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The ionic polymer-metal composite (IPMC) is an emerging smart material in actuation and sensing

applications, such as artificial muscles, underwater actuators, and advanced medical devices.

However, the effect of the change in surface electrode properties on the actuating of IPMC has not

been well studied. To address this problem, we theoretically predict and experimentally investigate

the dynamic electro-mechanical response of the IPMC thin-strip actuator. A model of the IPMC

actuator is proposed based on the Poisson-Nernst-Planck equations for ion transport and charge dy-

namics in the polymer membrane, while a physical model for the change of surface resistance of

the electrodes of the IPMC due to deformation is also incorporated. By incorporating these two

models, a complete, dynamic, physics-based model for IPMC actuators is presented. To verify the

model, IPMC samples were prepared and experiments were conducted. The results show that the

theoretical model can accurately predict the actuating performance of IPMC actuators over a range

of dynamic conditions. Additionally, the charge dynamics inside the polymer during the oscillation

of the IPMC is presented. It is also shown that the charge at the boundary mainly affects the

induced stress of the IPMC. The current study is beneficial for the comprehensive understanding of

the surface electrode effect on the performance of IPMC actuators. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931912]

I. INTRODUCTION

Smart materials are the foundation supporting the devel-

opment of new biomimetic based technologies. Many actua-

tors and sensors have been developed and applied in various

fields with the attributions of smart materials.1–8 Ionic

polymer-metal composite (IPMC) is one of the promising

smart materials to be used as underwater actuators applied in

biomimetic robotics, biomedical devices, and micro/nanoma-

nipulation.9 The IPMC is based on a polymer material

Nafion or Flemion.10,11 A layer of noble metal, such as plati-

num or gold, is chemically plated on both sides of the IPMC

as electrodes. If an electric field is applied across the thick-

ness of the IPMC, the ions inside the polymer will begin to

redistribute, causing the IPMC to deform. Meanwhile, a de-

tectable voltage can be generated by the IPMC material if

subjected to a mechanical deformation as a result of the mo-

bile ions distribution. It has the characteristics of inherent

softness, resilience, and biocompatibility, which make the

IPMC suitable for the underwater actuator.12–15 The micro-

fabrication of IPMCs has also been reported, which enables

scientists and engineers to develop micro underwater actua-

tors and sensors based on IPMCs.16–19

Several works concerning the modeling of IPMC have

been reported.20,21 Kanno et al. modeled the electrical char-

acteristics of the IPMC actuator.22 De Gennes et al.

described the effect of an applied electric field on the sponta-

neous curvature and an imposed curvature on the electric

field.23 Shahinpoor and Kim investigated the influence of the

electrode conductivity on the transduction behavior of

IPMC.24 Nemat-Nasser and Li proposed a model that

describes electromechanical transduction in relation to the

electrostatic interaction within the polymer.25 Farinholt

derived the impedance response for a cantilevered IPMC

beam under step and harmonic voltage excitations.26 The

underlying cause of the actuation is explained by the internal

stress induced by the interaction between the ion pairs inside

a cluster. Newbury and Leo developed a model which is

based on an equivalent circuit representation that is related

to the mechanical, electrical, and electromechanical proper-

ties of the material.27 Bonomo et al. developed a nonlinear

dynamic model of IPMC actuator that results from the cas-

cade of both the electrical and the electromechanical

stages.28 Brunetto et al. introduced a model that describes

the interaction between the beam and the water.29 However,

the models presented above only consider the charge dynam-

ics inside the polymer membrane and do not consider the

surface electrode. Chen and Tan investigated the electrical

dynamics of the IPMC based on Nemat-Nasser’s work.30

They expanded the model and added the effect of surface re-

sistance. Porfiri showed that the electrodes do significantly

affect the charge dynamics and hence the actuation perform-

ance of IPMC.31 Pugal et al. developed a physics based

model that couples the currents in the polymer to the electric

a)Author to whom correspondence should be addressed. Electronic mail:

kwang.kim@unlv.edu.
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current in the continuous electrodes of IPMC.32

Nevertheless, the above models consider the electrode as a

bulk metal, and its electrical properties do not change during

the deformation.

An electrode model for IPMCs was proposed by Kim

et al.33 In this work, it was shown that the properties of elec-

trode, such as the resistance and capacitance, do change dur-

ing the deformation. Our previous work showed that when

the IPMC is subjected to a mechanical deformation, the

change of surface electrode properties has effect on the sens-

ing of IPMC. The underlying physics of the change in elec-

trode properties during the deformation is that the

coagulation of the platinum atoms is generated through the

electroless plating process.10,11 The incipient particles, with

diameters less than 10 nm, coagulate during the reduction

process and eventually grow to 50–100 nm. As the IPMC

oscillates, the surface electrode is compressed and stretched

periodically, and since the size of the particle does not

change, the voids between the particles vary accordingly.

Thus, it can be predicted that the surface electrode resistance

varies when the IPMC is actuated and has effects on the

actuating performance. However, to date, few works con-

sider the effect of the surface resistance change on the

actuating performance of the IPMC.

In current paper, to address the above problem, a

physics-based model that combines the effect of the elec-

trode resistance change and the charge dynamics of the ionic

polymer was proposed. Firstly, a microstructure model of the

surface electrode was proposed. The arrangement of particles

used in this model was inspired by the primary metallic crys-

tal structures. Based on the volume change of the electrode

caused by the IPMC beam bending, the variation of the re-

sistance of the IPMC was obtained. Secondly, a physics

based model of the polymer membrane was developed. The

model is based on the Poisson-Nernst-Planck (PNP) equa-

tions. The Ramo-Shockley theorem was used to calculate the

current in the continuous electrodes of the IPMC.34,35 The fi-

nite element approach is used to describe the dynamics of

the segmented IPMC strip, which considers composition of

finite elements that can be used to represent a mechanical

deflection of the IPMC. By combining the model of the sur-

face electrode and the polymer membrane, the actuation

model of the IPMC was obtained. To the best knowledge of

the authors, the proposed actuation model is the most com-

plete physics-based IPMC model presented to date, including

the effect of surface electrode.

Experiments were also conducted to validate the model.

The IPMC samples were prepared. The scanning electron

microscope (SEM) was used to study the microstructure of

the IPMC. Experimental apparatuses were implemented to

measure the surface resistance and the deformation of the

IPMC strip. The parameters of the model were identified

based on the experimental results. The simulation results

were compared with the experimental results to verify the

model. The model of the IPMC was simulated using the fi-

nite element implementation. The charge dynamics inside

the polymer was presented and discussed.

The rest of this paper is organized as follows. The physi-

cal model is presented in Section II. Experimental validation

and results are shown in Sections III and IV, respectively. A

discussion with the finite element implementation of the

IPMC model is presented in Section V. Section VI is the

conclusion.

II. MATHEMATICAL MODEL

A. The electrode model

The model of the electrode resistance is developed in

this section. It is assumed that the IPMC satisfies the follow-

ing restrictions: (1) compared with the IPMC’s length, the

oscillation of the IPMC is far small. The IPMC is assumed to

bend vertically at the tip denoted by w(L, t); (2) during the

oscillation of the electrode, the relative position of the metal

particles changes accordingly as well as the size of the unit

cell; (3) the electrode of the IPMC is composed of the metal

particles and the voids between the particles; the microstruc-

ture of the electrodes can be described in terms of its unit

cell; (4) the metal particle arrangement-microstructure is

based on the Face Center Cubic (FCC);36–39 (5) it is assumed

that the particle on each side of the defective unit cell is

missing.40 By integrating the unit cell in the three dimen-

sions along with the defective cell, the impedance of the

electrode can be obtained. The vacancy defect was also

included in the model. The length and width of the IPMC

beam are L and W. The thicknesses of the polymer mem-

brane and electrode are 2 h and he. The unit length of the

curved IPMC midline is assumed as dz. The unit cell length

of the stretched electrode can be expressed as40

dLðĥ;wðL; tÞÞ ¼ dcðwðL; tÞÞðrðwðL; tÞÞ þ hþ ĥÞ; (1)

where cðtÞ is the angle of the curved beam, rðwðL; tÞÞ is the

radius of the midline, and ĥ is the position of the unit cell

along the thickness direction of the electrode. The expres-

sions of cðtÞ and rðwðL; tÞÞ are defined in Ref. 40. Two kinds

of cubes are considered: the normal cube and the cube with a

vacancy defect. The resistance of the normal cube and defec-

tive cube can be expressed as

DRn w L; tð Þð Þ ¼
qp a� 2svð Þ

a2

r w L; tð Þð Þ þ hþ ĥ

r w L; tð Þð Þ

þ
2qpqvsv

2qps2
v þ qv a2 � 2s2

v

� � r w L; tð Þð Þ þ hþ ĥ

r w L; tð Þð Þ ;

(2)

DRd w L; tð Þð Þ ¼
qv a� svð Þ

a2

r w L; tð Þð Þ þ hþ ĥ

r w L; tð Þð Þ

þ
qpqvsv

2qps2
v þ qv a2 � 2s2

v

� � r w L; tð Þð Þ þ hþ ĥ

r w L; tð Þð Þ ;

(3)

where qp and qv are the resistivity of the particle and void, a

and sv are the side length of the unit cell and void cube,

which were defined in Ref. 40. In the current study, the

IPMC is hydrated and the void is water. Then we integrate

the resistance of the cube (see Eqs. (2) and (3)) in the z, y, x

124904-2 Shen et al. J. Appl. Phys. 118, 124904 (2015)
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directions to obtain the resistance of the electrode. One can

obtain the expression of the electrode resistance as follows:

Re w L; tð Þð Þ

¼ 1

Je
1�Pxð Þ

a
þPxWr w L; tð Þð Þ

GeaL

� �
ln

r w L; tð Þð Þ þ hþ he

r w L; tð Þð Þ þ h

� �
;

(4)

with

Je ¼
1� Pyð ÞW

EeL
þ PyWr w L; tð Þð Þ

GeL
;

Ee ¼ Fe
1� Pzð Þ

r w L; tð Þð Þ þ Ge
Pz

r w L; tð Þð Þ ;

Fe ¼
qp a� 2svð Þ

a2
þ

2qpqvsv

2qps2
v þ qv a2 � 2s2

v

� � ;
Ge ¼

qv a� svð Þ
a2

þ
qpqvsv

2qps2
v þ qv a2 � 2s2

v

� � ;
where Px, Pz, Pz are the percentages of the defective cube in

the x, y, z directions. The percent of the vacancy can be

expressed as

Pv ¼
1

2
1� 1� Pxð Þ 1� Pyð Þ 1� Pzð Þ
� �

: (5)

B. The polymer membrane model

Analytical solutions are available for several special

cases of geometric nonlinearity in a cantilever beam.41

Herein, the finite element approach is used to describe the

dynamics of the IPMC strip. The IPMC actuator was

assumed to be divided by a series of elements, where the

voltage on each element is constant, as shown in Fig. 1. The

IPMC was assumed in the fully hydrated condition. The

Nernst-Planck equation, which describes the cation migra-

tion and diffusion in the polymer element backbone, and the

Poisson’s equation, which describes the concentrating of

local charges at the boundary between the polymer and sur-

face electrodes resulting in an electric field increase in the

opposite direction, are expressed as25,42

@C

@t
þr � �DrC� ẑlFCr/ð Þ ¼ 0; (6)

r � ~E ¼ �r2/ ¼ q
ê
; (7)

q ¼ FðC� C0Þ; (8)

where C, t, l, D, F, ẑ, /, ê, ~E, q, and C0 are the cation con-

centration, time, mobility of cations, diffusion constant,

Faraday constant, charge number, electric potential in the

polymer membrane, absolute dielectric constant, strength of

the electric field, charge density, and constant anion concen-

tration, respectively. Nemat-Nasser and Li presented a

theory that the charge density at the boundary of polymer is

proportional to the induced stress r and is expressed as25

rð6h; z; sÞ ¼ aqð6h; z; sÞ: (9)

The boundary condition of Eq. (9) is qðh; z; sÞ þ qð�h; z; sÞ
¼ 0. By combining Eqs. (6)–(9), the expression of ionic flux

in the x direction within the polymer can be obtained as43

f x; z; sð Þ ¼ �2DC z; sð Þ cosh A sð Þxð Þ þ cosh A sð Þhð Þð Þ

� A sð Þ
F
� FC0

RTêA sð Þ

� �
; (10)

where

A sð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
Bþ s

D

r
; B ¼ ẑlF2C0

ê
:

and R is the gas constant and T is the absolute temperature.

Based on Ramo-Shockley theorem, the local current density

at an electrode boundary is expressed as

j z; sð Þ ¼
1

h

ðh=2

�h=2

f x; z; sð Þdx: (11)

The electric potential on the surface of the IPMC element

can be expressed as

/ 6h; z; sð Þ ¼ 6
V sð Þ

2
7

ðz

0

j ~z; sð ÞWeheRe w L; sð Þð Þ d~z

L
; (12)

where VðsÞ is the voltage applied to the clamp. Through

combing (11) and (12), the qðx; z; sÞ can be obtained as

qðx; z; sÞ ¼ �Gðz; sÞsinhðAðsÞxÞVðsÞ; (13)

with

G z; sð Þ ¼ �
exp J s;w L; sð Þð Þz=L
� �

K sð Þ
;

J s;w L; sð Þð Þ ¼ �

D

h

2sinh A sð Þhð Þ
A sð Þ

þ 2hcosh A sð Þhð Þ
� �

A sð Þ
F
� FC0

RTêA sð Þ

� �
WeheRe w L; sð Þð Þ

2
sinh A sð Þhð Þ

êA2 sð Þ
þ 2cosh A sð Þhð Þ RTA sð Þ

F2C0

� 1

êA sð Þ

� �
h

;

K sð Þ ¼ 2
sinh A sð Þhð Þ

êA2 sð Þ
þ 2cosh A sð Þhð Þ RTA sð Þ

F2C0

� 1

êA sð Þ

� �
h:
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The detailed derivation can be seen in Appendix A. By relat-

ing the induced stress rð6h; z; sÞ to the bending moment,

one can obtain

r 6h; z; sð Þ ¼
6hM z; sð Þ

I
; (14)

where I is the moment of inertia of the IPMC element and

I ¼ 2=3Wh3. With Eqs. (9), (13), and (14), the bending

moment can be obtained as

M z; sð Þ ¼ �
aI

h
G z; sð Þsinh A sð Þhð ÞV sð Þ: (15)

Through relating the moment to the displacement of the

IPMC elements and integrating the displacements, one can

obtain

w L; sð Þ ¼ aL

hY

�exp J s;w L; sð Þð Þð Þ þ J s;w L; sð Þð Þ þ 2ð Þ
J s;w L; sð Þð ÞK sð Þ

� sinh A sð Þhð ÞV sð Þ 1þ 1

J s;w L; sð Þð Þ

� �
; (16)

where Y is the Young’s modulus. See Appendix B for the

detailed derivation of wðL; sÞ. By solving Eq. (16), the defor-

mation of the IPMC wðL; sÞ under the voltage VðsÞ can be

obtained. The equation was converted to the time domain.

Since Eq. (16) has no analytical solution, Matlab was used to

obtain the numerical solution for wðL; tÞ. In the current

study, the actuation bandwidth of an IPMC actuator is rela-

tively low (under 10 Hz).30 To accommodate the vibration

dynamics of the beam, we project wðL; tÞ on the first mode

of vibration expressed as

X1 zð Þ ¼ chb1z� cos b1z

� chb1Lþ cos b1L

shb1Lþ sin b1L
shb1z� sin b1zð Þ; (17)

where b1 is the constant in relative with the natural fre-

quency and the damping ratio.44 The actual tip displacement

of the IPMC beam can be expressed as

wlðL; tÞ ¼ wðL; tÞX1ðLÞ: (18)

III. EXPERIMENTAL METHOD

A. Sample preparation

IPMC samples were prepared for experimental valida-

tion. Firstly, the NafionTM–117 membrane was pretreated.

The surface of the membrane was polished. The membrane

was immersed in 3% hydrogen peroxide (H2O2) to eliminate

organic impurities and in 1 M sulphuric acid (H2SO4) to

remove the metallic impurities. Deionized (DI) water was

used to clean the membrane. Secondly, the platinum metal

particles were plated on the polymer membrane. The mem-

brane was immersed in a platinum complex solution

(Pt(NH3)4Cl2�H2O) for the primary plating process. This pro-

cedure impregnates the membrane with Pt salt. After the Pt

impregnation, a sodium borohydride solution (NaBH4) was

prepared and the Pt impregnated sheet was placed in the so-

lution. This is a reduction reaction to reduce the Pt salt from

the membrane to the surface of the polymer. After reduction

process, the membrane was cleaned in multiple baths of DI

water and a sulphuric acid solution. Secondary plating was

conducted to lower the surface resistance of the membrane.

The membrane was suspended in the solution while hydra-

zine (NH2NH2�H2O) and hydroxylamine hydrochloride

(H2NOH�HCl) were added to the solution. Finally, the mem-

brane was cleaned in multiple baths of DI water and a sul-

phuric acid solution. After the plating process, the hydrogen

ion is present in the membrane. In order for a better transport

of ions through the membrane, an ion exchange was con-

ducted. To improve the ion transportation through the mem-

brane, the hydrogen ions were replaced with lithium ions.

This exchange was completed by soaking the membrane in a

solution of lithium chloride. After the exchange was com-

pleted, the sample was rinsed and stored in DI water.

B. Surface resistance

The SEM was used to study the structure of the IPMC

sample. Figure 2 shows the cross-sectional image of the

IPMC, which indicates the platinum content distribution in

the electrode and vicinity. Based on the image, the IPMC

was composed of the electrode and the polymer membrane.

In the surface resistance model above, the electrodes are con-

sidered a bulk metal. However, from the SEM images, it can

be seen that the structure is more complicated. The thickness

of the electrode could vary significantly. The thin electro-

lessly plated electrodes on a polymer do not result in a uni-

form conductivity in each direction at each location, so the

defective factor helps to take those effects into account. The

FIG. 2. Cross-section SEM images of the IPMC.

FIG. 1. Schematic of IPMC beam.

124904-4 Shen et al. J. Appl. Phys. 118, 124904 (2015)
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parameters of the electrode were measured based on the

SEM images.

Figure 3 shows the illustration of the experimental appa-

ratus for the surface resistance test. In accordance with the

model, during the experiments, the IPMC sample was sub-

merged in the DI water to achieve a fully hydrated condition.

The IPMC was clamped at one end. An electromagnetic

shaker (VR-5200, Vibration Research Corporation) was used

to provide a linear, oscillatory motion at the free end of the

IPMC. A PC was utilized to send the orders to the vibration

controller (VR-8500, Vibration Research Corporation). By

using an amplifier to amplify the signal from the controller,

the sinusoid oscillating frequency and amplitude of the elec-

tromagnetic shake were controlled. In current study, the fre-

quency varies from 1 to 5 Hz and the amplitude varies from

5 to 10 mm.

Cha et al. presented an experimental method to test the

impedance of IPMC.45 The IPMC was clamped at one end

and the other end was subjected to a periodical stimulus

along the length direction. In the current study, the curvature

of the IPMC surface electrode is assumed to be a circular

arc. To obtain a curved IPMC with a radius for the resistance

measurement, a clamp was set at the middle of the IPMC,

which is 20 mm from the clamp at the end. A circuit which

connects the two points of the surface electrode at one side

of the IPMC was designed. It consists of a stabilized voltage

supply of 0.1 V and a 0.5 X resistor in series. The surface re-

sistance of the IPMC was measured under the mechanical

stimulus. An amplifier was used to amplify the output signal.

A laser sensor (optoNCDT-1401, Micro-Epsilon) was used

to measure the displacement of the measured point of the

IPMC. A Data Acquisition (DAQ) was used to measure the

signals (NI USB-6008, National Instruments). A Labview

data acquisition system was used to record the experimental

results.

C. Actuation performance

Experiments were conducted to test the actuation per-

formance of IPMC. Figure 4 shows the schematic illustration

of the experimental set up. The IPMC was submerged in DI

water and clamped at one end in vertical cantilever position.

A signal generator (FG-7002C, EZ digital) was used to pro-

vide the sinusoid actuation signals to the IPMC actuator at

the clamp through a power amplifier (LVC-608, AE

Techron). The frequencies of the signal vary from 0.2 Hz to

10 Hz, and the amplitudes vary from 2 V to 4 V. The oscilla-

tion of the IPMC strip was measured by a laser displacement

sensor (optoNCDT-1401, Micro-Epsilon). A DAQ (NI SCB-

68, National Instruments) was used to measure the signals.

The current, voltage, and displacement responses were

recorded simultaneously using LabView 8 software.

IV. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Resistance model verification

An IPMC sample with the size of 51.07 mm in length,

9.94 mm in width, and 0.57 mm in thickness was used for the

resistance model verification. To obtain the resistance Re of

the electrode, a DC voltage of 0.1 V, which was provided by

a power supply, was applied to the circuit. This voltage value

is represented by Vp in the mathematical model. LabView

was used to measure the voltage of the resistor. The voltage

value across the resistor is represented in the model by Vr.

The resistance of the resistor is given by Rr in the model.

The voltage and current of the electrode can be obtained as

the electrode is in series with the resistor. These values are

designated as Ve and Ie for voltage and current, respectively.

According to Ohm’s law, the resistance Re of the electrode

can be expressed as

Re ¼
Ve

Ie
¼ Vp � Vr

Vr=Rr
¼ 2 0:1� Vrð Þ

Vr
: (19)

The recorded experimental data were analysed in a computer

using MATLAB. To validate the model, the parameters need

to be identified. The physical constants are shown in Table I.

The diameter of the metal particle is Dp¼ 50� 10�9 m.33

Based on the SEM image, the thickness of the electrode is

measured as he¼ 6� 10�6 m. The percentage of vacancies

needs to be identified through curve-fitting using the least-

square method. Based on the least-square error analysis of

FIG. 3. Illustration of the experimental set up for the surface resistance test. FIG. 4. Illustration of the experimental set up for the actuation test.
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the experimental results, the percentage of the vacancy of

the resistance model was identified as Pv¼ 15.59%, this

result is close to that in our previous work.40 Figure 5 shows

the comparison between simulation results and experimental

results of the electrode resistance. It is noticed that under the

sinusoidal mechanical stimulus, the resistance of the elec-

trode shows a sinusoidal variation. It is also found that the

simulation results match well with the experimental results.

Shahinpoor presented the radius of the curvature qr of IPMC

beam as46

qr ffi
L2 þ d2

2d
; (20)

where d is the end deflection. The radius of curvature qr is in

turn related to the maximum tensile (positive) or compres-

sive (negative) strains, which can be expressed as

e ffi h

qr

: (21)

In current study, the deformation of the IPMC is con-

verted to the strain for intuitive comparison. Figure 6 shows

the resistance change of the IPMC electrode versus different

strains. The simulation results were compared with the ex-

perimental results. It can be seen that the model can well

describe the resistance change of the IPMC electrode. It is

also noticed that with the increase in strain, the resistance

change of the electrode is increased.

B. Actuation model verification

The IPMCs were tested as actuators to verify the actua-

tion model. Three samples with different lengths were tested.

For the comparison of the strain, the widths of the samples

were the same. Table II shows the dimensions of the IPMC

samples. Some parameters of the actuation model were based

on previous results of the surface resistance. Some are physi-

cal constants. Table III shows the value of the IPMC actuator

model constants.32 The absolute temperature is T¼ 297 K.

The rest needs to be identified. In the current study, the volt-

age amplitude applied on the IPMC was constant. By apply-

ing various frequencies to the IPMC, various deformations

as well as strains can be obtained. The deformations of the

IPMC actuators were measured. Based on the experimental

results of IPMC 1 through the least-square method in

MATLAB, the parameters of the model were identified as

Y¼ 90.92� 106 Pa and a¼ 104 J/C. The Young’s module of

IPMC varies from 41� 106 Pa to 571� 106 Pa based on pre-

vious work.30,32 The coupling constant a varies from 30 J/C

to 148 J/C based on previous work.25 Thus, the value in cur-

rent paper is reasonable. The parameters were plugged into

the actuation model (except geometric dimensions) for pre-

dicting the actuating performance of IPMC 2 and IPMC 3.

Model with and without surface resistance change was com-

pared. For the model without consideration of the surface re-

sistance change, the surface resistance R in Eq. (23) is a

constant value and was identified as R¼ 1.8 X through the

non-linear fitting process. The surface resistance per {unit

length� unit width} of the IPMC is 7.44 X. Previous work

reported the surface resistance per {unit length� unit width}

as 22.3 X.30 The reasons for the difference are the different

electrode plating times and different reduction temperatures

during the fabrication process of IPMC. The rest of the

parameters are the same as previous simulations.

The actuation model was verified in experiments by

applying sinusoidal actuation signals to the IPMC samples

and measuring the deformations. Figure 7 shows the compar-

ison of experimental results with theoretical model

FIG. 5. Comparison between the simulation results and experimental results

of the electrode resistance at the oscillation amplitude of 10 mm and fre-

quency of 2 Hz.

FIG. 6. Comparison between the simulation results and experimental results

of the electrode resistance change.

TABLE II. Dimensions of the IPMC samples.

Item L1 (mm) L (mm) W (mm) 2h (mm)

IPMC 1 51.07 41.07 9.94 0.57

IPMC 2 37.05 27.05 9.94 0.57

IPMC 3 22.16 12.16 9.94 0.57

TABLE I. Value of the resistance model constant.

Item Value

qp (X m) 1.06� 10�6

qv (X m) 1� 103
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simulation results with and without consideration of surface

resistance change. It is clear that the model considering the

effect of surface resistance change shows better agreement

than the one ignoring the resistance. This indicates that the

model incorporating the surface resistance change is more

effective in capturing the actuation dynamics of IPMC.

Based on Fig. 7, it can be found that for all samples, good

agreement between the model prediction and the experimen-

tal data is achieved. These figures show that current actua-

tion model can well predict the actuating of IPMCs. It is also

noticed that with the voltage amplitude increasing, the strain

of the IPMC increased. As the actuating frequency rose, the

strain of the IPMC reduced.

V. DISCUSSIONS

A. Mathematical model

A physics-based model was used to simulate ion con-

centration, polymer electric potential, charge density, and

displacement response to a low voltage input signal to obtain

further insight into the underlying physics. A two-

dimensional finite element simulation was performed using

COMSOL Multiphysics 4.3b software. Two mesh types

were used in simulation: (1) a sparsely mapped mesh along

the length with a very large element aspect ratio; (2) a trian-

gular mesh with fine distribution near electrodes and maxi-

mum aspect ratio of 1.3:1, as shown in Fig. 8. The sparsely

mapped mesh was utilized because the changes in the length

direction were assumed to be negligible. The sparsely

mapped mesh has 55 044 elements, whereas the triangulated

mesh has 145 952 elements. Both meshes were refined to

within 1% solution change. Additionally, the sparse mesh

produced the same solutions as the triangulated mesh and

was thus chosen for use in simulations.

The simulation utilizes the transport of diluted species,

general form partial differential equation (PDE), electric cur-

rents, and solid mechanics physics modules in COMSOL to

achieve the desired governing set of PDEs. The transport of

TABLE III. Value of IPMC actuator model constants.

Item Value

D (m2/s) 7� 10�10

C0 (mol/m3) 1091

ê (F/m) 0.2� 10�3

l (mol�s/kg) 2.9� 10�15

z 1

F (C/mol) 96487

R (J/mol�K) 8.3143

FIG. 7. Comparison of experimental results of IPMC strain with model predictions with and without consideration of surface resistance change.
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diluted species and general form PDE physics provide the

PNP set of coupled PDEs, which are used to describe cation

concentration and electric potential within the polymer. A

linear elastic material model with infinitesimal strain theory

was implemented for the solid mechanics physics. The simu-

lation is divided into two studies: first, the electric currents

and PNP physics are applied simultaneously to find ion con-

centration and charge density in the IPMC for a given sinu-

soidal voltage input, and then the solid mechanics study is

performed. The voltage is applied over a fixed region of

10 mm in length to the electrodes, similar to the experimental

setup. The solids model is done with one end of the IPMC

fixed. A body load which is assumed proportional to the

charge density is applied across the free length of the IPMC

strip.

During electromechanical actuation of an IPMC by sup-

plied voltage input to its electrodes, the main contribution to

the deformation is assumed to be the cation migration and

corresponding swelling effects. In the current model, the

IPMC is in fully hydrated condition. The contribution from

the concentration gradient and electric potential is much

larger than the contribution of the pressure gradient, thus this

term has been omitted and the Nernst-Planck equation is

expressed as in Eq. (6). Poisson’s equation as used in the

model is expressed in Eq. (7). The anions of the IPMC are

fixed to the polymer backbone, making the anion concentra-

tion variable with deformation only, while the cations are

free to migrate based on the electric potential. Thus in actua-

tion of the IPMC by input voltage, the change of anion

concentration is very small in comparison with the change in

cation concentration and the charge density is assumed to be

a function of cation concentration only as expressed in Eq.

(8). A body force in the bending direction, which is assumed

to be proportional to the charge density as Fy¼ aq, is the

input into the solid mechanics model. The solids mechanics

describe the stress, strain, and local displacement. The gov-

erning solid mechanics equation used is

qm

@2u

@t2
�r � rm ¼ F; (22)

where qm is material density and qm¼ 874 kg/m3, u¼ {u, v}

is the local displacement vector in x and y directions, respec-

tively, and F is the body force vector. Notation rm is the ma-

terial stress tensor written in terms of local displacement

using Hooke’s law as

rxx

ryy

rxy

2
664

3
775 ¼ E

1þ �ð Þ 1� 2�ð Þ

1� �ð Þ � 0

� 1� �ð Þ 0

0 0 1� 2�ð Þ

2
664

3
775

�

@u

@x

@v

@y

1

2

@u

@y
þ @v

@x

� �

2
666666664

3
777777775
; (23)

FIG. 8. Meshes used in finite element

simulations: (a) mesh sparsely mapped

along length and (b) triangulated mesh.

FIG. 9. IPMC strip displacement for

one cycle during steady-state response

for a sinusoidal voltage input of 4 V

peak-to-peak amplitude and 1 Hz

frequency.
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where � is the Poisson’s ratio and �¼ 0.49. As the material

is assumed to deform primarily in the bending plane, a plane

strain deformation assumption was utilized, hence strains in

the x-z, y-z, and z-z planes are assumed to be zero. The model

first utilizes Eqs. (6)–(8) to solve for the charge density, q.

Then, Eqs. (B1) and (B2) are solved for the deformation.

The constant parameters used for COMSOL simulations are

shown in Table III.

B. Simulation results

Since an experimental method of measuring the cation

migration and charge density within the polymer is not read-

ily available, the COSMOL simulation results were used pri-

marily to gain insight into these phenomena. The simulation

of the IPMC actuating was performed under an input voltage

with amplitude of 2 V and frequency of 1 Hz. Figure 9 illus-

trates the IPMC oscillation time-series during steady-state

response. Within one oscillation cycle, the stress on the

IPMC strip varied along the length. The stress on the IPMC

increased as the IPMC curved. At the maximum tip displace-

ment, the stress reached its maximum. Figure 10 shows the

simulation result of the IPMC tip displacement. As can be

seen in the graph, after several cycles of oscillation, the

quasi-steady state of the IPMC tip movement appeared to be

reached. The amplitude of the oscillation is 2.1� 10�3 m.

The tip displacement result also shows a good agreement

with the experimental result.

Figure 11 shows the cation concentration in the polymer

near the top and bottom electrodes separately. The location

(x, y, z) of the measured points is (h� 1� 106 m, W/2, L/2)

and (�hþ 1� 106 m, W/2, L/2). A sinusoid variation of the

cation concentration was observed during the deformation of

the IPMC actuator within a range between 1.44� 103 mol/m3

and 0.82� 103 mol/m3 for both points. As shown in Fig. 11,

the cation concentration reached its quasi-steady state after

several cycles of oscillation. It was also noticed that the cat-

ion concentration near the top and bottom electrodes shows

an opposite variation, as was expected. The initial transient

phase of actuation response can be verified experimentally.

This can be thought of as the result of the initial cation distri-

bution at the beginning of the first oscillation cycle (at t¼ 0 s)

being different than at the beginning of following cycles,

until the cation distribution at the start of each cycle is nearly

constant.

Figure 12 shows the cation concentration time series

along the thickness direction in accordance with Fig. 9. The

location of the measured line was y¼W/2 and z¼L/2. It can

be found that in one cycle, the cation concentration near the

upper and bottom electrodes changed significantly, and

remained the same in the central area. The simulation results

indicated that the charge density at the boundary has a main

effect on the stress of the IPMC. This result partly verified

the Nemat-Nasser and Li’s theory, as shown in Eq. (9).

However, the relationship between the charge density and

induced stress cannot be verified based on current simulation

and experimental results.

VI. CONCLUSIONS

In this paper, a physical based model of IPMC was

developed. The model is based on the charge dynamics

model of the polymer membrane and a microstructure model

of the electrode. Experiments were conducted to verify the

model. Theoretical results and experimental results were

compared and showed a good agreement. The results show

FIG. 10. Simulation result of the IPMC tip displacement.

FIG. 11. Simulation result of the IPMC cation concentration: (a) near top

electrode and (b) near bottom electrode.
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that the model that considers the surface resistance change is

more accurate in predicting the actuating response of IPMC

than the model without considering the surface resistance

change. Finite element approach was implemented to study

the charge dynamics inside the polymer. It was found that

the charge at the boundary of the IPMC has a major effect on

the performance of IPMC actuators.

In the future, we will focus on the application of the the-

oretical model approach to the control of biomimetic robots

and manipulations, such as medical devices. Meanwhile, the

IPMCs in current study are based on the electroless process-

ing method. New electrode plating methods will be used to

fabricate the new IPMCs, such as electroplating or hot press-

ing methods. The theoretical model will be verified with the

new IPMCs. New IPMCs will also be fabricated with differ-

ent Pt loading in the electrode layers and other metals as

electrodes, and new models will be developed for the new

IPMCs by the same method. Furthermore, it was reported by

Park et al. that neutron imaging was used in investigating the

mechanism of IPMC actuating.47 Efforts will be made to use

this technique to measure the cation migration and charge

density within the polymer.
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APPENDIX A: DERIVATION OF CHARGE DENSITY

From Eq. (11), the expression of the local current den-

sity at an electrode boundary is

j z; sð Þ ¼
1

h

ðh=2

�h=2

f x; z; sð Þdx

¼ �
DC z; sð Þ

h

2sinh A sð Þhð Þ
A sð Þ

þ 2hcosh A sð Þhð Þ
� �

� A sð Þ
F
� FC0

RTêA sð Þ

� �
: (A1)

FIG. 12. Simulation results of cation concentration along the thickness of IPMC.
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Combing Eqs. (7), (8), and (10), one can obtain43

/ x; z; sð Þ ¼ �2
C z; sð Þsinh A sð Þxð Þ

êA2 sð Þ

� 2C z; sð Þcosh A sð Þhð Þ RTA sð Þ
F2C0

� 1

êA sð Þ

� �
x:

(A2)

With Eqs. (12), (A1), and (A2), the electric potential at the

boundary of an IPMC element can be rewritten as

V sð Þ
2
þ
ðz

0

DC ~z; sð Þ
h

2sinh A sð Þhð Þ
A sð Þ

þ 2hcosh A sð Þhð Þ
� �

� A sð Þ
F
� FC0

RTêA sð Þ

� �
WeheRe w L; sð Þð Þ d~z

L

¼ �2
C z; sð Þsinh A sð Þhð Þ

êA2 sð Þ
� 2C z; sð Þcosh A sð Þhð Þ

� RTA sð Þ
F2C0

� 1

êA sð Þ

� �
h: (A3)

Then by solving Eq. (A3), the expression of the Cðz; sÞ is

derived as

C z; sð Þ ¼ �
exp J s;w L; sð Þð Þz=L
� �

K sð Þ
V sð Þ; (A4)

and qðx; z; sÞ can be obtained as

qðx; z; sÞ ¼ �Gðz; sÞsinhðAðsÞxÞVðsÞ: (A5)

APPENDIX B: DERIVATION OF DEFORMATION

With the linear elastic beam theory, the tip displacement

of the IPMC beam element relating to the z can be denoted as

d2w z; sð Þ
dz2

¼
M z; sð Þ

YI
: (B1)

The angle of the curved beam element is donated as

tan du z; sð Þ ¼
dw z; sð Þ

dz
: (B2)

Since dw (z, s)� dL, one can rewrite Eq. (B2) as

du z; sð Þ ¼
dw z; sð Þ

dz
: (B3)

The slope at the tip of the IPMC beam element is expressed

as

du z; sð Þ
dz

¼
d2w z; sð Þ

dz2
: (B4)

By integrating the tip displacements of the elements, one can

obtain the deformation of the IPMC as

w L; sð Þ ¼
ðL

0

dz du z; sð Þ þ
du z; sð Þ

dz

� �
: (B5)

Solving Eq. (B5) with boundary conditions wð0; sÞ ¼ 0 and
dw 0;sð Þ

dz ¼ 0, one can obtain

w L; sð Þ ¼ aL

hY

�exp J s;w L; sð Þð Þð Þ þ J s;w L; sð Þð Þ þ 2ð Þ
J s;w L; sð Þð ÞK sð Þ

� sinh A sð Þhð ÞV sð Þ 1þ 1

J s;w L; sð Þð Þ

� �
: (B6)
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