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Chapter 2

Introduction

In this thesis I consider simulations of ionic polymer-metal composite [1] (IPMC) type materi-
als. IPMC is one kind of electroactive polymer (EAP) among others such as ferroelectric poly-
mers [2], conducting polymers [3], carbon-nanotubes [4], dielectric elastomers [5], and ionic poly-
meric gels [6]. Given materials are valuable for many applications from micro robotics to military
and space applications. Among many advantages of EAP materials are light weight, noiseless
actuation, simple mechanics and large displacement. In addition some EAPs, such as IPMCs, are
able to function in aqueous environments. Those qualities make the materials possible to use as
artificial muscles.

IPMC materials are highly porous polymer materials such as Nafion”, filled with a ionic
conductive liquid. There are water based IPMCs which operate in aquatic environment and
current is caused by ions such as Na+, K+ dissociated in water. Other kind of IPMCs - ionic
liquid based, do not need wet environment for operating. A sheet of an ionic polymer is coated
with a thin metal layer, usually platinum or gold. All freely mobile cations inside the polymer
migrate towards an electrode due to an applied electric field, causing expansion of the material at
the one end of the sheet and contraction at the other end, which results in bending of the sheet.

In this thesis I give an short overview of different types of models used to simulate bending
of an IPMC. Then I propose a general model for an IPMC. The model is extended to simulate
electrochemical oscillations on the surface of an IPMC. The simulated data is validated against

experimental data. The next section gives a brief overview of IPMC oscillations and my model.

2.1 Overview of the Model

The primary goal of current work is to develop an extendable Finite Element model for simulating
an IPMC muscle. The model consists of two parts - one is a base model which could be used for
simulating simple deflection of an IPMC. The base model is based on physics, i.e. the underlying

equations describe physical processes instead of being mere extrapolation of experimental data.



There are only few Finite Element models developed for IPMC materials whereas it is possible
to find rather many electromechanical models. One of the reasons could be that it is more
difficult to relate experimental data to a model in case of Finite Element simulations. However,
Finite Element Modelling (FEM) is very good for simulating coupled problems such as mass
transfer, mechanics, electrochemistry, and etc, but it is generally not suitable for molecular scale
simulations. Therefore the model which is described in next chapters uses macro scale equations
of different domains such as Nernst-Planck equation for mass transfer and continuum mechancis
equations to describe bending.

The second part of the model is an extension to the base model. It describes the electrochemi-
cal reactions and oscillating movement of an IPMC muscle. A series of tests with IPMCs immersed
in formaldehyde (HCHO) solution has been conducted by Kim et al. [7]. Measurements under
constant electric field showed current oscillations and thus also material oscillations from onset
potential of 0.75V. Therefore the second part of my model consists of four time-dependent differ-
ential equations, which describe the electrochemical reactions on the surface of an IPMC. The goal
is to extend the base model to simulate a real experiment - a self-oscillating IPMC. Therefore the
final model consists of the base model and electrochemistry model coupled together. The model
is also validated against experimental data. The results of this thesis have also been published in
Applied Physics Letters [7] and Journal of Applied Physics [8].



Chapter 3

Overview

There are several models available to describe tip displacement of an IPMC. For instance Newbury
and Leo [9]proposed a linear model with mechanical terms - mechanical impedance and inertia,
and two electric terms - DC resistance and charge storage. The model was based on an equiv-
alent circuit representation that was related to the mechanical, electrical and electromechanical
properties of the material. Expressions for the quasi-static and dynamic mechanical impedance
were derived from beam theory. The electrical impedance was modeled as a series combination of
resistive and capacitive elements. So the resulting linear electromechanical model was based on
the measurement of the effective permittivity, elastic modulus, and effective strain coefficient.

There are more lumped models available. In those models input parameters such as voltage
or current are converted to the output parameters - tip displacement, force, and etc. For instance
Jung et al. modeled an IPMC as a high pass filter, using series of resistors and capacitors in their
calculations [10]. The model was an equivalent electrical circuit model for the IPMC actuator
using experimental data.

Punning proposed a non-linear transmission line model, where all the elements of transmission
line had a physical meaning [11]. He showed that the IPMC model works as a delay line with
changing resistors and the curvature of the IPMC sample at a given point depends on the surface
resistance.

There are few Finite Element models for an IPMC available. Some authors like Wallmersperger [12]
and Nasser [13] have already simulated mass transfer and electrostatic effects - similar approach
is used in current thesis. Toi [14] proposed a Finite Element model, where viscosity terms in
transportation processes were included explicitly. However, the basis of the described model was
a rectangular beam with 2 pairs of electrodes. My approach for simulating mechanical bending is
taking advantage of the numerical nature of FEM problems - the continuum mechanics equations
are used instead of analytical Euler beam theory which is more commonly used by authors like
Lee [15] and Wallmersperger [16].

Spontaneous oscillations are a widespread phenomenon in nature. They have been studied



for large number of experiments, including electrochemical systems, such as the oxidation of
metals and organic materials [17]. Electrochemical systems exhibiting instabilities often behave
like activator-inhibitor systems. In these systems the electrode potential is an essential variable
and takes on the role either of the activator or of the inhibitor. If certain conditions are met, an
activator-inhibitor system can generate oscillations [18]. As brought out in previous chapter, a
series of tests with self-oscillating IPMCs were conducted by Kim et al. [7]. The initial oscillation
model for an IPMC was proposed by D. Kim [19]. It was a numerical model, which was able
to predict voltage and also tip displacement for certain experimental configuration. However the
model was very rigid and did not work for different HCHO concentrations. The model was based

on the work of Strasser [20], which is also the base of the electrochemical model proposed in this

paper.



Chapter 4

The Base Model

An TPMC sheet consists of a polymer host and a metal coating. In our experiments, we have used
Nafion”™ 117, coated with a thin layer of platinum. Mass transfer and electrostatic simulations are
done in three mechanical domains - pure backbone polymer, pure platinum coating, and mixture
of polymer and platinum - some platinum diffuses into the polymer during coating process [21].
Physical properties and dimensions of pure, 2 pm thick platinum coating are considered only when
calculating bending. That gives us five mechanical domains as shown in Fig. 4.1. Most simulations
are carried out for an IPMC strip, 2 — 4 ¢m long, 200 um thick polymer, including 10 pm thick
Pt diffusion region on each side, coated with 2 pum thick platinum, in a cantilever configuration -
one end of the strip is fixed.

The Nernst-Planck equation describes diffusion, convection and in presence of electric field and
charges, migration of the particles. The general form of the equation is

887? +V - (=DVC — zuFCV¢) = —i - VC, (4.1)
where C'is concentration, D diffusion constant, F' Faraday constant, 4 velocity, z charge number, ¢
electric potential, and p mobility of species, which is found by using known relation p = D/(RT).
There T is absolute temperature and R universal gas constant. Mobile counter ions are described
by Eq. (4.1). As anions are fixed, they maintain constant charge density throughout the polymer.
After a voltage is applied to the electrodes of an IPMC, all free cations will start migrating towards
cathode, causing current in the outer electric circuit. Because of the fact that ions cannot move
beyond the boundary of the polymer, charges start to accumulate, resulting in increase of the
electric field, which cancels out the applied one. The process could be described by Gauss’ Law:

F-pe

V-E=-A¢= . (4.2)

where p. is charge density, € is absolute dielectric constant and E is the strength of the electric
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Figure 4.1: Illustration of domains and dimensions used in simulations. The length of 3 cm was
used also in number of experiments. Notice that there are three different mechanical domains
- pure Nafion”™ polymer, pure Pt coating and diffusion layer, where Pt has diffused into the
polymer.
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Figure 4.2: The concentration of counter ions and electric field strength inside the polymer ac-
cording to simulations.



Table 4.1: Material parameters used in continuum mechanics equations.

Parameter Value Unit Domain where applied
En 200 MPa Nafion™™™
UN 0.49 - Nafion™™
Ep; 168 GPa Pt
Vpt 0.38 - Pt
Eqify 84  GPa Pt diffusion layer (estimated)
Vdiff 0.42 - Pt diffusion layer (estimated)

field. The charge density variable is related to charge concentration:
Pec = zC + Zanioncanion- (43)

The second term in Eq. (4.3) is constant at every point of the polymer. The coupling between
equations (4.1) and (4.2) is strong, i.e. no weak constraints have been used. Absolute dielectric
constant € could be explicitly written as ¢ = ege,, where ¢ is dielectric constant in vacuum
and equals 8.85 x 107!2 F/m. The measured value of absolute dielectric constant e is shown in
Table 4.3. A steady state of the cations forms when electric field created by distribution of cations
cancels out the applied electric field, i.e. the strength of the electric field inside the polymer
is approximately zero, as also shown in Fig. 4.2. The steady state cation concentration, with
average value of 1200 mol/m? is also shown in the same figure. It is interesting to notice that
there are fluctuations in charge distribution only in really thin boundary layers, leading to the
conclusion that there is no charge imbalance inside the polymer. General understanding is that
locally generated charge imbalance nearby platinum electrodes is directly connected, and mainly
responsible, to the bending of an IPMC [22]. Therefore we define longitudinal force per unit area

at each point in the polymer of an IPMC as follows [16]:
F=(Apt B4, (1.4)

where p. is charge density and A and B are constants which are found by fitting simulations
according to experimental results using system identification. Values of the constants are brought
out in Table 4.3 and it is interesting to notice that the ratio A/B is close to the value suggested by
Wallmersperger [16]. Equations (4.1)-(4.4) are described only for pure Nafion?™ and Pt diffusion
domain (see Fig. 4.1). There is no ion diffusion nor migration in thin Pt coating domain.

To relate the force in Eq. 4.4 to the physical bending of an IPMC sheet, we introduce a set of
continuum mechanics equations, which are effective in all domains (Fig. 4.1). These equations are

described in the Comsol Multiphysics structural mechanics software package. Normal and shear

8ui - 1 8ui 8Uj
€ = 87561'7 Eij = 9 <8CUJ + 3252) > (4'5)

strain are defined as




Table 4.3: Parameter values used in bending simulations.

Parameter Value Unit
D 1x107° cm? /s
R 8.31 J/(K mol)
T 293 K
z 1 —
F 96.5 x 10  mC/mol
€ 25 mF/m
A 110 N m/mol
B 10 N m*/mol?
Apolymer 0 s~
ﬁpolymer 1.5 S

where u is the displacement vector, x denotes a coordinate and indices ¢ and j are from 1 to 3
and denote components correspondingly to x, y, or z direction. The stress-strain relationship is

o = De, (4.6)

where D is 6 x 6 elasticity matrix, consisting of components of Young’s modulus and Poisson’s

ratio. The system is in equilibrium, if the relation

—

-V.-o=F, (4.7)

is satisfied. This is Navier’s equation for displacement. The values of Young’s modulus and
Poisson’s ratios, which are used in the simulations, are shown in Table 4.1. The values for platinum
diffusion region are not measured, but estimated as an average of values of the pure Nafion”"
and Pt regions.

As our simulations are dynamic rather than static, we have to introduce an equation to describe

the motion of an IPMC sheet. To do that, we use Newton’s Second law

0%

where the second term is the static Navier’s equation and c is Navier constant for static Navier’s
equation. The first term in Eq. (4.8) introduces the dynamic part. Several authors have reached
to the conclusion that IPMC materials exhibit viscoelastic behavior [9, 23|, which is especially
noticeable for high frequency movements [24]. However, we include the viscoelastic term in our
equations by means of using Rayleigh damping [25] model, which is described for a system of one

degree of freedom as follows:
d?u du

mﬁ-ﬁ-ﬁaﬁ-ku:f@), (4.9)
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Figure 4.3: Experimental and simulation results of tip displacement. The simulation is done for
potential of 2 volts. Although there is a slight difference of graphs in large displacement region,
the model gives precise estimation for smaller displacement.

where the damping parameter £ is expressed as £ = am + Gk. The parameter m is mass, k is
stiffness and o and (3 are correspondingly damping coefficients. The equation for the multiple

degrees of freedom is
02

. ou ou
PoE Y [cVu + cﬂV}

o | targ = F. (4.10)
By coupling Eq. (4.10) to the previously described equations, a good basic model for IPMC
actuation has been obtained. The damping equation turned out to be very necessary to describe
correct movement of an IPMC strip. Though the values of the parameters o and 3 are empirical
(see Table 4.3), they have an important role of improving the dynamical behavior of the model
for non-constant applied voltages.

All values, which are used in the simulations, have been brought out in Table 4.3. Fig. 4.3
shows a comparison between the simulation and an experiment [11]. More comparative figures are

introduced in the next section of the paper.
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Chapter 5

Self-Oscillations

5.1 Experiments

We have conducted a series of tests with IPMCs in a constant electric field in formaldehyde
(HCHO) solution. Platinum-electroded IPMCs were prepared using the electroless deposition [26]
onto Nafion 1110. The standard IPMC sample size was 0.27 mm thick x 10mm wide x 50 mm
long. By using an INSTRONTM 5565, we measured the Young’s modulus of the standard IPMC
samples - 48.8 M Pa. Actuation of the platinum electroded ionomer was carried out in a con-
ventional electrochemical cell with three electrodes. The Reference Electrode (RE) used was a
Saturated Calomel Electrode (SCE) and the two platinum electrodes functioned as the Working
(WE) and Counter Electrode (CE), respectively. Voltammograms were obtained using a potentio-
stat/galvanostat (Radiometer Analytical, Voltalab80 Model PGZ402). Deformation data of IPMC
in a cantilever configuration was obtained using a laser optical displacement sensor (Micro-Epsilon
Model 1400-100). Prior to all experiments, dozens of cyclic voltammetric (CV) curves between
—0.25V and +1.2V (vs. SCE) were performed in 0.5M H250, to confirm the absence of any
residuals of impurities on the platinum surface. All experiments were performed at room temper-
ature. Measurements show that current oscillations begin from applied potential of ca. 0.75 V.

More information about experiments and conclusions is described in the previous paper [7].

5.2 Theoretical Background

Studies show that there are sequential electrochemical reactions, which take place on the platinum

cathode. The initial burst of the current is caused by the reaction

COads + OHads - COQ + H+ +e + 2*, (51)

12
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Figure 5.1: and corresponding deflection data of a platinum-IPMC in 2M HCHO + 3M H3S0,
under constant current of 10mA/cm? (scan rate of 1mA/s).

where subscript ads denotes species adsorbed to the platinum and * denotes an active platinum
site. The result of the reaction (5.1) is clearing up 2 platinum sites, which causes CO to adsorb
again. Due to C'O poisoning, anodic current abruptly decreases until the burst again. Between
current decrease and second burst, the current slightly increased due to OH adsorption. These
electrochemical reactions lead to self-rhythmic motion of an IPMC as shown in Fig. 5.1. During
the oxidation of formaldehyde, the intermediate (CO) of the reaction strongly binds to the plat-
inum surface of the IPMC and blocks active sites. Since platinum is particularly vulnerable to a
poisoning effect, both cathode and anode can be poisoned by C'O in acidic media. In this process
the resistance of platinum is increased which leads to weaker field strength between electrodes
of an IPMC. Platinum also adsorbs OH which then oxidizes the CO on adjacent platinum sites
to COs. Due to this reaction, conductivity of platinum improves and results in a stronger field
strength between the electrodes. The simultaneous adsorption and desorption processes result in
the oscillatory potentials which can be used as a driving source of IPMCs. Chronopotentiomentry

scans show that before reaction (5.1), the following reactions occur:

HCHO +% — Pt—CHOus+H' +e7, (5.2)
Pt—CHO — Pt—COus+H" +e, (5.3)
HyO+% « Pt—OHu, +H" +e . (5.4)

13
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Figure 5.2: Experimental [7] and simulated frequency dependence on concentration of HCHO and
applied current density. Simulations for 1 M HCHO concentration does not go past 30 mA/cm?,
because given equation system did not give reasonable results beyond that current density.

HCHO is dissociated on the electrode surface at lower anodic potentials. Higher anodic potentials
cause dehydrogenation of water which results in water oxidation with intermediate Pt — OH
formation. We believe that these reactions lead to oscillating potentials, which in turn lead to
self-oscillating motion of the IPMC sheet.

Series of chronopotentiometry scans were conducted to characterize oscillations for different
HCHO concentrations and current densities. As was brought out in our previous paper [7], the
oscillations start at approximately 7 mA/cm?. The experiments were conducted up to current
density values of 40 mA/cm?. Tests with HCHO concentrations of 1 M, 2 M, and 3 M show that
oscillations frequencies remain constant up to the current density of 14 mA/em?, but after further
increasing the current, in 1 M HCHO, the frequency decreases, in 2 M HCHO, the frequency
remains constant, and in 3 M HCHO solution, the frequency starts to increase, as also shown in
Fig. 5.2.

5.3 Modeling Self-Oscillations

Our goal is to develop a model for describing the frequency behavior depending on HCHO con-
centration and the current density. The basic model and concepts are introduced by D. Kim [19]
and work of P. Strasser [20]. To describe the oscillations, four dynamic parameters, therefore four

differential equations, must be observed: concentration of adsorbed OH, CO, the change of the

14
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Figure 5.3: Potential oscillations. Measured data [19] and simulated data for 3 M HCHO solution.

The potential oscillations were measured between the cathode and anode of the IPMC strip during
the experiment. The applied current was maintained at constant value of 20 mA/cm?.

double layer potential due to electrochemical reactions, and the change of the concentration of
HCHO near the surface of platinum. First two variables are expressed for a certain current density
and HCHO concentration as [19]:

bco = koM — ksbcobomn, (5.5)
bor = ksbooM —k_300m — kibooborm, (5.6)

where oo and 0oy are normed adsorption coverages of CO and OH. Variables k; and M are

described by equations

ki(¢) = explsi(¢—¢i)], (5.7)
M = (1-0co—bomn), (5.8)

where s; are modeling coefficients and ¢; are potentials of the reactions [19]. As our model is
highly dynamic, the double layer with thickness § near the platinum electrode is introduced. At
the far end of the layer, the concentration of the formic acid is considered constant, and due to
the adsorption of HCHO on Pt, the concentration of the solution is changing in time near the
electrode. There are two components responsible of decrease of the concentration. The first one
is direct oxidation of the formic acid to CO, and 2H ™, the second one is adsorption of CO on

15



the platinum surface due to electrochemical reactions [20]. The mechanism, which restores the
HCHO concentration near the surface is diffusion. So the amount of the formic acid is decreasing
significantly while the adsorption rate is high and increasing due to the diffusion during the low

adsorption period. The equation describing the diffusion process is

Ocra

ot

=V (DFAVCFA) (5.9)
with constant concentration at the far end of the double layer and flux
f=kaM (14 kc,) Stot, (5.10)

as boundary condition on the electrode. Here Sy,; denotes the total number of platinum sites per
surface area, ¢, is normed concentration near boundary layer and equals ¢, = c¢pa/co, where ¢y
is an initial concentration. Variable k is a simulation constant. The second term of Eq. (5.10)
represents simplified version of the direct oxidation path [20]. Considering those equations and
interesting nature of frequency characteristic for different amounts of HCHO (Fig. 5.2), we can

now describe empirical, gray box [27] equation for the last dynamic variable - the double layer

potential:
. 1 .. . 2
¢ = & [jth — Ja+ A B §* (j — jin) cr—
dl
—Siot F (k1M + ksbcobomn)), (5.11)

where j is applied current density, js;, is threshold current density with approximate value of
10 mA/em?, jg is direct current density and is proportional to the second term of Eq. (5.10). The
variable B is explicitly written as B = ¢y — Cpeutral, Where Cpeytrar corresponds to concentration of
2 M. This is denoted as “natural” concentration, because as it is shown in Figure 5.2, the oscillation
frequency for the case ¢y = cpeutrar = 2 M does not depend on the applied current density. The
numeric data can be found in Table 5.1. The third term in Eq. (5.11) is empirical and reflects the
interesting behavior of the oscillations frequency for different formic acid concentrations. Other
terms are similar to the ones described by Strasser [20]. However, some values are adjusted to
get realistic simulation results. Measured voltage oscillation comparison to simulation data could
be seen in Fig. 5.3. The simulation does not require any change in boundary or inital conditions
for the basic model, which is described in the previous chapter. However, equations (5.5), (5.6),

(5.7), and (5.11) are simulated using the weak form differential equation on the anode boundary.

5.4 Modeling Results

By using the obtained voltage output in the base Finite Element Model, which is described in
the previous chapter, we can simulate oscillating deflection of an IPMC muscle. As it is shown

in Fig. 5.2, the model is quite flexible, i.e parameters such as HCHO concentration and current

16



Table 5.1: Variables and values used in the simulation of electrochemical oscillations.

Parameter Value Unit
Stot 0.5 x 107° mol [em?
Cu 1 mF/em?
A 1.2 em”/ (mA? x mol)
k 100 -
St 3 x 102 cm
Dpat 2.5 x 1075 em? /s
$123,-34> (0.2, 0.3, 0.01, 0.512, 0.77] 1%
8172737_3,42 [10, —11, 9, -9, 20] vl
9 " 1 " 1 L | L 1 " 1

Experimental, 1M, 20mA/cm’
- - - Simulation, 1M, 20mA/cm’

Deflection (mm)

Time (s)

Figure 5.4: Oscillating tip displacement. Experimental [19] data and simulation data for 1 M
HCHO solution, applied current density of 20 mA/cm?.
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Figure 5.5: Oscillating tip displacement. Experimental [19] data and simulation data for 3 M
HCHO solution, applied current density of 10 mA/cm?.

density could be changed without loss of model’s accuracy. Also the measured voltage and modeled
voltage is in very good accordance with modeling results (Fig. 5.3).

Two sample results for different HCHO concentrations and current densities are shown in Fig-
ures 5.4 and 5.5. As it could be seen, the amplitude, frequency and for the most part, shape of the
deflection show reasonable agreement between modeling and experimental data. However, there
is some disharmony at the areas of maximum deflection, where the experiments show distinctly

sharp deflections in comparison to rather smooth simulation results. This will be studied further

in future.
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Chapter 6

Summary and Conclusions

We have developed a Finite Element model for simulating actuation of an IPMC. The model is
largely based on physical quantities and well known or measurable variables. The migration and
diffusion of the counter ions inside the Nafion”™ polymer is described along the electric field
change due to the charge imbalance. This in turn is tied into continuum mechanics and dynamics
equations, forming a complete system of equations to describe the bending of an IPMC sheet.

The comparison of experimental and simulated tip displacement in time shows reasonable
agreement, especially for smaller deflections. The future work is to perform simulations more
precise for large displacements, possibly including equations, which describe voltage distribution
on the surface of the electrodes depending on the curvature of the IPMC. Taking into account the
surrounding environment of the IPMC could also improve the results.

The second part of the work describes the extended model for self-oscillating IPMCs. The
oscillations occur when a platinum coated IPMC is immersed into formic acid solution and sub-
jected to a constant potential or current. The extended model takes into account formic acid
concentration changes near the electrode and poisoning level of the platinum sites. This in turn
results in the oscillating double layer potential, which is used in the base model for calculating time
dependent tip displacement of the IPMC muscle. For the most part, the model follows simulation
data closely. However, the experimental deflection shows distinctly sharp movements at certain
regions, but the simulation gives rather smooth displacement profiles. The future work includes
studying further this interesting behavior and possibly improving the model.

We want to acknowledge the support of the US Office of Naval Research (N00014-04-0673) and
Estonian Science Foundation grant #6763. Also we acknowledge Estonian Archimedes Foundation

for travel support of Deivid Pugal to University of Nevada, Reno.
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Ostsilleeruva IPMC Aktuaatori
Mudel

Deivid Pugal

Kokkuvote

Kéiesolevas t66s on koostatud IPMC tiiiipi materjalide mudel. IPMC on iiks paljudest elektroakti-
ivsetest poliimeeridest nagu ferroelektrilised poliimeerid, juhtivad poliimeerid, dielektrilised elas-
tomeerid ja ioonpoliimeer geelid. Koik need materjalid on vairtuslikud paljudes rakendustes
mikrorobootikast kosmosetehnoloogiateni. Seda liiki materjalide eeliseks on kergus, hidletu t606
ja suur paindeulatus. Mitmed elektroaktiivsed poliimeerid nagu IPMC on voimelised toimima ka
maérjas keskonnas. Neid omadusi silmas pidades voib koiki eelnimetatud materjale kutsuda n.6
kunstlihasteks.

Kéesolevas t66s on koostatud IPMC tiilipi materjali jaoks fiiiisikaline mudel Loplike Elementide
Meetodit (LEM) kasutades. Mudel koosneb kahest komponendist: {iks ja pohiline on baasmudel,
mille abil on voimalik simuleerida lihtsat IPMC materjali paindumist. See komponent sisaldab
endas IPMC sees toimuvaid pohilis protsesse (nagu ioonide litkumine, elektrivélja kirjeldus) kirjel-
davaid vorrandeid. Teine osa mudelist keskendub elektrokeemiliste protsesside kirjeldamisele ning
see voimaldab simuleerida iseostsilleeruvat IPMC materjali. Nimelt oleme teinud arvukalt teste
IPMC matejalidega, mis on kastetud HC HO lahusesse. Rakendades materjalile konstantse pinge,
alates 0.75V, saab mo6ta voolu ja ka materjali enda vonkumisi. Seega mudeli teine osa ongi baas-
mudeli iiks voimalik laiendus, mille abil saame modelleerida reaalset fiiiisikaliselt huvipakkuvat
probleemi.

Baasmudeli vorrandid kirjeldavad mitut erinevat fiilisikalist domeeni. Nernst Planck’i vorrand
kirjeldab ioonide liikumist, Gaussi vorrand kirjeldab elektrivilja IPMC materjalis ja mitmesug-
used pideva keskkonna mehhaanika vorrandid (o — e seosed) kirjeldavad materjali paindumist.
Mudeliga sooritatud arvutuste ja katseandmete vordlemine néditab head kooskola.

Mudeli teine osa on sisuliselt baasmudeli laiendus elekrokeemiliste ostsillatsioonide kirjel-

damiseks. See koosneb neljast siisteemi pandud ajast soltuvast differentsiaalvorrandist, mis kirjel-
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davad mitmesuguseid elektrokeemilis protsesse plaattina katoodi pinnal. Vorrandite muutujateks
on HCHO kontsentratsiooni katoodi ldhedal, CO ja OH adsorbatsioon ajas ja kaksikkihi po-
tentsiaali muutumine ajas. Need vorrandid on samuti koostatud kiesoleva t66 raames.

Vorreldes nii baasmudeli kui ka laiendatud mudeli abil arvutatud IPMC tiiiipi materjalide
paindumist elektrivéljas, ndeme viga head kooskola eksperimendiga. Siiski eksperiment HCHO
lahuses asetseva kunstlihasega n&itab moningaid jirske litkumisi erinevalt meie mudelist. Selle
huvitava kditumise uurinime on edaspidise uurimsitdo osa.

Kiesolevas t60s esitatud tulemused on ka avaldatud ajakirjades Applied Physics Letters [7] ja
Journal of Applied Physics [8].
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To drive the electroactive polymer (EAP) materials and subsequently control their strain generation,
the need for power electronics and driving circuits has been eminent. In this letter the authors
demonstrate a spontaneous actuation of an electroactive polymer that requires only dc power to
produce its ac responses. Such a dc-to-ac response of the EAP was achieved by the deposition of an
effective electrocatalyst, i.e., platinum, on an ionomer, Nafion™. The coated ionomer was immersed
into an acidic formaldehyde solution. An applied dc voltage will produce current oscillations in the
system, and therefore oscillating bending of the actuator. © 2007 American Institute of Physics.

[DOT: 10.1063/1.2735931]

A number of representative electroactive polymeric ma-
terials of interest include ferroelectric polymers,' conducting
polymers,2 ionomeric polymer-metal composites3 (the sub-
ject of this study), carbon nanotubes,4 dielectric elastomers,5
and ionic polymeric gels.6 These materials exhibit an active
deformation capability under applied voltages, producing
useful force density. Ionomers (such as a perfluorinated sul-
fonic acid polymer, i.e., Nafion™) in a composite form with
a conductive metallic medium such as platinum (Pt) are
called ionic polymer-metal composites (IPMC). In a cantile-
ver configuration, these materials can exhibit large dynamic
deformation if placed in a time-varying low electric field of
less than a few volts.

Spontaneous oscillations are a widespread phenomenon
in nature. They have been studied for large number of ex-
periments, including electrochemical systems, such as the
oxidation of metals and organic materials.” Electrochemical
systems exhibiting instabilities often behave like activator-
inhibitor systems. In these systems the electrode potential is
an essential variable and takes on the role either of the acti-
vator or of the inhibitor. If certain conditions are met, an
activator-inhibitor system can generate oscillations.®

Platinum-electroded IPMCs were prepared using the
electroless deposition9 onto Nafion 1110. The standard IPMC
sample size was 0.27 mm thick by 10 mm wide by 50 mm
long. By using an INSTRON™ 5565, we measured Young’s
modulus of the standard IPMC samples—48.8 MPa.

Actuation of the platinum-electroded ionomer was car-
ried out in a conventional electrochemical cell with three
electrodes. The reference electrode used was a saturated
calomel electrode (SCE) and the two platinum electrodes
functioned as the working and counterelectrode, respectively.
Voltammograms were obtained using a potentiostat/

YElectronic mail: kwangkim@unr.edu

0003-6951/2007/90(18)/184104/3/$23.00

90, 184104-1

galvanostat (Radiometer Analytical, Voltalab80 model
PGZ402). Deformation data of IPMC in a cantilever configu-
ration were obtained using a laser optical displacement sen-
sor (Micro-Epsilon Model 1400-100). Prior to all experi-
ments, dozens of cyclic voltammetric curves between —0.25
and +1.2 V (versus SCE) were performed in 0.5M H,SO, to
confirm the absence of any residuals of impurities on the
platinum surface. All experiments were performed at room
temperature.

We conducted a series of tests with IPMCs in formalde-
hyde (HCHO) solutions. Measurements under constant elec-
tric field showed that current oscillations occur from onset
potential of approximation 0.75 V. The initial burst of cur-
rent at this voltage is due to the reaction CO,4+OH, 4
—CO,+H*+e +2", where subscript ads denote species ad-
sorbed on the surface of platinum and * denotes an active
platinum site. This reaction frees up two platinum sites,
which cause CO again to adsorb on the surface. Due to CO
poisoning, anodic current abruptly decreases until the burst
again. Between current decrease and second burst, the cur-
rent slightly increased due to OH adsorption. These electro-
chemical reactions lead to self-rhythmic motion of an IPMC,
as shown in Fig. 1.

During the oxidation of formaldehyde, the intermediate
(CO) of the reaction strongly binds to the platinum surface of
the IPMC and blocks active sites. Since platinum is particu-
larly vulnerable to a poisoning effect, both cathode and an-
ode can be poisoned by CO in acidic media. In this process
the resistance of platinum is increased, which leads to
weaker field strength between electrodes of an IPMC. Plati-
num also adsorbs OH which then oxidizes the CO on adja-
cent platinum sites to CO,. Due to this reaction, conductivity
of platinum improves and results in a stronger field strength
between the electrodes. The simultaneous adsorption and de-

© 2007 American Institute of Physics
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FIG. 1. (Color online) Chronopotentiogram and corresponding deflection
data of a platinum IPMC in 2M HCHO+3M H,SO, under constant current
of 10 mA/cm? (scan rate of 1 mA/s).

sorption processes result in the oscillatory potentials which
can be used as a driving source of IPMCs.

Chronopotentiometry scans for three different concentra-
tions of HCHO help us to characterize behavior of IPMC in
HCHO solution. For all cases, oscillations start at approxi-
mately 7 mA/cm? (further noted as threshold current) with a
constant value of 0.11-0.13 Hz up to the current density of
14 mA/cm?. After further increasing current, in 1M HCHO,
the frequency decreases as shown in Fig. 2. In 2M HCHO,
the frequency maintains a constant value regardless of higher
current density, and in 3M HCHO, the frequency increases.
Tests also show that maximum potential difference increases
until threshold current and stays constant after that. How-
ever, maximum deflection tends to decrease after increasing
current over threshold current. We achieved the largest de-
flection of 2.86 mm at 10 mA/cm? in 1M HCHO. It is inter-
esting to note that relationship between corresponding de-
flection and potential on the electrode is nearly linear. So, by
varying concentration of HCHO and changing driving cur-
rent, it is possible to create self-oscillating IPMC systems
with different characteristics, as shown in Fig. 3, appropriate
for specific tasks.

Appl. Phys. Lett. 90, 184104 (2007)
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FIG. 2. (Color online) Galvanostatic linear sweep voltammograms of a
platinum IPMC in 1M HCHO+3M H,SO, at the scan rate of 1 mA/s.

Electrochemical oscillations during electro-oxidation of
small organic molecules under specific conditions are usually
observed. It was reported that HCHOOH shows electro-
chemical oscillation phenomena during oxidation.'® As we
have seen, oscillations obtained from a HCHO system can be
useful for self-oscillatory IPMC systems. However, cyclic
voltammetry tests were conducted for HCHOOH and in ad-
dition, for alcohols, such as CH;0OH, C,HsOH, and C;H;OH
to find out a possibility of using them in IPMC systems. We
found that there are no peaks in alcohol solutions from
0to 1.4 V. It is determined that adsorbed CO coming from
those organic molecules converts into CO, without oscilla-
tion phenomena. There are oscillations in HCOOH solution.
However, peaks are shown in a narrower range of applied
current and the number of oscillations is also much smaller
than in the HCHO system. This means that HCOOH is not
proper for a self-oscillatory IPMC with high frequency. It
could be used for low-frequency oscillations. However, alco-
hol solutions do not work at all.

Biological systems usually exhibit thythmic phenomena.
Their typical time scale is in the range from less than a
second to years. How can this effect be really important for
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FIG. 4. (Color online) Illustration of conventional (a) and self-oscillatory
(b) operations of IPMC-based artificial muscles.

IPMC

developing IPMC based applications? The self-oscillatory
operation allows simplifying the driving electronics of IPMC
systems and can lead to significant increase of the payload. It
can also be useful as a means of minimizing the use of com-
plex electronics in many engineering applications (see Fig.
4). We have been able to achieve frequencies in the range of
0-1 Hz and deflections up to almost 3 mm. If further devel-
oped, the self-oscillatory feature of IPMC allows one to ob-
tain desired properties for numerous future engineering ap-

Appl. Phys. Lett. 90, 184104 (2007)

plications. Potential applications include self-oscillating
propulsor blades for small underwater vehicles, self regulat-
ing drug delivery systems, artificial organs such as heart,
biosensors, etc.
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This paper presents an electromechanical model of an ionic polymer-metal composite (IPMC)
material. The modeling technique is a finite element method (FEM). An applied electric field causes
the drift of counterions (e.g., Na*), which, in turn, drags water molecules. The mass and charge
imbalance inside the polymer is the main cause of the bending motion of the IPMC. The studied
physical effects have been considered as time dependent and modeled with FEM. The model takes
into account the mechanical properties of the Nafion polymer as well as the thin coating of the
platinum electrodes and the platinum diffusion layer. The modeling of the electrochemical reactions,
in connection with the self-oscillating behavior of an IPMC, is also considered. Reactions occurring
on the surface of the platinum electrode, which is immersed into formaldehyde (HCHO) solution
during the testing, are described using partial differential equations and also modeled using FEM.
By coupling the equations with the rest of the model, we are able to simulate the self-oscillating

behavior of an IPMC sheet. © 2008 American Institute of Physics. [DOI: 10.1063/1.2903478]

I. INTRODUCTION

Electroactive polymer (EAP) based materials are valu-
able for many applications, from microrobotics to military
and space applications. Some of the advantages of EAP ma-
terials are their light weight, noiseless actuation, simple me-
chanics, and large displacement capabilities. In addition,
some EAPs, such as ionic polymer-metal composites
(IPMCS),1 are able to function in aqueous environments.
These qualities make the materials applicable in creating ar-
tificial muscles. In this paper, we consider simulations of the
IPMC type materials using the finite element method (FEM).

IPMC materials are highly porous polymer materials,
such as Nafion™, and are filled with an ion-conductive lig-
uid. Some IPMCs are water based, operating in an aquatic
environment where the current is caused by ions such as
Na(+) and K(+) being dissociated in water. Another kind of
IPMCs—ionic liquid based—does not need a wet environ-
ment to function. A sheet of an ionic polymer is coated with
a thin metal layer, usually platinum or gold. All free, mobile
cations inside the polymer migrate towards an electrode due
to an applied electric field, causing an expansion of the ma-
terial on one side of the sheet and contraction on the other
side, resulting in the bending of the sheet.

In order to simulate the actuation of an IPMC sheet, we
need to solve coupled problems, which will be difficult due
to the complex nature of the bending. The simulations take
place in different domains such as mechanical, electrostatic
and mass transfer, and even electrochemical for more ad-
vanced models. Some authors® have already simulated mass
transfer and electrostatic effects, and we used similar ap-
proaches in our model. Toi and Kang showed a FEM includ-

“Electronic mail: david@ut.ee.
YElectronic mail: kwangkim @unr.edu.
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ing the viscosity terms during the transportation processes.4
The basis of this described model is a rectangular beam with
two pairs of electrodes. Our approach to simulating mechani-
cal bending is to take advantage of the numerical nature of
FEM problems—to use continuum mechanics equations in-
stead of the more commonly used analytical equations.s’6 By
coupling equations from different domains, we get a model
of an IPMC muscle sheet, which allows us to use it as a
starting point for solving more complex problems; thus, we
have introduced a simulation of electrochemical reactions
using a platinum electrode of an IPMC sheet, leading to a
self-oscillating actuation. Spontaneous oscillations are com-
mon phenomena in nature, including electrochemical sys-
tems such as oxidation of organic materials and metals.” Un-
der certain conditions, such systems can generate
oscillations.® We have conducted a series of tests, where an
IPMC sheet has been immersed into an acidic formaldehyde
(HCHO) solution and exposed to a constant potential. The
measurements, however, show current oscillations, which, in
turn, result in an oscillating bending of the IPMC sheet.”
Hence, we have introduced a FEM model in this paper to
describe the time-dependent bending of a self-oscillating
IPMC.

Il. BENDING SIMULATION DETAILS

An IPMC sheet consists of a polymer host and a metal
coating. In our experiments, we used Nafion™ 117 that was
coated with a thin layer of platinum. Mass transfer and elec-
trostatic simulations were performed in three mechanical
domains—pure backbone polymer, pure platinum coating,
and a mixture of polymer and platinum. Some platinum dif-
fuse into the polymer host during the coating process.lo The
physical properties and dimensions of a pure 2-um-thick
platinum coating are considered only when calculating the

© 2008 American Institute of Physics
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FIG. 1. Tllustration of domains and dimensions used in simulations. The
length of 3 cm was used also in a number of experiments. Note that there
are three different mechanical domains—pure Nafion™ polymer, pure Pt
coating, and a diffusion layer where Pt has diffused into the polymer.

bending. These tests give us five mechanical domains as
shown in Fig. 1. Most simulations are carried out on an
IPMC strip, 2—4 cm long, with a 200-um-thick polymer,
including a 10-um-thick Pt diffusion region on each side,
and coated with 2-um-thick platinum, in a cantilever con-
figuration. One end of the strip is fixed.

The Nernst—Planck equation describes diffusion, convec-
tion, and, in the presence of an electric field and charges,
migration of the particles. The general form of the equation
is

aC
E+V(—DVC—ZMFCVCD):—U-VC, (1)

where C is the concentration, D the diffusion constant, F' the
Faraday constant, u the velocity, z the charge number, ¢ the
electric potential, and u the mobility of species. The mobility
of the species is found using the known relation u=D/RT,
where T is the absolute temperature and R is the universal
gas constant. Movable counterions are described by Eq. (1).
As the anions are fixed, they maintain a constant charge den-
sity throughout the polymer. After a voltage is applied to the
electrodes of an IPMC, all free cations start migrating to-
wards the cathode, causing a current in the outer electric
circuit. Due to the fact that ions cannot move beyond the
boundary of the polymer, charges start accumulating, result-
ing in an increase in the electric field, which cancels out the
applied field. The process could be described by Gauss law
as follows:

F-p,.
P

V-E=-A®= (2)
where p,. is the charge density, ¢ is the absolute dielectric
constant, and E is the strength of the electric field. The
charge density variable is related to charge concentration as
follows:

Pc= C+ ZanionCanion' (3)

The second term in Eq. (3) is constant at every point of the
polymer. The coupling between Egs. (1) and (2) is strong,
i.e., no weak constraints were used. The absolute dielectric
constant & could be explicitly written as e=g(g,, where g is
the dielectric constant in vacuum and is equal to 8.85
% 1072 F/m. The measured value of the absolute dielectric
constant € is shown in Table 1. A steady state of the cations
forms when the electric field, created by distribution of cat-
ions, cancels out the applied electric field. The strength of the
electric field inside the polymer is approximately zero, as

J. Appl. Phys. 103, 084908 (2008)

TABLE I. Parameter values used in bending simulations.

Parameter Value Unit

D 1x107 cm?/s

R 8.31 1/(K mol)
T 293 K

z 1

F 96.5 X 10° mC/mol
€ 25 mF/m

G 110 K m/mol
H 10 N m*/mol?
Qpolymer 0 s7!
:Bpolymcr 1.5 S

shown in Fig. 2. The steady state cation concentration, with
the average value of 1200 mol/ m?, is also shown in the same
figure. It is interesting to note that there are fluctuations in
charge distribution only in thin boundary layers, leading to
the conclusion that there is no charge imbalance inside the
polymer. The general understanding is that the locally gen-
erated charge imbalance near the platinum electrodes is di-
rectly connected to—and mainly responsible for—the bend-
ing of an IPMC."" Therefore, we define the longitudinal force
per unit area at each point in the polymer of an IPMC as
follows:°

F=(Gp.+ Hpg))?, 4)

where p, is the charge density, and G and H are constants
found by fitting simulations, according to experimental re-
sults, using system identification. The values of the constants
are shown in Table I, and it is interesting to note that the ratio
of G/H is the value suggested by Wallmersperger et al.’
Equations (1)—(4) are described only for the pure Nafion™
and Pt diffusion domain (see Fig. 1). There is neither ion
diffusion nor migration in the thin Pt coating domain.

To relate the force in Eq. (4) to the physical bending of
an IPMC sheet, we introduce a set of continuum mechanics
equations that are effective in all domains (Fig. 1). These

&
| ’ | i L i L ’ | 35 g
< 12+ —— Electric Field ©
S — — = Counter ion concentration 43.0 E
10 - N
= c
-I-E 8 (0] 12° g
o “1o ©
c o ‘D —
& 1% 8420 £
s 68 =
n o < 3
4156 <€
3« | 8
= | )y -~ ~"—-—"T"-—7"77"7"7"7="== \
410 €<
&)
£ ' 2
5} \
(O] ll 105 @
m 0+ T T T T T T T T g
-0.10 -0.05 0.00 0.05 0.10 o)
(&

Cross section of polymer (mm)

FIG. 2. (Color online) The concentration of counterions and the electric
field strength inside the polymer according to simulations for a potential of
2 V.
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TABLE II. Material parameters used in continuum mechanics equations.

Parameter Value Unit Domain where applied

E, 200 MPa Nafion™

vy 0.49 B Nafion™

Ep 168 GPa Pt

Vpy 0.38 Pt

Egisr 84 Gpa Pt diffusion layer (estimated)
Vgir 0.42 Pt diffusion layer (estimated)

equations are described in the COMSOL MULTIPHYSICS struc-
tural mechanics software package. Normal and shear strains
are defined as

ou; 1{du;, Ju;
&=, Sij=_(_l+_i>’ (5)
(7xi 2 (?xj (?xi

where u is the displacement vector, x denotes a coordinate,
and indices 7 and j range from 1 to 3 and denote components
in the x, y, or z direction correspondingly. The stress-strain
relationship is

o=De¢, (6)

where D is a 6 X 6 elasticity matrix, consisting of the com-
ponents of Young’s modulus and Poisson’s ratio. The system
is in equilibrium if the relation

-V.o=F (7)

is satisfied. This is Navier’s equation for displacement. The
values of Young’s modulus and Poisson’s ratios, which are
used in the simulations, are shown in Table II. The values for
the platinum diffusion region are not measured but, instead,
estimated as an average of values of the pure Nafion™ and
Pt region.

As our simulations are dynamic rather than static, we
have to introduce an equation to describe the motion of an
IPMC sheet. To do that, we use Newton’s second law as
follows:

Fu
?—V-CVU=F, (8)

where the second term is Navier’s static equation and c¢ is
Navier’s constant for a static Navier equation. The first term
in Eq. (8) introduces the dynamic part of the problem. Sev-
eral authors have reached the conclusion that IPMC materi-
als exhibit viscoelastic behavior,'*'> which is especially no-
ticeable during high frequency movements.'* However, we
include the viscoelastic term in our equations by means of
the Rayleigh damping15 model, which is described for a one-
degree-of-freedom system as follows:

T =0 (9)
m— + &— +ku=f(1),

ar - dt

where the damping parameter ¢ is expressed as &é=am— k.
The parameter m is mass, k is stiffness, and « and S are the
correspond damping coefficients. The equation for the mul-
tiple degrees of freedom is
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FIG. 3. (Color online) Experimental and simulation results of tip displace-
ment. The simulation is done for a potential of 2 V. Although there is a
slight difference in graphs in the large displacement region, the model gives
a precise estimation for smaller displacement.

@ \Y Vu+ V@ + @—F (10)
P cVutch a | T Pa T

By coupling Eq. (10) with the previous equations, a good
basic model for the IPMC actuation has been obtained. The
damping equation is very necessary to accurately describe
the movement of an IPMC strip. Although the values of the
parameters « and B are empirical (see Table 1), they have an
important role in improving the dynamical behavior of the
model for nonconstant applied voltages.

All of the values used in the simulations are specified in
Tables I and II. Figure 3 shows a comparison between the
simulation and an actual expelriment.16 Additional compara-
tive figures are introduced in the next section.

MODELING SELF-OSCILLATIONS

We have conducted a series of tests with IPMCs with a
constant electric field in formaldehyde (HCHO) solution.
Measurements show that the current oscillations begin from
an applied potential of about 0.75 1. More information about
the experiments and their conclusions are described in a pre-
vious paper.9 The studies demonstrate that there are sequen-
tial electrochemical reactions taking place on the platinum
cathode. The initial burst of the current is caused by the
reaction

CO,4s+OH 4, — CO, + H + &7+ 2 %, (11)

where the subscript ads denotes species adsorbed on the
platinum and - denotes an active platinum site. The result of
reaction (11) is the clearing up of two platinum sites, which
causes co to adsorb again. Chronopotentiometry scans show
that before reaction (11), the following reactions occur:

HCHO + * — Pt-CHO 4+ H" + ¢7, (12)

Pt-CHO — Pt-CO,4+ H" + ¢, (13)
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FIG. 4. (Color online) Experimental and simulated frequency dependence
on the concentration of HCHO and the applied current density. Simulations
for 1M HCHO concentration do not go past 30 mA/cm?, because the given
equation system did not give reasonable results beyond that current density.

H,O+ * < Pt-OH,g + H + ¢7, (14)

HCHO is dissociated on the electrode surface at lower an-
odic potentials. Higher anodic potentials cause dehydrogena-
tion of the water, resulting in water oxidation with an inter-
mediate Pt-OH formation. We believe that these reactions
lead to oscillating potentials, which, in turn, lead to the self-
oscillating motion of the IPMC sheet.

A series of chronopotentiometry scans was conducted to
characterize the oscillations for different HCHO concentra-
tions and their current densities. As was discussed in our
previous paper,9 the oscillations start at approximately
7 mA/cm?. The experiments were conducted up to the cur-
rent density values of 40 mA/cm?. Tests with HCHO con-
centrations of 1M, 2M, and 3M show that oscillation fre-
quencies remain constant up to the current density of
14 mA/cm®. When current is increased further in 1M
HCHO, the frequency decreases; in 2M HCHO, the fre-
quency remains constant. In the 3M HCHO solution, the
frequency starts to increase, as shown in Fig. 4. Our goal is
to develop a model to decribe the frequency behavior that is
dependent on the HCHO concentration and the current den-
sity. The basic model and concepts are introduced by Kim'’
and Strasser et al.'® To describe the oscillations, four dy-
namic parameters and, therefore, four differential equations
must be observed: the concentrations of adsorbed OH and
CO, the change of the double layer potential due to electro-
chemical reactions, and the change of the concentration of
HCHO near the surface of platinum. First, two variables are
expressed for a certain current density and HCHO concen-
tration as follows:'’

9co=k2M—k49C090H’ (15)

éOH = k3 0COM - k—3 00H - k4 GCO 00H9 (1 6)

where 0-q and 6y are the normalized adsorption coverages
of CO and OH. Variables k and M are described by the
following equations:

ki(¢) =exp[s(d— )], (17)
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M=(l_0CO_00H)’ (18)

where s, are modeling coefficients and ¢, are potentials of
the reactions.'” The highly dynamic model introduces the
double layer with thickness & near the platinum electrode. At
the far end of the layer, the concentration of the formic acid
is considered constant and, due to the adsorption of HCHO
on Pt, the concentration of the solution changes near the
electrode. There are two components responsible for the de-
crease in the concentration. The first one is the direct oxida-
tion of the formic acid to CO, and 2H?; the second one is the
adsorption of CO on the platinum surface due to electro-
chemical reactions.”® The mechanism that restores the
HCHO concentration near the surface is diffusion. The
amount of the formic acid decreases significantly when the
adsorption rate is high and increases due to the diffusion
during the low adsorption period. The equation describing
the diffusion process is

ﬁCFA

o =V (Dps Vcpa), (19)

with a constant concentration at the far end of the double
layer and flux

f=kyM(1 +ke,)S (20)

as a boundary condition on the electrode. Here, S,,; denotes
the total number of the platinum sites per surface area. ¢, is
the normalized concentration near the boundary layer and is
equal to {,=cpy/Cp, where C, is the initial concentration.
The variable k is a simulation constant. The second term in
Eq. (20) represents a simplified version of the direct oxida-
tion path.18 By considering these equations and the interest-
ing nature of the frequency characteristic for different con-
centrations of HCHO (Fig. 4), we can now describe the

empirical gray box'? equation for the last dynamic
variable—the double layer potential-as follows:
U I P 2 .
b= c_[/th —Jat ABJZ(_] = Jwm¢, = SioF (kM
di
+k40c00om)], (21)

where j is the applied current density, j,, is the threshold
current density with an approximate value of 10 mA/cm?,
and j, is the direct current density and is proportional to the
second term in Eq. (20). The variable B is explicitly written
as B=c,— Cpauural, Where Cpaural COrresponds to a concentration
of 2M. This is denoted as a ‘“natural” concentration, as
shown in Fig. 4. The oscillation frequency for the case c,
=Cpawral=2M does not depend on the applied current density.
The numeric data can be found in Table III. The third term in
Eq. (21) is empirical and reflects the intriguing behavior of
the oscillation frequencies for the different formic acid con-
centrations. Other terms are similar to the ones described by
Strasser ef al.:'® however, some values are adjusted to get
realistic simulation results. The comparison of the measured
voltage oscillation with the simulation data can be seen in
Fig. 5. The simulation does not require any change in the
boundary or initial conditions of the basic model, which is
described in the previous section. Equations (15)—(17) and
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TABLE III. Variables and values used in the simulation of electrochemical

oscillations.

Parameter Value Unit

Siot 0.5X107° mol/cm?

Cu 1 mF/cm?

A 1.2 cm’/(mA? mol)
k 100

& 2x1072 cm

Dpt 2.5%X107 cm?/s
Brosasd [0.2, 0.3, 0.01, 0.512, 0.77] v

S12334" [10, =11, 9, =9, 20] v-!

“Reference 18.
"Reference 17.

(21) are simulated using the weak form of the differential
equation on the anode boundary.

By using the obtained voltage output in the base FEM,
described in the previous section, one can simulate the oscil-
lating deflection of an IPMC muscle. Two sample results for
the different HCHO concentrations and current densities are
shown in Figs. 6 and 7. As can be seen, the amplitude, fre-
quency, and, for the most part, the shape of the deflection
show a reasonable agreement between the modeling and the
experimental data. There is disharmony at the areas of maxi-
mum deflection. The experiments show distinctly sharp de-
flections in comparison to the smoother simulation results.

SUMMARY AND CONCLUSIONS

We have developed a FEM to simulate the actuation of
an IPMC. The model is largely based on physical quantities
and well known or measurable variables. The migration and
diffusion of the counterions inside the Nafion™ polymer are
described by using the electric field change caused by the
charge imbalance. This, in turn, is coupled with continuum
mechanics and dynamics equations, forming a complete sys-
tem of equations to describe the bending of an IPMC sheet.

1.1 1 L L
1.04 Experimental potential, 3M, 20mA/em® [

58 - - - Simulated potential, 3M, 20mA/cm’
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FIG. 5. (Color online) Potential oscillations. Measured data (Ref. 17) and
simulated data for the 3 HCHO solution. The potential oscillations were
measured between the cathode and anode of the IPMC strip during the
experiment. The applied current was maintained at a constant value of
20 mA/cm?.
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FIG. 6. (Color online) Oscillating tip displacement. Experimental (Ref. 17)
data and simulation data for 1M HCHO solution and an applied current
density of 20 mA/cm?.

The comparison of the experimental and simulated tip
displacements in time shows reasonable agreement, espe-
cially in smaller deflections. Future work will include more
precise simulations for large displacements, possibly includ-
ing equations that describe the voltage distribution on the
surface of the electrodes that are dependent on the curvature
of the IPMC. Observing the surrounding environment of the
IPMC could be a factor in the next series of experiments.

The second part of the work describes the extended
model for self-oscillating IPMCs. The oscillations occur
when a platinum-coated IPMC is immersed into HCHO con-
taining solutions and subjected to a constant potential or cur-
rent. The extended model takes into account the changes in
the HCHO concentration as it nears the electrode and the
poisoning level of the platinum sites. This, in turn, results in
the oscillating double layer potential, which is used in the
base model to calculate the time-dependent tip displacement
of the IPMC muscle. Most of the time, the model follows the
simulation data closely. The experimental deflection demon-
strated distinctly sharp movements at certain regions, but the
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FIG. 7. (Color online) Oscillating tip displacement. Experimental (Ref. 17)
data and simulation data for 3 HCHO solution and an applied current
density of 10 mA/cm?.
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simulation gives smoother displacement profiles. Future
work will include further studies on this interesting behavior
in order to improve the model.
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