasemi-Mobarakeh et al. blended PANI with PCL/gelation (70:30) solution, which was
further used for electrospinning [33]. The incorporation of PANI led to the enhancement of
mechanical properties and electrical conductivity. Additionally, the incorporation of PANI
showed decreasing of fiber diameter, which might be due to the increasing of fluid charge
density.

In summary, as a simple and widely used spinning techniques, electrospinning turned out
to be an effective approach for fabricating electrically conductive composite fibers. The severe
stretching during electrospinning could lead to the orientation of conductive fillers with high
aspect ratio, which facilitates the reinforcement of mechanical properties and formation of the
conductive network at lower filler concentration. Despite the change of viscosity and elasticity,
the addition of conductive fillers could also change the fluid charge density, which significantly
affects the electrospinning. Also, producing single continuous fiber and controlling the alignment

of the fibers remain as challenges for electrospinning.
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2.3.2 Conductive composite fiber spun via melt spinning

Another widely used fiber spinning technique is melt spinning. During melt spinning
process, the formation of polymer fibers is achieved via cooling of molten polymer which comes
through a spinneret driven by the stress field.

Kim et al. used PANI-ES, PPy and graphite spherical nanoparticles as conductive fillers
for LDPE and PP separately to fabricate electrically conductive fiber via melt spinning [15]. Due
to poor dispersion and discontinuous connection of conductive fillers in the polymer matrix, the
conductivity of the composite fiber was unsatisfactory even at a filler content level of 30 wt.%. It
was concluded that extra mixing process was required to ensure uniform dispersion of fillers in
the polymer matrix.

Instead of using one type of conductive filler, the mixture of conductive fillers with
different shapes or aspect ratios might be able to facilitate the formation of the conductive
network in the polymer matrix.

The mixture of conductive fillers of silver particles and carbon nanotubes were embedded
into polypropylene to fabricate conductive composite fiber via melt spinning [34]. It was
demonstrated that the CNTs played a role in bridging silver particles to form conductive network
at lower filler concentration. Although fibers spun from melt spinning generally have better
mechanical properties than fibers spun from other spinning methods, it was presented that
several obstacles need to be overcome to fabricate composite fiber using melt spinning: a. the
difficulty of processing liquid with low viscoelasticity and high viscosity owing to the addition
of conductive fillers; b. uniform dispersion conductive fillers into the polymer matrix; c.

crystallization of polymer matrix induced by the nucleation effect of fillers.
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Single-wall carbon nanotubes(SWNTSs) were mixed with poly(methyl methacrylate
(PMMA) to be fabricated into composite fibers using melt spinning method [35]. The
incorporation of SWNTs in PMMA fiber resulted in rough surfaces, non-uniform diameter along
the axial direction and improved mechanical properties. To investigated the influence of melt
spinning process on the alignment of SWNTs in PMMA matrix, SWNTs/PMMA composite film
was prepared and characterized. It was concluded that the SWNTSs could be oriented along the
fiber axial direction based on polarized resonant Raman spectroscopy results and higher
electrical conductivity of composite films along flow direction(11.5 S/m with 6.6 wt.% of
SWNTSs) than along the direction perpendicular to the flow (7.0 S/m with 6.6 wt.% of SWNTS)

Fornes et al. uniformly dispersed SWNTs and MWNTSs into polycarbonate by solvent
blending and melt compounding [36]. The resulting CNT/polycarbonate composites were spun
into fibers via melt spinning. It was concluded that increasing the draw ratio during melt
spinning could improve the orientation of the CNTs due to the increased elongational stress
applied on CNTs.

In general, the electrical conductivity of conductive filler/polymer composite would
decrease upon stretching due to the disconnection of the conductive fillers. To address this
problem, Zhu et al. fabricated low melting point alloy (LMPA)/ polypropylene composite fibers
using melt spinning [37]. At a temperature between melting points of LMPA and polypropylene,
the conductivity of the composite fibers increased owing to the building of denser conductive
network by the conversion of LMPA particles to filaments under stretching stress.

In summary, electrically conductive filler/polymer composite fiber could also be
fabricated using melt spinning technique. To achieve uniform dispersion of CNTs in polymer

matrix, severe mechanical stirring, ultrasonication and solvent-aided mixing might be needed.
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Also, the blending of CNTs with polymer matrix would increase the viscosity and decrease the
viscoelasticity, which could influence the melt spinning process. In addition, the conductive
fillers could also play a role as nuclei and affect the crystallization of crystallizable polymer

matrix.

2.3.3 Conductive composite fiber spun via solution spinning

For solution spinning, the spinnable liquid is made from polymer solution. Based on the
solidification approach, solution spinning could be further divided into two categories: dry
spinning and wet spinning. During dry spinning, polymer fibers are solidified due to the
evaporation of the solvent induced by the heated inert gas. For wet spinning, the solidification of
polymer fibers occurs in a coagulation bath which contains non-solvent of the polymer [38].

Still, the uniform dispersion of conductive fillers plays a great role in increasing the
conductivity of composite fibers. Xue et al. fabricated CNT/PVA composite fiber using wet
spinning [21]. The resulting composite fiber containing 40 wt.% CNTSs still showed a very high
electrical resistivity due to the agglomeration of CNTs in the PVA matrix.

Seyedin et al. fabricated conductive composite fibers with polyurethane (PU) as matrix
and poly (3, 4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as conductive
fillers using wet spinning [39]. The composite fibers showed an electrical conductive of up to 9.4
S/cm with 13.5 wt.% of ICP fillers. In addition, the composite fibers showed suitability for
knitting textiles because of the excellent mechanical properties.

Ma et al. fabricated highly conductive composite fibers with fair stretchability using wet
spinning method [40]. The electrical conductivity of the composite fibers was up to 17460 S/cm.

Besides, the fibers possessed high stretchability which exhibited a conductivity of 236 S/cm
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under a strain of 490%. The as-spun composite fiber was composited of silver nanoparticles,
silver modified multiwall nanotubes (Ag-MWCNTS), ionic liquid (1-butyl-4-methylpyridinium
tetrafluoroborate) and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) as the
matrix. The Ag nanoparticles could significantly increase the contact area of the conductive
fillers. Owing to the high aspect ratio, the Ag-MWCNTSs could build a conductive bridge
between Ag nanoparticles. The dispersion of Ag-MWCNTSs could be improved by the ionic
liquid. Also, the ionic liquid could also play a role as the plasticizer, which made it possible to
incorporate high concentration levels of CNTs without losing the flexibility of the original
polymer matrix [41].

In summary, solution spinning has also been demonstrated as a viable method to
fabricate electrically conductive filler/polymer composite fibers. Compared with melt-spinning,
the solvent could facilitate the dispersing of fillers in the polymer matrix. Also, it is easier to

achieve the required spinning parameters by adjusting the content of solvent.

2.3.4 Conductive composite fiber spun via other methods

Chien et al. used a bi-component fiber spinning equipment fabricated core-shell
structured composite fibers with a polyacrylonitrile (PAN) as the outer layer and CNT/PAN
composite as the core component or PAN as the core layer and CNT/PAN composite as the outer
component via gel-spinning [42]. The resulting fibers contained uniformly dispersed and
oriented CNTs in PAN matrix, which endowed the composite fiber with excellent mechanical

properties and electrical conductivity of 0.366 S/m.
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Deng et al. achieved orientation of CNTs in the polymer matrix through solid-state
drawing and annealing [43]. Owing to the orientation of CNTSs, the resulting tapes and fibers
showed an electrical conductivity of up to 275 S/m with only 0.5 wt% of CNTSs incorporated.

Basically, to achieve great enhancement of the electrical conductivity and mechanical
properties, the spinning technique should be able to lead the alignment of conductive filler along

the fiber longitudinal direction.

2.4 Microfluidic Fiber Fabrication

2.4.1 Microfluidics

The research of microfluidics focuses on investigation and manipulation of fluids at the
dimension of submillimeter (microliter or nanoliters) [44]. Through pumping fluids into
microfluidic channels with precisely designed patterns [45], the fluid phenomenon, which is
greatly different from that at macroscale, could be studied and handled [44]. In addition,
microfluidics could also provide the advantages of smaller volume of reagent, shorter reaction
time, and possibility of integrating several laboratory experiments on one single chip, referred as
“lab-on —a-chip” [46]. Up to now, microfluidics has shown a promising potential to be used to
address problems in a variety of fields ranging from biological technology to energy areas [47-

51].

2.4.2 Manufacturing of microchannel

The research of microfluidics is based on the microfluidic channels. Currently, several

approaches have been used to fabricate microfluidic channels.
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2.4.2.1 Micromachining

Micromachining refers to the manufacturing processes that might include cutting, bonding,
forming, deforming and removing of materials by using a variety of tools to produce required
patterns with the dimension less than 1mm [52]. Micromachining could be performed on a
variety of materials as long as the softness and ductility of the materials are suitable for
machining [53]. Microchannels made from silicon [54], glass [55], quartz [56], metal [57] and
plastic [58] through micromachining have been widely reported. In general, there are two kinds
of micromachining: bulk-micromachining and surface-micromachining. For bulk-
micromachining, a huge amount of materials would be removed from the substrate [59]. In
contrast, for surface-micromachining process, micro structures are formed from deposited thin
films [60]. Compared with bulk-micromachining, surface-micromachining wastes fewer
materials and requires fewer post-procedures [61].

Compared with other microchannel manufacturing techniques, micromachining could result in
fairly high precision which also associated high price, intensive labor, professional skills and

expensive equipment [46].

2.4.2.2 Soft lithography

Soft lithographic is a technique of nano- or microfabrication based on self-assembly and molding
replication [62]. Generally, the soft lithography is followed by bonding of two layers to form a
complete microfluidic device. Owing to its good mechanical properties, transparency and ease of
manufacturing, polydimethylsiloxane (PDMS) has been the most widely used material for soft
lithography [62]. Soft lithography has the advantages of fast, cheap and suitable for application

in biological applications [46].
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2.4.2.3 Other methods

As a fast-developing manufacturing technique, 3D printing has also been demonstrated to be able
to create microfluidic device [63]. However, the precision and resolution of 3D printing still
restrict its application in the area of microfluidic device manufacturing [64].

Through using UV laser photoablation, Roberts et al. produced micro structures on the surface of
polystyrene, polycarbonate, cellulose acetate and poly(ethylene terephthalate) [65]. The
integrated microchannel was fabricated by bonding of the as-prepared polymer substrates using
film lamination technique.

Khoury et al. created microfluidic device directly on a substrate by photo-curing pre-polymer
[66]. The shallow cavity on the substrate was used to control the position of the pre-polymer
liquid, which was cured and solidified after exposure to UV light. This technique is relatively
fast, cheap and no special equipment or skills are required. However, the precision and resolution
might be affected by the resolution of the cavity on the substrate and volume change of the pre-

polymer after curing.

2.4.3 Fiber fabrication using microfluidic method

Traditional fiber fabrication techniques, including electrospinning, melt-spinning, gel-
spinning, wet spinning, dry-spinning, are always associated with extreme processing conditions
(high temperature, high voltage, severe shearing, et al.) [67]. In addition, the cross-sectional
shape of fibers fabricated from traditional techniques is generally circular due to the surface
tension. By contrast, microfluidic fiber fabrication as a newly developed technique could provide
mild processing condition, controllable fiber size and various cross-sectional shapes [68]. The

mild processing condition makes it possible to incorporate sensitive biological materials, like
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cells and proteins into fibers. Also, the adjustable sizes, cross-sectional shapes and
microstructures of the fibers are considered to have the promising application in a wide of areas,
such as improving mechanical properties of fibers, providing reservoirs for functional materials,
guiding the proliferation of cells, and so on. In general, microfluidic fiber fabrication is based on
two kinds of flows: core flow and sheath flow. Curable monomer, pre-polymer or polymer
solution is used as core flow, which will be polymerized or solidified into fibers. Sheath flow
might play a role in applying hydrodynamic focusing on core flow, providing solidification
medium for core flow and also separating solidified fibers from the microchannel walls to
prevent clogging of the microchannel. Through adjusting built-in shaping features and flow rate
ratio, the cross-sectional size and shape could be controlled [69].

The development of microfluidic fiber fabrication is mainly along two directions:
microchannel design which includes concentric-flow, cross-flow, and built-in shaping features to
achieve 3D hydrodynamic focusing, and fiber solidification method which includes solvent
extraction, chemical polymerization and photopolymerization [67].

Kang et al. designed a rectangular concentric-flow micro-device with slit-shaped shaping
elements on the bottom of the channel, using which thin flat alginate fibers were fabricated [70].
It was demonstrated that the slit-shaped shaping elements were able to produce engraved patterns
on the surface the fibers along the axial direction. Not only the size of the flat fibers but also the
shape and size of the engraved patterns could be controlled by simply adjusting the speed ratio of
the core flow and sheath flow. After culturing different types of cells on the as-spun fibers, it
showed that the engraved patterns were useful for controlling the morphology and alignment of

the cells.
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A cylindrical concentric-flow microchannel was made by insertion of a pipet into a
PDMS platform, using which Poly(L-lactic-co-glycolic acid) (PLGA) fibers were fabricated
[71]. PLGA was dissolved in Dimethyl sulfoxide (DMSO) to be used as the core flow and the
sheath flow was 1:1 (volume ratio) mixture of glycerin and DI water. As core flow and sheath
flow were introduced into the microchannel, the precipitation of PLGA occurred due to the
solvent exchange between core flow and sheath flow. The PLGA fiber exhibited highly porous
structure in the center and a denser outer layer. Also, the diameter of the PLGA fiber was
controllable via changing the speed ratio between core flow and sheath flow. Besides, owing to
the mild processing condition, protein was successfully incorporated into the PLGA fiber by
using the mixture of PLGA solution and protein solution as core flow.

Cheng et al. devised a cylindrical concentric-flow microchannel with one tapered inlet for
core flow and two cylindrical inlets for sheath flow which were mutually perpendicular to each
other [72]. This specially designed microchannel was demonstrated to be able to mimic
silkworm-spinning. By using the mixture of silk fibroin and alginate solution as core fluid and
CaCl; solution as sheath fluid, the silk fibroin-based hydrogel fiber was obtained.

As the core flow and sheath flow are introduced into the microfluidic channel with a
concentric-flow geometry, the core flow would be fully surrounded by the sheath flow which
facilitates the hydrodynamic focusing and makes the regulation of fiber diameters simple via
adjusting the flow speed ratio. However, it is hard to make fibers with a diameter smaller than
100 um and fabrication of fibers with special cross-sectional shape still remains a challenge
using microchannel with a concentric-flow geometry [67].

The microchannel with cross-flow geometry is typically composed of in-plane core and

sheath flow sections, between which the angles are specified.
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Duboin et al. utilized a “T-junction” microchannel for fabricating microfibers [73].
Through introducing two immiscible polymer aqueous solution and UV-curable pre-polymer
solution as sheath flow and core flow respectively, fabrication of diameter-adjustable short
polymer fiber was achieved upon UV exposure.

Nunes et al. made a special modification of the general cross-flow geometry by setting a
sequence of pillars in the channel as shaping elements [74]. Fibers with a variety of cross-
sectional shapes, such as triangular, diamond, and U-shaped were fabricated by simply adjusting
the flow rate ratios. What is more attractive is that the experimental results were consistent with
the modeling results from U-flow, which would be a useful tool to design microchannel and
predict fibers shapes.

As general cross-flow microchannel could only provide in-plane hydrodynamic focusing,
some shaping elements are required to produce vertically hydrodynamic focusing.

The typical design is the sheath-flow microchannel with diagonal and chevron-shaped
grooves on the top the bottom of the walls [75]. Owing to these grooves, core flow could be
surrounded by the sheath flow, which would result in solvent exchange and hydrodynamic
focusing. Similar designs have been reported to fabricate gelatin [68], poly(vinyl alcohol) (PVA)
[76], and polycaprolactone (PCL) [50]fibers.

There are mainly three methods for solidifying fibers in the microchannel, including
solvent extraction or exchange, chemical polymerization and photopolymerization [67].

Generally, to achieve solidification of fibers via solvent extraction, the solvent for core
flow should be miscible with the sheath flow solvent, which is not a good solvent for the

polymer in core fluid.
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Bai et al. fabricated gelatin fibers using gelatin/dimethyl sulfoxide(DMSO) solution as
core flow and ethanol as sheath flow [68]. As core fluid and ethanol fluid were introduced into
the microchannel, gelatin fibers solidified due to the dissipation of DMSO into ethanol and the
insolubility of gelatin in ethanol.

Through carefully selecting solvents for core flow and sheath flow, PMMA, PVA and
PCL could also be solidified via solvent extraction [50, 75, 76].

In addition to solidification of fibers via solvent extraction, chemical polymerization
inside the microchannel is an alternative approach to achieve solidification of polymer fibers.

Typically, monomer or prepolymer solution is introduced into microchannel as core fluid.
The solution of curing agent would be introduced into microchannel as sheath fluid. The sheath
flow not only plays a role in hydrodynamic focusing but also providing the curing agent to
polymerize or crosslink the pre-polymer in core flow.

Kang et al. achieved fabrication of alginate fibers through solidification induced by
chemical polymerization [70]. Calcium chloride solution and alginate solution were introduced
into the microchannel as sheath fluid and core fluid respectively. The alginate was crosslinked
and solidified as calcium ions in the sheath fluid diffused into core fluid. Additionally, it was
found that the properties of the resulting alginate fiber were significantly affected by the
concentration of alginate solution, which determined the core fluid viscosity and chemical
reaction time.

In general, the fluid passes through the microchannel very fast, and it requires longer time
to achieve fiber solidification using chemical polymerization. Photo-polymerization, especially
UV- induced polymerization, has been paid much attention to solidifying fibers in microfluidic

channel as an alternative method for chemical polymerization. Compared with chemical
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polymerization, polymerization initiated by light has advantages of faster reaction speed and
easier to control. As the reaction time of the photo-polymerization is very short, the shape of the
fiber could be locked immediately after hydrodynamic focusing. By adjusting the strength and
exposure time of the light source and exposure location, the photo-polymerization inside the
channel could be controlled simply.

Shi et al. performed microfluidic fabrication of UV-curable methacrylamide-modified
gelatin (GelMA) fibers through UV initiated polymerization [77]. Owing to the short
polymerization and solidification time initiated by UV exposure, the grooved pattern on the
surface of resulting fibers could be accurately controlled and locked.

Nunes et al. introduced UV-curable poly(ethylene glycol) diacrylate (PEG-DA) and inert
medium into microchannel as core fluid and sheath fluid separately [74]. A variety of accurately
controlled cross-sectional shapes could be locked by UV- initiated polymerization as UV source
was applied after the shaping section of the channel.

In summary, microfluidic fiber fabrication is generally involved the interaction between
two types of flows: core flow and sheath flow. Core flow provides monomer, pre-polymer or
polymer that would be solidified into fibers. Sheath flow could produce hydrodynamic focusing
on the core flow to change the shape and size of the resulting fiber. Also, sheath flow might play
a role in fiber solidification. The design of microchannel could be divided into three types.
Concentric-flow geometry microchannel could produce hydrodynamic focusing easily but the
shape of the fiber is generally limited to circular. Cross-flow geometry microchannel with built-
in shaping elements not only could produce 3D hydrodynamic focusing but also has the
capability to fabricate fibers with more complicated cross-sectional shapes. For fiber

solidification, solvent extraction, chemical polymerization, and photopolymerization are three
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main choices. To achieve fiber solidification via solvent extraction, the solvents of core solution
and sheath solution should be specially selected. Polymerization of monomer or pre-polymer in
the core fluid could also lead to solidification of fibers. Compared with chemical polymerization,
photo-initiated polymerization has advantages of various kinds of available photo-curable
monomers or pre-polymers, accurate shape-locking due to short reaction time, and also fewer

materials gradients along the fiber [67].

2.4.4 Composite fiber fabrication using microfluidic method

As there are no strict requirements for the composition of the core fluid, an intriguing
research area is to incorporate extra fillers or additives into core fluid to fabricate composite
fibers [67]. Up to now, a few studies focusing microfluidic fabrication of composite fibers have
been reported.

In order to produce satisfactory materials with mechanical reliability and viability for cell
encapsulation, chitosan/alginate composite microfibers were fabricated using a cylindrical
concentric-flow microfluidic device [78]. It was concluded that these is an approximately linear
relationship between the diameter of the composite fibers and core flow speed with fixed sheath
flow speed. The produced composite fibers showed better mechanical properties and
encapsulation ability of HepG2 cell than alginate fibers. Hu et al. also successfully seeded human
proximal tubule cells on the polysulfone composite fibers which were fabricated using a
microfluidic method [79].

In addition to the easy fabrication of composite fibers because of the flexibility of the
microfluidic technique, it is also achievable to incorporate cells directly into the fibers ascribed

to the mild processing condition. Through introducing collagen/alginate/islets solution and
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calcium chloride solution into a “Y” conjunction microchannel as core flow and sheath flow
respectively, fabrication of islet-contained collage/alginate composite fibers was achieved [80]. It
was demonstrated that the collage/alginate composite fiber could provide protection for islets
from immune reactions during transplantation.

Methacrylated gelatin(GelMA)/alginate double-layer hollow composite fiber was
fabricated using a cylindrical concentric-flow microchannel with three inlets [81]. Incorporation
of GelMA increased the mechanical strength and decreased the swelling ratio of the fiber. Also,
the microfluidic technique made it achievable to incorporate two kinds of cells into two layers of
the fiber separately.

Shields et al. fabricated liquid crystal (LC) mesogen/acrylate composite fibers, which
showed controllable cross-sectional shape and alignment of LC along the axial direction of the
fiber [82]. With an aspect ratio larger than 1, the LC was oriented by the torque resulted from the
non-uniform distribution of flow speed in the channel. The result showed promising potential to
incorporate and align fillers with high aspect ratio in fibers through microfluidic method.

The interface between the fillers and matrix is one of the most important factors that
determine the properties of composite materials. One viable approach to strength the interface is
to chemically modify the surface of the fillers. Boyd et al. used ligands to functionalized the
surface of gold nanoparticles which were then dispersed into the thiol-ene solution to be
fabricated into composite fibers via the microfluidic method [83]. The fabricated composite fiber
showed adjustable optical and mechanical properties through changing the content of gold
nanoparticles incorporated.

In summary, owing to the flexibility of microfluidic fiber fabrication, various reinforcing

or functional fillers could be incorporated into fibers through the microfluidic method. Also,
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some sensitive biological materials could be embedded into the fibers due to the mild processing
condition of microfluidic approach. Some studies have successfully fabricated composite fibers
using the microfluidic method to increase the mechanical strength, endow fibers with optical
properties and improve the cell encapsulation and proliferation. However, to the best of our

knowledge, there has been no report for making electrically conductive composite fibers using a

microfluidic platform.
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CHAPTER 3

FABRICATION OF MOLDS AND MICROCHANNEL

In this thesis work, the microfluidic channel was made by polydimethylsiloxane (PDMS)
through molding replication. To perform molding replication of PDMS, two master molds were
made by micromachining of poly( methyl methacrylate) (PMMA) substrates using computer
numerical control (CNC) micro milling machine (Mini-Mill-GX, Minitech Machinery Corp).

The design of the microchannel created by Solidworks is shown in Figure 1. The
microchannel consists of three inlets and one outlet. Core fluid was introduced into the inlet in
the middle. Sheath fluid was introduced into the two inlets on both sides. Four chevron-shaped

grooves were built on the ceiling and bottom of the channel.

Sheath flow

Sheath flow

Figure 1. Design of Microchannel for Microfluidic Fiber Fabrication
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Figure 2 shows the dimension of the microchannel. The height and width of the channel
are 200 pm and 600 pum respectively. The 90° chevron grooves are 100 um in height and 155 pm

in width. The distance between the grooves is 155 pm.

Figure 2. The dimension of (a) microfluidic channel and (b) chevron grooves
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3.1 Fabrication of Master Molds for Microchannel

The master molds with the negative image of the design are shown in Figure 3.

PLELARE ©-v- Ol -0

l(b) PEEPEB-T-v-S@-D-

Figure 3. The dimension of (a) microfluidic channel and (b) chevron grooves
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The master molds were fabricated by milling of PMMA substrates using a CNC micro
milling machine. An end mill (1#) with the cutter diameter of 0.015 inches and 0.045 inches in
length of cut was used to mill the main channel. An end mill (2#) with the cutter diameter of
0.003 inches and 0.009 inches in length of cut was used to mill the chevron-shaped grooves. The
milling parameters are listed in Table 1. As low feed rate and high spindle rotational speed could
result in smooth surfaces [1], the spindle speed was set at 27000 rpm. The feed rates for tool 1#
and 2# were set as 15 mm/min and 2.5 mm/min respectively. There are two kinds of ways to mill
materials, conventional milling and climb milling. As opposed to conventional milling, the tool
rotates against the feed direction for climb milling. In general, climb milling would produce less
stress on the milling tools and result in a smoother surface than conventional milling [2]. So

climb milling was selected.

Table 1. Milling parameter of two types of end mills

Tool # 1# 2#
Diameter/inch 0.015 0.003
Length of cut/inch 0.045 0.009

Feed rate/mm-min‘* 15 2.5
Spindle speed/rpm 27000 27000

Plunge rate/mm-min-* 1.0 0.2
Machining direction Climb Climb

Cutting method Parallel spiral Parallel spiral

Stepover percentage 20% 20%
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The G-code for CNC-milling was produced by using Mastercam 2015. The beginning

and end of the G-code were shown in Table 2.

Table 2. The beginning of G-code for CNC-milling

Tool 1# Tool 2#
%
%
(T2]0.0762 FLAT ENDMILL | H2
(T1]0.381 FLAT ENDMILL |H1) )
G21
G21
G0 G17 G40 G49 G80 G90
GO0 G17 G40 G49 G80 G90
GO0 Z5.
GO Z5.
GO0 G90 G54 X11.963 Y-11.944 S27000 M3
GO0 G90 G54 X11.992 Y-21.653 S27000 M3
GO0 Z1.
GO0 Z1.
G1 Z0. F1.
G1Z-09F.2
Y-15.999 F15.
X12.Y-21.661 F2.5
GO0 Z10.
GO0 Z10.
M5
M5
GO0 X0. YO.
GO0 XO0. YO.
M30
M30
%
%

G21 sets the unit of coordinate as mm. GO means moving the tool straightly at high
speed. The milling plane is set as the X-Y plane by G17. G40 and G49 could cancel the tool

cutter and length compensation respectively. G80 cancels the canned cycle. G90 means the G-
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code is based on an absolute X-Y-Z coordinate system. M5 is used to stop the rotation of the

spindle. M30 means the end of the program. The code begins with % and ends with %.

T

Figure 4. Milling procedures of the main channel
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seman

Figure 5. Milling procedures of chevron-shaped grooves
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The milling procedures of the main channel and chevron-shaped grooves are shown in
Figure 4 and 5 respectively.

In order to further smoothen surfaces of the as-machined PMMA master molds, exposure
of chloroform vapor was performed [3]. As shown in Figure 6, the sealed chloroform vapor
environment was produced by three petri dishes and water bath. The PMMA master molds were
exposed to chloroform vapor for 40 seconds at room temperature. As the surfaces of PMMA
master molds could be softened at a similar rate by the chloroform vapor [3], the surface of

PMMA tended to be smooth due to surface tension.

PAMMA Mold

r .-'-__r.
I
"

Glass Petri Dish

Figure 6. Illustration of PMMA master mold exposed to chloroform vapor
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Figure 7. PMMA master molds

The completed master molds ready for soft-lithography are shown in Figure 7.
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3.2 Fabrication of Microchannel by Molding Replication

The microfluidic channel for fiber fabrication was prepared by molding replication based
on the as-fabricated PMMA master molds. In detail, Sylgard 184 Elastomer Base and Curing
Agent were mixed with a w/w ratio of 10:1, and then poured over two PMMA molds made by a
CNC micro milling machine (Mini-Mill-GX, Minitech Machinery Corp). After curing at 85 °C
for 25 minutes, two half layers of the microchannel were peeled off from the PMMA master
molds. The top half layer of the microchannel was bonded with a PDMS substrate via plasma
treatment. After waiting for 24 hours, three holes were punched as inlets. Then the microchannel
was assembled by bonding the top half layer with another half layer via plasma treatment. After
waiting for 24 hours, plastic tubing was inserted into the three inlets and fixed by epoxy glue.

The integrated microchannel ready for microfluidic fiber fabrication was shown in Figure 8.

Figure 8. Integrated microchannel ready for fiber fabrication
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CHAPTER 4
MICROFLUIDIC FABRICATION OF ELECTRICALLY CONDUCTIVE
CNF/PCL COMPOSITE FIBER

In this section, carbon nanofiber (CNF) and Polycaprolactone (PCL), which is a
biocompatible and biodegradable polymer, were selected as the electrically conductive filler and
the polymer matrix, respectively. Electrically conductive CNF/PCL composite fibers were
fabricated using a microfluidic approach for the first time.

4.1 Experimental Section
4.1.1 Materials

Sylgard 184 Elastomer Base and Curing Agent were obtained from Dow Croning
Corporation (Midland, Ml). Polycaprolactone (PCL) (Mx=80,000), carbon nanofiber (CNF)
(DxL=100 nm x 20-200um), and polyethylene glycol (PEG) (Mn=20,000) were purchased from
Sigma Aldrich (St. Louis, MO). 2,2,2-trifluoroethanol (TFE) was obtained from Oakwood

Chemical (West Columbia, SC).

4.1.2 Preparation of Core and Sheath Solutions

Core fluid: In order to achieve good dispersion of CNFs in PCL solution, CNFs were first
dispersed into the PCL solution of low concentration, which was mixed with the PCL solution of
high concentration. CNFs were dispersed into a PCL solution of low concentration at 1.25%
(0.05g PCL dissolved in 4 mL TFE). The concentration of the CNFs are with respect to the
weight of PCL (i.e. 3 wt.% of CNF means that weight ratio of CNFs and PCL is 3:100). After
transferring the CNFs suspension, 2 mL of TFE was used to rinse the container in order to

capture the residual material. The CNF suspension was magnetically stirred for 30 minutes then
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ultrasonicated for another 30 minutes at room temperature. After preparing the CNFs suspension,
it was poured into a PCL/TFE solution of high concentration at 36.25% (1.45g PCL dissolved in
4 mL TFE) which was thoroughly mixed at 65 °C for 4 hours then further mixed at room
temperature throughout the rest of the night with constant magnetic stirring. Finally, the
suspension was ultrasonicated at 65°C for 90 minutes. The CNF suspension was cooled to room
temperature during magnetic stirring. Before the fiber fabrication process, the solution was rested
for at least 15 minutes.

Sheath fluid: 15% g/mL PEG was dissolved into the mixture of DI water and ethanol with
a volume ratio of 1:1.

Bath: The mixture of DI water and ethanol at a volume ratio of 1:1 was used as bath for
collecting fibers.

The core fluid and sheath fluid were loaded into 3 mL and 60 mL plastic syringes (BD
Biosciences) and pumped into the microchannel using a double syringe pump (Cole-Parmer,
Veron Hillss, IL). The core and sheath flow rate ratios were set as 50:10 pL/min, 40:10 puL/min,

30:10 pL/min, and 20 pL/min.

4.1.3 Microfluidic Fiber Fabrication

The laminar flow regime was used in this experiment. Therefore, the diffusion occurred
only at the fluid/fluid interface. Figure 9 shows a schematic of the microfluidic fiber fabrication.
As the core and sheath fluids entered the microchannel, the sheath flow exerted lateral
hydrodynamic shear force on the core flow at the junction of the three inlets [1]. As shown in
Figure 9, the microchannel has four chevron grooves. Due to the hydrodynamic resistance being

inversely dependent on the flow rate and the sheath flow rate having higher values compared to
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the core flow rate, the sheath fluid filled the chevron grooves at the top and bottom of the
microchannel. As a result, the sheath fluid exerted vertical force on the core fluid as well as
lateral force, which resulted in wrapping around the core fluid, and focusing it at the center of the
channel [2]. In this process, the shear force plays a significant role in changing the shape of the
resulting fiber as well as aligning the CNFs and polymer chain along the flow direction. We used
the phase inversion solidification strategy in this process, which means that the molecules of the
TFE were replaced by the molecules of the sheath fluid (water and ethanol) at the core/sheath

interface. Because PCL is not soluble in the sheath fluid, it was solidified as a fiber at the outlet

of the channel.

Figure 9. Schematic illustration of microfluidic fiber fabrication
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4.1.4 Characterization
The morphology and cross-sectional properties of the prepared fibers were investigated using

Scanning Electron Microscopy (NeoScopo, JCM-6000 Benchtop SEM) and the Dino Lite

Microscope.

Figure 10. Measuring the electrical resistance of (a) a 1000-fiber bundle and (b and ¢) a

single fiber

The conductivity of the composite fibers was measured based on a 1000-fiber bundle. As
shown in Figure 10 (a), the two ends of the fibers were connected with copper foil using
conductive silver ink. Then, the specimen was connected with two electrodes of the Potentiostat
(Princeton Applied Research, VersaSTAT 4). Three specimens were tested for each sample. In
addition, as shown in Figure 10 (b) and (c), the conductivity was also measured based on a

single fiber. On the Teflon substrate, a single fiber was connected with the copper foil using
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conductive silver ink. The electrodes of the Potentiostat were connected with the copper foil.
Five specimens were tested for each sample. The current was measured while applied voltage
increased from -10V to +10V using the Potentiostat (Princeton Applied Research, VersaSTAT
4). Linear regression was used for the voltage and current to calculate the resistance. The
conductivity of the fibers (p) was calculated based on the measured resistance (R), length (L),

and cross-sectional area (A) with the following equation.

PET

A single fiber with a gauge length of 10 mm was used for the measurement of the tensile
properties based on ASTM Standard D3822/D3822M-14 using Instron Universal Testing
Machine (Model 5560, Instron Engineering Corp., Canon, MA). For all of the tests, a 10 N
loading cell was used. The extension rate was set to 24 mm/min, and 20 specimens were tested

for each sample.

4.2 Results and Discussion

4.2.1 Morphology

The SEM images of pure PCL fibers and 5% CNF/PCL composite fibers obtained with
the sheath-to-core flow rate ratio of 50:10 pL/min are shown in Figure 11. The incorporation of
CNF into PCL changes the morphology of the fibers significantly. While pure PCL fibers exhibit
smooth surfaces and uniform diameter along the longitudinal direction, the CNF/PCL composite
fibers have a significantly higher surface roughness. The increase in surface roughness was
expected because the CNFs decrease the uniformity of the pure PCL solution, which results in

the fabrication of fibers with high surface roughness.
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Figure 11. SEM Images of (a1-a4) PCL and (b1-b4) 5 wt.% CNF/PCL composite fibers
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AN
Figure 12. Cross-sectional SEM images of (al-a4) PCL fibers (sheath-to-core flow rate ratio:
ai-as: 50:10, 40:10, 30:10, 20:10, respectively), (b) 2.5 wt.% CNF/PCL fibers(b1-bs: 50:10,
40:10, 30:10, 20:10, respectively). (c) 3 wt.% CNF/PCL(50:10), (d) 4 wt.% CNF/PCL(50:10),
and (e) 5 wt.% CNF/PCL(50:10)

2b pm —20pm

20 pm
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Additionally, the uniformity of the fiber diameter decreased which might due to the non-
uniform dispersion of the CNFs in the core flow solution.

Furthermore, the addition of CNF increases the viscosity of the core fluid. A higher
viscosity of the core flow results in a weakened hydrodynamic focusing from the sheath flow.
Thus, the width of the core fluid in the channel increases, hence the resulting CNF/PCL
composite fibers will have larger dimensions.

As shown in Figure 12, a higher flow rate ratio tended to give a more circular cross-

sectional shape, and the addition of CNFs increased the cross-sectional area of the fibers.

(a) 100 —=— Height of PCL Fiber (b) 70 |
| [—e— Width of PCL fiber —=— Height
—&— Height of 2.5 wt.% CNF/PCL Fiber o Width
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Figure 13. Dimensions of fibers with (a) pure PCL and 2.5 wt.% CNF/PCL made with different
sheath-to-core flow rate ratios. (b) Fibers with different concentrations of CNF made with

sheath-to-core flow rate ratio of 50/10.

Detailed dimensions of fibers with different concentration of CNFs and different flow

rate ratios are shown in Figure 13 (a) and (b). For pure PCL fibers, the height increased from

35.32 um to 39.1 pum and width increased from 46.22 um to 52.01 um when the flow rate ratio
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decreased from 50:10 to 20:10. Moreover, the aspect ratio slightly increased from 1.31 to 1.33.
For 2.5 wt.% CNF/PCL fibers, the dimension changes more radically with changes in the flow
rate ratio compared with pure PCL fibers. As the flow rate ratio decreased from 50:10 to 20:10,
the height, width and aspect ratio increased from 35.36 um to 43.50 pum, 61.25 pm to 87.44 pum
and 1.73 t02.01,, and respectively. Additionally, the height, width and aspect ratio of fibers made
with a flow rate ratio of 50:10 increased from 35.32 um 44.2 ym , 46.22 pm to 62.13 pm and
1.31 to 1.41 respectively as the concentration of CNF increased from 0 wt.% to 5 wt.%. The
change in morphology and size of the fibers is likely due to the weakened hydrodynamic

focusing caused by increased core fluid and a smaller flow rate ratio.

Figure 14. Cross-sectional SEM images of (a) PCL fiber and (b) 5% wt.% CNF/PCL composite

fiber made from flow rate ratio of 50/10

Figure 14 shows the cross-sectional SEM image of the pure PCL fiber and CNF/PCL

composite fibers with higher magnification. Compared to the smooth section of the PCL fiber,

the cross-section of the CNF/PCL composite fiber exhibits high surface roughness as a result of
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CNFs protruding out along the longitudinal direction of the fiber. The protruded CNFs provide
evidence for their alignment along the longitudinal direction. The alignment of the CNFs could
be explained as follows [3]: As the velocity of the flow in the channel distributes parabolically,
the flow undergoes a shear force and its magnitude is a function of the distance from the walls of
the microchannel. As the aspect ratio of the CNFs is significantly larger than 1, the CNFs could
have a tendency of alignment due to the shear force. Before the conjunction of the core and
sheath flows, the core fluid experiences a shear in the rectangular channel. Based on the
distribution of the fluid velocity, a smaller distance from the microchannel walls results in larger
shear rates due to the high velocity gradient. Although the shear rate is smaller because of the
smaller core flow rate, it takes more time for the core flow to pass the relatively long inlet
channel, which makes this part play an important role for the alignment of the CNFs. During
hydrodynamic focusing, the core flow would be accelerated to match the speed of the sheath
flow. As the core fluid spans the microchannel in the vertical direction at a location before the
chevron grooves, the speed of the core flow along the vertical direction still possesses non-
uniformity, which could also lead to shear forces. While the core fluid passes the pre-chevron
groove region faster, accelerated core flow would result in larger shear rates. In addition, the
elongational flows generated by hydrodynamic focusing could contribute to the alignment of the

CNFs.

4.2.2 Electrical conductivity
Linear regression of current and voltage were performed in R Language to obtain the
resistance. Acceptable linearity between Current and Voltage were found with a coefficient of

determination R? larger than 0.98. Typical Current-Voltage fitting lines are shown in Figure 15.
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Figure 15. Current-Voltage data and fitting lines of the 1000-fiber bundle samples with CNF

content of (a) 2.25 wt.%, (b) 3wt.%, and (c) 5 wt.%.

CNF/PCL composite fibers exhibited non-continuous conductivity as the concentration of

the CNFs were lower than 3 wt.%. This lead to the conductivity of the single-fiber specimens to

be tested only with CNF concentrations higher than 3wt.%.
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Figure 16. Conductivity of fibers as a function of CNF concentration

Figure 16 shows the change of the electrical conductivity of the CNF/PCL fibers as a
function of CNF concentration. The resistance of the composite fibers reached detectable levels
as the concentration of CNFs increased to 2.25 wt.%. Originally, the conductivity of the

composite fibers increased significantly with the increasing of CNFs concentration.

www.manaraa.com



63

Table 3. Conductivity of Composite fibers with different CNF concentration (sheath-to-core flow

rate ratio=50/10)

Weight
2.25/100 2.5/100 2.75/100 | 3/100 | 4/100 | 5/100
ratio(CNF/PCL)
Conductivity (S/m)
(measured based on (5.47+1.25) (1.36+0.15) | (4.20+0.75) | 1.11+ | 3.19+ | 8.02+
x1073 x1072 x1072 0.28 | 0.65 | 1.50
1000-fiber bundle)
Conductivity(S/m)
(measured based on 1.96x | 3.27+ | 4.02+
041 | 0.77 | 1.19
single fiber)

As shown in Table 3, the electrical conductivity increased from 5.47x%102to 1.11 S/m
while the concentration of CNFs increased from 2.25 wt.% to 3 wt.%. Compared with the
conductivity of PCL, which is approximately 10"*> S/m [4], there was an increase by an order of
10, As the concentration of CNFs reached 3 wt.%, the rate of increasing conductivity
decreased. Rising the concentration of the CNFs from 3 wt.% to 5 wt.%, the conductivity
increased slightly from 1.11 to 8.02 S/m based on the 1000-fiber bundle specimen and from 1.96
to 4.02 S/m based on the single-fiber specimen. In addition, the conductivity values which were
measured based on the 1000-fiber bundle and single-fiber specimen were comparatively close,

which provided evidence for the continuity of conductivity.
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Table 4. Percentage of resistance-undetectable of 2.5 wt.% CNF/PCL fibers

Sheath-to-Core
Flow Rate Ratio 50/10 40/10 30/10 20/10
Percentage of
Undetectable 4/10 4/10 2/10 1/10
Samples

In order to investigate the continuity of conductivity, 10 single-fiber samples of 2.5 wt.%

CNF/PCL composite fibers from different flow rate ratios were measured using a digital multi-

meter. As shown in Table 4, a lower flow rate ratio shows more continuous conductivity.

Table 5. Conductivity of Composite fibers fabricated by using different flow rate ratios

Flow Rate Ratio

(sheath flow/core flow)

50/10

40/10

30/10

20/10

Conductivity of 2.5 wt.%
CNF/PCL Fiber (S/m)
(measured based on 1000-

fiber bundle)

(1.3620.15)

%107

(5.31%1.38)

%107

(1.28+0.18)

x101

(5.97+1.42)

%107

Conductivity (S/m) 5 wt.%
CNF/PCL Fiber (S/m)

(measured based on single

4.02+1.19

3.09+0.38

2.93+0.73

2.63+0.50

The conductivity of 2.5 wt.% CNF/PCL composite fibers measured based on the bundle

of 1000 fibers is shown Table 5.
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Figure 17. Microscopic Images of (a) pure PCL, (b) 2.5 wt.% CNF/PCL, and(c) 3% wt.%

CNF/PCL fibers fabricated with sheath-to-core flow rate ratio of 50/10

Figure 17 depicts the optical microscope images of pure PCL fiber, 2.5 wt.% CNF/PCL
fiber, and 3 wt.% CNF/PCL fiber. The pure PCL fibers were white and semi-transparent and the
color changed to dark while the transparency decreased as PCL incorporated with CNFs. For 2.5
wt.% CNF/PCL fiber, some discontinuous and partially CNF-filled PCL regions were observed.
As the concentration of CNF increased to 3 wt.%, no discontinuous region was found. For the

2.5 wt.% CNF/PCL fiber, the CNFs were not enough to fully fill the PCL matrix, which led to a
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non-continuous distribution and low conductivity. For a lower flow rate ratio, the core flow
would take more space in the microchannel, which would result in fibers with larger cross-
sectional areas. This suggests that the probability of the conductivity discontinuity might be
decreased. On the other hand, a higher flow rate ratio produced larger shear forces during the
hydrodynamic focusing, which aligns the CNFs along the fiber direction. The alignment of the
CNFs is helpful for obtaining higher conductivity. These two competitive factors made the
conductivity of 2.5 wt.% CNF/PCL 1000-fiber bundle increase from (1.36+0.15)x102 S/m at the
sheath-to-core flow rate of 50/10 to (1.28+0.18)x10! S/m at the sheath-to-core flow rate of 30/10
and then decreased to (5.97+1.42)x102 S/m as the sheath-to-core flow rate ratio changed to
20/10 (as shown in Figure 18 and Table 5).

Table 5 also shows the conductivity of 5 wt.% CNF/PCL composite fibers measured
based on a single fiber. As the CNF concentration of 5 wt.% is high enough for producing
continuous conductivity, the conductivity of the composite fiber is mainly determined by the
alignment of the CNFs. As lower flow rate ratios resulted in smaller shear stress during the
hydrodynamic focusing, the alignment of the CNFs was weakened. As a result, the conductivity
of the composite fibers decreased from 4.02 S/m to 2.63 S/m when the flow rate ratio was
decreased from 50:10 to 20:10 However, as the concentration of the CNFs already exceeded the

percolation, the change of the conductivity was very small.
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Figure 18. Conductivity of fibers made by using different sheath-to-core flow rate ratios

and CNF concentrations of 2.5 wt.% and 5 wt.%

4.2.3 Tensile properties

Typical of the strain-stress curves for the PCL and PCL/CNF are shown in Figure 19.
Figure 19 (a) shows strain-stress curves of fibers with different content of CNF. In this figure, at
the beginning, the tensile strength of the fiber increased with increasing the concentration of
CNFs. As the concentration of the CNFs reached 3 wt.%, the strength started decreasing by
further increasing the CNFs concentration. That might be due to the voids produced by the
agglomeration of the CNFs at a high concentration. Figure 19 (b) depicts the tensile strength of
2.5 wt.% CNF/PCL composite fibers fabricated with different flow rate ratios. This figure also
demonstrates that a higher flow rate ratio tends to result in fibers with a higher strength. As
mentioned in the previous section, a larger flow rate ratio would produce a larger shear rate

during the hydrodynamic focusing, which would be helpful for aligning the CNFs as well as PCL
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polymer chain along the fiber direction. This leads to the realization that increased tensile

strength can be ascribed to the alignment of the CNFs.
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Figure 19. Strain-stress curves of (a) fibers with different CNFs content and (b) fibers from

different flow rate ratios
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Table 6. Tensile Properties of PCL and CNF/PCL Fibers

69

Flow
Rate
Weight Yield
Ratio Young’s Failure Elongation at
ratio(CNF strength
(sheath Modulus(MPa) | strength(MPa) break
/PCL) (MPa)
flow/core
flow)
50/10 8.84+0.50 | 322.62+23.57 40.06+1.91 7.38+0.21
40/10 9.26+£0.43 | 334.26+13.96 41.59+1.72 7.35+0.09
0/100
30/10 8.88+0.37 | 317.20+17.15 37.03+£1.12 6.84+0.16
20/10 7.69+0.52 | 287.60+15.99 29.79£1.55 6.54+0.18
2/100 50/10 11.69+0.40 | 606.68+23.34 43.35+2.00 7.42+0.23
50/10 14.05+0.32 | 820.19+35.82 48.19+1.43 7.57+0.18
40/10 11.83+0.49 | 665.88+35.85 41.71+1.78 7.50+0.21
2.5/100
30/10 10.89+0.30 | 594.76+22.50 36.95+1.31 7.20+0.17
20/10 9.99+0.21 | 537.55+25.79 33.03£1.62 7.26+0.17
3/100 50/10 15.21+0.87 | 929.57+£51.31 49.21+2.35 7.63+0.32
4/100 50/10 8.63+0.27 | 562.41+13.39 34.42+1.05 6.78+0.13
5/100 50/10 8.55+0.49 | 556.50+25.59 24.11+1.37 4.96+0.45
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The detailed tensile properties of the PCL and CNF/PCL fibers are provided in Table 6.
For the PCL fibers, the tensile strength had a tendency of increasing and then decreasing as the
sheath to core flow rate ratio increased. Two competitive factors may play a role for the change
of the tensile strength with the flow rate ratio. For higher flow rate ratios, the resulting fibers
have smaller cross-sectional areas which indicates the occurrence probability of voids is smaller.
The failure of material starts from the voids and then the propagation of cracks finally leads to
the breaking-down of the material. Owing to smaller occurrence probability of voids could be
endowed by higher flow rate ratios, fibers fabricated with higher flow rate ratio show higher
tensile strength. However, decreasing the flow rate ratio could increase the aspect ratio of the
fibers, which was demonstrated to endow fibers with higher strength [2]. As shown in Section
3.1, because the change of aspect ratio is very small, the decreasing of the cross-sectional area
might play a more important role. For the samples with the CNF concentration of 2.5 wt.%, the
yield strength, Young’s Modulus and ultimate strength of the fibers fabricated with the sheath-to-
core flow rate ratio of 50:10 were 1.41, 1.53 and 1.46 times of fibers fabricated with the flow rate
ratio of 20:10, respectively. The addition of CNFs with a concentration of 3 wt.% resulted in the
maximum tensile strength. The yield strength, Young’s Modulus, and ultimate strength of 3
wt.% CNF/PCL composite fiber were 15.21 MPa, 929.57 MPa and 49.21 MPa, which were

respectively 1.72, 2.88 and 1.23 times of the pure PCL fiber.
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CHAPTER 5
CONCLUSION AND FUTURE WORK

5.1 Conclusion

A cross-flow geometry microfluidic with one inlet for core flow and two inlets for sheath
flow was designed for microfluidic fiber fabrication. After the conjunction of the core flow and
sheath flow, four chevron-shaped grooves as shaping elements were built on the ceiling and
bottom of the microchannel. A CNC micro-milling machine was used to create the PMMA
master molds, the surfaces of which were further finished by chloroform vapor. PDMS
microchannel was prepared by molding replication based on the micro-machined PMMA master
molds. Using the as-fabricated PDMS microchannel, electrically conductive CNF/PCL
composite fibers were successfully fabricated using the microfluidic method. The morphology,
electrical conductivity, and tensile strength were investigated as a function of sheath-to-core flow
rate ratios and content of carbon nanofibers. The results showed that the microfluidic method is a
viable approach for aligning the CNFs along the longitudinal direction of the fibers. The
orientation of the CNFs showed a positive effect on the electrical conductivity and tensile
strength. The yield strength, Young’s Modulus and ultimate strength of the fibers fabricated with
the flow rate ratio of 50/10 were 1.41, 1.53 and 1.46 times of fibers fabricated with the flow rate
ratio of 20/10. The tensile strength of the composite fibers reached the maximum at 3 wt.%. For
the 3 wt.% CNF/PCL composite fiber the electrical conductivity was 1.11 S/m. The yield
strength, Young’s Modulus and ultimate strength of the composite fiber was 1.72, 2.88 and 1.23
times of pure fiber. Further increasing the content of CNFs, the electrical conductivity increased

slightly, while the tensile strength dropped sharply due to the agglomeration of CNFs.
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5.2 Future work

In order to further increase the electrical conductivity of the CNF/PCL composite fiber,
retain fairly strong mechanical strength, and dimension uniformity of the fiber, chemical
modification of the CNF surface or surfactant might be needed to improve the dispersion of
carbon nanofiber in the PCL matrix and enhance the efficiency of stress transfer between PCL
matrix and CNFs.

In addition, instead of using one type of conductive filler, the mixture of conductive
fillers with different size, shape and aspect ratio might be able to facilitate the formation of the
conductive network in the polymer matrix and decrease the percolation threshold[1].

What’s more, although 15% PEG was added into the sheath solution to increase the
viscosity, the viscosity of the sheath solution was still lower than that of the core solution. More
work might be needed to investigate the influence of sheath solution viscosity on the properties
of resulting fibers.

Besides, as PCL is one kind of crystallizable polymer, the conductive fillers might be
able to play a role as nucleation for crystal growth. The properties of the polymer might be
greatly affected by the percent of crystallinity. So the influence of conductive fillers on the
crystallization of PCL matrix might need to be studied.

Owing to the increased electrical conductivity, electrical signals could pass through the
fiber more efficiently. Other kinds of functional materials, like electrochromic materials[2],
could be incorporated into the composite fiber to fabricate smart fibers initiated by electrical
signals.

Owing to its biocompatibility, PCL was chosen as the polymer matrix in this thesis to

work to fabricate electrical conductive composite fiber that could be used in biological areas.
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However, the low glass transition temperature (about 60 °), small yield strain and hydrophobicity
might restrict its application in more fields. As mentioned in previous sections, the microfluidic
fiber fabrication approach possesses high versatility and flexibility, other polymer matrix with

different properties could be used as needed to fabricate electrical conductivity fibers.
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