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Artificial muscle fiber mimicking myofibril is fabricated using electrospun nanofibers of high strength
polyurethane followed by controlled in situ chemical polymerization with aniline. The resulting
polyurethane(PU)/polyaniline(PANi) hybrid nanofibrous bundle consisting individual nanofibers of about
900 nm diameter responds to an electrical stimuli producing a linear actuation strain as high as 1.65%
at an applied stress of 1.03 MPa in 1 M methane sulfonic acid (MSA), the highest strain produced in the
nanofibers templated PANi. The hybrid nanofibrous bundle shows an electrical conductivity of about 0.5
S/cm and the electroactivity is imparted by PANi. The biomimetic artificial nanofibrous bundle shows
work per cycle (W.C.) efficiency of above 75% for the electrochemical actuation even beyond 100 cycles.
The PU/PANI hybrid nanofibrous bundle could be stably actuated without significant creep up to an
applied load of 11 mN (2.263 Mpa) beyond which significant creep behavior appears.

Introduction

Emulating the function of natural muscle remains as a
significant challenge to the scientific community. The
primary unit of any biological systems responsible for
mechanical motion is the muscle fiber. The large actuation
strains and fast response from muscle generate sufficient
mechanical power to enable swimming, running, climbing,
and flying type locomotion in organisms covering several
orders of magnitude in size. The performance of natural
muscle derives from its detailed nanostructure and efforts
have been made to emulate these structures in artificial
systems.' ™3 In human muscles, the largest functional unit of
contractile skeletal muscle is the myofibril. Myofibrillar
diameter is about 1 um, and thousands of myofibrils are
packed in a parallel bundle to form a single muscle fiber.
Groups of muscle fibers are surrounded by a connective
tissue sheath and arranged in bundles called fascicles. These
fascicles are also bundled together, surrounded by more
connective tissue to form the whole muscle.* The fiber
bundles allow fast reaction speeds because diffusion distances
(and times) are small for the molecular species responsible
for muscle contraction.
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For biomimicking the functional unit of a skeletal muscle
fiber in an artificial muscle system, we employed electro-
spinning of a polymer solution.’”” Using a cone type
electrode, we formed polymer nanofiber bundles having a
uniform shape and parallel orientation that resembled myo-
fibrils. Conventional electrospinning is a simple technique
that converts a polymer solution into nanofibers having a
uniform shape but with a random orientation.® Recently,
however, several research groups have introduced techniques
aimed at controlling the shape and alignment of nanofibers
by using a modified electric field.’!! The alignment of
nanofiber is very important to actuator function, as it
maximizes the mechanical work output.

In this work, we have chosen a conducting polymer as
the artificial muscle material. Conducting polymers are
receiving considerable attention for fabricating lightweight
actuators because they can be actuated using low operational
voltage and resulting in a fairly high strain and strain rate.'>!*
Among these materials, polyaniline (PANi) is favorable
because of its environmental stability and ease of synthesis.
Recently, we developed a hydrogel assisted PANi microfiber
for artificial muscle.'* Moreover, Spinks et al. have reported
highly drawn PANI fibers reinforced with carbon nanotube
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Figure 1. Schematic diagram of the modified electrospinning set up for
preparing electrospun nanofibrous bundle. The actual image of the right
photograph is suspended nanofiber bundle between parallel conical shaped
electrodes. The arrows (Fy, F») indicate the direction of electrostatic force.

(CNT) for high strength artificial muscles.!*> Although, many
researchers have reported on PANi actuators based on
microfibers and films,'®!” fabrication of an efficient PANi
actuator based on aligned nanofibers has yet to be realized.

Because direct electrospinning of PANi to produce highly
conducting material is difficult, we chose a templating
technique. Electrospun aligned nanofiber bundles were first
prepared using polyurethane (PU). In the second phase of
fabrication we imparted the electroactivity and conductivity
to the nanofibrous bundle through controlled in situ chemical
polymerization with aniline. PU was chosen to give a flexible
nanofibrous bundle because of its rubbery nature,'® which
would not greatly restrict the actuation of the PANi coating.
Herein, we designed such a system mimicking the myofibrils
through engineering the nanostructured PU and PANi, and
investigated its actuation performance.

Experimental Section

PU (Hosung Chemax Co., Korea) with an average molecular
weight of 1.2 x 10° g/mol, ammonium persulfate, hydrochloric
acid, methane sulfonic acid (MSA), and chloroform (all Aldrich,
USA) were used as received. Aniline (Aldrich, USA) was distilled
prior to use. A 10 wt% solution of PU in chloroform was used for
electrospinning to produce the nanofibrous bundle.

A schematic drawing of the experimental set up used for the
fabrication of nanofibrous bundle is shown in Figure 1. The syringe
tip was given a +7 kV charge, the collector (conical electrodes) a
—5 kV charge. The distance between the syringe tip and the
collector was 13 cm. The polymer solution was loaded into a glass
syringe equipped with a 23 gauge stainless steel needle. A syringe
pump located in a horizontal mount controlled the flow rate of the
polymer solution. The solution feed flow rate used was 4 4L/min.
The gap between the two conical shape electrodes was fixed at 1.5
cm to produce uniform and parallel nanofibrous bundle.

Electroactivity for the PU nanofibrous bundles were imparted
by polyaniline through an in situ chemical polymerization method
similar to the one which we developed recently.'* In the typical
procedure, the nanofibrous PU bundle was suspended in aniline
solution in 1 M HCI and ammonium persulphate was used as the
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catalyst for polymerization reaction which was continued for 24 h.
The singly coated PU/PANi nanofibrous bundle was again subject
to in situ polymerization with aniline in order to get the PU/PANi
hybrid nanofibrous bundle.

The surface morphology and diameter of the hybrid nanofibrous
bundle were examined using field emission scanning electron
microscopy (FE-SEM, Model S4800, Hitachi, Japan) at an ac-
celerator voltage of 15 kV.

FT-IR spectra of the nanofibrous bundle were carried out by using
ATI Mattson, Infinity Series FT-IR Spectrometer (Infinity Gold FT-
IR 60AR, USA). The two-point probe room-temperature electrical
conductivity was measured using Keithley electrometer (model
2400, USA). The conductivity was calculated from the /—V curve
using the equation, o = I/V x /A, where I is the current, V is the
voltage, [ is the length, and A is the cross-sectional area of the
nanofibrous bundle.

Electrochemical actuation of the nanofibrous bundle was carried
out using an Aurora Scientific Inc. (Canada) dual-mode muscle lever
arm system with an attached cyclic voltammograph (model CHI
627B electrochemical analyzer). One end of the nanofibrous bundle
was fixed at the tip of the muscle lever arm using silicon glue. The
other and was clamped and connected to the electrochemical
assembly using thin platinum wire. The experiment was carried
out using three-electrode electrochemical assembly with the nanofi-
brous bundle as the working electrode, Ag/AgCl as the reference
electrode and a Pt mesh as the counter electrode. 1 M MSA was
used as the electrolyte. The potential was cycled between —0.2
and 0.8 V. Prior to the application of cyclic potential the nanofibrous
bundle was equilibrated in 1 M MSA for 1 h under applied load of
1.028 MPa. The cyclic voltammogrms of the nanofibrous bundle
was recorded under the same experimental setup as described for
electrochemical actuation. Mechanical property was measured using
Thermo Mechanical Analyzer (Seiko Exstar 6000, Japan).

Results and Discussion

A schematic drawing of the experimental apparatus used
for electrospinning is shown in Figure 1. The electrospinning
apparatus consists of positive and negative high voltage
power supplies, a syringe pump, and conical-shaped copper
electrodes for making nanofibrous bundles. The two conical-
shaped electrodes placed in line with a gap between them
were used as counter electrodes to guide the electrospinning
jet and to deposit the nanofibers. The conical-shaped
electrodes were used as they were easy to design and have
smaller surface area along the conical edge. As can be seen
from Figure 1, an insulation tube (silicon) was used to shield
unnecessary charges around the conical shaped electrodes,
so that the area of the deposition point of the nanofibers was
highly reduced. The charged nanofibers experienced two
different electrostatic forces. The first electrostatic force (F)
was in the same direction as the applied electric field, and
the second electrostatic force (F,) was from the Coulombic
interactions between the airborne nanofibers and the charges
on the surface of the parallel conical shaped electrodes (see
the direction of arrows in Figure 1). These electrostatic forces
controlled the orientation of the fibers using the split electric
field of the parallel conical shaped electrodes.!® Coulombic
interaction between the fiber ends and the electrodes should
stretch the nanofiber across the gap to have it positioned
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Figure 2. FE-SEM images of PU/PANi hybrid nanofibrous bundles. (a) Pure PU electrospun nanofibers in the bundle showing highly aligned individual
nanofibers (arrows indicate a single nanofiber); (b) PU/PANI hybrid nanofibrous bundle after in situ polymerization; (c) cross-sectional SEM image of the
PU/PAN:I hybrid nanofibrous bundle; (d) SEM image of PU/PANI hybrid nanofibrous bundle showing complete coating of each individual PU nanofiber
with nanostructured PANi. The inset shows the cross-sectional SEM image of a single PU/PANi hybrid nanofiber (scale bar of inset image: 500 nm).

perpendicular to the edge of the electrode, and resulting in
a highly aligned nanofibrous bundle.

Figure 2 shows the field emission scanning electron
microscopy (FE-SEM) images of pure PU and PU/PANi
hybrid nanofibrous bundles. As can be seen from Figure 2a,
the FE-SEM images of pure PU nanofibrous bundle shows
well aligned individual nanofibers. After the in situ polym-
erization with aniline, the resulting PU/PANi hybrid nanofi-
brous bundle has a complete coating of PANi on the surface
of the individual PU nanofibers (Figure 2b). Figure 2c shows
the cross-sectional FE-SEM image of the PU/PANi hybrid
nanofibrous bundle having an average diameter of about 90
um. From Figure 2c¢ and using Meta Morph computer
programming (Molecular Devices, USA), we assessed the
total cross-sectional area (provided by individual hybrid
nanofibers) of the bundle to be 4862 um? and total area
provided by the voids to be 2378 um?. The high porosity in
the bundle structure is likely to assist in efficient diffusion
of ions from the electrolyte to the PANi and produce higher
actuation. The complete coating of PANi on individual PU
nanofibers in the hybrid bundle is also illustrated in the FE-
SEM image shown in Figure 2(d). It was observed that the
individual hybrid nanofibers in the bundles have a diameter
of about 900 nm, which is comparable with the diameter of
a single myofibril. The average diameter of PU nanofiber
was about 400 nm and the thickness of PANi coating was
about 250 nm. The inset of Figure 2d shows the cross-
sectional images of individual nanofibers from which the
thickness of the PANi coatings was estimated. The volume
fraction of PANI in the hybrid structure is ~80%. It can
also be seen that nanostructured PANi wires were grown on
the surface of individual nanofibers giving a high surface
area to volume ratio.

Fourier transform infrared spectra (FT-IR) of pure PU and
PU/PANI hybrid nanofibrous bundles showed peaks corre-
sponding to the characteristic absorptions of PU and PANi
without any evidence of additional peaks (see Figure S1 in
Supporting Information). To assess the potential of the PU/
PAN:I hybrid nanofibrous bundle as electrochemical actuators
and capacitors, their electroactivity was investigated in
aqueous methane sulfonic acid (MSA) by cyclic voltammetry
(CV) and the result is given in Figure 3a. The shape of cyclic
voltammogram indicated that high electroactivity was pro-
duced by the in situ polymerization method.

I—V plots of the PU and PU/PANi hybrid nanofibrous
bundle are shown in Figure 3b. The hybrid nanofibrous
bundle showed reasonably high electrical conductivity of 0.5
S/cm which was considerably higher than pure PU nanofi-
brous bundle (1.76 x 107% S/cm). The PU/PANi hybrid
material conductivity was comparable to other doped polya-
niline films.?

The high porosity observed in the hybrid nanofibrous
bundle allowed the efficient diffusion of ions and the high
surface area provided by the individual nanofibers in the
bundles along with the growth of nanostructured polyaniline
wires grown on the surface of the highly aligned bundles
were responsible for the higher electrochemical actuation.
Moreover, the cylindrical form of individual nanofibers could
provide the perfect utilization of ion diffusion throughout
the curvature, which also contributed toward higher actuation.
We calculated the diffusion coefficient from CV data
obtained at different scan rates using the Randles—Sevcik
equation?!
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i,=269n"AD"*)"*C’ (1)
where D is diffusion coefficient, i, is peak current, n is
number of electron transferred, A is the area of the bundle,
v is scan rate, and C® is concentration. Figure 3c shows the
variation of peak current with square root of scan rate. The
slope of the line is proportional to the diffusion coefficient.
The diffusion coefficient is found to be of the order of 2.3
x 107* sec/cm?. (see Figure S2 in the Supporting Informa-
tion).
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The electrochemical actuation profile of the hybrid nanofi-
brous bundles in 1 M MSA is presented in Figure 4a. The
PU/PANI hybrid nanofibrous bundle responded to the electri-
cal stimulus resulting in an initial linear strain of 1.6% at an
applied stress of 1.03 MPa. The active PANi material
expands upon oxidation because of the transformation of
leucoemeraldine to emeraldine salt with associated anion
insertion. Further oxidation to pernigraniline resulted in
contraction that was due to the expulsion of cations, which
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Figure 3. Characterization of conducting hybrid nanofibrous bundle. (a) Cyclic voltammogram of PU/PANi hybrid nanofibrous bundle in aqueous 1 M MSA
solutions (scan rate = 5 mV/s). (b) /—V characteristics of the pure PU and PU/PANi hybrid nanofibrous bundle. (c) Plot of diffusion coefficients of PU/PANi

hybrid nanofibrous bundle at different scan rate.
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Figure 4. Actuation characteristics of PU/PANi hybrid nanofibrous bundle. (a) Electrochemical actuation profile upon cycling the potential between —0.2
to 0.8 V in aqueous 1 M MSA (scan rate = 5 mV/s, stress = 1.028 MPa). (b) Work per cycle relating to the stability of PU/PANi hybrid nanofibrous bundle
(Electrolyte = 1 M MSA, scan rate = 5 mV/s, potential vs Ag/AgCl). (c) Variation of electrochemical actuation strain with change in applied stress.
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was followed by contraction that was due to expulsion of
anions when potential was reversed.” The active PANi layer
is somewhat restricted by the passive PU core and the
actuation strain generated by the PANi can be estimated using
the “rule of mixtures” approach, as previously described.'
Given a volume fraction of ~80%, the PANi layer must
produce an actuation strain of around 2%. This linear
actuation strain is comparable to or larger than that reported
for PANi films'2 and fibers.!>?*?* The bulk PANi films and
fiber actuators reported previously have conductivities con-
siderably higher (100—1000 S/cm) than the PANi coatings
prepared here (0.5 S/cm). The similar actuation performance
suggests that the thin PANi coating thickness and the
nanoporous structure of the bundle facilitates larger actuation
and compensates for the reduction in conductivity.

We also observed that the actuation of PU/PANi hybrid
nanofibrous bundle was very stable up to 100 cycles (see
Figure S3 in the Supporting Information). The actuation
strain (¢&;) normalized to the strain produced in the first cycle
(g9) is presented in Figure 4b. We observed that the
biomimetic artificial nanofibrous bundle showed a stability
of above 75% even beyond 100 cycles using a scan rate of
5 mV/s. The electrochemical actuation performances at
different applied stress were also investigated and results are
presented in Figure 4c. The actuation profiles are shown in
the Supporting Information, Figure S4. The PU/PANi
nanofibrous bundle shows negligible creep up to 11 mN load
(2.3 MPa), above which it shows significant creep behavior
in actuation. The isotonic actuation strain decreases with
increasing external load as reported earlier for conducting
polymer actuators. '

The fact that the PU/PANi hybrid nanofibrous bundle
exhibited excellent mechanical stability suggested that the
in situ chemical polymerization process did not affect the
mechanical strength of PU nanofibers. Stress—strain curves
of the PU/PANI nanofibrous bundle showed that the fiber
could withstand stress over 30 MPa and broke when the load
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was exceeded 35 MPa (see Figure S5 in the Supporting
Information). The bare PU nanofibers failed at around 25
MPa and a similar extension.

Another interesting feature observed in the nanofibrous
bundle is its pseudocapacitive behavior. The capacitance
value is calculated by integrating the CV loop corresponding
to 116.24 F/g (see Figure S2 in Supporting Information).
Faradaic reactions occurring at the surface of the nanofibrous
bundles produces the pseudocapacitance behavior. The speed
of these processes is enhanced by a large electrode/electrolyte
interfacial area produced by the nanostructured PANi on the
surface of individual nanofibers. The value is comparable
with the previously reported surface grown nanostructured
PANi systems.?>2

Conclusions

In conclusion, we have fabricated artificial myofibrils
consisting of parallel electroactive nanofiber bundles. Me-
chanically robust but flexible nanofibrous polyurethane
bundles were produced through electrospinning. These fibers
were used as a template for controlled in situ chemical
polymerization with aniline. The resulting PU/PANi nanofi-
brous bundle showed reasonably high electrical conductivity
and responded to electrical stimuli generating a high linear
actuation strain in aqueous electrolyte. The high surface area
provided by nanostructured PANi on the individual nanofi-
bers along with the high porosity allowed efficient incorpora-
tion of ions from the electrolyte leading to high strain and
high charge storage capacity.
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