
An Advanced Finite Element Model of IPMCD. Pugal, H. Kasemägi, M. Kruusmaa, A. AablooInstitute of Te
hnology, Tartu University, EstoniaABSTRACTThis paper presents an ele
tro-me
hani
al Finite Element Model of an ioni
 polymer-metal 
omposite (IPMC)material. Mobile 
ounter ions inside the polymer are drifted by an applied ele
tri
 �eld, 
ausing mass imbalan
einside the material. This is the main 
ause of the bending motion of this kind of materials. All foregoing physi
ale�e
ts have been 
onsidered as time dependent and modeled with FEM. Time dependent me
hani
s is modeledwith 
ontinuum me
hani
s equations. The model also 
onsiders the fa
t that there is a surfa
e of platinum onboth sides of the polymer ba
kbone. The des
ribed basi
 model has been under developement for a while andhas been improved over the time. Simulation 
omparisons with experimental data have shown good harmony.Our previous paper des
ribed most of the basi
 model. Additionally, the model was 
oupled with equations,whi
h des
ribed self-os
illatory behavior of the IPMC material. It in
luded des
ribing ele
tro
hemi
al pro
esseswith additional four di�erential equations. The Finite Element Method turned out to be very reasonable for
oupling together and solving all equations as a single pa
kage. We were able to a
hieve reasonably pre
isemodel to des
ribe this 
ompli
ated phenomenon. Our most re
ent goal has been improving the basi
 model.Studies have shown that some ele
tri
al parameters of an IPMC, su
h as surfa
e resistan
e and voltage drop aredependent on the 
urvature of the IPMC. Therefore the new model takes surfa
e resistan
e into a

ount to someextent. It has added an extra level of 
omplexity to the model, be
ause now all simulations are done in threedimensional domain. However, the result is advan
ed visual and numeri
al behavior of an IPMC with di�erentsurfa
e 
hara
teristi
s.Keywords: Ele
troa
tive polymers, EAP, IPMC, Finite Element method, A
tuator, Coupled problem, Surfa
eresistan
e. 1. INTRODUCTIONEle
troa
tive polymer a
tuators have gained a lot of attention in many �elds su
h as roboti
s and mi
ro ele
-troni
s. The advantages of EAP a
tuators are relatively simple me
hani
s and noiseless a
tuation. Additionallysome EAPs, su
h as IPMCs,1 are able to fun
tion in aqueous environments. Those qualities make the mate-rials possible to use as so 
alled arti�
ial mus
les. In this paper we 
onsider three dimensional time dependentsimulations of IPMC type materials with the Finite Element Method.One of the most important qualities of IPMC materials is relatively large amplitude bending in responseto ele
tri
al stimulation. An ion ex
hange polymer membrane, su
h as Na�onTM , Te�onTM , is 
overed withmetal layers. The metal is typi
ally platinum or gold. During the fabri
ation pro
ess the polymer membrane issaturated with 
ertain solvent and ions. When voltage is applied to the metal ele
trodes, the ions start migratingdue to the applied ele
tri
 �eld. Migrating ions usually drag some solvent with them, 
ausing expansion and
ontra
tions respe
tively near the surfa
e layers. That in turn 
auses bending like a
tuation of IPMC sheet.To simulate a
tuation of an IPMC sheet we need to solve 
oupled problems due to the 
omplex nature ofbending of an IPMC. Ele
trostati
s, mass transfer and me
hani
al e�e
ts must be taken a

ount to get a minimalfun
tional base model whi
h 
ould predi
t a
tuation. Usually two dimensional time dependent model would beenough to get reasonable results. However, in this paper we 
onsider three dimensional model of IPMC. Thisallows to take into a

ount surfa
e resistan
e 
hanges for whole area of the metalli
 layer. Some authors2, 3have already simulated mass transfer and ele
trostati
 e�e
ts. We used similar approa
h in our model. Toi4 hasshown a Finite Element model in
luding vis
osity terms in transportation pro
esses expli
itly. The simulation isFurther author information: (Send 
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Figure 1. The IPMC strip, three-dimensional. The image is out of s
ale for illustrative purposes.performed as time dependent and for three dimensions. However, the basis of the des
ribed model is a re
tangularbeam with 2 pairs of ele
trodes. Our approa
h for simulating me
hani
al bending is taking advantage of thenumeri
al nature of FEM problems - we use 
ontinuum me
hani
s equations instead of analyti
al Euler beamtheory whi
h is more 
ommonly used by authors.5, 6 By 
oupling equations from di�erent domains, we get athree dimensional simple model for an IPMC mus
le sheet. That allows us to build up a more 
omplex model.In the last se
tion of this arti
le the variable surfa
e resistan
e model is dis
ussed.2. BENDING SIMULATIONSWe have used Na�onTM 117, 
oated with thin layer of platinum in our experiments and therefore in theory.Mass transfer and ele
trostati
 simulations are done only for ba
kbone polymer. Continuum me
hani
s is takeninto a

ount for all domains, in
luding the platinum 
oating. So there are two me
hani
al domains as shown inFigure 1.All simulations are done for an IPMC strip of 200µm thi
k polymer 
oated with 5µm thi
k platinum, in a
antilever 
on�guration - one end of the strip is �xed.2.1. The base modelThe 
ation migration in the polymer ba
kbone is des
ribed by the Nersnt-Plan
k equation, whi
h 
overs migrationand di�usion part. The equation is:
∂C

∂t
+ ∇ · (−D∇C − zµFC∇φ) = −~u · ∇C, (1)where C is 
on
entration, µ mobility of spe
ies, D di�usion 
onstant, T absolute temperature, R universalgas 
onstant, F Faraday 
onstant, ~u velo
ity, z 
harge number and φ ele
tri
 potential. The equations is solvedonly for 
ations as anions are �xed in the polymer ba
kbone. As voltage is applied to the platinum ele
trodes, allfree 
ations start migrating towards 
athode, 
ausing 
urrent in the outer ele
tri
 
ir
uit. As ions 
annot movebeyond the boundary of the polymer, lo
al 
harge intensity starts to in
rease near the surfa
e of the platinumele
trodes, resulting in in
rease of ele
tri
 �eld in the opposite dire
tion to the applied one. This e�e
t 
ould bedes
ribed by by Gauss' Law:

∇ · ~E = −∆φ =
F · ρ

ε
, (2)where ρ is 
harge density, ε is absolute diele
tri
 
onstant and E is the strength of the ele
tri
 �eld and 
an bealso expressed as ∇φ = − ~E. The formed steady state of the 
ations is shown in Figure 2. The 
orrespondingele
tri
 �eld distribution is also shown in Figure 2.Many authors like Shahinpoor7 and Lee5 have used 
antilever beam equation to model bending of an IPMCstrip in 
antilever 
on�guration. Though using Euler beam model provides us analyti
al solution for a stati




Figure 2. Cation 
on
entration and ele
tri
 �eld strength in an arbitrary 
ross se
tion of an IPMC strip in time. The
ross se
tion length is 200 µm, and the time is from 0 to 0.5 s.
on�guration, the model des
ribed in this paper is dynami
. So more a

urate results 
ould be obtained by using
ontinuum me
hani
s model with damping. The trade o� is slower 
al
ulation speed, but the given model is notintended for using in real time simulations anyway. Importan
e of vis
oelasti
ity has been brought out also bysome other authors like Ri
hardson8 and Newbury.9There are di�eren
es in 
harge distribution only in really thin boundary layers as shown in Figure 2. Asmany authors have 
on
luded, only the boundary layers 
ause the bending.10 The longitudinal for
e per unit
ube in ea
h point in the polymer of an IPMC is de�ned as follows:
~F = (A · ρ + B · ρ2) · ŷ, (3)where ρ is 
harge density and A and B are 
onstants whi
h 
ould be �tted from di�erent experiments.To relate the for
e in Eq. 3 to the physi
al bending of an IPMC sheet, almost the same approa
h is used asin11.11 Ex
ept this time all equations are solved in three dimensions. These equations are des
ribed in ComsolMultiphysi
s stru
tural me
hani
s software pa
kage. Normal and shear strain are de�ned as

εi =
∂ui

∂xi

, εij =
1

2

(

∂ui

∂xj

+
∂uj

∂xi

)

, (4)where u is the displa
ement ve
tor, x denotes a 
oordinate and indi
es i and j are from 1 to 3 and denote
omponents 
orrespondingly to x, y, or z dire
tion. The general stress-strain relationship is
σ = Dε, (5)where D is 6×6 elasti
ity matrix, 
onsisting of 
omponents of Young's modulus and Poisson's ratio. The systemis in equilibrium, if the relation

−∇ · σ = ~F , (6)is satis�ed. This is Navier's equation for displa
ement. The values of Young's modulus and Poisson's ratios,whi
h are used in the simulations, are shown in Table 1.As we are dealing with time dependent simulations, we have to des
ribe the dynami
s of a
tuation ratherthan stati
s. Besides, we also want to 
onsider damping. The damping e�e
t 
ould be 
aused by material itself



and by the environment in whi
h the IPMC is working. Therefore we use Rayleigh damping model to empiri
allydes
ribe the e�e
t:
m

d2u

dt2
+ ξ

du

dt
+ ku = f(t), (7)where the damping parameter ξ is expressed as ξ = αm + βk. The parameter m is a mass, k is a sti�ness and

α and β are 
orrespondingly damping 
oe�
ients. By 
oupling Eq. (7) with Newton's equation, we get the theequation, whi
h is des
ribes the dynami
s of an IPMC strip:
ρ
∂2~u

∂t2
−∇ ·

[

c∇~u + cβ∇
∂~u

∂t

]

+ αρ
∂~u

∂t
= ~F . (8)The origin of the equation is 
overed in11 and also in Comsol Multiphysi
s manual.So far we have des
ribed the base model, whi
h is usable in both two dimensional and three dimensionalmodeling. The parameters for given equations Eq. (1) - Eq. (8) are given in Table 1. The illustrative example ofbending is shown in Figure 3.Variable Value Dimension Comment

Dcation 2 · 10−9 m2

s
Di�usion 
oe�
ient of 
ations, e.g Na+.

ε 3.8 · 10−5 F
m

From 
apa
itan
e measurement of an IPMC.
µ 8 · 10−13 mol·s

kg
From Nernst-Einstein relation µ = D

R·T
where T = 293K, R = 8.31 J

mol·K
.

YN 50 · 106 Pa Young modulus of Na�onTM .
YPt 169 · 109 Pa Young modulus of platinum.
ρN 2600 kg

m3 Density of Na�onTM .
ρPt 21500 kg

m3 Density of platinum.
A 5 · 105 N ·m

C
A 
onstant in Eq. (3).

B 3 · 104 N ·m4

C2 A 
onstant in Eq. (3).
α 1 1

s
Mass damping parameter.

β 0.5 s Sti�ness damping parameter.Table 1. Simulation values of the base model.2.1.1. Meshing in three dimensional domainMeshing in a three dimensional domain is not as straightforward as it is for two dimensions. There are 
oupleof things whi
h should be taken into a

ount. First of all, two dimensions of an IPMC sheet are relatively large(width and length are in range of 
entimeters) but the thi
kness is really small, mu
h less than a millimeter. Inaddition, the thi
kness 
onsists of three layers - a polymer ba
kbone and two layers of metal 
oating whi
h are
onsidered as separate domains. Therefore the tetrahedral mesh really 
annot be used over all the domains asthe degrees of freedom for 
al
ulations would be unreasonably large. That is why the mapped meshing te
hniqueis used. Instead of tetrahedral �ne mesh, the re
tangular 
oarser mesh is 
reated. The 
oarseness of the mesh islarger in the areas, where physi
al variables do not tend to 
hange very rapidly. For instan
e the 
on
entration of
ations is rather smooth fun
tion in the middle of polymer ba
kbone. Therefore areas around the surfa
e layers
ontain �ner mesh. As the problem is solved in number of physi
al domains, it is not really straightforward toanalyti
ally determine the optimal mesh size. Instead trial and error method 
ould be used and after performingsome simulations, the smoothness of the results 
ould help to determine the optimal size of the mesh for futuresimulations. Example of a mesh 
ould be seen in Figure 4.2.2. Extended modelThe model des
ribed in the previous se
tion is good for both two dimensional and three dimensional modeling.However, solving the base model in three dimensional domain does not give us any kind of extra information.Instead it adds some 
omplexity su
h as more 
ompli
ated meshing and in
reased solving times. The real



Figure 3. Example of three dimensional bending of an IPMC sheet. The length of the strip is 2cm, the width is 0.5cmand the bending amplitude is approximately 4mm.

Figure 4. Meshing of an IPMC strip. One 
orner of the strip is shown. Noti
e the 
oarse mesh in the middle of theIPMC but �ne mesh near the boundaries.



Figure 5. The 
on
eptual diagram of the model.
Figure 6. Mapping the 
al
ulated 
urrent to the three dimensional model.usefulness of the third dimension 
omes, when the model takes into a

ount also the surfa
e resistan
e of theele
trodes.The surfa
e resistan
e is an interesting 
hara
teristi
 of an IPMC strip. Besides of being di�erent for di�erentIPMC sheets, it tends to depend on the 
urvature of the IPMC strip.12 On the other hand, the surfa
e resistan
eis the parameter whi
h 
ould be rather easily 
hanged. For instan
e it is possible to make some areas of themus
le sheet less 
ondu
tive. That's the pla
e where 3 dimensional model 
ould be useful.The idea of the extended model is to put together part of the ele
tri
al model, whi
h in
ludes a
tive resis-tan
es and the model des
ribed in the previous se
tion. It means that the 
ation transportation and 
ontinuumme
hani
s is 
oupled to the 
urrents in the surfa
e layers.2.2.1. Currents in the surfa
e layersAn IPMC strip 
onne
ted to an external power sour
e forms an ele
tri
 
ir
uit. There are roughly two types of
ondu
tion me
hanisms in the 
ir
uit: ele
tron 
ondu
tion in the outer part of the 
ir
uit and ion migration inthe IPMC. Even though the ions move only inside the polymer ba
kbone, there is a 
onne
tion between 
urrentin outer 
ir
uit and displa
ement of the ions. The theorem whi
h is more often used in plasma physi
s,13 is
alled Ramo-Sho
kley theorem. The theorem 
onne
ts movement of 
harged parti
les in 
on�ned spa
e to the
urrent in 
onne
ted ele
tri
 
ir
uit. The theory have been for instan
e used for modeling ion 
hannels.14 Thegeneral equation is:

I =
1

V

∑

i

qi ×
~W (ri)i~vi, (9)where j is the index of a parti
le, q is the 
harge, and v is the velo
ity of a parti
le. W 
orresponds to a ele
tri
�eld whi
h would exist without any 
harged parti
les present.14 By using Eq. (9), we 
an 
al
ulate the 
urrent�owing in an ele
trode and therefore also voltage in the surfa
e layer. The 
on
eptual diagram is shown inFigure 5.only Noti
e that there are number of resistors shown in the �gure. Those resistors resemble the metalli
ele
trode. The 
urrent model 
onsiders voltage drop only at the one side of the IPMC sheet - the side whi
hstret
hes during the a
tuation - as the resistan
e of this ele
trode is bigger.12



Figure 7. An ele
trode surfa
e with the area of one square millimeter. The 0V is applied to the edge y = 0. There is a
urrent in�ow from the bottom surfa
e, whi
h resembles the 
onne
tion with polymer ba
kbone. The 
ondu
tivity of theele
trode is maximum at x = 0 and de
reases to zero at x = 1. The plot shows the voltage distribution - voltage of thelighter areas is greater than voltage of the darker areas. The lines show the 
onstant 
urrent density in the ele
trode.2.2.2. Simulation detailsThe simulation of proposed model 
oupled with the base model is rather 
omplex problem. The 
omplexity
omes from the fa
t that 
onsidering the surfa
e resistan
e gives an extra variable whi
h 
ontrols the appliedvoltage. At the same time the applied voltage 
ontrols the 
urrent inside the polymer. However, there are waysto simplify the model by means of redu
ing solution time. One way to optimize is to 
al
ulate the 
urrent �ow intwo dimensional domain - two dimensional polymer - and then extend the solved value to the three dimensionalmodel. The 
on
eptual diagram is shown in Figure 6. As the ions migrate, we know the total �ux with unit
mol/(m2s). By using the equation

I =
F

d

ˆ d

0

~j · ~dz, (10)where d is the distan
e between ele
trodes and ~j is the migration 
urrent, F is Faraday 
onstant, it is possibleto 
al
ulate the 
urrent I in the ele
trodes.The given model is able to 
al
ulate surfa
e 
urrents and voltages at the initial moment. So the timedependen
y is yet to 
ome. The illustrative plot of the voltage distribution on the surfa
e and the 
urrentstreamlines in the surfa
e is shown in Figure (7). The �gure shows how the voltages and 
urrents 
ould possiblydistribute in the ele
trode surfa
e during the �rst moments of a
tuation. As it 
ould be seen, the voltagedistribution is not uniform at all, whi
h is also supported by the measurements.15 Preliminary data andsimulations show that the given theory should be develop further to obtain more sophisti
ated time dependentthree dimensional model of an IPMC. 3. CONCLUSIONSWe have developed a base model to model the simple physi
al pro
esses su
h as ion migration and ele
tri
 �eld
hange in an IPMC. In this paper we have extended the base model to three dimensions. Some improvements inmeshing te
hniques have been ne
essary to be able to solve the three dimensional model within reasonable time.To get the full use of the three dimensional model, we introdu
ed the me
hanism for 
al
ulating 
urrents insidethe ele
trodes as a result of ion movement. The used theory is Ramo-Sho
kley theorem mostly know in other�elds of physi
s. However, the theorem 
ould be appli
able also for an IPMC to estimate 
urrents and thereforevoltage drops inside the ele
trodes. In this paper we have shown only the simple simulations of ele
trode 
urrents,but the given theory 
ould be extended further to get a more sophisti
ated model of a three dimensional IPMCa
tuator.



4. FUTURE WORKFuture work will be extending the given model, possibly using some ele
tri
 
ir
uit modeling 
oupled with
al
ulations of Ramo-Sho
kley theorem to predi
t the 
urrents inside the ele
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