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l .  lntroduction

Much attention has been focused on ionic conducting polymer-

metal composites (abbreviated as IPMC) shown in Fig. I as an

intelligent material of artificial muscles and MEMS. The electro-

chemical-mechanical behaviors of IPMC materials have been

theoretically and experimentally studied for recent yearsl-s).

The purpose of the present study is to develop a prototype pro-

gram of the computational tool for the design of IPMC actuators.

The one-dimensional basic equations governing the electro-

chemical behavior of IPMC materials are discretized by the

Galerkin finite element method6). The calculated results are com-

pared with the finite difference solutions in order to check the

validity of the present formulation. The three-dimensional finite

element analysis for the deformation response of an IPMC plate is

conducted by using the calculated water distribution as an eigen-

strain.

2. Electrochemical Finite Element Formulation

2.1 Forward motion

When a Naflon membrane is under an electric field by the step

voltage on platinum plates, hydrated cations are subjected to the

electric force to the anode side. Hydrated cations are also subject-
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ed to viscous resistance force and diffusion force in the cathode

direction. Based on the balance of these forces, the total charge

Q@,t) is expressed as followss):

,  a Q ( x , t )  , - o ' Q \ x , t )  o Q G , t )  . ,,l ,-: U 
= U -: 
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where i is the electric current as shown in Fig. 2.The initial and

boundary conditions are given as followso):

{ Q ' " ' { * , 0 ) } =  
N o e s , c o x  " " ' ( 2 )

{0 " ' {o , r ) }=o
{ Q ' ' { a , t ) } =  

N , e s , c s d  " " " ( 3 )

Table 1 shows the material constants and calculation conditions for

eqs. (1)-(3) in which co = c(x0) = ll47 moVm3.
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Institute of Industrial Science, University of Tokyo Fig. 2 Input step voltage and current profile
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Table 1 Material constants and calculation conditions for forwardThe charge density is calculated from the total charge by the fol-

lowing equationo).

"ハ =凡パχlχ
バa洒 … … … … <→

Zero slopes are assumed as the boundary conditions.

The flnite element formulation is conducted for eqs. (1) and (a).

The total charge Q @,t) is assumed to be a linear function of the

element coordinate in each element as shown in the followins

equation:

{e'" ' t*,r)} =[n]{c'" '} = lr -tf)\SI . ... (s)

where Q,and Ql ne the nodal total charges. ft is the element lenglh.

The following equation is obtained by the finite element formula-

tion based on Galerkin method6):
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Substituting eq. (5) into eq. (6) and integrating numerically by

Euler method, the following form of equation7) is obtained:

r  ,  , , l  |  ,  > r " ) l _
loi:",oi:,|{Q'"' (x, t tAr ) } = l: i i, '" i2,1{n'' (x, t) } tzl
I e)",' e;;' |t* ) lB)1' br, I

The following equation is obtained by the Galerkin finite element

formulation6) for eq. (4):

個雫 …囲卜け
… 瑚

The substitution of eq. (5) into eq. (8) leads to the following

form of equationT):

| , , , , 1  L , l

l : i : , ,1i2,11.'" '{x,r)}= l: i : ,  ?i i ,  l t  e'" '(x,t) l  '  " (e)
Lcil', ci;'l' ) l$i' n;;'1v

2.2 Backward motion

The second process is the slow diffusion of free water molecules

in the anode direction. The density of water molecules w (x,r) is

calculated by the following equationo):

a w ( x , t )  _ k T T z w ( x , t )  . . . ( 1 0 )
At 

- 
4z \xz

Table 2 Material constants and calculation conditions for backward

mouon
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The initial and boundary conditions are given by eqs. (11) and

(12), respectivelys).

w ( x , O )  = , , v t *  w r ( x , O )  *  n c G , t r )  '  ' ( 1 1 )

a w ( 0 , r )  _ o  a w l d , t )  _ o  . . . . . ( l Z )
0x i)x

Table 2 shows the material parameters and calculation conditions

for the backward motion.

The finite element formulation based on Galerkin method6) for

eq. (10) leads to the following equation:

[ ' , ^ , - , r (  k T  o z w ( x , t )  a w ( x , r )  ] ,
I t,, l l nr 

--- 
d7- 

- ----dt 
1ax 

=0 " " ' (13)
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Fig. 7 Strain distribution (backward motion)

form of equationT)is obtained from eq. (13):

I  , l  L ,  . ( n ) l
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3. Finite Element Analysis of Mechanical Response

The water mol W, (x,r) is calculated as followss):

W,(x,r)  = S" f . '  w(E,t)aE '  (15)
J * i -  ,

The water content m,in eachelement is calculated by multiplying

the weight of water per mol (=189/mol) with the water mol M, as

belows).

f f i i = W i ' M * '  " " ( 1 6 )
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The standard water content rzo is calculated by the following

equations):

w  = z t i l  m o ,  m o = $ , ' h ' p *  ' ( 1 7 )

where p* G1379000g/m3) is the density of hydrated Nafion

membrane. I4r is the water content of each element. The distribu-

tion of eigenstrain is evaluated by using the experimental

relation between the strain and the water content, which is

almost linear.

The three-dimensional finite element deformation analysis

with eight-noded hexahedron element can be conducted by using

the estimated eigenstrain {er(x,r)}as the initial strain in the

IPMC plate. The incremental stiffness equation for the initial sffain

increment {Au,} i. expressed as follows:

[ n ] { u }= { ^J }  . . . . . ( 18 )

where

{晰}

{ l o , } = l o l { A e , }  
. . . . ( 2 0 )

4. Numerical Example

The calculated results for the IPMC plate for the material prop-

erties of Table 3 are shown in Figs. 3-9. The results for the charge

concentration distribution (Fig. 4) and the water distribution

(Fig. 5) agree well with those by the finite difference modelings).

5. Concluding Remarks

The finite element formulation for the electrochemical-

mechanical behaviors of IPMC materials has been conducted and

its validity has been demonstrated by the numerical study for the

IPMC plate. The multi-dimensional formulation for the electro-

chemical behavior and the application to other materials such as

Flemion are the topics of future study.

The authors appreciate Prof. M. Taya, University of

Washington, who gave advices in the course of the present study.
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