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h i g h l i g h t s

• We theoretically investigate actua-
tion of ionic polymer metal compos-
ites.

• Electric polarization, ion mixing, and
mechanical stretching are modeled.

• Back-relaxation is explainedwithout
reversing the cations’ motion.

• Cations’ motion breaks the symme-
try of the electric field at the elec-
trodes.

• Maxwell stress could be the crit-
ical explaining variable for back-
relaxation.
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a b s t r a c t

The phenomenon of back-relaxation in ionic polymer metal composites (IPMCs) has attracted the
interest of the scientific community for two decades, but its physical origins largely remain elusive.
Here, we propose an explanation of this phenomenon based on Maxwell stress. From first principles,
we demonstrate that IPMC actuation is controlled by the nonlinear interplay between osmotic and
electrostatic phenomena. While osmotic pressure tends to produce a rapid bending toward the anode,
Maxwell stress generates a slow relaxation toward the cathode. The relativeweight of these phenomena is
determined by the applied voltage. At voltage levels comparable to the thermal voltage, IPMC actuation is
dominated by osmotic effects. As the applied voltage is increased, Maxwell stress overcomes the osmotic
pressure, leading to back-relaxation.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Ionic polymer metal composites (IPMCs) are an emerging class
of electroactive materials, which have shown strong potential as
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soft artificial muscles in a wide range of applications across tech-
nology and life science [1]. For example, IPMCs have been uti-
lized as propulsion systems in biologically-inspired robots, im-
plantable heart-assist and compression devices, and tactile dis-
plays for virtual reality [2,3]. Many more applications are un-
der way, fueled by advancements in three-dimensional printing
of free-form IPMCs [4,5]. IPMCs typically consist of an ionomeric
membrane, neutralized by mobile cations and plated by conduc-
tive electrodes. The application of a voltage difference across the
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electrodes induces an electric field in the ionomer, which is re-
sponsible for the controlled migration of cations [6]. The accumu-
lation and depletion of cations through the ionomer is generally
regarded as the key physical driver of IPMC actuation, leading to
electrostatic, osmotic, and hydraulic forces [1].

Perhaps, the least understood andmost surprising physical phe-
nomenon associated with IPMC actuation is the so-called ‘‘back-
relaxation’’. The phenomenon was likely discovered about twenty
years ago on Nafion-based samples immersed in a mixed solution
of Na2SO4 and H2SO4 by Asaka and colleagues [7], and since then
a number of studies have demonstrated its ubiquity across a range
ofmaterial compositions (cation and solvent type) and experimen-
tal conditions (degree of hydration, applied voltage, and in-air ver-
sus in-solvent testing) [8–13]. As described in Asaka et al. [7], ‘‘in
the case of a step voltage [of 1 V], the composite quickly[, within
100 ms,] bends to the anode side and bends back to the cath-
ode side gradually[, while still under the electric potential]’’. Back-
relaxation in well saturated Nafion samples was observed for a
large number of alkali-metal cations, and it was found to be abol-
ished for large, organic cations [9] at the expense of weaker and
slower actuation. The level of hydration was also shown to play a
central role on back-relaxation, whereby the cogent removal of a
fraction of the water in the ionomer can be used to reduce the phe-
nomenon [13].

The generally accepted view for the physicalmechanisms at the
basis of back-relaxation focuses on the slow water flow within the
ionomer [14]. Specifically, as cations migrate toward the cathode,
not only they rapidly carry water molecules attached to them, but
do they drag also loose water that is in excess within the ionomer,
similar to the ‘‘added mass’’ effect in fluid mechanics. Once carried
toward the cathode, the loosewaterwill slowly diffuse backwithin
the ionomer, causing the IPMC to relax.Whilewe cannot dispute or
reaffirm this hypothesis, we have discovered that back-relaxation
is predicted by the nonlinear balance between osmotic and electro-
static phenomena during cationmigration.We argue thatMaxwell
stress, often neglected in IPMC models, has a central role in ex-
plaining back-relaxation. Our explanation is the direct outcome of
a recently proposed physically-based model [15], which was only
implemented for steady-state deformations. By simply analyzing
themodel in time, we unveil the rapid deformation toward the an-
ode, followed by the slow back-relaxation.

Our hypothesis is motivated by experimental observations
[11,16], indicating that: (i) replacing the step input with a slow
ramp that stabilizes at the same step voltage does not mitigate
back-relaxation and (ii) reducing the intensity of the step input
below 1 V hinders back-relaxation. Both these observations do
not seem to favor the claim that back-relaxation is a manifesta-
tion of an added mass effect. The former evidence suggests that
back-relaxation is attained under slowly-varying applied voltages,
which would abate inertia. The latter evidence points at an expla-
nation of back-relaxation where physical nonlinearities are at the
core of the phenomenon, beyond linear processes associated with
added mass. The possibility that the origins of back-relaxation are
beyond hydraulic effects was also put forward in the technical lit-
erature [10–12,17–19], through a detailed analysis of the ionomer
microstructure. These theories are construed upon an ionic cluster
model, whose complexity may challenge the physical interpreta-
tion of the phenomenon and the calibration of simulation param-
eters from experimental data.

In contrast, the model proposed by Cha and Porfiri [15] is for-
mulated within a continuum framework for the study of IPMCs,
grounded on the thermodynamically rigorous theory proposed by
Hong et al. [20] to study polyelectrolyte gels. Electrostatic and os-
motic forces are not quantified from amicroscopic analysis of clus-
ter deformation and dipole–dipole interactions. Instead, they natu-
rally stem from a free energy density, which accounts for mechan-
ical stretching, ion mixing, and electric polarization at a macro-
scopic level. Our approach is based on a minimalistic treatment

of the mechanics and electrochemistry of IPMCs, which deliber-
ately neglects viscoelasticity, solvent flow, redox reactions, steric
effects, and diffusion processes at the electrodes to establish a first
understanding of the possibility that back-relaxation may be sim-
ply caused by Maxwell stress.

2. Modeling framework

We start by concisely summarizing the model proposed in Cha
and Porfiri [15] in the absence of steric phenomena and diffusion
processes at the electrodes. For clarity, we adopt the same notation
presented therein, which applies to large deformations. Briefly,
we describe the state of the ionomer through the deformation
gradient with respect to the initial stress-free configuration F, the
concentration of mobile cations per unit undeformed ionomer C ,
and the nominal electric displacement D̃. The free energy density
is expressed as the sum of three contributions

W (F, D̃, C) = Wmec(F)+ Wion(F, C)+ Wpol(F, D̃), (1)

where Wmec is the contribution from mechanical stretching of the
ionomer, Wion is associated with mixing of mobile cations and
fixed anions, and Wpol is related to electric polarization of the
ionomer. We hypothesize that the mechanical response is well
approximated by a Saint Venant–Kirchhoff constitutive model,
such that

Wmec(F) =
λL

2
(trL)2 + µLtr(L2), (2)

where L =
1
2 (F

TF − I) is the Green–Lagrange strain tensor and λL
andµL are Laméparameters.With respect to ionmixing,we simply
consider a solution of two dilute species, such that
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where R = 8.314 J mol−1 K−1 is the universal gas constant, T is
the absolute temperature, and C0 is the fixed anion concentration.
Finally, we assume that the ionomer is dielectrically isotropic, such
that

Wpol(F, D̃) =
1
2ε

FTF · D̃ ⊗ D̃
detF

, (4)

where ε is the permittivity.
The nominal stress in the ionomer s is simply computed by

taking the derivative of (1) with respect to the deformation gra-
dient, resulting into three distinct contributions, associated with
mechanical elasticity (∂Wmec/∂F), osmotic pressure (∂Wion/∂F),
and Maxwell stress (∂Wpol/∂F). Similarly, the nominal electric
field is obtained by differentiating (1) with respect to D̃ (Ẽ =

∂Wpol/∂D̃), and the electrochemical potential is given by µ =

F ψ + ∂Wion/∂C , where ψ is the electric potential (Ẽ = −∇ψ)
and F = 96 485 C mol−1 is the Faraday constant. The last ele-
ment of the constitutive theory is to ensure that the free energy
never increases, which we fulfill by hypothesizing that the cation
flux is isotropic with diffusivity D . By using Gauss law, mechani-
cal equilibrium, andmass continuity, one can systematically obtain
the governing equations for the ionomer; a detailed derivation is
given in the Supplementary material (see Appendix A).

In this study, we focus on a thin IPMC of length L and thick-
ness 2H ≪ L undergoing in-plane deformations, such that a beam-
like theory applies. By assuming that the curvature k is much
smaller than 1/H , the electrochemistry is governed by a Pois-
son–Nernst–Planck (PNP) system along the through-the-thickness
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