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ABSTRACT

A recent experiment by Kim’s group from the University of

Nevada, Las Vegas has demonstrated the possibility of actuat-

ing ionomer cilia in salt solution. When these actuators are

placed between two external electrodes, across which a small

voltage is applied, they move toward the cathode. This is in stark

contrast with the case of ionic polymer metal composites, where

these ionomers are plated by metal electrodes and bending oc-

curs towards the anode. Here, we seek to unravel the factors

underlying the motion of ionomer cilia in salt solution through a

physically-based model of actuation. In our model, electrochem-

istry is described through the Poisson-Nernst-Planck system in

terms of concentrations of cations and anions and voltage, which

is solved through the finite element method. Based on computer

simulations, we establish that Maxwell stress is the main driving

force for the motion of the cilia.

INTRODUCTION
The range of applications of ionic polymer metal compos-

ites (IPMCs) has been recently expanding due to the new ad-

vances in freeform fabrication of ionic membranes [1, 2], which

allows for tailoring the performance and geometry of IPMCs.

∗Address all correspondence to this author.

This new class of electroactive materials has been considered for

applications as actuators, sensors, and energy harvesters [3–5].

In particular, their large compliance, ability to operate under-

water, and small driving voltages have attracted the attention

of researchers for underwater biomimetic robotics [6], including

robotic fish [7, 8], jelly fish [9, 10], and manta rays [11].

IPMCs are composite materials, comprising a core ionomer

layer and two noble metal electrodes on each side [4, 5]. In the

ionomer, anions are fixed, while positively charged counterions

are mobile. When a voltage is applied across the electrodes of the

IPMC, the counterions redistribute through the thickness. Their

motion generates differential osmotic pressure and polarization

forces, in the form of a Maxwell stress [12], concentrated in

boundary layers near the electrodes, where counterions pile-up

(anode) or deplete (cathode). These two physical phenomena

elicit the macroscopic deformations observed in IPMCs.

Inspired by cilia and flagella in cells, Kim’s group from

the University of Nevada, Las Vegas recently demonstrated the

possibility of actuating ionomer fibers without plated electrodes

[13]. When placed between two external electrodes in a salt solu-

tion, these actuators show a consistent motion toward the cathode

as an electric field is applied across the external electrodes. This

configuration allows to overcome difficulties in material process-

ing encountered with standard actuators with electrodes, namely,

1 Copyright c© 2019 by ASME







the partial derivative with respect to time and the divergence of a

vector field.

We assume that the ionic fluxes are governed by the Nernst-

Planck equation, modified with a steric coefficient ν which ac-

counts for ion packing at high electric fields [18,19]. Within this

formulation, the concentration of ions in the solution cannot be-

come higher than
C0sol

ν , where C0sol
is the initial concentration in

the solution. In addition, we suppose that the solution behaves

as a dielectric material, and that there is no Faradaic reaction at

the external electrodes. This last assumption is not verified in the

experiments by Kim’s group [13] as the applied voltage is over

the electrolysis standard potential of water; however, we focus

on the highest frequency of excitation in [13], that is, 1 Hz, for

which we expect the ions in the solution to be the main current

carriers. Under these hypotheses, the constitutive equations for

the solution are

J+sol =−Dsol

[

∇C++
F C+

R T
∇ψ+

νC+

C0sol
−ν(C++C−)

∇(C++C−)

]

,

(2a)

J−sol =−Dsol

[

∇C−−
F C−

R T
∇ψ+

νC−

C0sol
−ν(C++C−)

∇(C++C−)

]

,

(2b)

Dsol =−εsol∇ψ, (2c)

Qsol = F (C+−C−). (2d)

Here, ψ is the electric potential, Dsol indicates the diffusivity

of ions in solution, assumed to be equal for cations and anions,

while F , R , and T are the Faraday constant, the universal gas

constant, and the absolute temperature, respectively. Addition-

ally, ∇(·) represents the gradient of a scalar field.

In the ionomer, the anions are fixed, and therefore their con-

centration does not vary in time. We assume that the concentra-

tion of anions is also uniform, such that C− =C0ion
is a constant.

Under this hypothesis, the PNP system for the ionomer reduces

to [17]

∂C+

∂t
+∇ ·J+ion = 0, (3a)

∇ ·Dion = Qion. (3b)

Note that C+, in this case, is the concentration per total volume

of the ionomer. As we expect the concentration of counterions

not to grow, we neglect steric effects in the ionomer. By sup-

posing that the ionomer also behaves as a dielectric material, and

considering that anions are fixed, we obtain the following consti-

tutive laws:

J
+
ion =−Dion

(

∇C++
F C+

R T
∇ψ

)

, (4a)

Dion =−εion∇ψ, (4b)

Qion = F (C+−C0ion
), (4c)

where we acknowledge that the diffusivity Dion and the dielectric

constant εion of the ionomer can be different than the ones of the

solution.

Regarding boundary conditions, at the anode (San) and at the

cathode (Scat) we impose a time-varying voltage

ψsol|Scat
=−

ψ̄

2
(t), (5a)

ψsol|San
=

ψ̄

2
(t). (5b)

In such a way, we neglect the effect of the potential drop across

the Stern layer [16], simplifying the problem. On the lateral

walls, instead, we require that the normal component of the elec-

tric displacement is zero, that is,

Dsol ·n|Sw
= 0. (6)

This boundary condition implies that charges do not accumulate

close to the lateral walls, which is a reasonable approximation in

the setup of [13]. In addition, we set the ionic fluxes to zero on all

the boundaries, consistently with our hypothesis of no Faradaic

reactions, through the following conditions:

J
± ·n

∣

∣

Scat
= J

± ·n
∣

∣

San
= J

± ·n
∣

∣

Sw
= 0. (7)

To close the problem, matching conditions at the interface

S between the ionomer and the solution are imposed. We re-

quire that the concentration and flux of counterions are matched
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per unit volume of water, whereby we rescale the values in the

ionomer by its porosity φ, estimated from [20],

C+
sol

∣

∣

Sint
=

C+
ion

φ

∣

∣

∣

∣

Sint

, (8a)

J
+
sol ·n

∣

∣

Sint
=

J
+
ion

φ
·n

∣

∣

∣

∣

Sint

. (8b)

As the ionomer is selectively permeable, we require that the flux

of anions is zero at the interface

J
−
sol ·n

∣

∣

Sint
= 0. (9)

Finally, we match the values of the electric potential and the nor-

mal component of the electric displacement across the interface

ψsol|Sint
= ψion|Sint

, (10a)

Dsol ·n|Sint
= Dion ·n|Sint

. (10b)

The latter condition ensures that no surface charge is generated

at the interface.

The actuator is considered as a beam forced by osmotic pres-

sure and Maxwell stress, which generate two internal bending

moments Mionic and Mpol, respectively, given by

Mionic =−R T

∫
Ωion

(C+−C0)x dΩion, (11a)

Mpol =
εion

2

∫
Ωion

‖E‖2
x dΩion, (11b)

where E = −∇ψ is the electric field, ‖·‖ indicates the norm of

a vector field, and Ωion is the two-dimensional domain occupied

by the ionomer.

FINITE ELEMENT SOLUTION

We now present a numerical solution of the proposed model.

In particular, we solve the electrochemical problem in the com-

mercial finite element software COMSOL Multiphysics R©.

We exploit the symmetry with respect to the vertical plane

perpendicular to the electrodes and passing through the middle

of the cylinder to simulate only half of the domain, as shown

in Fig. 4, reducing the computational cost. The presence of thin

boundary layers at the electrodes and at the interface between the

ionomer and the solution, in fact, requires very fine meshes (as

evidenced from Fig. 4), implying expensive and ill-conditioned

computations. In addition, we decrease the dimension of the do-

main by reducing the width of the electrodes, while assuring that

no interaction between the wall and the ionomer takes place.

Figure 4. Detailed view of the mesh used in the simulations, highlighting

the refining of the mesh near the interface between the ionomer and the

solution to properly capture boundary layers. Axes x′ and y′ are parallel

to x and y axes in Figure 3, respectively.

In our simulations, we do not seek for quantitative agree-

ment with experiments, as we do not have access to the unknown

material parameters, but we try to obtain some qualitative infor-

mation about the physics of the problem. Therefore, to enhance

the convergence of the simulation, we substitute the 5 V square-

wave from the experiment of Kim’s group [13] with a sinusoidal

input of the same amplitude and frequency. This choice yields

reduced values of the bending moments. Furthermore, we use a

slightly higher value of the dielectric constant of Nafion mem-

branes in salt solution than the one measured in literature [21],

further reducing the computational cost by increasing the thick-
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ness of the boundary layers. The dielectric constant of the water

is multiplied by the same factor to maintain the same ratio be-

tween the two dielectric constants. The parameters used in the

simulations are listed in Table 1.

Table 1. Model parameters.

Parameter Value

T [K] 300

C0 [mol m−3] 1070

C0s [mol m−3] 100

Di [m2 s−1] 3.84×10−10

Ds [m2 s−1] 1×10−9

εi [F m−1] 8.854×10−7

εs [F m−1] 7.083×10−9

φ 0.3837

ν 0.0033

At the beginning of the simulation, the steady-state solution

for no external electric field applied is found. In fact, the counte-

rions of the ionomer near the interface diffuse into the solution,

to establish electrochemical equilibrium [22]. With the steady-

state condition as the initial state of our system, we simulate the

response over a half period to evaluate the time-varying internal

bending moments in the membrane.

The time steps in the COMSOL Multiphysics R© simulation

are advanced through a backward differentiation formula (BDF).

The standard multifrontal massively parallel sparse direct solver

(MUMPS) implemented in COMSOL is used for the solution of

the sparse systems generated by finite elements.

RESULTS

Figure 5 shows the evolution in time of the bending mo-

ments due to ion mixing and polarization, computed from

our simulation. Interestingly, we find that the contribution of

Maxwell stress is predominant over osmotic pressure. This ob-

servation is consistent with the actuators’ deflection toward the

cathode, such as during back-relaxation in IPMCs [23]. In one of

our previous work [24], we proposed an alternative explanation

of back-relaxation in IPMCs, in which Maxwell stress is respon-

sible for the final relaxation toward the cathode.

A possible explanation regarding the onset of a considerable

Maxwell stress is given in Fig. 6, where we show the ions con-

centration colormaps in the solution for the peak response time in
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Figure 5. Time evolution of the bending moment due to ion mixing (blue)

and related to Maxwell stress (red) over a half period for a sinusoidal input

voltage ψ̄(t) with amplitude 5 V and frequency 1 Hz.

Fig. 5. While charges tend to pile-up on the side facing the cath-

ode, a considerable depletion is observed on the opposite side.

This depletion of charges may be responsible for the generation

of relatively high intensity electric fields [25], which explains the

dominance of Maxwell stress.

In Fig. 7, we display an arrow surface plot of the gradient

of the electric potential (−E), for the time at which the voltage

reaches its peak value. We observe that the electric field near

the interface is much larger than the electric field in the bulk of

the solution, and has a radial direction. No considerable electric

field is found in the bulk of the ionomer.

Consistently with the sign of the bending moment related to

polarization in Fig. 5, we find that the electric field is higher on

the side of the ionomer facing the anode. Consequently, Maxwell

stress is larger on that side of the actuator, eliciting a net bending

moment toward the cathode. This difference has to be traced

back to the charge imbalance inferred from Fig. 6, which is

dissimilar on the two sides of the ionomer cilia. The ultimate

explanation of this behavior is the selective permeability of the

ionomer, which allows charge pile-up and depletion on its two

sides, limited by two-dimensional transport phenomena.

To additionally substantiate our claims, we plot in Fig. 8 the

nondimensional electric field over the surface of the cilia for two

time instants, that is, the initial condition and the time for which

the applied voltage is maximum. While showing a clear trend,

the data display high frequency noise, likely related to numerical

issues in the numerical evaluation of the gradient of the potential

near the interface. In particular, three factors may contribute to

this issue: the high density of the mesh near the interface, the
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Figure 8. Nondimensional electric field over the surface of the ionomer

for the initial condition (blue) and at t = 0.25 s (black). θ indicates

the angle between the point on the surface and the perpendicular to the

cathode, considered 0 at the nearest point to the cathode and π on the

opposite point. The electric field is nondimensionalized with
Vth
R

, where

Vth =
R T
F

is the thermal voltage and R is the radius of the cilia.

actuation of ionomer fibers through Maxwell stress, with further

controlled experimental conditions.
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