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ABSTRACT 

This dissertation describes the development of a coupled model for the analysis of 

a novel polymer/metal composite (IPMC) actuator under large external voltage. 

A general continuum model describing the transport and deformation processes of 

solid polymer electrolyte is proposed. The formulation is based on global integral 

postulates for the mass conservation, charge conservation, momentum equilibrium, 

the first law of thermodynamics, and the second law of thermodynamics. The 

global equations are localized in the volume and on the material surfaces bound

ing the polymer. The model is simplified to a three-component system comprised 

of a fixed negatively charged polymeric matrix, protons, and free water molecules 

within the polymer matrix. Among these species, water molecules are considered 

as the dominant specie responsible for the deformation of the IPMC actuators. In 

this work, the electrochemical process occurring at both electrodes is analyzed as 

boundary conditions during the deformation of actuator in the regime of large volt

age (over 1.2 V). These are used in the framework of overpotential theory to develop 

boundary conditions for the water transport in the bulk of polymer. The proposed 

coupled model successfully captures the stress relaxation phenomenon due to water 

redistribution governed by diffusion. The fabrication process are described, and 

experiments including the role of initial water content on the electro-mechanical 

response of the actuator are also discussed. Comparison of simulations and experi

mental data showed good agreement. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 Introduction 

Ionic conductors have been known for more than a century. Recent interest 

in these materials stems from their use in high density energy storage devices. Sohd 

electrolytes are commonly used in the fabrication of micro-sensors, as well. For ex

ample, the ability to generate high compressive stresses due to redistribution of ions 

in solids is used in the fabrication of absolute pressure sensors, where anodic bonding 

of glass to silicon seals the cavity of the sensor (Enikov and Boyd, 2000). A com

mon feature of these systems is the presence of mass and charge transport, multiple 

phases, surface reactions, electric current, and mechanical deformation as a result of 

an internal stress. This work is focused on the mathematical model describing these 

processes in a solid polymer electrolyte (Nafion^'^). Various mechanisms such as 

polarization and charging effects have been proposed recently (Nemat-Nasser and 

Li, 2000). The multitude of models show that more experimental and theoretical 

work is needed in order to develop a sound model for these actuators. The following 

work is a step in this direction. 
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1.2 Nafion™ as an electrolytic material 

Nafion'^'^ (DuPont, USA) was developed by modifying Teflon''"'^ resulting 

in one of the most commonly used ion-exchange polymer membranes. It is a very 

thin material that typically ranges from 50 to 180 microns. The membrane consists 

of three main regions; fluorocarbon backbone, side groups containing oxygen, car

bon, and fluorine, and sulfonic acid ion clusters (Figure 1.1). Nafion™ is the first 

synthetic polymer of an entirely new class of polymers called ionomers. Nafion^'^ 

has the distinguishing properties combining the physical and chemical properties 

of Teflon with ionic characteristics (PurmaPurelNC., 2004). Nafion^'^ does not 

release fragments or degradation products into the surrounding medium because 

it is extremely resistant to chemical attack, and it can be used at relatively high 

temperatures up to 190°C. Also, Nafion^'^ is highly ion-conductive as a cation ex

change polymer, it selectively conducts cations, and is highly permeable to water. 

The sulfonic acid groups in Nafion^'^ very efficiently absorb water since they have a 

very high hygroscopic property. Interconnections between the sulfonic acid groups 

lead to very rapid transfer of water through the membrane. Electrochemical studies 

on Nafion^'^ and similar membranes have shown that water transport is actually 

responsible for their swelling (Eikerling et al., 1998). In the presence of water the 

polar sulfonic cites dissociate and produce fixed anionic groups and mobile H+ ions. 

These protons are able to migrate under an external electric field. 

The water transport process in Nafion^'^ is complicated because of the 
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eCF^CF^);; eCFCF^fe 

jni? ^ 

O CFj CFj SOj- - H+ 

Figure 1.1; Chemical structure of Nafion™ (H+ - form) 

porous microstructure of the polymer matrix (Helfferich, 1962). In a humid envi

ronment the water penetrates towards the ionogenic sites inducing swelling of the 

hydrophilic pores. Under water depletion conditions these pores collapse. As a 

result, the permeability coefficient in the Darcy's law for water flux is dependent 

on the water content (Eikerling et al., 1998). In dry environments the actuator 

performance is greatly reduced. 

Ion-exchange membranes are used in hydrogen fuel cells and in the produc

tion of sodium or potassium hydroxide. When structured as a metal-polymer-metal 

composite, they can also be used as an actuator. The polymer-metal composite 

actuator consists of a bulk region (the polymer) bounded by thin conductive metal 

interfaces (See Figure 1.2a). The two metallic surfaces are highly conductive. Upon 

application of a potential difference at points A and B the cations in the bulk 

migrate towards the cathode with water molecules. The large volume of the water 

molecules causes local matrix expansion and deformation of the composite as shown 

in Figure 1.2b. 
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A 

"Zl 
B 

( A )  (B)  

Figure 1.2: Polymer/Metal Composite Actuator 

One of advantages of IPMC actuator is that it can be operated with rel

atively low voltage (under 5V). This value is standard for commercially available 

driving circuits. This characteristic eliminates the extra complexity of high-voltage 

power supply, and renders them suitable for embedded MEMS applications. An

other advantage of this actuator is that it can be used in water, which can be useful 

in medical applications. Also, its mechanical characteristics are similar to biological 

muscles in terms of flexibility, softness and large displacement, thus making them 

possible candidates for an artificial muscles (Bar-Cohen, 2001). 

1.3 Actuator fabrication 

Metal-polymer composites can be produced by vapor or electro-chemical 

deposition of metal over the surface of the membrane. The electrochemical pla-

tinization method (Liu et al., 1990) used in this work is based on the ion-exchange 

properties of the Nafion^'^. The method consists of two main steps: Step one - ion 

exchange of the protons, H+, with metal cations, Pt^"*", and Step two - chemical 
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< Pt(NH3)f step 1: Impregnation with 
Pt(NH3)4Cl2 solution 

8e- + 4Pt(n) BH^ + 80H 2: Reduction in 
NaBH^ solution 

4Pt(0)K^ H2BO3+ 5H20+8e-

Figure 1.3: Takenaka method for platinization 

reduction of the ions onto the membrane surface with NaBH4 solution. These steps 

are summarized in Figure 1.3, and a detailed description of the process is provided 

in Appendix A as desribed by Oguro (2003). 

As the result of this process, an H"'^-form of IPMC is fabricated. The 

H+ cations were not exchanged for other cations, as is commonly done by others 

(de Gennes et al., 2000; Li and Nemat-Nasser, 2000; Janssen and Overvlde, 2001) in 

order to be able to use the proton mobility data developed by other research groups 

for H^-form of Nafion^^. An SEM microphotograph of the fabricated composite is 

shown in Figure 1.4. The right picture clearly shows the white Pt particles at the 

boundary and the electrode surfaces are approximately 0.8 fim thick Pt deposits. 

A more efficient actuator can be produced by repeating the above two steps several 

times, which results in dendritic growth of the Pt electrodes into the polymer (Oguro 

et al., 1999). 



17 

Figure 1.4: Nafion^'^ membrane with Pt electrodes on each side, white regions are 
Pt particles of the electrodes 

1.4 Objective and outline 

The main objective of this work is to develop a thermodynamic model to 

explain and predict the electochemical and mechanical responses of IPMC actuators. 

The model developed based on well-known thermodynamic laws provides the history 

of electric current and displacement of actuator as a function of water concentration 

during actuation. To validate this model, several experiments are also performed. 

The outline of this dissertation is as follows. In Chapter 2, after a critical 

review of existing models, the proposed thermodynaminc model is described. The 

model includes mass transport in membrane and surface reaction at both bound

aries. 

In Chapter 3, the governing equations of the thermodynamic model are 

presented. These include mass conservation, charge conservation, linear and angular 
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momentum balance, energy conservation, the second law of thermodynamics, and 

overpotential theory. 

In Chapter 4, the general thermodynamic model is reduced to the specific 

problem at hand. The fluxes in membrane are induced using the constitutive law, 

and the fluxes at both boundaries are also induced using chemical reactions. Addi

tionally, the rotation model is evolved base on small strain and large displacement 

assumption. 

In Chapter 5, the process, and results of the experiment are presented. 

Through these experiments, the effects of water content and external voltage are 

examined. For this purpose, four cases with different initial water contents (100, 

75, 59, and 25 %) were used; and three external voltages (3, 4, 5 V) were applied. 

Moreover, the FE numerical solutions are developed. Using Galerkin's method, 

mass conservation can be expressed the matrix-vector form, and this equation can 

be solved iteration. 

In Chapter 6, the numerical results and the comparison of this to the ex

perimental measurements are presented. The history of current and displacement 

based on the water concentration profile are compared to the measured experimental 

results for verification of the thermodynamic model. 

Finally, the conclusions of this work are summarized in Chapter 7. 
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CHAPTER 2 

MECHANISM OF IPMC ACTUATORS 

2.1 Existing models 

The physical phenomena responsible for generating high strains in the ac

tuator are not completely understood. Several plausible models have been suggested 

by various research groups in this field. Physical phenomena, such as ionic motion, 

water back diffusion, electrostatic force, concentration gradient etc. have been con

sidered as forces responsible for the bending of the composite. Yet, no clear set of 

principles has been able to explain the motion of the polymers completely. 

One of the first models proposed in this field is based on the large de

formation theory of ionic polymeric gels in electric and pH fields by Shahinpoor 

(1993). According to this model, initially the presence of pH field distributes the 

anions and cations within the gel network creating a spatial distribution of the 

ions, and the application of electric field across the thickness causes the bending 

of the ionic polymer towards the anode or the cathode depending on the initial 

spatial distribution of the ions. The model presented considers the effect of the 

internal electric charge redistribution of fixed and mobile ions due to the presence 



of the electric field, and describes a purely electrostatic process. Later, Shahin-

poor presented more sophisticated model of the actuator (Shahinpoor, 1999). This 

model includes an Euler-Bernoulli beam model of a non-homogeneously distributed 

electrically-induced moment. The moment was attributed to the presence of a non-

homogeneous electric field in an elastic material. 

A lumped parameter linear model of the ionic polymer actuator was pre

sented by Kanno et al. (1994). The step response of the actuator was empirically 

modeled as a linear dynamical system with two real poles. The parameters in the 

transfer function were optimized using a least-squares method and reported for a 

varying range of input voltages. Kanno et al. (1996) also proposed a black-box 

model. In their model, the ionic polymer was modeled as a network of a capacitor 

and resistor in series. 

A higher-order lumped parameter model was presented by Bao et al. (2002). 

They suggested two sub-systems: a distributed RC line model to describe the "vary

ing capacitance" of the electric input behavior and a four-lumped parameter system 

to express the relaxation phenomena. These models were constructed based on ex

perimental observations rather than on the analysis of the micro physiochemical 

processes. 

The first rigorous microscopic treatment was presented by Nemat-Nasser 

and Li (2000). Their model considered the microstructure of water-saturated 

Nafion, and explained the quick response to a suddenly applied electric field us

ing the electrostatic forces. A phase separation morphology based on a hydrophilic 
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and a hydrophobic region, composed of ionic groups (the SO^ cluster) and counter 

ions was used to explain rapid response. The model proposes that the differ

ential swelling of the membrane causes the bending movement due to electrostatic 

interaction, application of an electric field, redistribution of the ionic groups, and 

redistribution of water molecules. In their model, chemical reactions are not consid

ered, since the applied external voltage is below the potential required for developing 

steady state charge transfer. Thus, upon redistribution of the cations in the result

ing anion-rich region, the polymer chains relax, while in the cation-rich region, they 

further extend, leading to relatively small bending (0.08 mm/mm) of the polymer 

membrane. 

2.2 Proposed thermodynamic model 

While the existing models do explain phenomenologically individual obser

vations, there is no general description of the dominant mechanism of deformation 

a companied by steady charge transfer that is grounded in the fundamental thermo

dynamic postulates. In this work, we propose a mathematical model that captures 

the individual phenomena and is consistent with the work done on fuel cells by the 

electrochemical community. The model includes mass transport within membranes, 

reactions at boundaries, and deformation as a function of the concentration of water 

molecules and a function of the applied external electric potential. The model tar

gets the high voltage regime, where electrochemical reactions and water transport 

need to be accounted for. 
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+ 

m*, H2O 

H^O 

Anode Nation Cathode 

Figure 2.1: Transport model 

The actuator model includes mass transport within the membrane, reac

tions at the boundaries, and deformation as a function o^the concentration of water 

molecules. A schematic representation of the ionic processes taking place inside the 

polymer is shown in Fig. 2.1, following the electrochemical model of hydrogen-

oxygen fuel cells (Bockris and Srinivasan, 1969). In hydrogen-oxygen fuel cells, the 

hydrogen is supplied one of two electrodes, the anode; and the oxygen is supplied 

the other side, the cathode. At the anode, the hydrogen separates it into two pro

tons and two electrons. At the cathode, the oxygen is combined with protons and 

electrons, producing water. The actual power generation comes from the released 

electrons that are removed by an external load. Restated, hydrogen is first ion

ized, passing the protons through the membrane and drawing the electrons out by 

a load, creating electromotive power. Then, the protons and electrons are reunited 



with the oxygen to produce water. On the contrary, when external potential is 

applied, water molecules dissociate producing protons, electrons, and oxygen gas 

at the anodic side. Released protons are transported though the membrane, while 

the oxygen gas is released out. The external electromotive force carries the released 

electrons to the opposite electrode (cathode). The external electric field generates 

a flux of protons towards the cathode with water molecules carried by drag. At 

the cathode these protons pick up an electron and produce hydrogen gas, which 

is released out of membrane similarly the oxygen gas at the anode. In result, the 

concentration of water molecules near anode is reduced and water molecules are ac

cumulated near cathode. The redistribution of water within the membrane creates 

local expansion of the polymer matrix near cathode side and local shrinkage near 

anode side. This local expansion and shrinkage of the polymer causes the actuator 

to bend towards the anodic side. Associated with it is a gradient of the internal 

pressure and polymer strain. This gradient generates a flux of water molecules in 

the opposite direction, governed by a law that is macroscopically similar to Darcy's 

law for pressure driven flow in porous media (Hassanizadeh, 1986). Also the gra

dient of water concentration produces another diffusion flux of water molecules in 

the opposite direction of the concentration gradient. Due to these water fluxes in 

the opposite, the distribution of water changes and the actuator gradually relaxes 

towards the cathode. 



24 

CHAPTER 3 

GOVERNING EQUATIONS 

In this chapter, the conservation and transport laws governing these processes are 

derived - from a global (integral) form to a local (differential) form. The conservation 

laws include mass, charge, energy, and linear and angular momentum. In addition 

to the conservation laws, constitutive equations are needed to model the response of 

the material under external fields. Since the state of the material contains internal 

variables, evolution laws are needed as well. These are the thermodynamic fluxes 

such as diffusion, electric current, and chemical reaction rates on the boundaries. 

3.1 Mass conservation 

For the sake of generality 9^+1 different chemical species are assumed. 

The global form of the mass balance for component n is given by 

where l^n^Ot+l, p"is the molar rate of production of component n per unit 

volume and area due to chemical reactions, n, is the outward unit normal vector, 

c" is the molar concentration of component n and j" is the molar diffusion flux of 

(3.1) 
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component n defined as 

j7 = C"«-7;,), (3.2) 

where the barycentric velocity is 

V, — ^ fj". (3.3) 
n=l ^ 

where c = molar concentration of the mixture. By means of 

transport and divergence theorems (Daher and Maugin, 1987; Maugin, 1988) the 

integrals in equation(3.1) are rewritten to obtain the local form of the mass balance 

in the volume V 

(9c" 
—+ V,(c"t;i) + V,i,"=p". (3.4) 

3.2 Maxwell's equations and charge conservation in quasistatic approx

imation 

Similarly to the mass conservation laws, the Maxwell equations can also 

be postulated in integral form. The Faraday's law in integral form is given by 

^ [ BiUida + [ Eikids = 0, (3.5) 
di Js J as 

where Ei is the electric field, Bi is the magnetic induction, S is an arbitrary surface, 

and ki is the unit vector tangent to the line. Gauss' law can be written in terms of 

the electric displacement vector Dj and the volume free charge densities as 

/ q^dv — j DiUida. (3.6) 
Jv JdV 
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Ampere's law can be written in terms of the effective magnetic field strength (mag

netomotive intensity) Hi and the volume conduction current Jj as 

I liUida + ^ [ DiUida = [ Hikds, (3.7) 
Js Of Js JdS 

where S  is an arbitrary surface. If 5 is a closed surface, the integral of Ei  in (3.5) is 

identically zero (Hutter and van de Yen, 1978), thus the Gauss-Faraday law follows 

from (3.5) 

BiUida = 0 (3.8) L idv 

for any volume V.  The transport and divergence theorems can be used to localize 

equations (3.5) thru (3.7) (Daher and Maugin, 1987; Hutter and van de Ven, 1978) 

^ijkEk,j — 0 (3-9) 

Di,i = (3.10) 

eijkHkj- Di=Ii, (3.11) 

= 0 (3.12) 

where * denotes the convective derivative defined by 

* • 

The polarization,Pj, is formally introduced by 

P i^Di-  e '^Ei  (3 .14)  

where e° is the permittivity of free space. Substitution of equations (3.14) into 

equations (3.9)^(3.10) results in the electrostatic field being governed by Gauss' 

law 

CijkEkj = 0 (3.15) 
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= q ' -  Pi , i  (3 .16)  

The conservation of charge can be derived from the full set of Maxwell's equations 

(3.9-3.11), but not after using the present simpUfying assumptions - the set (3.15) 

- (3.16). Therefore, the charge conservation will be established through a separate 

integral postulate 

^ [ q^dv+ [ linida = 0, (3.17) 
dt Jv Jav 

followed by localization using the divergence and transport theorems in a manner 

similar to equations (3.4) 

da^ 
-^ + Vi{q'vi) + ViXi = Q. (3.18) 

3.3 Linear and angular momentum balance 

For small currents and negligible magnetization in the quasi-electrostatic 

approximation the electrostatic body force ff can be written as the divergence of 

the electrostatic stress tensor T?-

/; = V,T^,, (3.19) 

where 

T^,. = c^'EiEj + PiEj-^e'EkEkSij 

= DiEj — —e^EkEkSij. (3.20) 
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In an approximation (neglecting accelerations) the force equilibrium requires 

0 = / iTij + TDmda (3.21) 
Jdv 

where Tjj is the Cauchy stress tensor. The divergence theorem is applied to equation 

(3.21), then the local form of momentum balance obtained eis follows, 

0 = ViT,, + V,T^,. (3.22) 

Similarly the quasi-static global balance of angular momentum for an arbi

trary volume element containing discontinuity surfaces a is given by 

0= / eijkXjni{Tik + T^k)<^a. (3.23) 
JdV 

Applying the divergence theorem to equation (3.23) yields 

0 = e„j(T,.i + T5J (3.24) 

which stipulates that (T^ -I- T^j) is symmetric. The tensor PiEj is symmetric, 

because the polymer is assumed to be an electrostatically isotropic material. Thus, 

Tij is symmetric and from equation (3.24) it follows that the Cauchy stress tensor 

is also symmetric, leading to the well known result 

Tit = T'j = (3.25) 

3.4 Conservation of energy 

The first law of thermodynamics states that the rate of change of the sum 

of kinetic, internal and free electromagnetic energies is equal to the sum of the power 
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of forces acting on the system, heat suppUed to the system and the electromagnetic 

energy flux (Hutter and van de Ven, 1978). The quasi-static global form of the first 

law for an arbitrary volume element containing discontinuity surfaces a is given by 

^ J (^e°EkEk + pe'j = J [(T^i + Tji)vi -  qj -  ejikEiHk] rijda, (3.26) 

where e is the internal energy per unit mass, qt is the total heat flux per area. 

After localization using equations (3.9) - (3.16) and (3.20), one obtains (Hutter and 

van de Ven, 1978) 

pe  =  Tj jVjVj  +  EiPj^jVi + Eili + Ei Pi —^iqi 

d P  
+ Eili — ^ iqi- (3.27) 

If one defines polarization per unit mass, = Pj/p, equation (3.27) can be rewritten 

as 

pk — +IiEi + pEiTTi. , (3.28) 

3.5 Second law of thermodynamics 

A generalized form of the global Clausius-Duhem inequality (Bowen, 1976) 

(neglecting radiative heating) is postulated as 

dt 
J pr]dv^ j  do (3.29) 

where rj is the entropy per unit mass, 6 is the temperature field, and //® is the 

reduced chemical potentials (Edelen, 1975) 

= (3.30) 
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The global inequality (3.29) can be localized in a manner similar to the mass balance, 

resulting in 

(3,31) 

Inequality (3.31) will be used to constrain the form of the constitutive equations. 

3.6 Overpotential theory 

When a metal electrode is in contact with an electrolyte and no current 

flows through it, an equihbrium potential, Eq, is established at an electrode. When 

current flows through this electrode, an additional overpotential, rje, is established. 

Thus the overpotential, r]e, is defined the deviation of the electrode external poten

tial, £, from the equilibrium potential, Eq, (Vetter, 1967) 

r]e = e- eo- (3.32) 

The three distinct types of overpotentials are activation (or charge-transfer) overpo

tential, concentration overpotential, and ohmic overpotential. The activation over-

potential describing the charge transfer kinetics of the electrochemical processes is 

the contribution to the total overpotential due to the charge transfer step at the 

electrode interface. The concentration overpotential is encountered if mass trans

port by diffusion to and from the surface is the slowest process among the partial 

reactions involved, so it is described by the mass transport limitations associated 

with electrochemical processes. Ohmic overpotential is often called the ohmic drop 

that follows Ohm's law. The ohmic drop occurs when a current passes through 

an electrolyte and is caused by the electrolytic resistance between two electrodes. 
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Among these three kinds of overpotentials, only the activation overpotential is work

ing at the surface, because the reaction layer is very thin and the diffusion rate is 

large enough to supply sufficient reactants for reaction, the effect of concentration 

and ohmic overpotentials can be neglected at the both boundary surface areas. 

The current-potential relationship with the activation overpotential on re

dox electrodes is expressed as follows 

focF  \  , f  ( 1 -a )  F  \  
% = k+Cr exp ( —e 1 - k-Co exp I — e I . (3.33) 

Where i  is the current density, k^  is anodic reaction coefficient, k-  is cathodic re

action coefficient, is the concentration of reactants, cq is the concentration of 

products, and a is charge transfer barrier or symmetry coefficient. This overpo

tential is said to be either anodic, when the anodic processes on the electrode are 

generated by the positive potential, or cathodic, when the cathodic processes are 

generated by the negative potential (Figure 3.1). Equation (3.33) can be also ex

pressed in terms of the exchange current density io', that is, the rate of anodic charge 

transfer balances the rate of cathodic charge transfer. 

(3.34) 

where 

faF  \  / (1 -a )  F  \  
«o = k+Cr exp ( —£o j = k-CQ exp ( — eo 1 . (3.35) 

For higher anodic activation overpotential {rie ^ the second term in 

equation (3.33) and (3.34) becomes negligible. The anodic current density can be 

t = lo exp 
aF \  / (1 — a)F  
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Figure 3.1: Transfer at charge of a redox electrode 

more simply expressed by following equation, 

qF \  , (ocF  
la = k+Cr exp ( —e I = zo • exp I —r/e (3.36) 

and its logarithm form is 

Re ^ Re ^ 
^ In + — In 

aF aF  
(3.37) 

or 

rie = aa + ba log ia ,  (3.38) 

where Oq = —{Re/aF) ln io  and ba  =  {2 .3Re) / {aF) .  

Similarly, for higher cathodic activation overpotential the first term in equa

tion (3.33) and (3.34) becomes negligible, and the cathodic current density can be 

more simply expressed by following equation, 

,  { l - a ) F  \  f  { 1 - a )  F  
= -k-Coexp I — £ \ = -tg . exp — r/e , , 

Re Re 
(3.39) 
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and its logarithm form is as follows; 

Re ,  , . ,  Re  
(3.40) 

or 

r]e = ac + hc\og\ic (3.41) 

where Oc = {Re/{I — otF)) Inio and he = (2.3-R0)/((l — Oi)F). 

Equations (3.38) and (3.41) are empirical equations, commonly known as 

the Tafel equations. Where the Tafel parameters a and h are characteristic of 

the electrode reaction and can be obtained experimentally from the Tafel plot of 

the overpotential against log|z|. Moreover reaction coefficient and charge transfer 

symmetry coefficient can be obtained from these Tafel parameters. 
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CHAPTER 4 

THERMODYNAMIC MODEL DEVELOPING 

4.1 Constitutive laws 

The total deformation of the polymer matrix is decomposed in two ad

ditive parts: elastic deformation of the polymer network, and dilatational 

deformation due to redistribution of ions and solvent which we call chemical strain 

and denote by The elastic deformation is due to external load and/or electro 

static body forces. The chemical strain is related to the compositional variables 

through — c^)Sij, where V® are the partial molar volumes. Thus, 

the total strain is given by 

L;°"^ = Lg>" + 53y(c'-cS)%. (4.1) 
S 

Assuming that the partial molar volumes are time independent, the rate of change 

of the chemical strain is given by 

S 

Following the standard technique of rational thermodynamics (Coleman and Gurtin, 

1967), the internal energy is assumed to be a function of the independent variables: 

entropy 77, elastic part of the total strain electric polarization per unit mass 
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'Ki — Pi!p and the compositional variables c® 

e = e(?7,LP°'^,7ri,c®). (4.3) 

The following Legendre transformation is used to replace the entropy and polariza

tion in the list of arguments with the temperature and electric field 

^(0, Ei, c') = e-er]- (4.4) 

where is the Helmholtz free energy per unit mass. Substituting (4.4) into (3.31) 

and using the mass balance Equation (3.4), we obtain 

+ "H) - ("11 -
+I,E, - i/MY - {qi - ^ - M'jtVii/ ^ 0, (4.5) 

where summation on s is imphed. Using the Coleman-Noll argument that inequality 

(3.31) is to be satisfied for all independent processes, one identifies the following 

thermodynamic conjugates (Enikov and Boyd, 2000; Coleman and Gurtin, 1967), 

1  = -^ ,  (4.7)  

p. = -P^, (4.8) 
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1 V® 

The ionic current in inequality (4.5) can be expressed with the diffusion mass cur

rents using the component valence z'^ and Faraday's constant 3" 

m 
= (4.10) 

S=1 

With these substitutions, the reduced entropy inequality becomes 

/ ^ \ \7 (9 ^ Tz® ^ 

\ S=1 ) S=1 S=1 

To complete the formulation expressions for the free energy potentials and the ther

modynamic fluxes are needed. The Helmholtz free energy has several additive con

tributions - elastic energy, electric polarization energy, mixing energy and standard 

energy of formation. 

^ _ ^elast ^pol ^mix ^std (4-12) 

For the elastic part of the energy the isotropic material model is assumed 

"t"*" = (4.13) 

where 

\ = K-'^G (4.14) 
o 

with K being the bulk modulus and G the shear modulus. The energy of mixing in 

a very idealized case can be approximated using the mixing energy of ideal solutions 

.  P 
1" I I - 1 (4.15) 
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In addition, the total Helhmholtz energy contains standard formation energy of 

the components (water, counter ions and polymer matrix) as well as electric 

polarization energy 

^std ^ I c'M'iT - N® A0) (4.16) 
^ S 

^P°' = (4.17) 

The thermodynamic fluxes and corresponding driving forces are established using 

the common Onsager-type linear laws. The basis for these laws is the reduced 

entropy production inequality resulting in (4.11). The first and last term in (4.11) 

are the entropy production due to diffusive heat transport and chemical reactions 

respectively. Applying the linear Onsager theory for these terms results in the usual 

Fourier heat conduction law as well as activity driven reaction kinetics. The second 

term in (4.11) establishes the driving force for mass transport - the gradient in 

the electrochemical potential. This gradient includes not only gradients of mass 

fractions and electric field, but also an gradients in internal pressure responsible 

for the relaxation of the actuator under constant electric field. The verify this, we 

calculate the mass flux as predicted from the Onsager theory 

j '=-^c , ' (ViM'  +  V.2V) (4 ,18)  
5 

where af is the molar mobility coefficient tensor, is the chemical potential, and 

0 is the electric potential. Prom the definition of /x® in (4.9) we have 
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e *  ° + + 2 G L r ' ) i «  

(4.19) 

and 

(4.20) 

It can be seen that equation (4.19) results in the usual expression for chemical 

potential containing standard partial free energy ° = 5"® — N®A^, the mixing 

energy and pressure term proportion to the elastic strain. Upon substitution of 

(4.20 to (4.18), one can see that the molar flux will have a component opposite to 

the pressure gradient as well as the usual electro diffusion 

Thus first term in (4.21) is due to entropy change and the gradient of osmotic 

pressure, the second term is due to the gradient of electric field and the last term 

is due to the gradient of internal pressure similar to Darcy's law. 

4.2 Fluxes in membrane 

A three-component model is assumed for the IPMC actuators: pro-

tons(n=p), water(n=w), and the polymer matrix with covalently bonded perflu-

orinated sulfonic acid moieties. Among these three species perfluorinated sulfonic 

r 'Va qr-s \;s 

(4,21) 
s 
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Figure 4.1: Direction of fluxes 

acid moieties are fixed on the polymer and the mobile species are protons and water 

molecules. It is also assumed that these mobile species flow only along the direction 

perpendicular to the two electrodes (y direction in Fig. 4.1). The molar fluxes of 

protons and water molecules are expressed from Eq. (4.21) 

jP = - %e 

Mp& 

IzP VP 

a' ,pw 
M^c M' kk (4.22) 

and 

3b 
= -

Mpcp 
TzP VP 

Vcf + - K^VLlf 
MP MP 

a" 
M^c M' M' 

(4.23) 

respectively. 
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The upper indexes p and w denote protons and water molecules, respec

tively, and the lower index b denotes the bulk portion of the polymer. Since protons 

are the only mobile charged species, electroneutrality in the bulk of the polymer 

requires that the proton concentration is constant in the membrane (Vc^ = 0). 

While the partial molar volume of the protons is not known, since no concentration 

variations are allowed, one can assume it to be zero, without affecting the simulation 

results. Water molecules do not carry free charges, therefore the valence of water , 

z'^, is also zero. With these simpUfications, the molar fluxes of protons and water 

are expressed as 

Jb = 
MP 

— a pw 
M'^c M"-

and 

Jb -a wp S'zP 

MP 

•Vf) y;u) 

M^c' M" kk 

(4.24) 

-n wp %V4> - D-'Vc" + ifrVLE?', (4.25) 

respectively, where = {aP^Ji9)/{D'^M^c^) and = {a^P3^zP)/{KMP) are 

the drag coefficients of the proton flux due to water flux and the water flux due 

to proton flux, respectively; k is a conductivity coefficient of the proton in the 

membrane; is the diffusion coefficient of water in the membrane; K is the bulk 

modulus of Nafion; and K = {D'^KV'^)/(^0). The proton flux in the membrane is 

proportional to the electric field and is affected by the water flux. The first term in 



41 

Eq. (4.25) is due to the drag effect of the proton, the second term is diffusion due 

to the gradient of concentration, and the last term is due to the gradient of elastic 

strain. 

4.3 Chemical reactions and fluxes at boundaries 

In this analysis, we assume that the thickness of reaction layer is small and 

can be neglected. Further, no electrons and protons are accumulated at the elec

trodes during deformation. The chemical reaction equations at anode and cathode 

are as follows 

and 

^H+ + e-  +  J02 T (4 .26)  

+ (4.27) 

According to equation (3.36) and (4.26), the molar fluxes of proton and water at 

anode are 

f. = 'f = t (C) '  exp (4 .28)  

and 

= = (4.29) 

where the lower index a denotes anode, and is the concentration of water at anode 

surface, which is allowed to vary in time. At the anode, protons are produced by 

chemical reaction and injected into the membrane. Concurrently water molecules 
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Figure 4.2; Distribution of potential(a) and Actual area at electrodes (b) 

are dissolved into protons and oxygen gas. This amount is equal to half of the 

produced amount of protons. 

Similarly, the molar fluxes of proton and water at cathode are 

where the lower index c denotes cathode, is the concentration of proton at cath

ode surface and always keeps initial value because of the electroneutrality and the 

charge conservation. At cathode, protons are combined with electrons and produce 

hydrogen gas that flows out from membrane. Since water molecules are not involved 

in this chemical reaction, the molar flux of water at cathode is zero. 

Due to charge conservation, the electric current is constant along the closed 

circuit at any time. The fluxes of protons therefore along have to satisfy following 

(4.30) 

and 

(4.31) 
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equation 

(4.32) 

where Aa, Ai,, and Ac are the actual area of anode, bulk, and cathode respectively. 

The actual areas of both electrodes are lager than that of bulk because these elec

trodes are porous and the chemical reactions occur along the outer area of the Pt 

particles (Figure 4.2 (b)). The total surface area is obtained experimentally by 

averaging the area under the hydrogen adsorption and desorption wave. The de

termined areas of platinum electrodes are 9.2 times larger than the area of bulk 

[Moore (2003)]. We assume that the potential at the outer surface of cathode is 

zero and the distribution of potential is linear in membrane in agreement with no 

charge accumulation within the bulk (Figure 4.2 (a)). Substitute equation (4.22), 

(4.28), and (4.30) into equation (4.32), then 

where H is half the thickness of actuator, and the appUed external potential, 4>ext-, 

is known. The potentials at the inner surface of the anode, (j)a, and the potentials 

at the inner surface of the cathode, (j)c, can be solved by the two nonlinear implicit 

equations (4.33), if the values of the water and proton concentrations are known. 

K (^a_^ _ 
^  2 H  ' ' • I  

(4.33) 
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4.4 Deformation model 

As a numerical illustration of the model, a small-strain and large rotation 

solution has been developed. Since the width of the actuator and the length of the 

actuator are much longer than its thickness, plane strain can be assumed. Addi

tionally = 0 is also implied due to the Euler-Bernoulli kinematics. 

The non-zero strain is then decomposed into an average and linearly varying 

parts as follows 

where k is the curvature, = du{x)/dx is the average strain, and u{x) is the 

axial displacement of the neutral axis. The total stress along the axial direction due 

to the polymer network deformation is 

where Ac*" = c^{y, t) — 0). The average strain, L^™, and the curvature, k, are 

obtained through the two equilibrium conditions implying zero external forces and 

moments; jTxxdA = 0 and jT^xl/dA = 0. These results are 

T total _ T ave _ 
^xx ^xx y^i (4.34) 

(4.35) 

H 
(4.36) 

•H 

(4.37) 
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Figure 4.3: Beam element between before and after deformation 

where H is one half of the thickness of the actuator. Finally the total strain is 

obtained as follows 

yw I-

" 4^7 

H 

-H 

0'\JW pi 
KT' = ̂  I Ac-dy -y—J Ac-ydy. 

rH 

-H 

(4.38) 

Figure 4.3 shows the displacement of a short beam element. Where Xo(g>yo 

and x(8)y are the curvelinear coordinates along the neutral axis of the initial and 

deformed shape, and X(8)V is the fixed frame. The element rotation angle, d(/j(xo), 

and the displacement of the beam, dX(xo) and dF(a:o), can be determined through 

dv3(xo) = K(xo)dxo 

dX(xo) = da:o(l+ L^r)cos((p(xo)) 

dy(a:o) = dxo(l+ L^™)sin((/;(a;o)) 

(4.39) 

(4.40) 

(4.41) 
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where da: = da:o(l + L^^). The final shape is obtained by integration of Eq. (4.39)-

(4.41) 

/XQ 
K(s)ds (4.42) 

0 
/xo 

(1 + LxD cos((/?(s))ds (4.43) 
0 

/xo 
(l + L-'=)sin((^(5))ds. (4.44) 

0 
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CHAPTER 5 

EXPERIMENTS AND NUMERICAL SOLUTIONS 

5.1 Experiments 

Several experiments were conducted in order to confirm the predictions of 

the thermodynamic model. The main purpose of these experiments was to examine 

the effects of the initial water content and external voltages on the electrochemical 

and mechanical responses of the actuators. The schematic of the experimental 

system is shown in Figure 5.1. The test actuators were 6 mm x 30 mm IPMC 

strips with thickness of 180 //m. One end of the actuator was fixed by a clamp and 

the other end was kept free. To actuate the composite, various external voltages 

were applied between the two platinum electrodes using a power supply (Agilent, 

3630A). To calculate the current, the voltage through a 0.5 resistor connected in 

series with the actuator was measured by a A/D converter (NI, PCI 7344). The 

displacement of the actuator was captured by a CCD camera and a frame grabber 

(Sensoray, PCI 611). The images and the voltage data were recorded simultaneously. 

To establish the effect of the initial water content, four samples with differ

ent initial water contents were used with 4V external voltage. Initially, the actuator 

strips were fully hydrated in deionized water, and subsequently partially dried for 0, 
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Figure 5.1: Schematic of the experimental system 

5, 10 and 15 minutes respectively, at ambient conditions (Figure 5.2). The weight 

of the actuators decreased proportionally to the drying time and reached a steady 

state after 50 minutes. Thus the initial weight was defined as that of the fully hy-

drated actuator, and the measured weight after 50 minutes was defined as that of a 

"completely" dried actuators. Using the drying curve (Figure 5.2) additional water 

contents were defined at 75, 50 and 25% as established by weight measurements. 

The fullyhydrated actuators were tested with 3, 4 and 5 V, while the rest were 

tested with 4 V only. 

Three samples were used in the each experiment, where the current and 

deformation of the actuators were measured simultaneously. The current was cal

culated from the measured voltage through a 0.5 resistor. The deformation of 

actuators was measured from the captured images. Figure 5.3 shows the unactu-

ated and actuated shape of the actuator. From these raw images, the edges were 
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Figure 5.2: Initial water contents according to drying time 

detected by a Canny edge detection algorithm (Canny, 1986). The Canny method 

finds edges by looking for local maxima of the gradient of the raw image. The 

gradient is calculated using the derivative of a Gaussian filter. The method uses 

two thresholds to detect strong and weak edges and includes the weak edges in the 

output only if they are connected to strong edges. This method is therefore less 

likely than the others to be fooled by noise, and more likely to detect true weak 

edges. In this work, a MATLAB built-in routine was used to process the images 

with the canny method. The displacements of actuators are calculated by the num

ber of pixels from the resulting edge detection (See the source code at Appendix 

B). Figure 5.4 shows the image process used to calculate the displacement of the 

actuators. 
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Figure 5.3: Unactuated(a) and actuated(b) shapes of IPMC actuators 
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Figure 5.4: Image process to calculate the displacement; (a)Raw image, (b)Edge 
detection, (c)IPMC , and (d)Convert to pixels 



Figure 5.5 shows the current and displacement history of a fully hydrated 

IPMC actuator under 4V external voltage. Through these tests, the trend of IPMC 

deformation is revealed. At the very beginning the current reached the maximum 

value, and then it dropped rapidly. After initial peak, the current diminishes grad

ually until a near the zero value. Similar to the history of current, the maximum 

displacement occurred at the beginning, and then the actuator returned near to 

its initial position. Figure 5.6 - 5.8 show the effect of the initial water concentra

tion to the experimentally measured current and displacement history. According 

to these results, the current and displacement are proportional to the initial water 

concentration. In other words, the higher the initial water content is, the larger the 

resulting current and displacement are. Also, Figure 5.9, and 5.10 show the effect 

of external voltage. When the higher external voltage is applied, the response of 

maximum current and displacement also increased. 
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Figure 5.5: The history of current (a) and displacement at X=10mm (b) of fully 
hydrated IPMC actator under 4V external voltage 
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Figure 5.6: The history of current (a) and displacement at X=10mm (b) of 75 % 
hydrated IPMC actator under 4V external voltage 



55 

250 
Experiment 1 

- - Experiment 2 
Experiment 3 

200 

150 

3 100 

100 150 
Time (sec) 

200 250 300 350 

(a) 
0.5 

Experiment 1 
Experiment 2 0.45 

0.4 

£'0.35 

0.3 

0)0.25 

S-0.15 

0.1 

0.05 

100 150 
Time (sec) 

200 250 300 350 

Figure 5.7: The history of current (a) and displacement at X=10mm (b) of 50 % 
hydrated IPMC actator under 4V external voltage 
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Figure 5.8: The history of current (a) and displacement at X=10mm (b) of 25 % 
hydrated IPMC actator under 4V external voltage 
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Figure 5.9: The history of current (a) and displacement at X=10mm (b) of fully 
hydrated IPMC actator under 3V external voltage 
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Figure 5.10: The history of current (a) and displacement at X=10mm (b) of fully 
hydrated IPMC actator under 5V external voltage 
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5.2 Numerical solutions 

To test the validity of the proposal simplified model, a finite element nu

merical solution was developed. The mass conservation equation for water (3.4) 

was restated as follows 

cr + Vjr = 0, (5.1) 

where the molar rate of production, p'^, was assumed to be zero. Using Galerkin's 

method and divergence theorem it was changed to the integral form as like as 

[ = f jrVV'du - f {j^ip)nida, (5.2) 
Jv Jv JdV 

where is the shape function and n, is the normal vector of the boundary surface. 

The left hand is expressed by matrix-vector form as follows 

/ = [M]c^, (5.3) 
Jv 

where 

[My] = / ipiijjjdO,. (5.4) 
Jn 

In the right hand of equation (5.2), the first term is the molar flux of water 

in bulk and the second term is the molar flux of water at both boundaries. Since 

the molar flux of water at boundaries exists only at anode, the second term can be 

simply expressed as follows 

f (jrV')'^tda = j^[b], (5.5) 
JdV 

where 

[b] = [1 0 0 • • • 0]^. (5.6) 
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Substituting equation (4.25), (4.29), (4.31) and (4.38) into the first term of 

equation (5.2), then the integral form of this term is 

[ jrVi/'df = + / • ridjh — [ i^'ip'dv 
Jv Jv Jv 

+ —\ / • Cb 
Jv 

yw 

2(1^ u) 

-  K 

and matrix-vector form is 

where 

f itViiiv = n^lld] - [D)< + [Kljcif - [K2|cr, (5.8) 
Jv 

[d.] = / 
Jn 

dO, • L 
n 

[D,,] = D- f 
Jn 

IK2.,.1 = k^^a, (5.9) 

Finally the matrix-vector form of equation (5.2) is 

[M]cr = n,jl[d] - [D]< + [Kl]ct - [K2]c^ - j-[b]. (5.10) 

We introduce a weighted average of time derivative of a dependent variables at two 

consecutive time step by linear interpolation of the values of the variable at the two 



time steps (/3( G [0:1]) 

= (5-11) 

where (c^)n refers to the value of the enclosed quantity at time i 

and Ai„ = tn—tn-i is the nth time step to be constant A^. Using the approximation 

(5.11) for time and tn+i in equation (5.10), we abtain 

{[M] + AAi[D]„+i} (On+i = + {[M] - (1 - A)Ai[D]„} (cHn 

+ {l3At{ndjl)n^i + (1 - (5t)^t{nd3l)n} [d] 

- + (1 - mt{ra)n} w 

+ {AAt[Kl]„+i(cn„+i + (1 - A)At[Kl]„(cnn} 

- {AAf[K2]„+i(cr)„+i + (1 - A)At[K2]„(cr)n} • (5.12) 

The first term is due to the diffusion, the second one is due to drag by the flux of 

protons, the third term is due to the chemical reaction at the boundaries, and the 

fourth and fifth terms are due to the gradient of total strain. This equation can be 

solved by iteration because it is the implicit nonlinear equation. Figure 5.11 shows 

the flow chart to get the concentration of water molecules and all source code are 

given by Appendix B. 
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Figure 5.11: Flow chart of the numerical scheme 



Table 5.1: Constants and Parameters. 

Constants/Parameter Value/Expression Dimension Reference 

Faraday Constant, U 9.6487 X 10^ C/mol (Daniels, 1948) 

Gas Constant, R 8.3143 J/mol • K (Daniels, 1948) 

Density of Dried Nafion, 1967 kg/m^ (Fales and Vandeborough, 1986) 

Equivalent Weight of Nafion, Em 1.1 kgjmol (Fales and Vandeborough, 1986) 

e = pty/Em 1788 mol / (Springer et al., 1991) 

Swelling Coefficient, / 0.0126 — (Springer et al., 1991) 

Hydration Index, A c-/(e - /C-) — (Springer et al., 1991) 

Water Diffusion Coefficient, 3.5 X lO-'^-A-exp(-2436/^) vn? /sec (West and Fuller, 1996) 

Thickness of Actuator, 2H 183 fim (DuPont, 2002) 

Young's Modulus of Nafion, E 1.773 X 10^1 Pa (DuPont, 2002) 

Electric Conductivity of Nafion, k (0.5139A - 0.326) (Springer et al., 1991) 

Drag Coefficient of Water Fulx, (2.5/22)A — (Springer et al., 1991) 

Drag Coefficient of Proton Flux, {njKReMP)/{D-^d"3^zPM'") — 

Oi 
CO 
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CHAPTER 6 

NUMERICAL PREDICTIONS COMPARISON WITH 

EXPERIMENTAL RESULTS 

6.1 Evolution of water concentration vs. numerical predictions 

Figure 6.1 shows the water concentration history during deformation of the 

fully hydrated IPMC actuator under 4V external voltage. At the beginning, the 

concentration of water at anode decrease rapidly due to consumption by chemical 

reaction and removal by the large proton flux. On other hand the concentration of 

water at cathode increases rapidly because many water molecules are transported 

by the large proton flux. This redistribution of water produces a gradient of concen

tration and internal strain/pressure. As a result, water flux in the opposite direction 

is generated. The depletion of water at the anode reduces the initial current rapidly. 

Eventually the concentration of water at both sides is decreased gradually until com

plete water depletion is reached, since water molecules in membrane are consumed 

by the chemical reaction at the anode. 

The obtained water concentration evolution can be correlated with the cur

rent and displacement history. Since the current is proportional to the water con

centration at the anode (see equation 4.28), the maximum current will be occurred 

at the beginning, and then it will decrease gradually as times ensued. Also, equation 



(4.37) expects that the curvature of the actuators is proportional to the difference 

of water concentration between the anode and the cathode. As the result, the dis

placement will be maximal at the beginning, after that the actuators will be bended 

toward to the opposite direction. 

Figures 6.2 - 6.4 show the water concentration history of the IPMC actuator 

under 4V external voltage with 75, 50, and 25 % initial water content respectively. 

The trend of these results is similar to that of a fully hydrated actuator, but the 

numerical values are different. As the initial water content is decreased, the water 

concentration at the anode as well as the difference between the concentration of 

water at the two sides diminishes. Therefore, a smaller current and displacement 

is to be expected. Also, Figures 6.5 - 6.6 show the water concentration history 

of the fully hydrated IPMC actuator under 3V and 5V external voltage, respec

tively. When 5V external voltage is applied, the water concentration at the anode 

decreases faster than when 3V is applied. The difference of water concentration 

between the two sides increased as the external voltage was increased. Thus, the 

current and displacement will also be expected to increase according to increased 

external voltage. The experimental results shown in Figures 6.1 - 6.6 confirm the 

conjecture that the current and displacement are proportional to the initial water 

content and the external voltage. More detailed comparison of the current and 

displacement between the numerical and experimental results are described in the 

following sections. 
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Figure 6.1: History of water concentration during deformation of the fully hydrated 
IPMC actuators under 4V external voltage 
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Figure 6.2: Time-evolution of water concentration during deformation of the 75 % 
hydrated IPMC actuator under 4V external voltage 
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Figure 6.3: Time-evolution of water concentration during deformation of the 50 % 
hydrated IPMC actuator under 4V external voltage 
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Figure 6.4: Time-evolution of water concentration during deformation of the 25% 
hydrated IPMC actuator under 4V external voltage 
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Figure 6.5: Time-evolution of water concentration during deformation of the fully 
hydrated IPMC actuator under 3V external voltage 
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Figure 6.6: Time-evolution of water concentration during deformation of the fully 
hydrated IPMC actuator under 5V external voltage 
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6.2 Time evolution of the current 

Figure 6.7 shows the numerical results of current history compared to 

experimental results. The continuous lines represent the numerical results and the 

marks show the average measured values from the experiments. Similarly to the 

experimental data, at the beginning a peak electric current is observed, resulting 

in a large proton flux in the membrane from anode to cathode. Since the electric 

current is proportional to the water concentration at the anode, which is maximal 

at the beginning, this observation is to be expected. Due to the decrease of water 

molecules at the anode as the result of molar transport and consumption by the 

chemical reaction, the current is also decreased proportionally. Finally, the current 

reached the steady state value near zero because almost all of the water molecules 

in the membrane were comsumed by the chemical reaction. 

Figure 6.7(a) shows the differences in the current history due to the initial 

water content. The peak value is proportional to the initial water content similarly 

to the observations made for the peak of water concentration The ratio of current 

reduction is also proportional to the initial water content. Since the higher current 

means that more water molecules are consumed and more protons are transferred to 

the cathode, the water concentration at the anode decreases faster. Figure 6.7(b) 

shows the effect of the external voltages to the current history. When a higher 

external voltage is applied between the two electrodes, a higher anodic and cathodic 

overpotentials are generated at the anode and the cathode, respectively. In other 

words, more water molecules and protons are involved in the chemical reaction at 



both sides, resulting in higher electric current. Further, the electric current declines 

faster because the water at the anode is consumed more rapidly. Therefore, when 

higher voltage is applied, the peak current is higher, but it is also reduced faster 

and reaches the steady state value more rapidly. 

Simulation and experimental data deviate from one-another during the ini

tial 20 seconds. The developed model cannot calculate the short-lived transient 

response of charging the electrodes because an equilibrium state is assumed at each 

time step. However long-term behavior is captured well by the developed model. 
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Figure 6.7: Comparison of the history of current: the effect of initial water content 
(a) and the effect of external voltages (b) 
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6.3 Time evolution of the displacement 

The water redistribution in membrane generates the deformation gradient 

in the actuator. At the beginning, the large difference of water concentration be

tween both sides produces a large deformation of actuator toward the anode. After 

that, this difference is reduced gradually because of reverse water flux due to the 

gradient of water concentration and internal pressure. As a result, the actuator 

slowly deforms toward the cathode and finally returns nearly its initial position. 

The normalized displacement result (Figure 6.8) shows this chain of events as a 

function of the initial water content and the external voltage. Similar to the elec

tric current, the higher initial water content is, the larger displacement as observed. 

Higher external voltage also generated larger displacements. 

The displacement was measured at several points along the actuator. The 

predicted displacement coincided with the experimental measurements at distances 

below 10mm from the clamp, but it is a little larger than the experiment as distances 

above 10 mm. The present model assumes that each electrode has uniform electric 

potential along its surface. In reality, the potential on the electrode varies along 

the longitudinal direction, because the external voltage is applied only at one end 

of actuators, and the surface resistance of actuator is not negligible. This was 

confirmed by measured the electrode resistance along the length of the actuator 

(see Figure 6.9). During experiments, the actual deformation occurred only within a 

short range near the fixed end, and the other sections remained almost undeformed. 

Based on this experimental observation, a correction to the deformation model was 
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Figure 6.8; Comparison of the history of displacement at X=10mm : the effect of 
initial water content (a) and the effect of external voltages 
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Figure 6.9: Surface resistance of the IPMC actuators 

maded, which assumed that the deformation occurred only within the first 10 mm 

from the clamp, while the remaining part maintains its original shape. In other 

words, the curvature of actuator is assumed to be a constant from the clamp up 

to 10 mm along its length, and that of the rest of the beam has zero curvature. 

Figure 6.10 shows the comparison of this assumption with the experimental results. 

As seen the latter assumption agrees better with the experiments. Figure 6.11 and 

6.12 show the displacement at X=15 and 20mm respectively, and the tendency is 

similar. Similar to the current result, simulation and experimental data depart from 

one-another during the initial 20 seconds because of an equilibrium assumption at 

each time step. However long-term behavior agrees well with the developed model. 
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Figure 6.12; Comparison of the history of displacement at X=20mm ; the effect of 
initial water content (a) and the effect of external voltages 
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CHAPTER 7 

SUMMARY AND CONCLUSION 

A coupled thermodynamic model has been developed for the electro-mechanical 

response of polymeric membranes under an external electric field using the well-

established laws such as mass conservation, charge conservation, linear and angular 

momentum balance, energy conservation, the second law of thermodynamics, and 

overpotential theory. The fluxes in membrane are induced using the Onsager type 

thermodynamic flux laws, and the fluxes at both boundaries are also induced using 

chemical reactions. Through decomposition of the total strain into elastic and 

chemical strains, the model introduces internal pressure into the chemical potential. 

The spatial gradients in the electro-chemical potentials provide the driving force for 

mass transport in bulk. The mass transport at boundaries is calculated by chemical 

reaction using the overpotential theory. The elastic behavior is modeled using a 

small strain and large rotation model. 

The electric current and displacement have been shown to be a function 

of the water concentration. Using finite element method the distribution of water 

molar concentration within the actuator was obtained and the electrode overpoten-

tials predicted. Through the time evolution of the distribution of water molecules 

in the membrane, the history of current and displacement was also predicted. The 



simulation results confirmed the strong correlation between current and deforma

tion history; the current and displacement history were found to be very similar 

to the results of experiment. Further evidence for the central role of water in the 

deformation process was found in the direct proportionality between initial water 

content and the maximum current and displacement values. Also, the current and 

displacement are proportional to the external voltages. 

Simulation and experimental data deviate from one another during the ini

tial 20 seconds most likely due to local charging of the electrode interfaces. The 

model does not contain the transient charging of these electrodes, because an reac

tion equilibrium state is assumed at each time step. However, the water molecules 

are known as the dominant specie of IPMC actuators through this research. 
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APPENDIX A 

PREPARATION PROCEDURE IPMC MEMRANES 

A.l Surface pre-treatment of the membrane 

The surface of Nafion is sandblasted in order to increase the surface area us

ing emery paper(EIectro Microscopy Sciences, grits of 1200). Residues are removed 

by washing the membrane with water using ultrasonic cleaner for 10 minutes. The 

membrane is boiled in dilute hydrochloric acid (HCl aq, 2 N solution) for 30 minutes 

to remove impurities and ions. After boiling, it is rinsed with deionized water. Then 

the membrane is boiled again in deionized water for 30 minutes to remove acid and 

to swell the membrane. The roughened membrane is then stored in deionized water. 

A.2 Ion-exchange (Adsorption) 

A platinum complex ([Pt(NH3)4]Cl2 or [Pt(NH3)6]Cl4) solution of 2 mg 

Ft/ml is prepared. Although the adsorbing amount depends on charge of the com

plex, either complex gives good electrodes. The membrane is immersed in the 

solution containing more than 3 mg of Pt/cm^ membrane area. Excess amount of 

the Pt solution is preferable. After immersing the membrane, 1 ml of ammonium 

hydroxide solution (5%) is added to neutralize. Then the membrane is kept in the 
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solution at room temperature for more than 3 hours (one night usually). 

A.3 Primary plating (Reduction) 

A 5wt% aqueous solution of sodium borohydride is prepared. After rinsing 

the membrane with water, the membrane of 30 cm^ is placed in stirring water of 

180 ml in a water bath at 40°C. Then, 2 ml of the sodium borohydride solution 

(5wt% NaBH4 aq) is added every 30 min for 7 times. The amount of the reagent 

should be proportional to the area of the membrane. In the sequence of addition, 

the temperature is raised up to 60° C gradually. Then, 20 ml of the reducing agent 

is added and stirred for 1.5 hr at 60°C. In result black layer of fine Pt particles 

deposits only on the surface of the membrane. The membrane is rinsed with water 

and immersed in dilute hydrochloric acid (0.1 N) for an hour. 

A.4 Secondary plating (Developing) 

The amount of platinum deposited by the 1st plating (reduction process) 

is only less than 0.9 mg/cm^, which depends on the ion exchange capacity, thickness 

of the membrane and the structure of the Pt complex. Additional amount of plat

inum is plated by developing process on the deposited Pt layer. For 2 mg/cm^ of Pt 

added on the area of 60 cm^ (both sides of 30 cm^ of membrane), Pt complex solu

tion containing 120 mg of Pt is needed. A 240 ml aqueous solution of the complex 

([Pt(NH3)4]Cl2 or [Pt(NH3)6]Cl4) containing 120 mg of Pt is prepared and 5 ml of 

the 5% ammonium hydroxide solution is added. Plating amount is determined by 



the content of Pt in the solution. Then a 5%aqueous solution of hydroxylamine hy

drochloride (NH2OH-HCI) and a 20% solution of hydrazine (NH2NH2) is prepared. 

After doing that the membrane is placed the stirring Pt solution at 40° C. 6 ml of the 

hydroxylamine hydrochloride solution and 3 ml of the hydrazine solution is added 

every 30 minutes. In the sequence of addition, the temperature is raised up to 60°C 

gradually for 4 hours. At the end of this process, a small amount of the solution is 

sampled and boiled with the strong reducing agent (NaBH4) to check the end point. 

If any Pt ion remains in the plating solution, the color of the solution turns black. 

In such cases, development of Pt is continued with addition of the NH2OH-HCI and 

NH2NH2 solutions. If there is none of Pt ions in the chemical plating solution, the 

membrane is rinsed with water, and boiled in dilute hydrochloric acid (0.1 N) to 

remove the ammonium cation in the membrane. After washing with water, 11+ in 

the composite can be exchanged for any cation by immersing in a solution of the 

chloride salt of the cation. 
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B.l Main.m 

APPENDIX B 

MATLAB SOURCE CODES 

F = 9.648530e4; 

R = 8.314510; 

H = 183e-6/2; 

Ab = 10e-3*6e-3; 

Aa - Ab*9.2; 

Ac = Ab*9.2; 

c20 = 38.72e3; 

cl = 1.73e3; 

mV2 = 8.55e-7; 

T = 300; 

Eext - 4; 

delt = 0.1; 

% C/mol 

% J/K mol 

% a half of thickness : m 

% mol/m'3 

% mol/m'3 

% m"3/mol 

% K 

% V 

% sec 
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% weighted average of time derivation 

theta = 2/3; % theta = 0 : forward, theta = 1 : backward, 

thetal= 1 - theta; 

order - 3; % order of shape function 

nel=12; % number of elements 

nnode=nel+l; % total number of nodes in system 

h = 2*H/nel; 

Lamda = c20/(1800-0.0126*c20); 

d2 = 0.035e-4*Lamda*exp(-2436/T); 

Nd = 2.5*Lamda/22; 

mu = 0.4; 

% input data for initial conditions 

for i=l:nnode, 

c2(i,l)=c20; % concentration of water 

end 

% Vector for Boundary Condition 

for i=l:nnode. 
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Fl(i,l)=0; 

F2(i,l)=0; 

end 

% System Matrix 

M = makem(order,nel)*h; 

p = makep(order,nel); 

% Time Integral 

for time=l:3450 

c2old = zeros(nel+l,l); 

Lamda(time) = mean(c2(:,time))/(1800-0.0126*mean(c2(:,time))); 

d2(time) = 0.035e-4*Lamda(time)*exp(-2436/T); 

Nd(time) = 2.5*Lamda(time)/22; 

k(time) = d2(time)*mV2"2*114e6/(6*R*T*(l-mu)); 

a(time) = calaa(order,nel,c2(:,time),h,H,c20)*(3/(2*H"3)); 

D = maked(order,nel)*d2(time)/h; 

C = makec(order,nel,c2(:,time))*k(time)/h; 

L = makel(order,nel)*k(time); 
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MM = M + delt*theta*D; 

DD = M - delt*thetal*D; 

[J] == fiuxJ2(H,T,Eext,cl,c2(l,time),c2(l,time),Ab,Aa,Ac); 

Fl(l) = J(3,l); 

F2(l) = J(4,l); 

Diffus(:,time) = DD*c2(:,time); 

BC(:,time) = - delt*(thetal*Fl-|-theta*F2); 

Drag(:,time) = delt*(thetal*J(l,l)-|-theta*J(2,l))*p*Nd(time); 

Strainl(:,time) = - delt*theta*C*(c2(:,time)-c20) -

-delt*thetal*C*(c2(:,time)-c20); 

Strain2(:,time) = delt*theta*a(time)*L*c2(:,time) + 

+delt*thetal*a(time)*L*c2(:,time); 

c2new = inv(MM)*(Diffus(:,time) + BC(:,time) + Drag(:,time) + 

+Strainl(:,time) + Strain2(:,time)); 

count = 0; 

while abs(c2new - c2old) > le-2, 

c2old = c2new; 
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[J] = fluxJ2(H,T,Eext,cl,c2(l,time),c2old(l),Ab,Aa,Ac); 

Fl(l) = J(3,l); 

F2(l) = J(4,l); 

Cpp = makec(order,nel,c2old)*k(time)/h; 

anew = calaa(order,nel,c2old,h,H,c20)*(3/(2*H" 3)); 

Diffus(:,time) = DD*c2(:,time); 

BC(:,time) = - delt*(thetal*FH-theta*F2); 

Drag(:,time) = delt*(thetal*J(l,l)+theta*J(2,l))*p*Nd(time) 

Strainl(:,time) = - delt*theta*Cpp*(c2old-c20) -

-delt*thetal *C* (c2(: ,time)-c20); 

Strain2(:,time) = delt*theta*anew*L*c2old + 

+delt*thetal*a(time)*L*c2(:,time); 

c2new = inv(MM)*(Diffus(:,time) + BC(:,time) + 

Drag(:,time) + Strainl(:,time) + Strain2(;,time)); 

count = count+1; 



JJ(time,l)=J(l,l)*(F*Ab)*1000; 

JJ(time,2)=time*delt; 

EE(:,time)=J(:,2); 

c2(:,time+l) = c2new; 

end 

B.2 Function fluxJ2.m 

% To obtain overpotential and fluxes at both electrodes 

function [J] = fluxJ2(H,T,Eext,cl,c21,c22,Ab,Aa,Ac) 

kp - 1.2721e-15; 

Ka=9.2*kp*(2*H); 

kn = .0578e-2; 

Kc=9.2*kn*(2*H); 

betal = 0.4247; 

beta2 = 1-0.5243; 

bbetal = (betal*F)/(R*T); 

bbeta2 = (beta2*F)/(R*T); 

Lamdal = mean(c21)/(1800); 
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Lamda2 = mean(c22)/(1800); 

51 = (0.0044*Lamdal + 0.002); 

52 = (0.0044*Lamda2 + 0.002); 

EO = [2; 0.5; 2; 0.5]; 

options=optimset ('Display', 'iter'); 

[E] = fsolve(@testE4,E0,options,Eext,cl,c21,c22,Ka,Kc,SI,S2,bbetal,bbeta2) 

% E(l) : Ea at time t 

% E(2) : Ec at time t 

% E(3) ; Ea at time t+delt 

% E(4) : Ec at time t+delt 

% overpotential at Anode at time t : Eext - E(l) 

% overpotential at Cathode at time t : E(2) 

% overpotential at Anode at time t+delt : Eext - E(3) 

% overpotential at Cathode at time t+delt : E(4) 

Ial=Ka*c21" 0.5*exp(l*bbetal*(Eext-E(l))); 

Icl=Kc*cl" l*exp(l*bbeta2*E(2)); 

Ibl=(E(l)-E(2))*Sl; 
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Ia2=Ka*c22' 0.5*exp( 1 *bbetal * (Eext-E(3))); 

Ic2=Kc*cl ^ l*exp(l*bbeta2*E(4)); 

Ib2=(E(3)-E(4))*S2; 

jal-Ial/(2*F*Aa); 

ja2=Ia2/(2*F*Aa); 

J(l,l) = Ibl/(F*Ab); 

J(2,l) = Ib2/(F*Ab); 

J(3,l)=jal; 

J(4,l)=ja2; 

J(l,2) = E(l); 

J(2,2) = E(2); 

J(3,2) = E(3); 

J(4,2) = E(4); 

B.3 Function calaa.m 

% Proton Molar Flux at time t in Bulk 

% Proton Molar Flux at time t+delt in Bulk 

% Water Molar Flux at Anode at time t 

% Water Molar Flux at Anode at time t+delt 

% To calculate the curvature 

function [a] = calaa(order,nel,c,h,H,c20) 
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switch (order) 

case 3 

for j=l:nel/2, 

ael = h'2*(-(c(2*j-l)-c20) + 

(c(2*j+l)-c20))/3 +h*((2*j-l)*h-H)*((c(2*j-l)-c20) + 

+4*(c(2*j)-c20) + (c(2*j+l)-c20))/3; 

a = a + ael; 

end 

end 

B.4 Function calbb.m 

% To calculate ave. Starin 

function [b] = calbb(order,nel,c,h,H,c20) 

b = 0; 

switch (order) 

case 3 

for j=l:nel/2, 

bel = h*((c(2*j-l)-c20) + 4*(c(2*j)-c20) + (c(2*j+l)-c20))/3; 



b = b + bel; 

end 

end 

B.5 Disaplcement.m 

% To calculate curvature and displacement 

clear kaphaOO; 

clear ROO; 

clear angleOOl; 

clear x; 

clear y; 

mV2 = 8e-7; 

H = 183e-6/2; 

LO = 30e-3; 

xO = lOe-3; 

kapha00(l)=0; 

for i=2:3400, 
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c=c2(:,i); 

a = calaa(order,nel,c,h,H,c20); 

b = calbb(order,nel,c,h,H,c20); 

exx(i)=(mV2)/(4*H)*b; 

kaphaOO(i)- (3*mV2)/(4*H^3)*a; 

ROO(i) = l/kaphaOO(i); 

angle(i) = L0*(l+exx(i))/(2*R00(i)); 

end 

R00(1)=R00(3400); 

for i=2:3400, 

angleO = [angle(i)/3]; 

options^^optimset (' Display '/iter'); 

[angleOO] = fsolve(@angleOOO,angleO,options,ROO(i),xO) 

angleOOl(i) = angleOO; 

x00(i,l)=2*R00(i)*sin((angle00))*cos((angle00)); 

y00(i,l)=2*R00(i)*sin((angle00))*sin((angle00)); 

x00(i,2)=1.5*x0; 



y00(i,2)=5e-3*tan((angle00)*2)+y00(i,l); 

x00(i,3)=2*x0; 

y00(i,3)=10e-3*tan((angle00)*2)+y00(i,l); 

y00(i,4)=i/10; 

end 

B.6 Iprocess.m 

% To obtain IPMC from raw image 

clear theta, 

clear all 

for n=l:19, 

num = num2str(n,'%05d'); 

filename = ['frame.' num '.bmp']; 

I = imread (filename); 

figure, imshow(I); 

BW = edge(I,'canny',0.2); 

for i= 1:480, 

for j=l;640. 
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ifBW(i,j)==l, 

BW(i,j)=0; 

elseif BW(i,j)==0, 

BW(i,j)=l; 

end 

end 

end 

figure, imshow(BW); 

ist = 100; 

jst = 145; 

for i=ist:ist+200, 

for j=jst;jst+50, 

A(i-ist+l,j-jst+l)=BW(i,j); 

end 

end 

figure, imshow(A); 

for i=200:-l;l. 



if A(i,l) == 0, 

spoint(n) = i; 

end 

if A(i,31) == 0, 

epoint(n) = i; 

end 

end 

theta(n,l) = n; 

theta(n,2) = atan((spoint(n)-epoint(n))/30); 
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