Experimental Analysis of Current and Deformation of
lon-exchange Polymer Metal Composite Actuators

by E.T. Enikov and G.S. Seo

ABSTRACT—In this paper we describe the experimental
analysis of a novel ion-exchange polymer metal composite
{IPMC) actuator under large external voltage. The experimen-
tal analysis is supplemented with a coupled thermodynamic
model, which includes mass transport across the thickness of
the polymer actuator, chemical reactions at boundaries, and
deformation as a function of the solvent (water) distribution. In
this paper, the case of large electrode potentials (over 1.2 V)
has been analyzed experimentaily and theoretically. At these
voltage levels, electrochemical reactions take place at both
electrodes. These are used in the framework of overpotential
theory to develop boundary conditions for the water transport
in the bulk of polymer. The mode! is then simplified to a three-
component system comprised of a fixed negatively charged
polymeric matrix, protons, and free water molecules within
the polymer matrix. Among these species, water molecules
are considered to be the dominant species responsible for the
deformation of the IPMC actuators. Experiments conducted at
different initial water contents are described and discussed in
the context of the proposed deformation mechanism. Compar-
ison of numerical simulations with experimental data shows
good agreement.

KEY WORDS—IPMC actuators, fuel cell, overpotential the-
ory, water transport, swelling

Introduction

Ion-exchange membranes are used in applications ranging
from hydrogen fuel cells to the production of sodium or
potassium hydroxide (ion separation). When structured as
metal-polymer-metal composite sheets, they can also oper-
ate as actuators called ion-exchange polymer metal compos-
ite (IPMC) actuators. The structure of this type of actuator,
shown in Fig. 1(a), consists of an ion-exchange polymer ma-
trix sandwiched between two metal electrodes. The reader is
referred to an excellent review article! on the chemical and
micromorphological properties of the ion-exchange polymer
(Nafion™) used in this work.

IPMC actuators can be produced by an electrochemical
platinization method based on the ion-exchange properties
of the polymer.2 The method consists of two main steps: (i)
ion exchange of the protons Ht with metal cations (P£2*);
(1) chemical reduction of the metal ions onto the membrane
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surface with NaBH,4. IPMC actuators used in this work are
Nafion™-—platinum composites produced by this process fol-
lowing the detailed protocol from Oguro.> The protocol re-
sults in an HY form of IPMC, produced by soaking the mate-
rial in diluted hydrochloric acid. The HY cations were not ex-
changed for other cations, as is commonly done by others*~®,
in order to be able to use the proton mobility data developed
independently by other groups. Figure 2 shows a scanning
electron microphotograph of the fabricated composite. The
right photograph shows the Pt particles (white phase) at the
boundary, indicating that the electrode surface is approxi-
mately 0.8 pm thick.

When an external potential is applied between points A
and B (Fig. 1(b)), the cations in the bulk of the polymer mi-
grate towards the cathode, carrying along water molecules.
The volume associated with these water molecules causes
local matrix expansion, resulting in deformation of the com-
posite. This view of the underlying mechanism is a subject
of debate as various research groups have suggested slightly
different deformation models in an effort to adequately de-
scribe the actuator. To date, most work has been done in the
low-voltage regime (below the 1.2 V equilibrium potential of
Pt), and the reason for this is that electrochemical reactions
produce gas at high voltages. If encapsulated, these actua-
tors will have packaging problems. Therefore, attempts have
been made to operate the actuators under low potentials. To
compensate for the greatly reduced displacement, many have
tried to replace the migrating ion with a large counter jons,
or ions with large hydration shells.*~% Applying higher volt-
age, however, will always produce larger deformation and in
many applications (e.g., a deformable catheter or underwa-
ter swimming robot’-8) the actuators can be in direct contact
with the electrolyte solution. In these cases, the liberated gas
does not pose significant limitations. Under these conditions,
which are the subject of this paper, ionic transport, water
back-diffusion, and concentration gradients have to be con-
sidered in the deformation process responsible for the bend-
ing of the composite.

Shahinpoor? proposed one of the first models based on the
large deformation theory of ionic polymeric gels in an electric
field and a pH gradient. This model considers the effect of the
internal electric charge redistribution of fixed and mobile ions
due to the presence of the electric field, and describes a purely
electrostatic process. Later, Shahinpoor'? presented a Euler—
Bernoulli beam model of a non-homogeneously distributed
electrically induced moment. The moment was attributed to
the presence of a non-homogeneous electric field in the elastic
material. Kanno et al.!! presented a lumped parameter linear
model of the ionic polymer actuator, where the step response
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Fig. 1. Polymer/metal composite actuator

Fig. 2. Nafion™ membrane with Pt electrodes on each side
(white regions are Pt particies of the electrodes)

of the actuator was empirically modeled as a linear dynamical
system with two real poles. Kanno et al.!? proposed a gray-
box model. In their model, the ionic polymer was modeled
as a network of a capacitor and resistor in series. A higher-
order lumped parameter model was presented by Bao et al.!3.
They suggested two subsystems: a distributed RC line model
to describe the “varying capacitance” of the electric input
behavior, and a four-lumped parameter system to express the
relaxation phenomena. These models were constructed based
on experimental observations rather than on the analysis of
the microphysiochemical processes.

The first comprehensive microscopic treatment was pre-
sented by Nemat-Nasser and Li.’ Their model considered
the microstructure of a water-saturated ionic polymer—metal
composite in air, and explained the observed rapid (of the
order of a few seconds) response with the internal stresses
produced by the redistribution of the cations locally, near the
surface of the two electrodes. Later, Nemat-Nasser!* modi-
fied this model, and explained the quick and small-amplitude
response to a suddenly applied electric field using the electro-
static forces arising in a thin region near the electrodes where
an imbalanced net charge exists. In his model, under an exter-
nally applied electric potential below the 1.2 V equilibrium
potential, the cations are redistributed locally. In the result-
ing anion-rich region, the polymer chains relax and, in the
cation-rich region, they further extend, leading to relatively
small bending (0.08 mm mm ) of the polymer membrane. In
order to reproduce his experimental observations, parameters
such as the cluster size, @, the polymer relaxation times, T and
T1, and hydraulic permeability coefficient, D,, were chosen
“somewhat arbitrarily to yield reasonable results”.!# In con-
trast, at higher potentials (exceeding the equilibrium potential
of 1.2'V for Pt) the specific deformation reaches 0.4 mm™!,
even with relatively small counter ions such as protons. Fur-
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ther, the current transients occur with time constants exceed-
ing 100 s, which is two orders of magnitude larger than the
time constants observed at lower external potentials. If the
electrostatic model proposed in Nemat-Nasser!# were to be
adopted for this voltage regime, it would be impossible to ex-
plain the long-lived current and deformation transients with
processes accurring at the anodes alone.

The objective of this work is to propose and evaluate the
feasibility of an alternative deformation model based on the
solvent (water) being the main factor responsible for the ob-
served deformation under the higher potential regime. In this
paper we follow an indirect approach, which uses water and
proton transport data derived by independent research groups
and compares the predicted deformation with the experimen-
tal observations made by the authors. In doing so, we hope
to provide indirect evidence on the central role of the solvent
in the deformation process, which is also consistent with the
body of research on polymer-based fuel cells.

Transport Model and Chemical Reactions

The actuator model includes mass transport within the
membrane, reactions at the boundaries, and deformation
(strain) induced by a water concentration gradient. Fig-
ure 3(a) is a schematic diagram of the ionic transport pro-
cesses taking place inside the polymer. This model is com-
monly used in hydrogen—oxygen fuel cells.!> When an ex-
ternal potential is applied between the two electrodes, water
molecules dissociate, producing protons, electrons, and oxy-
gen gas at the anodic side. While oxygen gas and hydrogen
gas are released at the anode and cathode,1® respectively, the
external electric field generates a flux of protons towards the
cathode. In the process, water molecules are carried by pro-
ton drag towards the cathode. At the cathode, these protons
pick up an electron and produce hydrogen gas. As a result,
the concentration of water molecules near the anode is re-
duced, and water is accumulated near the cathode. Due to
the redistribution of water within the membrane, the polymer
network matrix near the cathode expands and that near the
anode contracts, resulting in initial net bending towards the
anodic side. Associated with this are the gradients of water
concentration and polymer strain, These gradients generate
a flux of water molecules in the opposite direction, governed
by a law that is macroscopically similar to Darcy’s law for
pressure-driven flow in porous media.!” Due to these wa-
ter fluxes, the distribution of water changes. As a result, the
gradient of water concentration is reduced and the actuator
gradually back relaxes towards the cathode.

These molar fluxes can be described using the Onsager
theory of thermodynamic fluxes and their driving forces!®
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where R is the gas constant, 0 is temperature, F is the Faraday
constant, ¢ is the electric potential, K is the bulk modulus,
Lify is the elastic strain of polymer network, o is the molar
mobility coefficient tensor, M* is the molar mass, ¢’ is the
molar concentration, z° is the valence, and V* is the molar
partial volume of species s. Thus, the first term in eq (1) is due
to the gradient of the concentration of species s, the second
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Fig. 3—Transport mode! (a) and direction of fluxes (b)

term is field driven diffusion, and the last term is due to the
gradient of the polymer strain.

In general, at least four species should be considered when
modeling the mass transport in the membrane. These are
water molecules, protons, hydroxyl ions, and the polymer
matrix with covalently bonded perfluorinated sulfonic acid
moieties. The negatively charged co-ions (OH™), however,
are in low concentration, since they are introduced from the
external solution,'® which in the current study was deion-
ized water with low ionic content (18 MOhm cm resistivity).
Since there are no reactions producing new hydroxyl groups,
it is expected that the current due to co-ions is very small.
For example, for the current electrode geometry the hydroxyl
groups and protons would collectively result in 0.02-0.2 mA
current in pure deionized water, which is three to four orders
of magnitude smaller than the measured current during the
experiment. Therefore, a three-component model is assumed
for the IPMC actuators: protons, water molecules, and perflu-
orinated sulfonic acid moieties. The perfluorinated sulfonic
acid moieties are fixed to the polymer network, and the mobile
species are protons and water molecules. For the sake of sim-
plicity it is also assumed that these mobile species flow only
along the transversal direction between the two electrodes
(y direction in Fig. 3(b)). Since protons are the only mobile
charged species, electroneutrality in the bulk of the polymer
requires that the proton concentration be constant within the
bulk of the membrane (Vc? = 0). While the partial molar
volume of the protons is not known, since no proton concen-
tration variations are allowed, we can assume it to be zero
without affecting the simulation results. Water molecules do
not carry free charges and therefore the valence of water, z%,
is also zero. With these simplifications, the molar fluxes of
protons and water are expressed as
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- —n(‘;"’%w - D"V + K VLEY, (3)
respectively. Here, 0 = (a?PF 2:P)/MP is the pro-
ton conductivity coefficient of the membrane; DY
("W RO)/(M¥c*) is the diffusion coefficient of wa-
ter in the membrane; K = (D*KVY")/(R6). and
nf" = (@P*RO)/(D* M¥ ) = aPf*/a** and n? =
(@*PF2zP) /(6 MP) = aP JaPP are the drag coefficients of
the proton flux and water flux, respectively. The upper indexes
p and w denote protons and water molecules, respectively,
and the lower index & denotes the bulk portion of the mem-
brane. The proton flux in the membrane is proportional to the
electric field and is affected by the water flux. The first term
in eq (3) is due to the drag effect of the protons, the second
term is diffusion due to the gradient of concentration, and the
last term is due to the gradient of elastic strain.

The molar fluxes at both electrodes are predicted from
the overpotential theory. When current flows through a redox
electrode, the current—potential relationship depends on the
activation overpotential and is expressed as*®

i = kycrexp (%8) —k_coexp [—(-l—_k—(g—)—]:e:l , @

where i is the current density, ¢ is the electrode external poten-
tial, k4 is the anodic reaction coefficient, k_ is the cathodic
reaction coefficient, ¢, is the concentration of reactants, cg
is the concentration of products, and « is the charge transfer
barrier or symmetry coefficient. For higher anodic (positive)
overpotentials, the second term in eq (4) becomes negligible,
and for higher cathodic (negative) overpotentials, the first
term in eq (4) becomes negligible. For the analysis of an ac-
tuator, it is assumed that the thickness of a reaction layer is
quite small in comparison with the thickness of the actuator,
and therefore can be neglected. Further, no electrons and pro-
tons are accumulated at the electrodes during deformation.
TheISChemical reaction equations at the anode and cathode
are

1 1
EHzo — H" +e + Zoz 0 5)
and
1
HY +e” — EHQT. (6)

According to egs (4) and (5), the molar flux of protons and
water at the anode are

. i k , agF
il = 71_ = ;*(c,?)‘/z exp (%ea) 0
and
¥y
== ®)

respectively, where the lower index a denotes anode and ¢/
is the concentration of water at the anode surface and varies
in time. Similarly, the molar fluxes of proton and water at the
cathode are

.p__ii___k_—p _(l_ac)f
Jil = =g expl: TR )]
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electrodes (b)

and
je =0, (10)

where the lower index ¢ denotes a cathode and ¢! is the con-
centration of proton at the cathode surface. This concentration
always remains at its initial value because of the electroneu-
trality assumption and the charge conservation requirement.
Since water molecules are not involved in this chemical re-
action, the molar flux of water at the cathode is zero.

Due to charge conservation (except for the initial transient
period), the electric current through a closed circuit is con-
stant at all times. The flux of protons in each region has to
satisfy the continuity condition as follows

iP AL = Y Ay = jP A, (11)

where A,, Ap, and A, are the actual areas of the anode, bulk,
and cathode, respectively. The actual areas of both electrodes
are larger than that of the bulk, because these electrodes are
porous and a chemical reaction occurs along the entire surface
area Pt particles (see Fig. 4 (b)). These areas were determined
experimentally by Moore?! using a hydrogen adsorption and
desorption method. Moore’s work, which was conducted on
electrodes fabricated through a similar process, showed that
the area of the platinum electrode is 9.2 times larger than the
cross-sectional area of the bulk polymer. In licu of an abil-
ity to repeat these measurements and in accordance with the
philosophy of this work, this value has been used to account
for the actual surface area. The potential at the outer sur-
face of the cathode is set to zero (the reference potential) and
the distribution of the potential in the membrane is assumed
linear (Fig. 4 (a)), implying electroneutrality of the bulk of
the polymer. This is consistent with the model of Nemat-
Nasser!#, which predicts net charge only in the outer 3-6 jm
region adjacent to the electrode surface.
Substituting eqs (2), (7), and (9) into eq (11) results in

S (dg — Pc) pw W W W poly
20 b (pver — Revviiy?)
9.2 agF
= ?k+(c:f)1/2 Cxp[ ;9 (exr — ¢a)]
9.2 (1 —a) F
= —%—k_cf €Xp [R_ecd)c] s (12)

where H is one-half the thickness of actuator and the applied
external potential, ¢y, is known. The potentials at the inner
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surface of the anode, ¢,, and the potentials at the inner sur-
face of the cathode, ¢, can be solved by the two non-linear
implicit equations (12), if the values of the water and proton
concentrations are known.

A numerical evaluation the closed system of equations,
(3), (8), (10), and (12), along with the conservation of mass

&+ Vi =0, (13)

representing the entire model, has been performed using the
constants and parameters independently measured by other
groups (refer to Table 1). From the resulting water concentra-
tion gradient predictions, a small-strain, large-displacement
solution has been developed as follows. The total defor-
mation of the polymer matrix is decomposed into two ad-
ditive parts: elastic deformation of the polymer network

due to external load and/or electrostatic body forces, Lf;-)ly,
and dilatational deformation due to redistribution of ions
and solvent, which we call chemical strain and denote by
ijf.’m = Y, (V/3)(c® — c)b;j, where V* are the partial
molar volumes and ¢ are the initial molar concentrations of
species s. Since the width of the actuator and the length of
the actuator are much longer than its thickness, plane strain
can be assumed. Additionally, L% = L' = 0 is also im-
plied due to the Euler-Bernoulli ﬁinematio assumption. The
non-zero strain L%# is then decomposed into average and
linearly varying parts as follows

l
Lo = L L =L -y, ()

where « is the curvature, L9 = du(x)/dx, and u(x) is the
axial displacement of the neutral axis.

Total stress along the axial direction due to the polymer
network deformation is

E ol E o ye

Iix = (_l—j_—\)z_)Lxx ) LY — ye — — Ac” ),
(15)

where Ac” = ¢¥(y, t) — c¥(y, 0). The average strain, L%,
and the curvature, k, are obtained through the two equilib-

rium conditions implying zero external forces and moments,
JTxdA =0and [Ty, ydA = 0. These results are

LY = Ev— " Ac®d (16)
x =g ) gt w
3y (#
K= 4—1_13/ HAc“’ydy. 17)

where H is one-half the thickness of the actnator. Figure 5
shows the displacement of a short beam element. The final
shape is obtained by integration of the element rotation an-
gle, dg(xg), and the displacement of the beam, dX (xp) and
dY(xo)Z

o(x0) = f 0°»<<s)ds (18)

X(xg) = /xo(l + LT¢) cos(p(s))ds 19
9
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TABLE 1—CONSTANTS AND PARAMETERS

Constants/Parameters Value/Expression Dimension Reference
Faraday constant, F 9.6487 x 10* C mol~! 22
Gas constant, R 8.3143 Jmol~! K~! 22
Density of dried Nafion™, p2r¥ 1967 kg m—3 23
Equivalent weight of Nafion™, E,, 1.1 kg mol—! 28
e=02/E,, 1788 mol m~3 24
Swelling coefficient, f 0.0126 24
Hydration index, A c?/(e — fc't') 24
Water diffusion coefficient, D¥ 3.5 x 10~®X\ exp (~2436/6) m? g1 25
Thickness of actuator, 2H 183 iwm 26
Young’s modulus of Nafion™ (fully hydrated), £ 1.773 x 101! Pa 26
Electric conductivity of NafionT™, ¢ (0.5139 »— 0.326) 24
Drag coefficient of water flux, n);” (2.5/22) \ 24
Drag coefficient of proton flux, n" (P GROMP) /(DY c¥ F2zP MY¥)
-l =11 )
T | —_
dx = dx,(1+ L) T ,<dp 2
N 0 8
d+ Hx @Su’}' , S
_ /‘-.»-“,_._‘ s g
I E - X o
u’.\', %
=
Fig. 5—Beam element before and after deformation, where
x®yp and x®y are the curvilinear coordinates along the
neutral axis of initial and deformed shape, and X®Y is the
fixed frame. Lo T—
% 5 10 15 20 30 40 50 60

X0
Y (x0) = / (1 + L% sin(p(s))ds. (20)
0

Actuation Experiments

Several experiments have been performed to evaluate the
numerical predictions. To establish the effect of water content
on the current and deformation, four samples with different
initial water contents were used with 4 V external voltage.
Initially, the actuator strips were fully hydrated in deionized
water, and then partially dried for O, 5, 10, and 15 min at
room temperature and ambient conditions. The drying curve
is shown in Fig. 6. The sample was dried for 60 min at room
temperature and ambient conditions replicating the experi-
mental conditions. An additional 12 h long vacuum drying
was performed in a vacuum chamber (Labconco, FreeZone
2.5 Plus) at 0.03 mbar and cold trap temperature of —80°C
to assess the total water content. This resulted in removal
of additional 4% of water content, which was used as refer-
ence in developing Fig. 6. Additional points are defined at 74,
51, and 26%, respectively, as established by weight measure-
ments and were used as initial value for the simulations. The
fully hydrated samples were subjected to 3, 4, and S V, re-

© 2005 Society for Experimental Mechanics
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Fig. 6—Initial water contents according to drying time
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Fig. 7—(a) Schematic diagram of the experimental system
and (b) photograph of the deformed actuator

spectively, while the 74, 51, and 26% hydrated samples were
subjected to 4 V only.

A schematic diagram of the experimental system for the
current and displacement measurements is shown in Fig. 7(a).
Each experiment was repeated three times, each using three
different samples. In each of these, the current and displace-
ment of the actuators were measured simultaneously. The test
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Fig. 8—image process to calculate the displacement: raw
image (a), edge detection (b), IPMC (c), and convert to
pixels (d)

samples were 6 x 30 mm? IPMC strips with a thickness of
180 pm. One end of the actuator was fixed by a clamp, and
the other end was kept free. To actuate the composite, a con-
stant external voltage was applied between the two platinum
electrodes using a power supply (Agilent, 3630A). The cur-
rent was measured through a 0.5€2 resistor connected in series
with the actuator by an A/D converter (NI, PCI 7344). The
displacement of the actuator was captured by a CCD camera
and a frame grabber (Sensoray, PCI 611). Using an edge de-
tection technique (Canny method), the displacements were
calculated. Figure 8 shows one processed image and the re-
sults in pixels for one frame captured during the deformation
tests.

Discussion of Experimental Results

Figure 9 shows the simulation results for water concentra-
tion during the deformation of the IPMC actuator under an
external voltage of 4 V. At the beginning, the concentration
of water rapidly decreases at the anode and increases at the
cathode due to the large proton flux, as dictated by eq (3).
This redistribution of water produces a gradient of concen-
tration and internal strain. As a result, a water flux in the
opposite direction is generated, and the difference in water
concentration between both sides gradually decreases. Even-
tually the concentration of water at both sides is reduced until
complete water depletion is reached. This is due to the water
consumption by the chemical reaction at the anode.

The current and displacement history can be predicted
through the obtained water concentration evolution. Since
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the current (proton flux) is proportional to the water concen-
tration at the anode (see eq (7)), the maximum current will
occur at the beginning, and then it will decrease gradually
over time. This is consistent with the experimental obser-
vations shown in Fig. 10(a). Also, according to eq (17) the
curvature of the actuator is proportional to the difference of
the water concentration between the anode and the cathode.
This results in maximal displacement at the beginning of the
current transient, followed by a gradual return of the actuator
towards its original shape (see Fig. 10(b)).

Figures 11(a) and (b) show simulations of the water con-
centration evolution of the fully hydrated IPMC actuator un-
der external voltages of 3 and 5V, respectively. At the higher
(5 V) external potential, the water concentration at the anode
decreases more rapidly. Since the proton flux is proportional
to the external potential, the difference in water concentration
between the two sides is also larger for the higher external
potential, resulting in larger initial displacement.

Figure 12 shows the numerical results for current history
compared to experimental results. The curves represent the
numerical results and the symbols show the average mea-
sured values from the experiments. The maximum electric
current is observed at the beginning, resulting in a large pro-
ton flux in the membrane from anode to cathode. Due to the
decrease of water molecules at the anode as the result of mo-
lar transport and decomposition by the chemical reaction, the
current is also decreased accordingly. Eventually, the current
reaches a near-zero steady-state value, because almost all of
the free water molecules in the membrane are consumed by
the chemical reaction, Figure 12(a) illustrates the variation
of the current history as a function of the initial water con-
tent in the membrane. The maximum value is proportional
to the initial water content. The rate of current reduction is
also proportional to the initial water content. Since the pro-
ton diffusion coefficient is water—dependent,25 higher water
content implies higher current and more rapid transport. Fig-
ure 12(b) shows the effect of the externally applied voltages
on the current history. As expected, when a higher external
voltage is applied between two electrodes, higher anodic and
cathodic overpotentials develop at the anode and the cathode.
A correspondingly larger current is to be expected, resulting
in more rapid decay of the electric current at higher external
potentials.

According to the proposed model, the water redistribution
in the membrane generates a deformation gradient across the
actuator. At the beginning, the large difference in water con-
centration between both sides produces a large deformation
of the actuator towards the anodic side. Subsequently, this
difference is gradually reduced due to water flux opposing
the gradient of concentration, as well as the gradient of inter-
nal pressure. As a result, the actuator slowly deforms toward
the cathode and finally returns near its initial position. This
is observed in the normalized displacement plots shown in
Fig. 13. Experiments with different initial water contents and
the external voltages are also included in the figure. Similar
to the observations made on the electric current, the higher
initial water content or applied voltage results in larger dis-
placements relaxing at a rate inversely proportional to the
amount of water in the polymer.

Summary and Conclusions

A coupled model has been developed for the electrome-
chanical response of polymeric membranes under an external
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Fig. 13—Comparison of the history of displacement: the effect of initial water contents (a) and the effect of external voltages (b}

electric field. The fluxes in membrane were introduced using
the Onsager thermodynamic theory, while the fluxes at both
boundaries were derived from the reaction overpotential the-
ory. The spatial gradients in the electrochemical potentials
provided the driving force for mass transport across the bulk
of the actuator. Through decomposition of the total strain into
elastic and chemical strains, the model introduced explicitly
the elastic strains into the chemical potential. The elastic be-
havior was modeled using a linear plane deformation model.

Comparison of simulation results based on independently
determined transport coefficients with experimental data
showed very good agreement between experimental and mea-
sured current and deformation history. Fuorther, the observed
currents and displacements were proportional to the initial
water content and the externally applied voltage underlying
the central role of water in the transport and deformation of
these actuators when subjected to external potentials above
the electrode equilibrium potentials.

The noticed deviation between simulation and experimen-
tal data during the initial 20 s of the experiment are most likely
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due to charging of the electrode interfaces,!® which was not
considered in this model.

The good agreement between experiments and simula-
tions based on independent parameters seems to indirectly
confirm the central role of water and its transport in the de-
formation process, as has been stipulated by others.!327:28
The proposed model does not appear to be in contradiction
with other models dealing with the low-voltage regime, where
short-lived and smaller-amplitude deflection can be expected
due to electrostatic charging of the electrode regions as in-
vestigated by Nemat-Nasser and Li®> and Nemat-Nasser. 4
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