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Abstract
Free-standing polypyrrole films have been stretched or cold rolled to produce uniaxially and biaxially textured films. The oriented films show
an increase in conductivity up to 3� when compared to unprocessed films, due to polymer chain alignment. Highly anisotropic active stress and
strain are observed for the textured films, with up to 7� larger active strains transverse to the orientation direction. This anisotropy results in
a 100% increase in active stress and 70% increase in active strain when compared to unprocessed films, and active strains over 10% (when
cycled at 0.1 V/s) have been achieved with this method.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polypyrrole is an interesting conducting polymer for devel-
opment as an actuator material, due to the high power density
and active stresses achievable as well as the fact that the mate-
rial can be actuated at very low voltages (0.5e3 V). We electro-
deposited free-standing polypyrrole films and then manipulated
the structure of those films via post-synthesis processing. By
manipulating the nanoscale chain configuration and packing,
we exploited the connection between nanoscale transport events
and macroscale active strain to make better conducting polymer
electroactive devices. Previous groups have utilized synthetic
variables to impart an anisotropic structure to very small
(10�6 mm2) polypyrrole samples on a rigid substrate [1,2].
Here we take free-standing polypyrrole films produced on
a much larger scale (14,000 mm2) and process them by post-
synthesis to obtain free-standing anisotropic actuators.
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Stretched conducting polymer films have previously been
shown to have anisotropic conductivity [3e5] and in polyani-
line, anisotropic electroactive strain [6]. Our group has re-
cently employed post-deposition deformation processing to
improve electroactive properties of polypyrrole films doped
with hexafluorophosphate [7]. In the present study we further
probe the uniaxial texture imparted by stretching as well as use
cold rolling to impart a biaxial texture to polypyrrole films. We
had hoped that the additional organization present in the biax-
ial microstructure would produce ordered channels in which
ions could easily travel through the film, improving the elec-
troactive properties even beyond what is achievable in uniax-
ially drawn films. Wide-angle X-ray diffraction was used to
evaluate the microstructure of the stretched and rolled films,
and showed significant polymer chain orientation without an
appreciable change in the 2q breadth of the diffraction peaks.
This chain orientation led to anisotropy in conductivity, elastic
modulus, and electroactive response for both the stretched and
rolled films. The anisotropy of electroactive response was de-
pendent on the rate of electrochemical actuation, and we dis-
cuss the deformation of interchain spaces during processing
that could be responsible for the anisotropy and the time de-
pendence of the electroactive response.
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2. Experimental
2.1. Polypyrrole film synthesis
Polypyrrole films were deposited electrochemically onto
a glassy carbon electrode and then peeled off the electrode
for processing and testing. The solution used for most films
consisted of 0.05 M tetrabutylammonium hexafluorophosphate
(TBAPF6), 0.05 M pyrrole and 1 vol% water in propylene car-
bonate. The deposition was carried out at a constant current
density of 1 A/m2, at a temperature of �40 �C, with a copper
foil counter electrode. These deposition conditions will be re-
ferred to as ‘‘TBAPF6/PC’’ and are the conditions used when
not otherwise specified. For comparison, additional samples
were deposited from 0.2 M pyrrole, 0.2 M lithium bis(trifluoro-
methanesulfonyl)imide in methyl benzoate (LiTFSI/MB) [8]
or 0.2 M pyrrole, and 0.2 M TBAPF6 in methyl benzoate
(TBAPF6/MB). Pyrrole (Aldrich 99%) was vacuum distilled
before use. All other materials were used as-received.
2.2. Polypyrrole film processing
After synthesis, large area films (70 mm� 230 mm�
0.03 mm) were peeled off from the working electrode and
stored in ambient conditions. Sections of these films
(50 mm� 150 mm) were stretched up to 100% linear elonga-
tion by a Zwick/Roell Z010 Mechanical Tester under stress
control, at a rate of 0.0167 MPa/min. The stretched film
specimens will be referred to as ‘‘S’’. Different sections
(20 mm� 60 mm) of the as-deposited films were mechani-
cally rolled up to 70% linear elongation using a Durston
C130 rolling mill. The rolled film specimens will be referred
to as ‘‘R’’. All films were processed at room temperature, in
air, within two days of deposition. The coordinate system
used for oriented samples is defined as

� ND (normal direction)¼ normal to the surface of the film
� MD (machine direction)¼ parallel to the stretch or roll

direction
� TD (transverse direction)¼ perpendicular to the MD and

ND

Samples for electroactive testing (2 mm� 15 mm) were cut
from the stretched and rolled films, some with their long axis
parallel to the machine direction (labeled SMD and RMD) and
some with their long axis perpendicular to the machine direc-
tion (labeled STD and RTD). For comparison, 2 mm� 15 mm
samples were cut from the as-deposited polypyrrole film
with no additional processing (labeled ‘‘A’’).
2.3. Polypyrrole film testing
After processing, films were stored at ambient conditions.
The conductivity of each sample was measured using a stan-
dard four-point probe. Wide-angle X-ray diffraction patterns
were taken under vacuum, using Fuji BAS-MS image plates.
Single polypyrrole films were exposed with the incident
X-ray beam (qo) parallel to the ND. For qo parallel to the
MD or TD, small strips of polypyrrole (approximately 1 mm�
3 mm) were cut from larger samples in the MD or TD with
care to maintain orientation, and stacked to a thickness of ap-
proximately 0.75 mm for exposure to the X-ray beam. The dif-
fraction patterns were integrated using the Polar software
package, developed at Brookhaven National Laboratories [9].

Mechanical properties and electroactive properties were
measured on a custom-built dynamic mechanical analyzer
within one week of deposition and processing [10]. This appa-
ratus allows one to clamp the polypyrrole film under tension in
a three-electrode electrochemical cell and measure the electro-
active response that occurs upon application of a potential
waveform. For our experiments, a stainless steel counter
electrode and silver wire reference electrode were used. The
electrolyte was neat 1-butyl-3-methylimadazolium hexafluoro-
phosphate (BMIMPF6). Before submersion in the electrolyte,
the passive elastic modulus of each sample was measured by
application of a 1% strain at a frequency of 1 Hz. After the ini-
tial modulus measurement, the film was slackened, submersed
into electrolyte, and ‘‘warmed up’’ by application of a �2 V
triangle wave at 0.1 V/s until the current response stabilized.

After warm-up, the films were measured in both isotonic
and isometric modes. In isotonic mode, the films were held
at a constant load (0.5 MPa) in the electrolyte. A potential
waveform was applied and the resulting length change was
measured. The ‘‘active strain’’ is the contractile strain ob-
served. In isometric mode, the film was held under tension
at a constant length (approximately 1% strain). A potential
waveform was applied and the change in stress was measured.
The ‘‘active stress’’ is the magnitude of the stress response.

3. Results
3.1. Wide-angle X-ray diffraction
Uniaxial stretching causes the polypyrrole chain axes to
align in the MD, leading to anisotropic scattering visible via
X-ray diffraction. Several authors have conducted X-ray dif-
fraction on stretched polypyrrole films to differentiate between
characteristic reflections that occur parallel and perpendicular
to the chain axis and assign these reflections to physical fea-
tures [4,5,11,12]. A schematic of these characteristic reflec-
tions is shown in Fig. 1(1) and a diffraction pattern from
a film stretched as part of this work is shown in Fig. 1(2).
We use the letters ‘‘aec, G’’ to describe the characteristic re-
flections in polypyrrole. While this notation suggests a crystal-
line unit cell, diffraction patterns of polypyrrole show that the
films do not contain large amounts of crystalline material, as
will be discussed shortly. Instead, there are very small well-or-
dered regions (‘‘chain bundles’’) within a relatively disordered
matrix, as is shown schematically in Fig. 3(3) and expanded
upon in Section 4.

Reflection a occurs at 3.4 Å and is attributed to the face-to-
face distance between polypyrrole rings on adjacent stacked
planar chains [4,7,11,13e15]. This assignment is shown in
Fig. 3(2) and is supported by the fact that in oriented films,
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Fig. 1. Diagram of characteristic reflections in polypyrrole. (1) Schematic of

characteristic reflections observed in wide-angle X-ray diffraction patterns

of stretched films. Machine direction is horizontal. (2) Example of wide-angle

X-ray diffraction pattern from stretched film. The MD is horizontal.

MD
28°

2. Idealized schematic of reflection c

1. Staggered polypyrrole chain configuration

61°dipyrrole unit: d = 7.3 Å

MD
face-to-face spacing
d = 3.4 Å
reflection a: 3.4 Å

(7.3Å)cos(28°) = 6.6 Å 
reflection c: 6.6 Å

28°

c
: 6.6 Å

Fig. 2. (1) Schematic illustration of proposed staggered polypyrrole chain

model. The polypyrrole chain axes align in the MD (horizontal), but are offset

from each other along the chain axis causing reflection c to be observed at

6.6 Å instead of at the dipyrrole repeat spacing of 7.3 Å. (2) Schematic of in-

tensity distribution from the characteristic reflection c that would result from

the staggered model shown in (1) along with finite misorientation of the chain

axis along the MD.
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this spacing occurs perpendicular to the chain axis. Reflection
b is observed at d spacings of 13e22 Å and also orients per-
pendicular to the chain axis. This reflection has been observed
to increase to a larger d spacing as larger counterions are used
in deposition [5,16], suggesting that it corresponds to the dis-
tance between stacks of polypyrrole chains separated by coun-
terions. When larger counterions sit between the stacks of
polypyrrole chains, the stacks move further apart causing the
d spacing of reflection b to increase. Reflection c orients par-
allel to the chain axis and has been attributed to a feature re-
peated along the polymer chain. Yamaura et al. observed this
reflection at 7.3 Å and assigned it to the trans-planar dipyrrole
repeat [5]. Nogami et al. observed reflection c at a spacing at
6.46 Å and attributed the difference from the measured size of
a dipyrrole unit to the polypyrrole chains having an axial tilt-
ing of 25e30� from the machine direction [11]. However, it is
expected that the chain axes will align in the MD upon stretch-
ing, and we find no logical reason for the chain axes to assume
a regular 25� deviation from the MD. Furthermore, a tilting of
the chain axes should also cause a deviation in reflection a,
which neither we nor Nogami et al. observe [11]. It is possible
that the deviation of the spacing corresponding to reflection c
from the size of the dipyrrole unit is caused by a staggering of
polypyrrole chains that are axially aligned in the MD, as was
also proposed by Nogami et al. (though they do not discuss its
implications for d spacing of reflection c [11]) and is schemat-
ically illustrated in Fig. 2. Similarly to what has been previ-
ously observed in polyurethanes [17e19], the arrangement
shown in Fig. 2 would result in two diffraction maxima ap-
proximately �28� from the MD at 6.6 Å instead of one peak
along the MD at 7.3 Å. We observe reflection c at approxi-
mately 6.6 Å and while we do not observe two separate max-
ima, the peak is so azimuthally broad that the two maxima
could be overlapped. While the reason for the observed devi-
ation from the dipyrrole spacing cannot be conclusively deter-
mined due to the ambiguous diffraction pattern, we believe it
more likely to be caused by a regular offset of the polypyrrole
chains than a regular tilting of the chain axes away from the
MD.

Reflection G does not become anisotropic upon stretch and
has previously been attributed to scattering from the amor-
phous polymer chains [11,15,20]. This assignment implies
there is no substantial contribution from PF6

� scattering to dif-
fraction pattern, which is highly unlikely given the fact that the
PF6
� anions contain the highest atomic number elements in the

system. Furthermore, even non-crystalline polymer chains will
assume axial orientation in the MD (leading to anisotropic
X-ray scattering) upon stretching below their Tg. Polypyrrole
doped with p-toluene sulfonate has been shown to have a Tg

of about w50 �C when polymerized from propylene carbonate
[21] and a Tg of about w150 �C when polymerized from aque-
ous solution [22], and Tg may also change depending on the
redox state of the polymer. We have not observed a clear Tg
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Fig. 5. Wide-angle X-ray scattering of unprocessed polypyrrole with qo paral-

lel to the ND. Reflections aec and G all appear as isotropic rings, due to the

lack of preferential orientation.
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in our polypyrrole films, but based on the published results for
other polypyrrole systems and the stiff nature of the films we
produce, Tg for our films is well above room temperature.
Therefore, instead of arising from scattering from amorphous
polymer chains, reflection G must be primarily due to correla-
tions between small molecules that do not assume preferential
orientation upon stretching. It has previously been reported to
be caused by solvent [23] or counterion [5,14,24] scattering.

By changing the solvent and counterion used for deposi-
tion, we can investigate how reflection G depends on the scat-
tering from the small molecules in the system. Thus, when the
solvent is changed from propylene carbonate to methyl benzo-
ate, the position of reflection G remains the same (Fig. 4).
When the counterion is changed to a larger species, the d spac-
ing corresponding to reflection G increases (qpeak shifts from
q¼ 1.4 Å�1 to q¼ 1.26 Å�1). Unlike previous studies [5,16],
in our work, there is not a clear trend in the position of reflec-
tion b when the counterion is changed, as the position of re-
flection b also seems to be sensitive to the solvent and
electrode material.

X-ray diffraction measurements were taken from as-depos-
ited, stretched and rolled films with the incident X-ray beam
(qo) parallel to all three axes. The 2D diffraction pattern for
an as-deposited polypyrrole film is shown in Fig. 5. For the
as-deposited film, characteristic reflections aec and G do
not show anisotropy in any direction. As expected, the
polypyrrole chains are randomly oriented throughout the as-
deposited sample. When qo is parallel to the ND and MD
the diffraction patterns have identical features to the one
shown, showing that the as-deposited film is isotropic.
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Wide-angle X-ray patterns for stretched and rolled polypyr-
role are shown in Figs. 6e8. For the stretched films, reflection
c (which arises from correlations along the chain axis) clearly
aligns in the MD (Fig. 8(1)). Reflections a and b occur trans-
verse to the chain axis, so they are absent in the MD and in-
stead they appear in the ND and TD as is expected for
uniaxial alignment along the MD. As one increases the elon-
gation of the stretched films, the orientation improves and
less scattering from reflection c is visible in the ND and TD.
However, because these peaks are poorly defined and overlap-
ping, we were not able to quantitatively calculate Herman’s
orientation parameters.

In the rolled films, reflection c again appears most strongly
along the MD, confirming axial chain alignment with the MD
(as shown in Fig. 8(2)). However, in this case reflection a ap-
pears in the ND and not in the TD (so it is visible in Fig. 7(2)
but not in Fig. 7(1)), while reflection b appears in the TD and
not in the ND (so it is visible in Fig. 7(1) but not in Fig. 7(2)).
This shows that rolling aligns the chain axes in the MD, but
the chains assume an additional degree of orientation with
the polypyrrole rings parallel to the surface of the film. This
is the first time that this biaxial texture has been shown in
T
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Fig. 6. Wide-angle X-ray scattering of stretched polypyrrole. Reflections a and b or

(2). The diffraction pattern when qo kMD is isotropic as seen in (3), confirming un

tropic ring in all viewing directions. Some shadowing from the clamps holding th
polypyrrole, where reflections a and b appear perpendicular
to each other.
3.2. Effect of processing on electroactive response
Fig. 9 compares the electroactive strain response for
stretched and for rolled films to that of an unprocessed film.
For the conditions shown in Fig. 9, the as-deposited film shows
an active strain of 3A¼ 4.7%. The rolled film shows an active
strain of 3MD¼ 1.5% in the MD and 3TD¼ 8.9% in the TD.
The stretched film shows an active strain of 3MD¼ 1.4% in
the MD and 3TD¼ 9.6% in the TD. The as-deposited and
TD films (for both stretched and rolled samples) show an over-
all greater extension than contraction, as will be discussed
later.

Both the stretched and rolled samples tested shown in Fig. 9
were cut from films processed to approximately 55% linear
elongation. However, not every point in the processed film
has the same degree of polymer chain orientation due to local-
ized plastic deformation. We use the local conductivity and lo-
cal elastic modulus to compare the degree of orientation in
small samples. In a perfectly oriented conducting polymer
ND
4.  3D view

D
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MD
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c

a

2.  qo || TD

ient in the ND and TD, while reflection c orients in the MD as seen in (1) and

iaxial alignment in the MD. Reflection G does not orient and remains an iso-

e films in the X-ray beam is visible in the qo k TD image (2).
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Fig. 7. Wide-angle X-ray scattering of rolled polypyrrole. Reflection a orients in the ND, so it is barely visible in the qo kND pattern (1). Reflection b orients in the

TD, so it is not observed in the qo kND pattern (2). Reflection c primarily orients in the MD. Reflection G does not orient. Some clamp shadowing is visible on the
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film, the polymer chains will be axially aligned with the MD.
For such a sample, one would observe a very high conductivity
and elastic modulus in the MD because the measurement cap-
tures the high conductivity and modulus of the polymer back-
bone, and a much lower conductivity and elastic modulus in
the TD because of the lower interchain conductivity and rela-
tively weak interchain bonding. Therefore, a larger anisotropy
in conductivity (sMD/sTD) and elastic modulus (EMD/ETD) is
indicative of a larger degree of axial orientation in the MD.
As shown in Table 1, on this basis the rolled samples show
slightly better orientation than the stretched samples. How-
ever, the stretched samples show a larger electroactive effect
for isotonic testing. Similar results are observed for isometric
testing, an example of which is shown in Fig. 10.

Changing the voltage ramp, we observe a difference in the
amount of active strain observed and the amount of irrecover-
able length change. As shown in Fig. 11, when stretched films
are actuated at 0.1 V/s, an active strain of 11.3% is observed in
the TD. As the voltage ramp is increased, the time for each
cycle decreases, as does the magnitude and anisotropy of
active strain. When the films in Fig. 11 are cycled at 0.1 V/
s, (3TD/3MD)S¼ 6.2. When the voltage ramp is increased to
1 V/s, the anisotropy of active strain decreases with (3TD/
3MD)S¼ 3.8.

4. Discussion
4.1. Polypyrrole microstructure
The diffraction patterns shown in Figs. 2e6 contain broad,
overlapping peaks that cannot be quantitatively separated,
even in highly processed films. The ambiguous shapes of the
individual peaks prevent accurate calculation of the average
crystallite size via the Scherrer equation [26,27]. Estimates
of crystal size using this method result in crystallites of 10e
20 Å in diameter, which contain only up to five repeat units
for reflection a and two repeat units for reflection c. If the
size of the ordered regions in polypyrrole is not larger than
a few stacked chains, the label of ‘‘crystal’’ is somewhat ten-
uous. The microstructure is best visualized as containing small
‘‘bundles’’ of polypyrrole chains stacked over a few repeat
units (two bundles with three repeat units for reflection
a and two repeat units for reflection c are highlighted in
Fig. 3(2)). These very small bundles of polypyrrole chains
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provide the characteristic reflections observed in the diffrac-
tion patterns, but their small size causes the peaks to be broad
and overlapping, preventing a full crystallographic character-
ization of the material. These bundles become oriented with
processing, as the polypyrrole chain axes align in the MD.
The fact that the counterions (observed via reflection G) do
not become oriented with processing shows that the counter-
ions are not part of these bundles, and are instead isotropically
distributed throughout the film, around and in between the
bundles.

Determination of percent crystallinity from X-ray diffrac-
tion patterns requires the separation of crystalline peaks
from broad amorphous halo(s). In polypyrrole the different
peaks cannot be clearly separated, and there is no discernable
difference in shape between peaks that have previously been
assigned to ‘‘crystalline’’ scattering or ‘‘amorphous’’ scatter-
ing. Even if one assigns reflection G to non-crystalline PF6

� an-
ions, the broad, overlapping nature of the other reflections
prevents one from unambiguously separating them from an
‘‘amorphous’’ contribution to quantify the percent crystallinity
based on the diffraction pattern. The assignment of a Gaussian
fit of reflection G to the non-crystalline component in the sam-
ple has previously led to incorrect estimates of percent crystal-
linity, up to 50% for polypyrrole doped with PF6

� [15,20]. This
is an extremely high value considering the lack of clear crys-
talline peaks in the diffraction pattern, and a typical doping
level of one PF6

� anion for every three pyrrole rings in the
as-deposited film (so at least 30 vol% of the film is non-crys-
talline PF6

�).
Even though they are not a majority component of the ma-

terial, the chain bundles have a significant effect on polypyr-
role’s mechanical and electrical properties. We suggest the
bundled chain segments are tightly held together due to p-or-
bital overlap. The bundles act as physical cross-links, connect-
ing the chains within the polypyrrole matrix as shown in
Fig. 3(1). Elemental analysis of fresh polypyrrole films depos-
ited from our standard recipe has shown that these films are
only approximately 40 wt% polymer, the remainder of the
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stretched to 55% elongation. Under these conditions, (3TD/3MD)S¼ 7.0. (2)

Films rolled to 55% elongation. Under these conditions, (3TD/3MD)R¼ 5.9.

Table 1

Electroactive results for as-processed, stretched and rolled films, tested in neat BMIMPF6

Treatment Direction s (104 S/m) sMD/sTD E (GPa) EMD/ETD 3a (%) 3MD/3TD Stressb (MPa) StressMD/stressTD
b

None 2.4 0.4 4.7 5.2

Roll w 55% MD 5.3 4.7 0.5 1.5 1.5 1.4

TD 1.1 0.3 8.9 5.9 7.0 4.9

Stretch w 55% MD 5.0 3.8 0.4 1.4 1.4 1.6

TD 1.3 0.3 9.6 7.0 8.8 5.4

Conductivity (s) and elastic modulus (E ) are measured as described in Section 2.
a Isotonic testing under conditions shown in Fig. 9.
b Isometric testing under conditions shown in Fig. 10.
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tions, (stressTD/stressMD)S¼ 5.4. (2) Films rolled to 55% elongation. Under

these conditions, (stressTD/stressMD)R¼ 5.0.
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Fig. 11. Isotonic testing of stretched samples in neat BMIMPF6 with a static

force of 0.5 MPa. A �2 V potential triangle wave was applied with the voltage

ramp indicated. Strains are normalized by subtracting the initial strain that oc-

curs upon application of the static force. Light grey bars: SMD. Black bars: A.

Dark grey bars: STD. At 0.1 V/s, (3TD/3MD)S¼ 6.2. At 0.5 V/s, (3TD/

3MD)S¼ 5.3. At 1 V/s, (3TD/3MD)S¼ 3.8.
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film consisting of approximately equal parts of PF6
� and pro-

pylene carbonate. The bundles allow the polypyrrole chains
to form a percolative path that dominates the films’ mechani-
cal properties, resulting in a robust film even though a majority
of the total film material consists of small molecules that can-
not support a tensile load. Polypyrrole bundles are illustrated
with the other components in the film in Fig. 3(3). The bun-
dled network provides the high electronic conductivity
(2.4� 104 S/m) and high elastic modulus (0.4 GPa) of the
as-deposited film, because the network consists of individual
and bundled highly conductive and rigid chains. Furthermore,
the bundle regions improve interchain charge transfer via
p-overlap beyond what would be achievable in a polymer
that was only physically entangled.
1. As-Deposited:

chains isotropically distributed

3

c
r

Fig. 12. Microstructure of polypyrrole chains in as-deposited and processed films. (1

disordered regions) are isotropically distributed. (2) Stretched film. Bundled and n

distributed and tilted around the MD (uniaxial orientation). (3) Rolled film. Bund

ring normals are preferentially oriented in the ND (biaxial orientation).
4.2. Textures in processed films
While both the stretched and rolled films show polymer
chain alignment in the MD, the X-ray diffraction patterns
show that the 3D distributions of the polypyrrole chains (and
bundles) are different. The polypyrrole chain orientations for
as-deposited, stretched, and rolled films are schematically il-
lustrated in Fig. 12. Note that Fig. 12 is intended to clearly
show the preferential orientation of the small polypyrrole bun-
dles, not accurately describing the level of disorder of all com-
ponents in this system. The stretched films show alignment in
only one direction, with the chain axes parallel to the MD.

The rolled films show a double texture, with the chain axes
parallel to the MD and the aromatic ring normals parallel to
the ND. However, the degree of orientation in the MD and
ND is not necessarily the same. In the rolled films
(Fig. 8(2)) reflection a is highly anisotropic, observed only
in the ND. This means that the pyrrole ring normals are
very well oriented in the ND. Conversely, while reflection c
is most intense in the MD, some scattering from reflection c
is observed in all directions. This means that while the chain
axes are preferentially oriented in the MD, they are not as
well oriented as the pyrrole ring normals (as shown in
Fig. 12(3)). While we do not measure the forces applied during
our rolling process, these results suggest that the rollers exert
enough compressive stress to force the planar chains to lie in
the MD/TD plane but not enough tensile deformation to per-
fectly align the chain axes in the MD. Furthermore, tilting
of the chains such that the ring normal is in the ND may be
considerably easier than organizing the chains such that they
are parallel to the MD, as it would not require the same extent
of disentanglement and rearrangement. A given chain segment
or bundle could rotate to line up its pyrrole ring normals to the
ND without requiring significant cooperativity amongst the
units.

The stretched films show a larger electroactive response
than do the rolled films, even in cases where the rolled samples
show a slightly more anisotropic conductivity and elastic mod-
ulus (as for the films in Table 1). This may be because of the
2. Stretched:

chain axes aligned in MD

. Rolled:

hain axes aligned in MD
ing normal aligned in ND

MD

ND

TD

) As-deposited, unprocessed film. The polypyrrole chains (in both bundled and

on-bundled polypyrrole chains are axially oriented in the MD, and randomly

led and non-bundled chains are axially oriented in the MD, and the pyrrole
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additional degree of orientation present in the rolled films
when compared to the stretched films. In the rolled films the
pyrrole ring normals are parallel to the ND, but the chains still
have a large distribution of orientation about the MD. This dis-
tribution of planar chains with their faces parallel to the film
surface may impede ion diffusion from the surface of the film.
4.3. Anisotropic actuation
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Oxidize
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Fig. 13. Schematic (2D) diagram of expansion and contraction for oriented

films under conditions shown in Fig. 7. The percentage change in length

and width upon oxidation and reduction is exaggerated for clarity. The area

of the sample while oxidized is labeled ox1, ox2 and ox3. The area of the sam-

ple while reduced is labeled red1 and red2. During each reduction, the area of

the sample increases. During each oxidation, the area of the sample decreases.

At the end of the redox cycle the sample has relaxed from its original aspect

ratio as described in the text.
Reduction of polypyrrole in neat BMIMPF6 leads to lateral
film expansion as cations swell the film. These cations must
find space between polymer chains, so the active strain occurs
perpendicular to the chain axis. In unprocessed films, the chain
axes are randomly distributed, so swelling and deswelling are
observed equally in all directions. In oriented films (both
stretched and rolled) the chain axis direction is preferentially
aligned with the MD, so the observed active strain is concen-
trated perpendicular to the MD as shown in Fig. 14. The small
amount of active strain observed in the MD is likely due to the
swelling of the misoriented chain component. Molecular mod-
eling has suggested that there may be an intrinsic actuation
mechanism that would produce a 30% strain along the chain
axis for isolated polypyrrole chains, as the chain straightens
and curls upon oxidation and reduction [28]. Our results
show that this is not a dominant mechanism in polypyrrole
films.

With the methodology described in Section 2, we are lim-
ited to measuring the electroactive response in the MD and
TD. Therefore, it is yet unclear whether the response in the
ND is larger for stretched or rolled films. Stretched films
should show an equal electroactive response in the ND and
TD due to their uniaxial orientation, while the rolled films
may show a very different response because the polypyrrole
chain orientations in the ND and TD are different. In order
to investigate this matter, instrumentation is currently being
developed to measure the electroactive response in the ND
for a free-standing processed film.

For the data shown in Fig. 9, 30e36 mC of charge was
passed during expansion portion of each cycle for each set
of films. The passage of a comparable amount of charge im-
plies incorporation of a comparable number of cations, and
should result in comparable volumetric expansion. With our
testing methodology expansion and contraction are only mea-
sured in one direction at a time. When an SMD or RMD sample
is actuated, it is likely that the film is expanding and contract-
ing significantly perpendicular to the measured direction. This
will be the case for both uniaxially and biaxially oriented
films. Future work could include instrumentation to systemat-
ically examine actuation in several dimensions at once, as this
is where additional differences between actuation in uniaxially
and biaxially oriented films will arise. However, if the goal is
to produce an efficient linear actuator, expansion and contrac-
tion in directions not harnessed by the device are irrelevant.
For these applications, an actuator that effectively actuates
in only one direction is ideal.

The electroactive tests presented here were intended to ex-
pose the influence of molecular orientation on actuation. Thus,
the isotonic tests were limited to 5e10 cycles and a load of
0.5 MPa, in an attempt to minimize molecular re-organization
due to the load applied during testing. These conditions are
sufficient to capture the anisotropy of active strain, but of in-
sufficient duration to obtain a full picture of the maximum
number of cycles achievable in oriented films. Polypyrrole ac-
tuated in neat BMIMPF6 has been previously shown to be very
stable (a decrease of only 0.2% in active strain was observed
over 6000 cycles [29,30]) but thus far only unoriented poly-
pyrrole has been tested. We expect oriented polypyrrole to
be equally electrochemically robust when actuated in neat
BMIMPF6, but it may not be as physically robust. Because
the polypyrrole chains are tied together via bundles, perfect,
single crystalline orientation is impossible. The orientation
that we achieve captures the polymer chains in a non-equilib-
rium configuration. As the polymer films are electrochemi-
cally cycled, movement of the small counterion molecules
plasticizes the film and increases the mobility of the chains.
The ion movement and changes in film volume during actua-
tion may allow the polymer chains the mobility needed to re-
vert to a more random orientation. For example, an
unrecovered contraction is observed in the SMD and RMD sam-
ples in Fig. 9. In this case, the small applied load (only
0.5 MPa) is not enough to prevent the re-orientation of poly-
mer chains away from alignment in the MD. The relaxation
of polymer chains from axial alignment in the MD causes
the aspect ratio of the oriented sample to decrease, as is sche-
matically illustrated in two dimensions in Fig. 13. This change
in aspect ratio is observed as an overall elongation in the STD

and RTD samples and an overall contraction in the SMD and
RMD samples in Fig. 9. Unrecovered sample deformation is
another area that demands measurement in the ND, in order
to fully characterize the change in sample shape.

Unrecovered expansion or contraction upon cycling may be
avoided by properly constraining the film. In the isometric test
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in Fig. 9, for example, the film is geometrically constrained to
maintain a constant length and an irreversible increase or de-
crease of the active stress is not observed. Furthermore, it may
be possible to adjust the electrochemical conditions to find
a balance between allowing enough ion movement to cause
a large electroactive response and limiting polymer chain
mobility to prevent irreversible relaxation. Future work will
address the actuation of oriented films over very long times to
determine how re-orientation can best be prevented by the de-
sign of the loading mechanics and/or applied electrochemistry
in electroactive devices.
4.4. Anisotropic diffusivity
When the voltage ramp is increased, the active strain in the
TD decreases more than the active strain in the MD, showing
that actuation in the TD is more time-limited than in the MD.
It has been previously observed that diffusion of small mole-
cules is much higher in the MD than the TD for oriented poly-
carbonate [31] and other oriented glassy polymers [32]. This
has been attributed to a deformation of the free volume in
the sample upon polymer orientation, resulting in effective el-
lipsoids of free volume with their long axis parallel to the MD
[31]. In the case of polypyrrole, there are solvent and counter-
ion molecules in the spaces between polymer chains and bun-
dles (so this volume is not entirely ‘‘free’’) but these spaces
will be elongated with processing as illustrated in Fig. 14.
This means that there are effective pathways that allow the
small molecules to diffuse more easily along the MD. The
lower diffusivity in the TD causes actuation in that direction
to be more time-limited than in the MD. Furthermore, as
MD: Fast Diffusion

TD
: Large Actuation

Oxidized (Contracted) State

Reduced (Expanded) State

propylene
PF6

-BMIM+

polypyrrole carbonate

Fig. 14. Change in interchain spaces upon oriented polymer actuation in

BMIMPF6. After warm-up, the interchain spaces are swollen with PF6
�, pro-

pylene carbonate, and BMIMþ cations. In oriented polypyrrole films, the chain

axes and bundles preferentially align in the MD. This causes the spaces be-

tween chains to become elongated in the MD, providing a longer path of

easy diffusion for small molecules in the MD than in the TD. A single inter-

chain space is highlighted in grey, while its anisotropy is shown by the white

arrows. Upon reduction in neat BMIMPF6, BMIMþ cations swell the inter-

chain spaces, pushing non-bundled chain segments apart. This causes a large

actuation perpendicular to the chain axis. In processed films, the chain axes are

oriented in the MD, so this large actuation is observed in the TD.
shown in Table 1, the electronic conductivity is significantly
lower in the TD than the MD. This will affect the rate of
charge injection to the polymer and amplify the difference
in actuation speed between samples measured in the TD or
MD. If future experiments are conducted using a different ge-
ometry (e.g. electrical contacts are made along the MD while
strain is measured in the TD) the effects of electronic conduc-
tivity and counterion diffusivity may be decoupled.

Even though we are interested in actuation in the MD and
TD, one should note that the largest counterion influx and ex-
pulsion likely occurs along the ND (the direction with both the
largest surface area and shortest diffusion distance). In the
stretched (uniaxial) films, the diffusion rate in the ND and
TD should be equivalent, but the diffusion length to the center
of the film is 100� shorter in the ND than the TD. In the rolled
case, forces applied to the films during the rolling process may
cause the interchain and interbundle spaces to collapse in the
film thickness (ND) direction, impeding the movement of
counterions. We observe an increase in density when polypyr-
role films are stretched or rolled, with a 2.3% increase for
films stretched to a conductivity ratio of (sMD/sTD)S¼ 3,
and a 2.7% increase for films rolled to (sMD/sTD)R¼ 2.8.
The decreased electroactive performance of the rolled films
when compared to the stretched films may be due to a more
tightly packed microstructure resulting in lower counterion
mobility in the ND.

5. Conclusions

We sought to improve polypyrrole actuators by attaining
a better understanding of the microstructure of polypyrrole
and manipulating this microstructure to improve electroactive
properties. Based on X-ray diffraction and electrochemical ex-
periments, a more detailed microstructural description consist-
ing of disordered polypyrrole chains held together by small
crystalline bundles, around which solvent and counterions
are randomly distributed is proposed. Different processing
techniques were utilized to achieve uniaxial and biaxial tex-
tures in polypyrrole films, and by processing the films such
that the chain axes are preferentially oriented parallel to the
MD, a much larger electroactive response is concentrated in
the TD. This results in an actuator that shows a 100% increase
in active strain when compared to as-deposited films actuated
under the same electrochemical conditions, and electroactive
strains of up to 11.3% have been achieved. Stretched films
(with uniaxial orientation) exhibit superior electroactive prop-
erties to rolled films (with biaxial orientation), probably due to
faster ion transport into the film along the ND.

Orientational processing of polypyrrole films provides
a simple way to improve the performance of this electroactive
material without altering the chemistry of deposition or actu-
ation. The electrochemical properties of polypyrrole films re-
main unchanged after orientational processing, but the stress
or strain that results from that electrochemistry is improved
because it is concentrated in the direction of testing. By the ad-
dition of a processing step between deposition and actuation
engineers can at least double the performance of their
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polypyrrole-powered devices. Furthermore, these films pro-
vide anisotropic linear actuation not previously achievable
in conducting polymers. This has exciting implications for
electroactive device design, especially in applications such
as biomimetic robotics, where complex bending motions are
necessary to emulate fish or insect movement. An anisotropic
polymer actuator could control the direction of actuation via
its material properties, reducing the complexity of the mechan-
ical transmission system needed.
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