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Electrochemically induced strain and actuation in a polypyrrole/Au/polyimide laminate
was measured using a sensitive strain gage during oxidation and reduction (redox) of
polypyrrole—CIlO,~. The polyimide formed the top layer of the strain gage, allowing direct
measurement of strain during redox switching in various electrolytes and potential windows.
Strain increased in the order NaCl < NaNO3; < NaClO,. In the NaClO, solution for oxidizing
potentials between 0.1 and 0.5 V vs Ag/AgClI, strain and charge were linearly proportional
to voltage. Lower polypyrrole deposition potentials also increased strain. The surface
roughness of the Au was varied by electrochemically depositing Au (which we designate
EcAu) on top of thermally evaporated Au (EvAu)/polyimide. Greater EcAu deposition times
led to greater Au roughness. Strain increased with polypyrrole thickness and Au roughness,
which correlated with better adhesion between the polypyrrole and the Au. Au roughness
also improved the cycling stability of the actuators.

Introduction

Conducting polymer actuators are candidates for
various actuator applications, including robotics, mi-
crovalves, catheters, and antivibration systems.1~10
Numerous studies have shown that the deposition of
conducting polymers, such as polypyrrole (PPy), on
mechanically inactive layers, such as metal/flexible
plastic film bilayers, produces mechanical bending
actuators.®11-23 The mechanism for the volume change
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is complex and involves the electrochemical transport
of ions and solvent during redox cycling, along with
other processes.?*~3¢ Most studies to date have indirectly
determined in-plane strain from the curvature of bilay-
ers of PPy21-23.37-40 or have directly determined strain
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Figure 1. SEM micrograph of PPy delamination from EvAu.

by measuring length changes in conjugated polymer
strips.#142 Qut-of-plane strains have been measured
using atomic force microscopy and have been found to
be substantially larger than in-plane strains.*3

A persistent problem with conjugated polymer/metal
bilayers has been their short lifetime due to delamina-
tion of the polymer from the metal as a consequence of
strain cycling. Repeated expansion and contraction of
PPy causes the polymer to pull itself off the Au, which
leads to reduced strain responses and eventual delami-
nation as illustrated by Figure 1.

In this paper, we describe a new, quantitative way to
measure in-plane strain, which results in bending,
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during redox switching of PPy deposited on a Au/
polyimide (P1) strain gage (previously published as a
brief communication*4). This direct measurement of
strain is made from resistance changes of a constantan
grid that forms the sensing element of a commercially
available strain gage that has been overcoated with Au
and PPy layers. Here, we also report for the first time
the use of rough, electrochemically deposited Au to
increase the adhesion of PPy to the gold surface. We
show the beneficial influence of Au roughness on strain
and long-term stability.

Experimental Section

Chemicals. Pyrrole was vacuum-distilled and passed over
neutral alumina until colorless before use. NaClO, and NaCl
(Aldrich), NaNO3 (Mallinckrodt Chemical Works), and Na,-
SO; (Fisher Sci. Co.) were used as received. Electrochemical
deposition of Au (EcAu) on thermally evaporated Au (EvAu)
on polyimide (PI) utilized a commercial gold-plating solution
of NazAu(SOs3),; (Oromerse SO Part B “Au replenisher”)
obtained from Technic Inc. For EcAu deposition, 10 mL of the
solution was diluted by adding 30 mL of aqueous 1.7 M Na;-
SOs; as reported for electroless Au deposition.*®

Strain Gages. Strain gages (CEA-06-500UW-120 and EA-
06-20BW-120), consisting of a constantan foil grid sandwiched
between two flexible P1 layers, were purchased from Measure-
ments Group, Inc. Such strain gages are capable of measuring
strain with a precision of £1 x 1076 ¢ (=ue). The strain (¢)
reported in this paper is defined as AL/ Lo, the change in the
grid length (AL) relative to the length at a reference state (Lo).
These devices have a strain limit of approximately +5%
(50 000 we). The strain gages were connected to a strain
indicator (P3500, Measurements Group, Inc.), which measured
resistance changes in the strain gage.

Evaporated Au Films. Au was vacuum-deposited on one
side of the PI surfaces by thermal evaporation (DV-502A,
Denton Vacuum). Prior to deposition, 0.8 cm (w) x 5.3 cm (I)
x 80 um (t) strain gages, which had been stored in a 2-propanol
solution, were washed with ethanol and double-distilled water
successively. To reproducibly deposit EvAu layers, the vacuum
was maintained below 102 Torr. No adhesive layer between
EvAu and Pl was used. The Au thickness, determined by
scanning electron microscopy of a cross section of EVAU/PI,
was ~1.1 um.

Electrochemically Deposited Au Films. All electrochemi-
cal work was carried out utilizing an EG&G Princeton Applied
Research 273A potentiostat/galvanostat with a CorrWare
software package. EVAuU/PI gages were placed in a cell
equipped with Pt counter and Ag/AgCI reference (BAS MF2052)
electrodes. All potentials given in this paper are relative to
this reference electrode. Electrical contact between the EVAu
and the working electrode from the potentiostat was made
using a conducting Cu tape (1181, 3M). EcAu layers were
prepared potentiostatically on EvAu from the diluted Au
solution mentioned above at —0.9 V.

The cathodic charge was varied to produce EcAu layers of
different thicknesses, therefore yielding different surface
roughness values. The surface topography of the Au was
imaged using a scanning electron microscope (JEOL 6400). The
surface roughness factor (y) of the Au was determined from
the ratio of the electrochemical area, obtained from the charge
required to reduce the surface oxide layer,*® to the geometric
area. The electrochemical surface area of the Au was measured
by potential cycling between 0.0 and 1.5 V in aqueous 50 mM
H,SO, solution. The charge during reoxidation of the gold oxide
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Figure 2. SEM micrographs for (a) EVAu (y = 2.89) and EcAu su
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rfaces after cathodic deposition of (b) 0.71 C cm~2 (y = 10.0),

(c) 2.36 C cm™2 (y = 18.9), and (d) 4.72 C cm™2 (y = 24.5). Scale bars are 5-um long.

monolayer was converted to the surface area using a factor of
0.43 mC cm—2,

Numerous studies on the electrodeposition of Au show that
a variety of parameters, including electrolyte type, solution
pH, additives, potentials, substrate structure, and so forth,
affect the surface morphology of Au.*”~5! The morphological
differences between the cathodically deposited Au and the
EvAu are evident in the scanning electron microscopy (SEM)
micrographs for different deposition charges shown in Figure
2. The relative smoothness of the EvAu, with a surface
roughness factor y = 2.89, is evident in Figure 2a. EcAu
deposition at 0.71 C cm™2 (y = 10.0) resulted in small crystals
(Figure 2b). As the deposition charge increased, the crystals
coalesced to form larger rodlike crystals in the shape of five-
pointed Texas stars. These crystals continued to grow and
coalesce to form larger stars, which were 2—3 um in size after
4.72 C cm~2 (y = 24.5). This topography is quite different than
those of Au surfaces deposited chemically from a similar
solution.5253

Figure 3 illustrates that the surface roughness factor (y)
increased with EcAu deposition charge. The EcAu layer
thickness also increased, which was measured using SEM
micrographs of cross sections (Figure 4a). This suggests that
growth of the Au crystals was predominantly perpendicular
to the plane of the substrate.

PPy Films. PPy films of various thicknesses were synthe-
sized potentiostatically on EcAu or EvAu from 0.1 M pyrrole
in 0.1 M aqueous electrolytes at +0.9 V, unless otherwise
mentioned. For most studies, the films were deposited from
NaClO,4. Due to the roughness of the EcAu surface, direct
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Figure 3. Change of roughness factor and EcAu thickness

with EcAu deposition charge. EcAu thickness was determined
from cross-sectional SEM micrographs.

determination of PPy film thickness on these surfaces was
difficult (see Figure 4b). The charge passed during electropo-
lymerization was therefore utilized to compare the effect of
the amount of PPy on strain response. The polymerization
charge ranged from 0.35 to 5.42 C cm~2, which correlates with
PPy film thicknesses of 1.25—19.4 um on a smooth substrate,
assuming 100% efficiency for the anodic deposition reaction
and a charge—thickness ratio of 0.28 C um~ cm~2.54 The PPy
films were then thoroughly washed with double-distilled water
and the electrolyte solution used for the redox switching
experiment. A 0.1 M NaClO, electrolyte was used unless
otherwise mentioned.

Adhesion of PPy to the substrate was examined by a Scotch
Magic tape (810, 3M) peel-off test. PPy (0.30 C cm™2) was
deposited on EvAu and EcAu surfaces and rinsed with distilled
water. After drying in air for at least 24 h, the tape was placed
on PPy and rubbed firmly using a fingernail. The tape was

(54) Zalewska, T.; Lisowska-Oleksiak, A.; Biallozor, S.; Jasulaitiene,
V. Electrochim. Acta 2000, 45, 4031.
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Figure 4. Cross-sectional SEM micrographs of (a) EcAu (y =
18.9) and (b) PPy (18.9 C cm™2) deposited on EcAu (y = 18.9).

then removed slowly at a 90° angle with respect to the PPy
surface.

Results and Discussion

Part 1. PPy/EvAuU/Polyimide Actuators. We begin
by discussing strain measurements of PPy films depos-
ited on evaporated Au films. We examined the effects
of electrolyte anion, potential limits during electrochemi-
cal stepping, and polymerization potential. In all of
these experiments, a PPy polymerization charge of 2.83
C cm~2 was used, corresponding to an approximate
thickness of 10 um.

Effect of Anion during Electrochemical Cycling.
It is well-known that the identity of the ionic and solvent
species affects the actuation behavior of conducting and
electroactive polymers.®23.255556 \We investigated the
effect of anionic species on the strain response to confirm
if the response could be correlated to the volume of
solvated anions.

Figure 5 shows the strain responses of a ClO4~-doped
PPy/EVAU/PI actuator during potential cycling in ClIO4~,
NO3~, and CI~ electrolyte solutions. After fully reducing
the PPy at —0.6 V for 60 s, the potential was scanned
at 5 mV s to +0.4 V and then back to —0.6 V. The
results were confirmed with two additional ClIO,~-doped
samples and one NO3; -doped sample; these PPy films
were cycled with the other dopants in the same manner.
These additional samples were run in a random order.

When cycled in NaClOg4, the actuator began to move
in the plane at ca. —0.1 V (determined visually), which
corresponded to the onset of the strain gage response
(Figure 5a). The strain continued to increase due to PPy
expansion and reached a maximum of 147 ue during the

(55) Skaarup, S.; West, K.; Gunaratne, L.; Vidanapathirana, K. P.;
Careem, M. A. Solid State lonics 2000, 136, 577.
(56) Reynolds, J. R.; Pyo, M.; Qiu, Y. J. Synth. Met. 1993, 55, 1388.
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Figure 5. Strain responses of a PPy (2.83 C cm™2)/EVAU/PI
actuator during potential cycling at 5 mV s7* in (a) NaClO,,
(b) NaNOg3, and (c) NaCl agueous solutions. Curves are offset
for clarity.

reverse scan at ca. +0.3 V. Only a small difference in
curvature was seen by eye between the reduced and
oxidized states of the PPy, demonstrating the sensitivity
and usefulness of the strain gage measurement. The
detection of the maximum strain during the reverse
scan indicates a slow expansion process of PPy relative
to the time scale of this experiment. On the reverse scan,
the strain decreased until it reached a minimum at —0.4
V.

After thorough washing, the actuator was immedi-
ately immersed in NaNO3, and the potential was cycled
5 times to obtain reproducible strain responses. The
maximum strain again occurred at ca. +0.3 V (Figure
5b), but was smaller than that of the actuator in
NaClO4, only 103 ue, which can be attributed to the
smaller counterion. Moreover, a slight strain decrease
was observed between —0.5 and —0.2 V during the
initial portion of the forward scan. This is indicative of
cation influx during reduction24-26:3233.35 gnd has also
been shown by De Rossi and co-workers.*! With the
actuator in NaCl (Figure 5c), the maximum strain was
again at ca. +0.3 V during the reverse scan, but reached
only 57 ue. An initial decrease in strain, even more
distinct than that of the actuator in NaNO3, was again
evident. Kaneto and co-workers have observed similar
behaviors for poly(styrene sulfonate)-doped PPy.5” They
found that strain increase during PPy oxidation due to
anion incorporation was linearly proportional to anion
volume. A film cycled in NaClO,4 showed ca. 1.8 times
higher strain response than that of the film in NacCl.
Considering the solvated ionic volumes of CI~ and ClIO4~
of 25 and 56 A3, respectively,®8 our result of 2.6 times
higher strain in NaClO, also indicates that ion exchange
during redox switching of PPy is the dominant mecha-
nism for strain changes.

Effect of Potential Limits. Utilizing the strain gage
methodology, the influence of the doping level was

(57) Sonoda, Y.; Takashima, W.; Kaneto, K. Synth. Met. 2001, 119,
267.

(58) Kaneko, M.; Fukui, M.; Takashima, W.; Kaneto, K. Synth. Met.
1997, 84, 795.
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Figure 6. Strain responses of a PPy (2.83 C cm™2)/EVAU/PI
actuator during potential stepping in NaClO, between —0.6
and (a) +0.1 V, (b) +0.2 V, (c) +0.3 V, (d) +0.4 V, (e) +0.5V,
and (f) +0.6 V. The films were oxidized and reduced for 100
seconds each; the plot shows half a reduction step before and
after the oxidation step.

investigated by stepping the applied potential in Na-
ClOg4. This was done to determine whether there was a
discrepancy between the consumed charge and the
strain. Two runs were done at each potential on the
same sample, and the order of the potentials was
randomized. The PPy was oxidized at potentials of +0.1
to +0.6 V, reduced at —0.6 V, and again oxidized at the
initial potential. The strain responses were normalized
for comparison of the overall change in strain. Figure 6
shows that the magnitude of the normalized strain
response depended almost linearly on the original
oxidizing potential within this voltage range, as did the
consumed charge. This confirms that the number of
anions in the film, which can be controlled by the doping
level of the PPy, is the dominant factor determining the
strain.>® The oxidation process was somewhat slower
than the reduction process, especially for the smaller
potential steps from 0.1 and 0.2 V.

Effect of Polymerization Potential. To help de-
termine optimal preparation conditions for this mate-
rial, the influence of polymerization potential on actua-
tion properties was investigated. Recently, Maw et al.®?
demonstrated that for PPy(dodecylbenzenesulfonate)/
Au/Kapton laminates prepared galvanostatically in
aqueous solutions, bending was greater for low deposi-
tion current densities (0.4 mA/cm?) than for high
deposition current densities (40 mA/cm?).

In this work, strain in NaClO4 also correlated in-
versely with polymerization rates (Figure 7). The strain
for PPy (2.83 C cm™2) actuators prepared potentiostati-
cally at either +0.9 or +1.0 V was smaller by 20%
compared to those prepared at +0.7 V; this was also
confirmed later in the EcAu actuators. This result is not
due to a decrease in the electroactivity of PPy: the
strain differential shown in the inset to Figure 7 shows
that each film had similar switching charge densities
during PPy oxidation. We find the polymerization
potential of +0.7 V to be optimum in this case for a
maximum strain response. It is possible that the higher

(59) Otero, T. F.; Sansifiena, J. M. Bioelectrochem. Bioenerg. 1997,
42, 117.

(60) Maw, S.; Smela, E.; Yoshida, K.; Sommer-Larsen, P.; Stein,
R. B. Sens. Actuators, A 2001, 89, 175.
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Figure 7. Strain responses of a PPy (2.83 C cm~2)/EVAu/PI
actuator during potential stepping in NaClO, between —0.6
and +0.4 V. PPy was potentiostatically prepared at (a) +0.7
V, (b) +0.8 V, (c) +0.9 V, and (d) +1.0 V. Inset shows the
maximal strain and charge changes during PPy oxidation.

polymerization potentials yield a higher degree of cross-
linking (a tighter network), and thus the ability of the
polymer to strain is reduced.

Part 2. PPy/EcAu/EvAu/Polyimide Actuators. In
this section, we describe results obtained with electro-
chemically deposited Au films. We compare EvAu and
EcAu substrates with respect to adhesion, strain, fre-
guency response, and long-term cycling. Unless other-
wise specified, PPy films were used and the electrolyte
was NaClOg.

Adhesion. The adhesion of PPy films to EcAu and
EVAu was tested by a tape peel-off test. The PPy films
were deposited, rinsed, dried in air for at least 24 h,
and subsequently tested. Three PPy films deposited on
EvAu were readily removed. PPy on EcAu (y = 10), on
the other hand, exhibited excellent adhesion with no
evidence of delamination for 11 samples. We attribute
the significantly enhanced adhesion between PPy and
the substrate to the “nooks and crannies” created by the
EcAu deposition, within which the PPy is mechanically
interlocked (see Figure 4b).

Strain. Three PPy (1.18 C c¢cm™2) samples were
deposited on EVAuU with y = 2.89 and EcAu with y =
6.17,7.13,10.0, 18.9, and 24.5. They were evaluated by
potential stepping between —0.6 and +0.4 V. The strains
for various y values are shown in Figure 8. Increasing
the roughness increased the strain up to y = 10 and
then decreased it for y = 18.9 and 25. This increase and
then decrease in strain is due to the relative thicknesses
of the EcAu and PPy layers. As the surface roughness
increases, the surface area also increases, therefore
decreasing the PPy film thickness (for a given polym-
erization charge). When the EcAu thickness exceeds the
PPy thickness, it is harder for the PPy to bend the EcAu
layer; therefore, a decrease in the strain response is
recorded.

In an independent set of experiments in which each
point was duplicated, strain vs amount of PPy was
examined. Strain rose with an increasing amount of PPy
deposited for all values of y (Figure 9). This was
expected from basic mechanics. For a polymerization
charge of 1.18 C/cm?, the maximum strain increased up
to y = 10 and then decreased again, as in Figure 8.
Curves D and E in Figure 9 show that as the thickness
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Figure 8. Strain change as a function of roughness factor y
during potential stepping between —0.6 and +0.4 V. PPy (1.18
C cm~2) was deposited on EvAu with y = 2.89 and EcAu with
y = 6.17, 7.13, 10.0, 18.9, and 24.5.

600
500
400

300

Micro Strain (ue)

200

100 -

Electropolymerization Charge (C cm™)

Figure 9. Maximum strain changes during potential stepping
between —0.6 and +0.4 V with increasing electropolymeriza-
tion charges of pyrrole on (a) EVAu (y = 2.89) and EcAu of y
= (b) 6.17, (c) 10.0, (d) 18.9, and (e) 24.5.

of the PPy increased, the optimal y shifted to larger
values. This result indicates that surface roughness and
the amount of PPy deposited simultaneously affect
bending. Again, this was as expected: as the thickness
of the PPy increases, the optimal thickness for the
substrate also increases to obtain a minimal bending
radius.

Frequency Response. One actuator each of PPy-
(1.18 C cm ?)/EVAu(y=2.89) and PPy(1.18 C cm?)/
EcAu(y=10.0) were stepped between —0.6 and +0.4 V
at increasing frequencies (0.01—0.5 Hz). Although strain
and charge decreased as a function of increasing fre-
guency, the strains for the PPy/EcAu were greater than
those for the PPy/EVAuU at all frequencies (see Figure
10).

Whereas the charge exchanged during oxidation and
reduction also decreased with increasing switching
frequency (Figure 10), the PPy/EcAu had a higher strain
per unit charge (inset Figure 10). This greater efficiency
might be either a result of stronger adhesion of PPy to
the substrate or smaller onmic drops in the PPy because
of shorter distances to the electrode. The EcAu is thus
also beneficial to actuator efficiency.

Long-Term Cycling. PPy with an electropolymer-
ization charge of 1.18 C cm~2 was subjected to multiple
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Figure 10. Normalized strain and charge responses of PPy
(1.18 C cm~2) on (a) EVAuU (y = 2.89) and (b) EcAu (y = 10.0)
relative to values at 0.01 Hz. Inset shows the ratios of the
strain to the charge as a function of the frequency.
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Figure 11. Strain and charge of PPy (1.18 C cm™2) on (a)
EvAu (y = 2.89), (b) EcAu (y = 8.26), and (c) EcAu (y = 18.9)
with repeated potential switches between —0.6 V for 10 s and
+0.4 V for 20 s.

potential steps of reduction at —0.6 V for 10 s and
oxidation at +0.4 V for 20 s. Two samples each of PPy
on EVAu (y = 2.89) and EcAu (with y = 8.26 and 18.9)
were examined for 2000 cycles, and the results are
presented in Figure 11. PPy/EcAu has improved long-
term switching stability compared with PPy/EvAu. The
strain continually decreased with the number of redox
switches in curve a, but the strain in curves b and ¢
stabilized after 1000 switches, retaining 60% of the
initial strain. The magnitude of the consumed charge
decrease was smaller, dropping in all three cases to
~75% of the original value. This result implies that the
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long-term stability of the strain is improved by utilizing
the EcAu deposition method, helping to solve the
delamination problem. It also shows that the strain does
not always correlate directly to the amount of charge
exchanged during PPy redox alone, but must include
the mechanical coupling between PPy and the substrate.

Conclusions

The strain of PPy/Au/Pl bending actuators during
redox switching of PPy was directly and quantitatively
monitored using an in situ strain gage, a sensitive and
reliable method. The results support previously reported
trends for the effect of deposition potentials and redox
switching of PPy.

Pyo et al.

The roughness of the substrate significantly affects
the maximum strain attainable. When the surface
roughness and the amount of PPy are judiciously
chosen, the actuator exhibits 3 times higher strain than
PPy actuators prepared with a thermally evaporated Au
surface. It is also important that long-term stability is
significantly improved by good adhesion between PPy
and the EcAu. These effects are probably a result of
better adhesion and electrical contact due to mechanical
interlocking of the PPy and the metal electrode.

Acknowledgment. We appreciate funding of this
work through the DARPA/ARO Grant DAAD19-
00-1-0002.

CM020312W



