
ORIGINAL ARTICLE

Directional electromechanical properties of
PEDOT/PSS films containing aligned
electrospun nanofibers

Jian Zhou, Tadashi Fukawa and Mutsumi Kimura

We demonstrate directional electromechanical properties of poly(3,4-ethylenedioxythiophene)/poly(4-styrene sulfonate)

(PEDOT/PSS) composite films containing aligned poly(vinyl pyrrolidone)/poly(methyl methacrylate) nanofiber assemblies.

The aligned nanofiber assemblies showed anisotropic wettability based on the high alignment degree of the nanofibers.

The PEDOT/PSS composite film containing aligned nanofibers displayed an anisotropic actuation response when a voltage

was applied in air. The orientation of the embedded nanofibers within the PEDOT/PSS matrix leads to the control of actuation

direction because of the difference of anisotropic mechanical properties in the composite films.
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INTRODUCTION

Living things have acquired special anisotropic functions based on
directional orientations of micro- and nanostructures during their
evolution. Anisotropic structures in nature make possible directional
motion, adhesion, friction or wetting.1–4 These natural structures
provide important insights for constructing artificial materials.
Thus, bio-inspired advanced materials have been developed to
mimic natural anisotropic structures.5–9

Long, fibrous structures, such as collagens and celluloses, are a
major component of the extracellular matrix that supports most
tissues by maintaining their strength and elasticity.10 Moreover,
composite materials with incorporated highly dense fibrous assemblies
have been widely developed, and these materials show significantly
different physical and chemical properties, which remain separate and
distinct at the macroscopic or microscopic scale within the finished
structure.11,12 Fiber orientation within natural and artificial compo-
sites is a key factor in determining final properties. Several anisotropic
functions of aligned nanofiber assemblies have been reported in the
literature. Vertically aligned multiwalled carbon nanotube assemblies
show strong adhesion to vertical surfaces, similar to gecko legs.13

Anisotropic hydrophobic properties have been demonstrated by
aligned nanofiber assemblies.14 In this study, we focus on control of
electromechanical properties of conjugated polymer films by using
aligned electrospun nanofiber assemblies.

Electrospinning is a simple method for producing nanofibers and
nanofibrous non-woven mats for various applications. It involves
discharging a polymer solution in air from a nozzle under high
voltage and producing nanofibers by exploiting electrostatic repulsion

of the polymer solution.15–17 Furthermore, the fiber orientation can be
controlled by using modified fiber collectors.18 Aligned electrospun
nanofibers have potential applications in structural reinforcement,
tissue engineering and blood vessel engineering, which often require
well-aligned and highly ordered structures.16,17 There are only a few
reports in the literature on anisotropic actuation based on anisotropic
structures. Anisotropic actuation of polypyrrole films was achieved by
orientation of polymer backbones through directional stretching.19

Uniaxial orientation of nafion, and the subsequent formation
of electrode layers to create ionic polymer–metal composites, can
also yield anisotropic actuation on electrical stimulation.20

As the application of fiber-reinforced composite becomes more
widespread, there is a desire to add functionality not only simple
enhancement of mechanical properties but also development of smart
materials. Bent21 reported that the active fibers composites, which
incorporated unidirectional piezoelectric transducer fibers into
hybrid matrix, produce a highly conformable and anisotropic
actuator material. We also reported anisotropic actuation of poly
(3, 4-ethylenedioxythiophene)/poly(4-styrene sulfonate) (PEDOT/
PSS) coated papers, for which the actuation stress depended on the
relative orientation of paper fibers and the loading direction of the
coating.22 When the aligned nanofiber assemblies were embedded
within the conductive polymer matrix, the actuation properties
followed the direction of fiber orientation. In this study, we selected
aligned electrospun nanofibers for anisotropic actuation of conductive
polymers. We fabricated aligned poly(vinyl pyrrolidone)/poly(methyl
methacrylate) (PVP/PMMA) nanofiber assemblies up to several
centimeters in length to realize anisotropic motion of PEDOT/PSS
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films. The aligned nanofiber assemblies displayed anisotropic wetta-
bility because of the high alignment degree of the nanofibers. We
further demonstrated anisotropic electromechanical actuation of
PEDOT/PSS film by using the aligned PVP/PMMA nanofibers. The
composites with incorporated aligned nanofiber assemblies offer new
opportunities to achieve directional electromechanical actuation in soft
actuators.

EXPERIMENTAL PROCEDURE

Materials
Poly(vinylpyrrolidone) (PVP, Nacalai Tesque, Tokyo, Japan, Mw

1 000 000 g mol�1), poly(methyl methacrylate) (PMMA, Wako Chemicals,

Tokyo, Japan, Mw 100 000 g mol�1), ethylene glycol (EG, Wako Chemicals),

N,N-dimethylformamide (Wako Chemicals), tetra-n-butylammonium bro-

mide (Wako Chemicals) and fuchsine (Wako Chemicals) were used as received.

Poly(vinyl alcohol) (Mw 140 000 g mol�1) was provided by Kuraray Co., Ltd

(Tokyo, Japan).

Fabrication of nanofiber assemblies by electrospinning
Nanofiber assemblies were fabricated using a NANON-01A electrospinning

machine with a drum collector (MECC Co., Ltd, Fukuoka, Japan). PVP/PMMA

nanofiber assemblies were produced from 250 mg ml�1 PVP and PMMA in a

N,N-dimethylformamide solution containing 5 wt% tetra-n-butylammonium

bromide (relative to PMMA).22,23 The mixed solutions for the PVP/PMMA

composite nanofibers were prepared by dissolving PVP and PMMA (weight

ratio PVP: PMMA¼10:90) in N,N-dimethylformamide. Tetra-n-butylammo-

nium bromide was used as an organic salt to increase the electrical conductivity

of the solution.24 In the electrospinning process, the prepared solutions were

placed in 6 ml disposable plastic syringes and injected through a stainless steel

needle (18 gauge, orifice diameter 1.2 mm). The needle was connected to a high-

voltage direct current power supply. The solutions were continuously fed by a

syringe pump through the nozzle at a rate of 0.4 ml h�1. A high voltage (14 kV)

and a distance of 14 cm between the needle and the drum collector were used.

The drum collector, which was connected with the ground and used as a target

electrode, was rotated at 50 and 3000 r.p.m. min�1 to collect non-aligned and

aligned nanofiber assemblies, respectively.18 The relative humidity in the

chamber was maintained at about 35% by flowing N2.

Dynamic contact angle measurement
For each experiment, fuchsine solution at a concentration of 1�10�5

M was

used instead of deionized water to ensure a clear view of droplets. A 0.5-ml

droplet was deposited using a micropipette on the surfaces of nanofiber

assemblies. Images of the spreading of the droplet were recorded using

both a top view KH-7700 digital microscope with an AD-5040 L macrolens

(Hirox Co., Ltd, Tokyo, Japan) and a side view IUC200-CK2 camera (Trinity

Co., Ltd) at a frame rate of 30 f.p.s. The dynamic contact angle and base

diameter were determined with the side view camera. A minimum of 10 drops

were examined for each surface.7

Deposition of PEDOT/PSS dispersion on PVP/PMMA nanofiber
assemblies
The weights of non-aligned and aligned PVP/PMMA nanofiber mats were

25.4 mg and 24.4 mg, respectively, with area 4�7 cm. Each nanofiber mat was

placed on a polyethylene (PE) film and well-dispersed PEDOT/PSS aqueous

dispersion (1.3 wt% solid content, 2.0 g) containing 5 wt% EG was deposited

on the nanofiber mat, then the sample was dried at 100 1C for 2 h. EG was used

as an additive to enhance the electronic conductivity of PEDOT/PSS.

Measurements
Morphologies of nanofibers were examined with a VE-8800SP (Keithley Co.,

Ltd.) scanning electronic microscope (SEM). The angle distribution of the

nanofibers was determined from the SEM images using image tools.

The nanofiber alignment was quantified by measuring the angles between

the desired direction and the longitudinal axes of the nanofibers. A total of 200

fibers were examined from SEM images over an area of 0.18�0.25 mm2 for

each nanofiber mat. The orientation parameter that was originally suggested in

the field of fiber composites was adapted to quantitative analysis of the

electrospun nanofibers.24,25 Mechanical properties were evaluated with a

RTC-1250A tension tester (A&D Co., Ltd, Tokyo, Japan) at a constant strain

rate of 100% min�1 (chuck distance 30 mm). Tensile specimens were prepared

with length 30 mm. Young’s modulus, tensile strength and elongation at break

were calculated from the stress-strain curves as average values from at least five

determinations.

The electromechanical properties of PEDOT/PSS films were tested with a

ZP-2N force gauge (Imada Co., Ltd, Nagoya, Japan). A composite film speci-

men with size 40�3 mm was placed in a humidity-controlled chamber. An

electric field was applied to the film by a computer-driven PK-80 DC power

supply (Matsusada Co., Ltd, Kusatsu, Japan) through a pair of copper wires

(170 mm) attached to the PEDOT/PSS film with silver paste; the distance

between the electrodes was about 30 mm. The electric currents were monitored

with a U1252A digital multimeter (Agilent Co., Ltd, Tokyo, Japan).

RESULTS AND DISCUSSION

Aligned electrospun nanofiber assemblies were prepared from
250 mg ml�1 PVP/PMMA (weight ratio 10/90) in N,N-dimethylfor-
mamide containing 5 wt% tetra-n-butylammonium bromide with
respect to PMMA.23,24 Electrospun nanofibers were collected on the
drum collector rotated at 3000 r.p.m. The SEM image of aligned
PVP/PMMA nanofiber assemblies shows that nanofibers with average
diameter 342±56 nm were well arranged and formed a dense array
(Figure 1a). The thickness of the aligned nanofiber assembly used in
this study was approximately 22mm. Although substantial misalign-

Figure 1 (a) Scanning electronic microscope image of aligned poly(vinyl

pyrrolidone)/poly(methyl methacrylate) nanofiber assemblies. (b) Histogram

of orientation distribution of the poly(vinyl pyrrolidone)/poly(methyl

methacrylate) nanofibers.
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ment was still observed in the fiber assemblies, it was found that at
least 85.5% of the nanofibers were oriented within ±201 of the
preferred direction (Figure 1b). The orientation parameter of the
nanofiber assembly was estimated to be 0.86 by statistical analysis of
the direction histogram.25,26 The value obtained is comparable with
the reported value for electrospun poly(ethylene oxide) nanofiber
assemblies collected at 2500 r.p.m.26,27 Non-aligned nanofiber mats
were prepared at drum rotation speed of 50 r.p.m. min�1 using the
same mother solution of PVP/PMMA. The orientation parameter of
the non-aligned fiber mat was determined to be 0.08 (Supplementary
Figure S1).

The wettability of these nanofiber assemblies is a key attribute for
coating the polymer matrix. During the coating process, polymer
solution penetrated into the nanofiber assemblies and covered all
surfaces of the nanofibers. A 0.5ml water droplet spread on the non-
aligned nanofiber mat formed a spherical shape and displayed
complete isotropic wetting after 4 s. However, the same droplet on
aligned nanofiber assemblies showed anisotropic wetting similar to the
behavior of a water droplet on grooved surfaces.5,28,29 Figure 2 shows
the time-course of water droplet deformation on the aligned nanofiber
assemblies. The x- and y-directions in Figure 2 show the directions of
movement of the droplet as parallel and perpendicular to the oriented
nanofibers (subscripts for yx and yy mean the observation direction).
Although the contact angle measured in the x-direction yx was 128 1,
the contact angle yy was found to be 98 1. Both angles were signifi-
cantly larger than the contact angle for a PVP/PMMA solution cast
film (511). The nanofiber assemblies include the effect of microscopic
air pockets trapped below the liquid droplet, which leads to a
hydrophobic interface.30,31 The addition of water-soluble PVP to
PMMA changed the wettability of the nanofiber assemblies by redu-
cing surface energy while maintaining the fibrous morphology.
The contact angles in both directions approached zero by penetration
of the water droplet into the nanofiber matrix. In comparison, the
contact angles of water on the PMMA nanofiber assemblies in both
directions are over 115 1 (144 1 and 115 1). The water droplet set on
PMMA nanofiber assemblies with air pockets below, which prevented
water from contacting the PMMA surface completely by trapping air
at the water–PMMA nanofiber interface. Time-lapse images of a liquid
droplet spreading on aligned PVP/PMMA fiber mat are shown in

Figures 2b and c. The initially spherical droplet spread on the aligned
PVP/PMMA nanofiber assemblies, and was deformed into an ellip-
soidal shape. Finally, the droplet penetrated into the nanofiber matrix
and achieved complete wetting after 180 s.

To confirm the role of the contact line pinning of aligned nanofiber
assemblies in determining the droplet shape, the dynamic contact
angles and base diameter both perpendicular and parallel to the
y-axis were measured as a function of time. Figure 3 shows
the time-courses of the contact angles and base diameters of a water
droplet on aligned and non-aligned nanofiber assemblies. The
dynamic contact angles and the base diameters in both directions
on a non-aligned nanofiber mat decreased within 4 s. The profiles in
the x-axis were comparable with those in the y-axis. By contrast, the
aligned nanofiber assemblies required 180 and 100 s, following attain-
ment of the equilibrium contact angles yx and yy , to reach complete
wetting (Figures 3a and b). On the aligned nanofiber assemblies, the
base diameter dx increased gradually for 100 s then became constant,
whereas the base diameter dy was roughly constant during the
experiment (Figures 3c and d). The final drop elongation, calculated
from the diameter ratios in the x- and y-directions of the ellipsoidal
droplet on the aligned nanofiber assembly, was 2.5, whereas for the
drop on the non-aligned nanofiber mat the elongation was 1.0
(Figures 3c and d). Thus, the non-aligned nanofiber mat exhibited
isotropic spreading of the droplet and there were no pinning barriers
for contact line motion. On the other hand, the aligned nanofiber
assembly showed directional spreading of the droplet along the
alignment direction of the nanofibers. These results clearly confirmed
that the aligned nanofiber assemblies had a high degree of alignment
while maintaining their wettability.

Electro-active PEDOT/PSS films have been found to exhibit
excellent isotropic actuation properties as a result of controlling the
water vapor sorption equilibrium in response to an electric field.22,32

The electromechanical properties are affected by ambient humidity
that changes water uptake of the PEDOT/PSS film or PEDOT/PSS
coated papers.32,33 When the aligned nanofiber assemblies were
embedded in the PEDOT/PSS matrix, the anisotropic structure
affected the directional actuation of the composite. The procedure
for fabrication of aligned nanofiber-embedded PEDOT/PSS composite
is shown schematically in Figure 4a. PEDOT/PSS aqueous dispersion

Figure 2 (a) Illustration for the directional measurement of contact angles on aligned poly(vinyl pyrrolidone)/poly(methyl methacrylate) fibers, subscripts for yx
and yy mean the observation direction. (b, c) Time-lapse images of liquid droplet spreading on poly(vinyl pyrrolidone)/poly(methyl methacrylate) fiber mat: b,

side view and c, top view. A 0.5-ml water droplet (fuchsine concentration: 1�10�5 M) was spread on aligned poly(vinyl pyrrolidone)/poly(methyl methacrylate)

nanofiber assemblies. The drop motions are highlighted by the arrows in b and c. A full color version of this figure is available at Polymer Journal online.
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displayed complete wetting similar to water on the aligned nanofiber
assemblies. It easily penetrated into the aligned nanofiber assemblies
and wetted all surfaces of the nanofibers. Figure 4b shows an SEM
image of the PEDOT/PSS film containing the aligned PVP/PMMA
nanofiber mat, showing aligned fibrous morphology after coating. A
PEDOT/PSS layer was coated on the surfaces of the aligned nanofi-
bers, and the interspace between nanofibers was filled with PEDOT/
PSS. The contour of a PEDOT/PSS wetted spot revealed an elongated
and parallel-sided shape (inset to Figure 4b) with elongation value of
2.1. This shape is typically observed on grooved surfaces, which again
confirms that the nanofibers were highly orientated.5,28,29 The orien-
tation parameter of the coated nanofibers was determined as 0.82
(Supplementary Figure S2), in agreement with the value for uncoated
aligned nanofibers. Inside the PEDOT/PSS layer, the aligned nanofi-
bers were fully covered with PEDOT/PSS (Supplementary Figure S3).
It should be pointed out that the sheet resistance of this PEDOT/PSS
film without EG is 1.6 kO per square. By mixing with 5% of EG, the
sheet resistance can be reduced to a low level of 5.7O per square
corresponding to a conductivity of 150 S cm�1 in the PEDOT/PSS
film. The enhancement in conductivity was caused by the benzoid
structure of PEDOT transforming into a quinoid structure.34–36

Young’s modulus of the aligned nanofiber-embedded PEDOT/PSS
composite film along the nanofiber orientation direction was
2.2±0.2 GPa, nearly three times that of non-aligned nanofibers
(0.8±0.1 GPa). Moreover, this value was almost five times the value
perpendicular to the nanofiber direction, showing the anisotropic
mechanical properties of the composite film (Figure 5a).

The electromechanical properties of PEDOT/PSS composite films
with incorporated aligned nanofiber assemblies were investigated by
the stress generation by applying a voltage. Figures 5b and c show the
time profiles of the generated stress and current for three different
PEDOT/PSS films at 50% relative humidity and 25 1C. When a voltage
of 2.8 V was applied to the PEDOT/PSS composite film, the film
generated a large stress in response to the electric field. Turning off the
applied voltage returned the stress to zero. The currents for the three
samples were almost the same at about 53 mA at 2.8 V applied voltage.

Figure 4 (a) Schematic illustration of the preparation of poly(3,4-

ethylenedioxythiophene)/poly(4-styrene sulfonate) (PEDOT/PSS) composite

film containing aligned nanofiber assemblies. (b) Scanning electronic

microscope image of the surface of PEDOT/PSS composite film containing

aligned poly(vinyl pyrrolidone)/poly(methyl methacrylate) (PVP/PMMA)

nanofibers. Inset is optical image of PEDOT/PSS dispersion wetted spot on

aligned nanofiber assemblies. A full color version of this figure is available at

Polymer Journal online.

Figure 3 (a, b) Dynamic contact angle parallel and perpendicular to the y-axis (see the definition in Figure 2a) as a function of time for poly

(vinyl pyrrolidone)/poly(methyl methacrylate) nanofiber mat. (c, d) Base diameter perpendicular and parallel to the y-axis as a function of time for poly

(vinyl pyrrolidone)/poly(methyl methacrylate) nanofiber assemblies (�) and no-naligned nanofiber mat (J), subscripts for dx and dy mean the observation

direction.
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However, the stress generated along the nanofiber direction was
3.2 MPa, and only 50% of the stress perpendicular to the nanofiber
direction. The PEDOT/PSS film containing the non-aligned nanofiber
mat showed an intermediate stress of 4.7 MPa. We propose that this
anisotropic electromechanical actuation can be attributed to the
anisotropic mechanical properties of the PEDOT/PSS composite
film containing aligned nanofiber assemblies. The stress that is
generated depends strongly on the orientation angle of the nanofibers
within the composite films.

Bilayer actuators were fabricated by deposition of PEDOT/PSS
composite film onto PE thin film in the same manner that PEDOT/
PSS composite film was made. Poly(vinyl alcohol) was used as an
adhesion interlayer between PE and the PVP/PMMA nanofiber mat to
prevent the PEDOT/PSS film from peeling off. The thicknesses of PE
film, poly(vinyl alcohol) interlayer and PEDOT/PSS composite film
were 10mm, 0.55mm and 27mm, respectively. Two PEDOT/PSS–PE
bilayers containing the aligned nanofiber assemblies were prepared by
cutting the bilayer in two directions. Cross-sectional images of the

bilayer actuators are depicted in Figure 6a. The left image shows the
aligned nanofiber direction parallel to the loading direction, and is
defined as a y-bilayer. The right image shows the aligned nanofiber
direction perpendicular to the loading direction, and is defined as an
x-bilayer. The y-bilayer displayed a bending/unbending motion in
response to an applied voltage of 2.8 V, whereas no obvious motion
of the x-bilayer was observed. Figure 6b shows a schematic illustration
of the bending/unbending movement of the bilayer actuators. The
bending angle (a) of the bilayer actuator was obtained from the width
between the two positions A1 and B1. Figure 6c shows the time-
dependent bending angles of the PEDOT/PSS–PE bilayer. The
PEDOT/PSS composite layer on the PE film shrunk by applying a
voltage because of the water vapor desorption from the electro-active
PEDOT/PSS, and the bilayer bent as the result of shrinking of the
PEDOT/PSS layer. The y-bilayer bent from 0 to 531 within 8 s of after
applying the electrical field, indicating a bending speed of 7.9 1 s�1.
However, the x-bilayer showed no motion on application of the same
voltage. Thus, the PEDOT/PSS–PE bilayer with incorporated non-
aligned nanofiber mat showed an isotropic bending motion on
application of the electrical field. It follows that the bending
motion is affected by the alignment of the nanofiber structures in
the PEDOT/PSS layer, and the difference of Young’s modulus in the
composite films results in the anisotropic bending actuation.

Figure 5 (a) Stress-strain curves of poly(3,4-ethylenedioxythiophene)/poly(4-

styrene sulfonate) composite films with non-aligned and aligned nanofibers

and (b) time profiles of the generated stress of loading direction parallel to

aligned nanofiber direction (J), loading direction perpendicular to aligned

nanofiber direction (�) of poly(3,4-ethylenedioxythiophene)/poly(4-styrene

sulfonate) composite films with aligned nanofiber assemblies and
poly(3,4-ethylenedioxythiophene)/poly(4-styrene sulfonate) film with non-

aligned nanofiber mat (B). (c) Time profile of the current of poly

(3,4-ethylenedioxythiophene)/poly(4-styrene sulfonate) composite films at

25oC with 50% relative humidity.

Figure 6 (a) Illustration of poly(3,4-ethylenedioxythiophene)/poly(4-styrene

sulfonate (PEDOT/PSS)–polyethylene (PE) bilayer with aligned nanofiber

assemblies. Left image: y-bilayer, right image: x-bilayer. (b) Schematic

illustration of the bending/unbending motions. (c) Time-dependent bending

angles of PEDOT/PSS–PE bilayer with aligned nanofiber assemblies

(�, y-bilayer; J, x-bilayer) and PEDOT/PSS–PE bilayer with non-aligned

nanofiber mat (&). The bending actuations are measured under an applied

constant current of 53mA at 25 1C with 50% relative humidity. A full color

version of this figure is available at Polymer Journal online.
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Conclusions
Anisotropic actuation properties using electrospun nanofiber assem-
blies can be obtained by controlling the alignment of the nanofibers
and fully covering the nanofibers with electro-active conductive poly-
mers. The orientation of the nanofibers pre-determined an anisotropic
generating stress and bending motion. Aligned nanofiber assemblies
were prepared by collection of electrospun nanofibers on a rotating
drum collector. The alignment of nanofiber assemblies was evaluated
by statistical analysis of the nanofiber direction histogram and aniso-
tropic wettability. PEDOT/PSS composite film incorporating the
aligned nanofiber assemblies exhibited anisotropic electromechanical
properties due to the anisotropic mechanical properties within the
composite film. This study will open prospects for the construction of
anisotropic actuators based on directional orientation of nanofibers,
and further investigation may lead to fabrication of low-cost, flexible
ambient devices with anisotropic actuation properties.
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