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Electromechanical response of ionic polymer-metal composites
Sia Nemat-Nassera) and Jiang Yu Li
Center of Excellence for Advanced Materials, University of California, San Diego, La Jolla,
California 92093-0416

~Received 14 June 1999; accepted for publication 3 December 1999!

An ionic polymer-metal composite~IPMC! consisting of a thin Nafion sheet, platinum plated on
both faces, undergoes large bending motion when an electric field is applied across its thickness.
Conversely, a voltage is produced across its faces when it is suddenly bent. A micromechanical
model is developed which accounts for the coupled ion transport, electric field, and elastic
deformation to predict the response of the IPMC, qualitatively and quantitatively. First, the basic
three-dimensional coupled field equations are presented, and then the results are applied to predict
the response of a thin sheet of an IPMC. Central to the theory is the recognition that the interaction
between an imbalanced charge density and the backbone polymer can be presented by an eigenstress
field ~Nemat-Nasser and Hori,Micromechanics, Overall Properties of Heterogeneous Materials,
2nd Ed., Elsevier, Amsterdam, 1999!. The constitutive parameter connecting the eigenstress to the
charge density is calculated directly using a simple microstructural model for Nafion. The results are
applied to predict the response of samples of IPMC, and good correlation with experimental data is
obtained. Experiments show that the voltage induced by a sudden imposition of a curvature, is two
orders of magnitude less than that required to produce the same curvature. The theory accurately
predicts this result. The theory also shows the relative effects of different counter ions, e.g., sodium
versus lithium, on the response of the composite to an applied voltage or a curvature. ©2000
American Institute of Physics.@S0021-8979~00!09005-8#
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I. INTRODUCTION

An ionic polymer-metal composite~IPMC! consisting of
a thin Nafion membrane~178 mm thick! sandwiched be-
tween two thin platinum plates~less than 1mm thick!, has
been processed by Milletet al.,1 following a procedure de-
veloped by Takenakaet al.,2 as a solid polymer electrolyte
for water electrolysis, as well as for application to fuel-c
technology. The composite has excellent chemical and
chanical stability, high ionic conductivity, and gas imperm
ability. Its use as an electroactive polymer composite se
to have been realized in the early 1990’s by Oguroet al.3 in
Japan, and by Sadeghipouret al.4 and Shahinpoor5 in the
United States. A strip of this composite in a swollen w
condition undergoes large bending motion when an alter
ing electric field is applied across its thickness. Convers
when the strip is suddenly bent, a voltage is produced ac
its faces. Gold-plated IPMCs, using perfluorocarboxylic a
membranes, with similar properties, have been produced
cently by Sewaet al.6

The IPMCs are distributed ‘‘soft’’ sensors and actuato
capable of large deformations. They offer great opportuni
for many biomechanical and biomimetical applications. T
pioneer work of Kuhn and his colleagues7,8 on mecha-
nochemical engines showed that water-swollen macrom
ecules can convert chemical energy into mechanical ene
Since then significant progress has been made in the de
opment of stimulus-responsive polymer gels which resp
to the applied electric field, to changes in thepH, and to
changes in the temperature.9 Applications of electroactive

a!Electronic mail: sia@shiba.ucsd.edu
3320021-8979/2000/87(7)/3321/11/$17.00
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polymer gels in artificial muscles, smart material system
and microelectromechanical systems~MEMS! are currently
being actively pursued by many investigators. One of
features of polymer gels is the slow response time which
of the order of 1–10 s, compared with 1023– 1022 s of living
skeletal muscles. The time required for the reconfiguration
ions in a thin sheet of IPMC, on the other hand, is very sh
relative to the vibrational periods of most mechanical s
tems. Hence, the reaction time is solely controlled by
mechanical properties. Thus, the material is promising
those applications which require a quick response time.
other feature of an IPMC is that it functions as both a d
tributed actuator and sensor. This attribute could be tailo
at the molecular level to produce different responses to
ferent stimuli, making it an attractive system for certain a
plications.

While these novel smart composites have many poten
applications, the mechanisms which control their mac
scopic behavior have not been fully understood. This art
is a step toward remedying this paucity. As a starting po
the fundamental field equations which govern the respo
of the material are systematically developed. It is hoped t
such an approach would encourage further modeling wh
would enable the polymer chemists to optimize the mate
at the molecular level, to design new materials and devic
and to further understand other chemomechanical and
logic systems. In this article, we outline a set of field equ
tions which characterize the electrochemomechanical
sponse of this composite. For the sake of completeness
coupled three-dimensional field equations are first presen
Then the results are simplified for application to the bend
of a strip of a Nafion-platinum composite. The basic fie
1 © 2000 American Institute of Physics
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equations are solved for this special case and it is shown
the theory, both qualitatively and quantitatively, predicts
observed response of this composite, at least in a ce
range of the applied potential or deformation. The const
tive parameters in the proposed model are estimated b
on the microstructure of the composite, using micromech
ics, or they are determined from the experiments. Centra
the theory is the recognition that the internal stresses
duced by the presence of electrically unbalanced nega
ions that are permanently fixed to the backbone polymer,
be represented by an eigenstress.10 The constitutive param
eter connecting the eigenstress to the charge density is
culated directly using a simple microstructural model. T
results are applied to predict the response of sample
IPMC, and good correlation with experimental data is o
tained. In particular, the theory correctly predicts the o
served results that a suddenly imposed curvature induc
voltage which is two orders of magnitude smaller than t
necessary to produce the same curvature. The theory
shows the relative effects of different counter ions, e.g.,
dium versus lithium, on the response of the composite to
applied voltage or a curvature.

This article is organized as follows. In Sec. II a bri
account of the microstructure of the composite and the p
ing procedure is presented, based on the work of Mi
et al.1,11 The basic field equations are then presented in S
III. They are specialized for application to the bending m
tion of a strip of the composite in Sec. IV. In Sec. V, vario
constitutive parameters are calculated and numerical re
are obtained and compared with experimental observatio

II. MATERIAL

Nafion, produced by DuPont de Nemours, is a copo
mer of tetrafluoroethylene and sulfonyl fluoride vinyl ethe
having the following chemical formula:

~1!

This linear fluorocarbon polymer, having some~no more
than 10 mol %! pending acid groups, is strongly affected b
water content and cations, because it combines two inc
patible components, i.e., the hydrophobic fluorocarbon w
the hydrophilic ionic phase, and has the phase-separa
morphology of discrete hydrophobic and hydrophilic r
gions. The polytetrafluoroethylene in this material provid
the three-dimensional structured backbone system, ha
regularly spaced long perfluorovinyl ether pendant s
chains which terminate in ionic sulfonate groups. The io
groups tend to aggregate to form tightly packed regions
ferred to as clusters,12,13 which are fully interconnected an
are readily saturated by water. The membrane is perme
to water and cations, while it is impermeable to anions.

The plating of the Nafion by micron-thick platinum
metal is implemented from inside out, using an ingenio
Downloaded 03 May 2001 to 131.215.48.8. Redistribution subject to AI
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procedure developed by Takenakaet al.,2 as described by
Millet et al.1,11 The Nafion is first ‘‘cleaned’’ by boiling it in
35% nitric acid for 30 min, then in deionized water for 1
to get rid of foreign materials. It is then immersed in a so
tion of platinum tetramine dichloride (Pt@NH3#4Cl2) for a
specific period, at room temperature, to incorporate the p
num salt into the membrane. Finally, the Pt11 is reduced to
Pt metal by immersing in a suitable borohydride (MBH4) for
2 h at room temperature, to reduce the platinum salt to pl
num metal deposited on the membrane faces, where M
be lithium, sodium, potassium, or other elements of t
group. The quality of the product critically depends on t
concentration of the platinum salt and the incorporation
riod, as well as on the concentration of the reducing age
using this procedure, the composite has been produce
UCSD.~This is an ongoing collaboration among the autho
Professor Yitzhak Tor, Dr. Masoud Beizai, and graduate s
dent Phoebe Glazer.! When done properly, the micron-thic
platinum becomes fully integrated with the Nafion mem
brane on both faces, providing the necessary electrodes.
platinum plate, as well as the Nafion layer, are microsco
cally porous. The mechanical response of the composit
an applied voltage, depends on the nature of the counter i
We consider the cases where the counter ion in the Nafio
sodium, Na1, or lithium, Li1. Under wet conditions, this
IPMC bends in an electric field, and produces a voltage w
it is bent. Our aim is to provide a set of equations which m
be used to predict these phenomena quantitatively. Exp
results are obtained and are compared with experime
data.

III. BASIC FIELD EQUATIONS

Figure 1~a! is a schematic representation of a model
the microstructure of water-saturated Nafion in the elec
cally neutral state. It shows the phase-separation morpho
of discrete hydrophobic and hydrophilic regions, where
hydrophobic region is composed of the fluorocarbon polym
backbone, and the hydrophilic region contains the io
groups and counter ions. In this model, the ionic groups
permanently attached to the fluorocarbon backbone, w
the counter ions are free to move through the interstitial
gions which are saturated with water. As a result of elect
static interaction, the ionic groups in Nafion tend to agg
gate to form tightly packed regions referred to
clusters.12,13 Under an electric field, the cations are redistri
uted, resulting in a microscopic, locally imbalanced n
charge density which produces internal stresses acting on
backbone polymer. As pointed out by Forsman,14 the clus-
tering of ionic groups in sulfonate ionomers is accompan
by an increase in the mean radius of gyration of the polym
chains. Thus, upon the redistribution of the cations, in
resulting anion-rich region, the polymer chains relax, wh
in the cation-rich region, they further extend, leading to t
bending of the polymer membrane; see Fig. 1~b!. In general,
the redistribution of cations is accompanied by a redistri
tion of the water molecules which are carried by the catio
It is often suggested that this differential water distributi
may produce differential swelling which may lead to th
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3323J. Appl. Phys., Vol. 87, No. 7, 1 April 2000 S. Nemat-Nasser and J. Yu Li
bending deformation of the IPMC. While this mechanis
may well dominate the deformation process for certain ca
under certain ranges of boundary data, our analysis seem
suggest that the electrostatic forces must be dominant in
linearized model that we have developed to explain the qu
response to a suddenly applied electric field. The resolu
of the relative influence of electrostatic and fluid-induc
swelling forces, and their coupling effects, requires a syst
atic experimental evaluation which is currently underwa
Here, we shall focus on the electrostatically induced de
mation of the IPMC. In the following development, th
Nafion membrane is assumed to be isotropic, with perm
nently attached sulfonates uniformly distributed through
the polymer. The results can be generalized to include
isotropy and heterogeneous distribution of sulfonates with
any difficulty.

FIG. 1. Schematic representation of a possible microstructure for hydr
Nafion: ~a! electrically neutral state with interconnected clusters, permea
to water and cations, and~b! in an electric field which redistributes th
cations, leaving a net negative charge density near the anode and
positive charge density near cathode.
Downloaded 03 May 2001 to 131.215.48.8. Redistribution subject to AI
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The stress field within the membrane is decomposed
an elastic part which is carried by the backbone polym
denoted bys, and an eigenstress,s* , which represents the
effect of the imbalanced charge density, i.e.,

sT5s1s* ~ in V!, ~2!

wheresT is the total stress. We assume that the eigenstre
given by

s* 5se1so. ~3!

In Eq. ~3!, se is the electrostatic stress due to the imbalanc
charge density given by

se52k0r1, r5~C12C2!F, ~4!

wherek0 is yet to be calculated,1 is the identity tensor,r is
the charge density,C1 andC2 are the positive and negativ
ion densities (mol/m3), respectively, andF is Faraday’s con-
stant~96,487C/mol!. so is the osmotic stress due to the r
distribution of water molecules which are carried by the c
ions. We assume that the osmotic stress can be represe
by

so52Cpeo, ~5!

whereCp is the elastic stiffness tensor of the swollen Nafio
and eo is the volumetric strain due to the water redistrib
tion. The eigenstress induced by other effects is assume
be negligible, for the considered cases.

With D, E, andf, respectively denoting the electric dis
placement, the electric field, and the electric potential,
charge distribution is governed by the following field equ
tions:

“•D5r, D5keE, E52“f, ~6!

whereke is the effective dielectric constant of the polyme
In view of Eqs.~4! and~6!, the electrostatic stress is relate
to the electric field by

se52k0“•~keE!1. ~7!

Since the anions are assumed to be permanently attach
the backbone structure, having a uniform distribution, it f
lows that“C250. Hence,

“C15
1

F
“@“•~keE!#52

ke

F
“~¹2f!, ~8!

if we assume thatke is constant.
The distribution of the counterions is governed by t

continuity equation,

]C1

]t
1“•J50, ~9!

where t measures time, andJ is the ion flux vector, given
by15

J52dS“C11
C1F

RT
“f1

C1DV

RT
“pD1C1v; ~10!

hered is the ionic diffusivity,R is the gas constant,T is the
absolute temperature,p is the fluid pressure, and
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DV5M 1S V1

M 12
Vw

MwD , ~11!

in which V1 andVw are partial molar volumes of the catio
and water, respectively, andM 1 andMw are the correspond
ing molar weights. In Eq.~10!, v is the free water velocity
field. In the present model, we assume that it is given
Darcy’s law,16,17

v5dh~2C2F“f2“p!, ~12!

wheredh is the hydraulic permeability coefficient.
Finally, dynamic equilibrium requires that

“•sT5r0

dV

dt
~ in V!, ~13!

with all three stress fields,sT, s, ands* , being symmetric
second-order tensors. In Eq.~13!, r0 is the mass density an
V is the velocity of the IPMC when viewed as a continuu
Equations~2!–~13! are the field equations defining the r
sponse of the ionic polymer in an electric field. They must
supplemented with appropriate boundary and initial con
tions for specific applications, as well as with constituti
relations for the polymer.

When the applied electric field is time independent a
no external load is applied to the composite, at the equi
rium state, the distribution of the cations is obtained from

J50, v50 ~ in V!. ~14!

From Eqs.~10! and ~12! we now have

ke

F
“~“"E!2

ke

RT
~“"E!E~12C2DV!

2
C2F

RT
~12C2DV!E50, ~15!

where Eqs.~6! and ~8! are also used. We assume here t
(ke /RT)“•E!(C2F/RT), i.e., we neglect the nonlinea
term and reduce Eq.~15! to

“~“"E!2
C2F2

keRT
~12C2DV!E50, ~16!

which is the final equation of this linearized model, to
integrated subject to given boundary conditions. From
solution we obtain later, it is found that this assumption
valid almost everywhere within the membrane. Once
electric fieldE is obtained, the electrostatic eigenstressse is
calculated, using Eq.~7!. In this quasi-static case, the stre
field in the polymer is then obtained from

“"s52“•s* 5
k0C2F2

RT
~12C2DV!E2“•so ~ in V!,

~17!

which must be integrated, together with given stress-
displacement-boundary conditions. We assume that lin
elasticity constitutive relations may be used to relate
stress,s, to the strain,e, in the polymer, i.e.,

s5Cp :e, e5 1
2 @“u1~“u!T#, ~18!
Downloaded 03 May 2001 to 131.215.48.8. Redistribution subject to AI
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where u is the displacement field; see, e.g., Nemat-Nas
and Hori10 for more details.

It is still necessary to calculate the constitutive para
eter,k0 of Eq. ~4!. To this end, we must take into account th
detailed microstructure of Nafion. It is widely accepted th
the ionic groups in Nafion tend to aggregate to form tigh
packed regions referred to as clusters. The clustering p
nomenon has been supported by both theoretical12,18 and ex-
perimental observations.13,19,20 Readers are referred to re
view articles by Mauritz21 and Heitner-Wirguin22 for details.
Although the detailed microstructural arrangement of cl
ters is yet to be determined, for modeling purposes, the c
ters may be represented by spheres of radii ranging from
to 50 Å. For our modeling, we assume that all the anio
cation pairs are distributed on the spherical surface of
clusters, inside which there is a continuous body of water
the absence of an applied electric field, the net charge in
each cluster is zero. We consider the electrostatic interac
between ion pairs inside a cluster, ignoring the interact
between different clusters. Every anion attached to a fluo
carbon polymer chain is equilibrated by two competi
forces: one is due to the electrostatic interaction with ot
ions in the cluster,Fi , and the other is due to the elast
interaction with the polymer chain,Fe , so that

Fi1Fe50. ~19!

Upon the application of a voltage at the boundary, the c
ions are redistributed, changing the electrostatic interac
among the ion pairs. In the new equilibrium state,

DFi1DFe50, ~20!

where DF is the corresponding change in the interacti
force; DFi is the source that produces the eigenstress.
redistribution of cations introduces a net effective charge
side the cluster, located at the center of the cluster, du
symmetry. The electrostatic interaction of individual anio
with their ionic environment has two components, one is d
to the interaction with other ion pairs, which, to a first ord
of approximation, will not change with the introduction o
the net effective charge, and the other is due to the net
fective charge introduced at the cluster center. Therefore,
change in the electrostatic interaction forceDFi , may be
estimated, according to Coulomb’s law, as follows:

DFi5
2e

4pker c
2 ~C12C2!Fr d

3, ~21!

where r c is the cluster radius,r d is the mean distance be
tween clusters, ande is the elementary charge (1.
310219C); see Fig. 2~a!. The charge density inside the clu
ter is larger than the average charge density (C12C2)F,
because it is assumed that all ions are located inside
clusters. From Eqs.~20!, ~21!, and~4!, we have

k05
e

4pker c
2

r d
3

pr e
2 , ~22!

where r e is the effective radius of the polymer chain. It
clear that the internal stress induced by the charge redi
bution is isotropic, due to the spherical geometry. Equat
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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~22! shows how the geometric parameters defining the
crostructure of the polymer, affect the magnitude of the fo
which can be induced in the composite by an electric fie
see also Eqs.~4! and ~17!. The cluster radiusr c and the
cluster spacingr d can be modified by changing the leng
and density of the side chains which carry the sulfona
~The Dow Chemical Company has developed a perflu
nated ionomer with shorter side chains than those of Nafi!
Thus, it may be possible to tailor the microstructure for
optimal response.

IV. RESPONSE OF THIN STRIP OF IPMC

A platinum-plated strip of Nafion in a swollen wate
saturated state, is approximately 200mm thick. Denote the
thickness by 2h, and letx measure the distance along th
thickness, from the midplane of the strip; see Fig. 3. Assu
that the facex5h is grounded, so thatf(h)50, and the

FIG. 2. Schematic representation of Nafion membrane:~a! internal stresses
induced by interaction between ion pairs inside a cluster, and~b! dipole
induced by imposed bending curvature.

FIG. 3. Schematic diagram of a thin strip of IPMC:~a! in electrically neutral
state, and~b! being bent in an applied electric field.
Downloaded 03 May 2001 to 131.215.48.8. Redistribution subject to AI
i-
e
;

s.
i-
.

n

e

other face carries a uniform potential,f(2h)5f0 . All field
quantities are now functions ofx andt only. It will be shown
at the end of this section that the time required for the cati
to redistribute themselves over the thickness of the strip
very small based on the present formulation. Hence, if
applied potential,f0 , is alternating with a frequency of sev
eral Hz, the redistribution of ions and hence the ionic
sponse can be assumed to be essentially instantaneous
may not, however, be the case when other effects, suc
swelling due to osmotic pressure, are considered.

A. Deformation due to applied potential

In view of the above comments, Eq.~16! which, in the
present case, takes on the form

]2Ex

]x2 2a2Ex50, a25
C2F2

keRT
~12C2DV!8

C2F2

keRT
,

~23!

is used, even if the applied potentialf0 is time dependent.
The last estimate in Eq.~23! is based on the fact tha
uC2DVu!1. In what follows, the subscriptx or z is used to
denote vector or tensor components in thex or z direction.
Using ]f(x)/]x52Ex , the boundary conditions,f(2h)
5f0 and f(h)50, and*2h

h rdx50, the following expres-
sions are obtained:

f52
f0

2 sinh~ah!
sinh~ax!1

f0

2
,

Ex5
f0a

2 sinh~ah!
cosh~ax!,

~24!

szz
e 5syy

e 52
k0kef0a2

2 sinh~ah!
sinh~ax!,

C15C21
kef0a2

2F sinh~ah!
sinh~ax!.

When no external loads are applied,szz
T 5syy

T 50, and there-
fore, szz5syy52szz

e . We have ignored the osmotic stre
so here, assuming that it is small compared with the elec
static stresses; this will be discussed in the next section
general, the osmotic stress can be estimated from the w
distribution inside the Nafion membrane, which is close
related to the cation distribution. The stresses,szz5syy , act
normal to the planes of the cross section, in thez and y
directions, creating out-of-plane bending of the strip. If t
strip is long in thez direction and narrow in they direction,
as shown in Fig. 3~a! then the bending occurs as suggested
Fig. 3~b!. The resulting bending moment and the correspo
ing curvature are given by

M5E
2w/2

w/2 E
2h

h

xszzdxdy

5
k0kef0a

sinh~ah! Fh cosh~ah!2
sinh~ah!

a Gw8k0kef0ahw,

~25!

Rc5
ȲI

M
5

2Ȳh2

3k0kef0a
,
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where w is the width of the membrane,Ȳ is the effective
Young modulus of the composite, andI is the cross-sectiona
moment of inertia. Since the bending moment is const
along the length, so is the curvature.

It is worthwhile to examine the solution given by Eq
~24!. In the present linearized approximation, the magnitu
of a is of the order of 1010, the charge densityr being vir-
tually zero everywhere inside the membrane. Under th
conditions, it is indeed verified that the nonlinear term in E
~15! is negligible. Near the boundaries of the membran
i.e., atx56h, the solution suggests the presence of a t
boundary layer, within which most of the imbalance
charges are distributed. Since the maximum negative ch
density cannot exceedC2F, we calculate the total charg
within half of the membrane to estimate the thickness of t
boundary layer. The total imbalanced charge per unit len
is

Q5wE
0

h

~C12C2!Fdx5
akef0w

2
tanh~ah/2!8

akef0w

2
.

~26!

If these charges are assumed to be all distributed with
thin boundary layer at the surface, with the maximum p
sible charge density ofC2F, the thickness of the boundar
layer would be

l 5
Q

wC2F
5

akef0

2C2F
. ~27!

Such a charge distribution will induce the following electr
static stress over the lengthl:

szz
e 5syy

e 52k0C2F, ~28!

which gives a bending moment

M52E
2w/2

w/2 E
h21

h

x~2szz
e !dx dy8k0kef0ahw, ~29!

which is equivalent to Eq.~25!. Thus by introducing a thin
boundary layer, in which charges are uniformly distribute
we obtain the same bending moment as given by Eq.~25!,
while overcoming the difficulty presented by the lineariz
solution, Eq.~24!. The charge density, however, may n
have the maximum value,C2F. Any uniformly distributed
charge density within a thin boundary layer, equivalent to
total chargeQ, yields the bending moment given by Eq.~29!,
as long as the boundary layer thicknessl is small enough
compared withh so that 2h2 l 82h.

B. Potential due to imposed deformation

If instead of an applied electric field, the strip is su
denly bent by the application of a bending moment wh
produces a stress,s, on the backbone polymer, then an ele
tric potential is generated across the composite, due to
differential displacement of the effective centers of the
ions and cations within each cluster, producing an effec
dipole. Since this differential displacement is second orde
magnitude, the resulting electric potential will also be
Downloaded 03 May 2001 to 131.215.48.8. Redistribution subject to AI
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second-order quantity. The displacement along thex axis of
the membrane subjected to an applied bending curvatur
given by23

ux5
z21nx22ny2

2Rc
, ~30!

wheren is the Poisson ratio of the membrane andRc is the
imposed radius of curvature. This imposed displacem
field distorts the ionic clusters, creating an effective dipo
within each cluster. To estimate the value of this dipo
consider a spherical cluster of radiusr c , with center at
(xa,0,0), and assume that the fixed anions are uniform
distributed on the surface of this sphere, while the cations
uniformly distributed over a sphere of the same center bu
radiusr c2r i , wherer i is the distance between the anion a
cation in an ion pair; see Fig. 2~a!. The distributed charges
are equivalent to an effective total charge located at the c
mon center of the two spheres prior to the applied distorti
producing zero total charge and dipole. The imposed de
mation displaces the effective anion and cation charge c
ters by different amounts, producing an effective dipole; s
Fig. 2~b!. The displacement of the effective charge cente
estimated by averaging the resulting surface displacem
over each surface. For a typicalath sphere of radiusr c and
center at (xa,0,0), the effective charge center moves by t
distance

Dux~xa!5
1

2Rc

1

4pr c
2 E

0

pE
0

2p

@r c
2 sin2 u~cos2 c2n sin2 c!

1n~r c cosu1xa!2#r c
2 sinudc du5

r c
213nxa

2

6Rc
,

~31!

where the spherical coordinate system is used. The sep
tion of the effective centers of anions and cations in a clus
due to the imposed bending curvature, denoted byDd(xa)
for the ath cluster, is now given by

Dd~xa!5
1

6Rc
@r c

22~r c2r i !
2#8

r i r c

3Rc
, ~32!

which is independent ofxa . The separation of the effectiv
charge centers introduces a dipolem in the cluster, which
induces a potential field. The magnitudes of the dipole,m,
and the resulting potential,fa , are given by24

m~xa!5qtotalDd5C2Fr d
3 r i r c

3Rc
, fa5

qtotal

4pkwr
1

m•r

4pkwr 3 ,

~33!

whereqtotal is the total positive charge inside the cluster,r is
the position vector of magnituder with respect to the in-
duced dipole, andkw is the dielectric constant of wate
(78k0). Now, we have a series of clusters of water emb
ded in the polymer backbone, each with a dipole at its cen
The electric field atr in the polymer,E(r ), induced by the
dipole, m, located at the cluster center, is given by

E„r …52
1

4pkw

3

2kp /kw11 F m

r 32
3~m•r !r

r 5 G , ~34!
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Downloaded 03 M
TABLE I. Water absorption of Nafion in Li1 Na1 salt forms.a,b

Cation rd (103 kg/m3) dm (%) dV (%) C2 ~mol/m3! CW ~mol/m3! ke /k0 a ~109!

Li1 2.078 29.7 61.7 1070 21300 6.10 8.60
Na1 2.113 21.0 44.3 1200 17100 5.27 9.80

aGierkeet al., 1981.
bNarebskaet al., 1985.
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wherekp is the dielectric constant of polymer (3k0). The
derivation of Eq.~34! is given in Appendix A. We will use
the electric field on the boundary between two clusters as
average electric field in the membrane, which is the sum
the contributions from all the dipoles along the thickne
direction,

E52 (
n50

n5`
1

~2n11!3

1

4pkw

3

2kp /kw11

2m

~r d/2!3 , ~35!

whereE is the magnitude of the resulting electric field. Th
leads to a potential difference across the thickness, give

Df52hE. ~36!

C. Estimate of charge-relaxation time

Finally, we estimate the relaxation time for the redist
bution of the positive charges when the applied electric fi
is suddenly changed, by considering the continuity Eq.~9!
which, with the aid of the other field equations and line
ization, can be reduced to

]3f

]x2]t
5dS ]4f

]x4 2a2
]2f

]x2 D . ~37!

Using the standard separation of variables, it is read
shown that then-th relaxation time is given by

tn5
1

ln
, ln5S n2p2

h2 1a2Dd. ~38!

Hence, the smallest relaxation time,t1 , satisfies

t1,
1

a2d
~39!

which is less than 10212s, as will be shown in the following
section.

V. NUMERICAL RESULTS AND COMPARISON
WITH EXPERIMENTS

A. Numerical estimate of parameters

From the results of the preceding section, it is clear t
the cluster size is an important microstructural parameter
determines the response of IPMCs. It is related to the w
absorption of the ionic polymer, here Nafion, which is list
in Table I for Li1 and Na1; in this table,rd is the density of
the dry membrane, anddm anddV are the fractional incre-
ments of weight and volume due to the water absorptio13

The molar concentration of water may then be determi
from

Cw5
rddm

Mw~11dV!
, ~40!
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where Mw is the molar weight of water. From Narebsk
et al.,25 the anion concentration in water-swollen Nafion
Na1 salt is 1200 mol/m3. Thus, the corresponding anion co
centration of Li1 is determined from

Cdry
2 5cwet

2 ~11dV!, ~41!

whereCdry
2 andCwet

2 are the anion concentration in dry an
wet Nafion membranes, respectively. These values are
listed in Table I. Now we can estimate the relative magnitu
of the osmotic stress. Every anion is associated with 14 o
water molecules for Na1 or Li1 exchanged Nafion, accord
ing to Table I. Assuming every cation carries 4 water m
ecules with it, which is the hydration number for Na1 ~Ref.
26!, it follows that the osmotic strain is proportional t
(C12C2)/C2(4/14). On the other hand, the electrosta
stress is proportional tok0(C12C2)F. So for the same ion-
distribution profile, osmotic stress is orders of magnitude l
than the electrostatic stress.

An interesting experimental observation, relating to t
osmotic and electrostatic forces, is the difference in the
sponse of the IPMC in air and in water. Upon the applicat
of a step voltage to an IPMC in the dry air, the samp
quickly bends towards the anode side, to a maximum p
tion, and stays there, showing little tendency toward imm
diately returning to its neutral position. However, when t
same step voltage is applied while the IPMC is immersed
water, the sample slowly relaxes backward toward its neu
initial position. The long-term response of the IPMC in wat
appears to involve several time-scales, as is also sugge
by the experimental results reported by Kannoet al.
~1996!;27 see their Fig. 3. In the present case, where a s
voltage is applied to the water-saturated IPMC in air@Fig.
4~a!# and then held at a constant value for 6 s@Fig. 4~b!#,
before it is reversed@Fig. 4~c!#, no relaxation toward the
neutral position of Fig. 4~a!, was displayed by the IPMC
strip. On the other hand, when the same test is performe
water, relaxation toward the neutral position is observed d
ing the 6 s, while a constant voltage exists across the s
Hence, there are at least two effective time scales defin
the short-time~less than 6 s! response of the strip: one is th
initial ~fast! response time, controlled by the electrostatic
fects; and the other~slow relaxation response!, occurring in
the presence of water due to an osmotic process.

B. Effective properties

With virtually all the water inside the clusters~except for
a small amount which is present in the channels connec
the clusters!, the mean distance between adjacent clust
r d , is given as a function of the cluster radius,r c , and the
volume fraction of water,c, by
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 4. Video frames of IPMC strip bending in an electric field:~a! in
electrically neutral state,~b! bent upward, and~c! bent downward.
Downloaded 03 May 2001 to 131.215.48.8. Redistribution subject to AI
r d5S 4/3pr c
3

c D 1/3

, c5
dV

11dV
. ~42!

The number of anions and water molecules per clusterni

andnw , is then given by

ni5r d
3NC2, nw5 f 3ni , f 5

Cw

C2 . ~43!

wheref is the molar ratio of water relative to the cations, a
N is Avogadro’s number (6.0231023). In Table II, we list
the microstructural parameters for different cluster sizes,
the corresponding expected response of the IPMC strip
the calculation, the effective dielectric constant of the IPM
is evaluated as

ke5
2kp1kw2c~kp2kw!

2kp1kw1c~kp2kw!
kp . ~44!

The derivation of Eq.~44! is given in Appendix B. The ef-
fective radius of the fluorocarbon polymer chain is assum
to be 2 Å~covalent radii of carbon and fluorine are 0.77 a
0.71 Å, respectively!. The effective Young modulus of the
composite is determined as follows. Defining the effect
Young modulusȲ of the IPMC strip by

ȲE
2h

h

x2dx dy5E
2h

h

Y~x!x2dx dy, ~45!

its estimated value is then 2.38 GPa, where the Young mo
lus of platinum is 146.8 GPa, while that of the hydrat
Nafion is 0.23 GPa, measured by a three-point bending
the total thickness of the IPMC is 203mm, and the thickness
of the platinum is about 0.5mm. However, the measure
Young modulus of the IPMC strip, obtained by the sam
three-point bending test, ranges from 0.5 to 0.65 GPa.
reduction in the effective modulus is due to the presence
microcracks in the platinum plates which are microscopica
porous. With these parameters, the estimated relaxation
for the distribution of the cations is of the order of 10212s,
as was mentioned before.

Table II provides a comparison between IPMCs e
changed by Na1 and Li1, for the same cluster size. Such
comparison needs further experimental justification. Fi
the cluster size and anion per cluster could be different
Na1 and Li1. Second, due to the difference in the wat
absorption, the corresponding Young modulus for the sw
len Nafion would also be different.18 All these effects influ-
ence the response of the IPMC strip. These effects are
TABLE II. Microstructural and physical parameters of Nafion in Li1 Na1 salt forms corresponding to different cluster sizes.

Cation Li1 (C251070 mol/m3, CW521300 mol/m3) Na1 (C251200 mol/m3, CW517100 mol/m3)
r c (Å) r d (Å) ni k0 ~J/C! Rc f0 Df Rc(1026) r d (Å) ni k0 ~J/C! Rc f0 Df Rc(1026)

10 22.2 7 21 0.46 50.6 23.8 10 30 0.33 45.4
20 44.4 56 41 0.23 101 47.8 79 59 0.17 10.8
30 66.7 191 62 0.16 152 71.7 266 89 0.11 136
40 88.9 452 82 0.12 203 95.6 630 119 0.083 182
50 111 884 103 0.09 254 119 1232 148 0.066 227
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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C. Comparison with experimental data

To verify whether the theoretical predictions based
the proposed model, are reasonable, we have measure
tip displacementu52Rc sin2 (l/2Rc) of various IPMC strips
under a sinusoidal voltage. The schematic of the experim
tal setup is shown in Fig. 5. The sample is held in a g
through which the voltage is applied. Both the voltage a
the current across the sample are displayed on an osc
scope. A high-speed camera is used to video tape the
displacement, the voltage, and the current on the osc
scope. These are captured at the rate of 5 frames per se
in an IBM PC by Bigpicture Asymetrix DVP Capture. Th
video clip is analyzed by a UTHSCSA ImageTool fro
which the digitized displacement, voltage, and current
obtained. The temperature is 300 K. The amplitude and
quency of the applied voltage are 2.5 V and 0.32 Hz, resp
tively.

Figure 6 shows the tip displacement of the strip ver
time, and Fig. 7 shows the tip displacement of the strip a
function of the strip length. Other than a small difference
phase, good agreement between the predictions and mea
ments is observed. This difference in phase is due to
inertia and damping effects which have been ignored. It
actually be used to estimate the effective damping of
strip. Figure 8 shows the tip displacement of the IPMC v
sus the applied voltage; the experimental data are from S
hinpooret al.28 Figure 9 shows the predicted and measu
voltage which is produced by suddenly bending a strip;
experimental data are from Mojarrad and Shahinpoo29

Again, good agreement is observed. In the calculations,

FIG. 5. Schematic diagram of experimental setup.

FIG. 6. Tip displacement of IPMC strip vs time when a sinusoidal voltag
applied; the sample length is 1.57 cm. Young modulus is 0.65 GPa.
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cluster size is assumed to be 50 Å, andr i is taken as 6 Å,
which is approximately the sum of the radii of M1 andSO3

2

and the diameter of one water molecule.

VI. CONCLUSIONS

A micromechanical theory is developed to explain t
observed~short time, of the order of seconds! response of a
water-saturated ionic polymer-metal composite~in air!, i.e.,
bending under an applied electric field, and producing vo
age when bent. The theory couples the ion transport, ele
field, and elastic deformation to successfully predict t
short-time response in air, qualitatively and quantitative
The constitutive parameters are estimated based on the
crostructure and composition of the membrane. These e
mates provide guidance for tailoring the microstructure
order to obtain optimal desired macroscopic responses. T
also suggest various experiments which can be used to v
the theoretical predictions and fine-tune the micromechan
model.
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FIG. 7. Maximum tip displacement of IPMC strip vs strip length when
sinusoidal voltage is applied; Young modulus is 0.65 GPa.

FIG. 8. Tip displacement of IPMC strip vs the applied voltage; You
modulus is 0.5 GPa; experimental data are from Ref. 28.
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APPENDIX A: ELECTRIC FIELD OF A DIPOLE

Consider a dipolem situated at the center of a spheric
cluster which contains a continuous body of water insi
and is embedded in a polymer-backbone continuum.
general solution of Laplace’s equation for the axially sy
metric field is30

F5(
l 50

` Falr
l1

bl

r l 11 Pl~cosu!G , ~A1!

wherePl(cosu) is the Legendre function, andu measures the
angle from the axis of symmetry~i.e., the dipole axis!, andr
measures the length from the origin. We denote the poten
outside the cluster byf1 , and that inside the cluster byf2 .
The boundary conditions are

~f1!r→`50,

~f1!r 5r c
5~f2!r 5r c

,

~A2!
kp~f1!r 5r c

8 5kw~f2!r 5r c
8 ,

~f2!r c→`5
1

4pkw

m

r 2 cosu,

wherem is the magnitude of the dipole. From the bounda
conditions, the potential and electric field in the polymer a
determined as

f15
1

4pkw

3

2kp /kw11

m

r 2 cosu,

~A3!

E~r !52
1

4pkw

3

2kp /kw11 F m

r 32
3~m•r !r

r 5 G .

FIG. 9. Voltage produced by sudden bending at constant curvature vs th
displacement of the IPMC strip; the effective sample length is 2.5
experimental data are from Ref. 4.
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APPENDIX B: THE EFFECTIVE DIELECTRIC
CONSTANT OF COMPOSITES

The swollen Nafion can be regarded as a two-ph
composite system, with hydrophilic clusters embedded i
hydrophobic polymer-backbone continuum. The effective
electric constant of the two-phase composite can be
pressed rigorously as10

ke5~12c!k1A11ck2A2 , ~B1!

wherek1 andk2 are the dielectric tensors of phase 1 and
A1 andA2 are the corresponding field concentration tenso
and c is the volume fraction of phase 2. The concentrati
tensors are defined by

^E1&5A1E0, ^E2&5A2E0, ~12c!A11cA25I , ~B2!

where^E& denotes the volume average ofE, E0 is the elec-
tric field applied at the boundary, andI is the second-orde
unit tensor. It is clear that the determination of the effect
dielectric constant depends on the determination of the c
centration tensor. To do this, we adopt the Mori-Tana
mean field approach,31 assuming that the average field,^E2&,
in phase 2, is equal to the average field in a single clu
embedded in an infinite matrix subjected to an external fi
equal to the yet-unknown average field,^E1&, in phase 1,

E25A2
dilE1 , A2

dil5@ I1Sk1
21~k22k1!#21, ~B3!

whereAdil is a concentration tensor for the dilute distributio
of clusters~i.e., no interaction with other clusters!, and can
be determined exactly, using Eshelby’s equivalent-inclus
concept.32 In Eq. ~B3!, S is the dielectric Eshelby tensor. Fo
a spherical inclusion embedded in an isotropic matrix,33 S11

5S225S335
1
3. From Eqs.~B2! and ~B3!, we have

A25A2
dil@~12c!I1cA2

dil#21. ~B4!

From Eqs.~B1! to ~B4!, after some manipulation, we finall
obtain

ke5
k11k22c~k12k2!

k11k21c~k12k2!
k1 , ~B5!

for isotropic constituents and composites.
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