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Electrochemo
8. Electrochemomechanics
of Ionic Polymer–Metal Composites

Sia Nemat-Nasser

The ionomeric polymer–metal composites (IPMCs)
consist of polyelectrolyte membranes, with metal
electrodes plated on both faces and neutralized with an amount of counterions, balancing the
charge of anions covalently fixed to the membrane.
IPMCs in the solvated state form soft actuators and
sensors; they are sometimes referred to as artificial
muscles. Here, we examine the nanoscale chemoelectromechanical mechanisms that underpin the
macroscale actuation and sensing of IPMCs, as well
as some of their electromechanical properties.
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Polyelectrolytes are polymers that carry covalentlybound positive or negative charges. They occur naturally, such as deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA), or they have been manuR
factured for various applications, such as Nafion
R

or Flemion , which consist of three-dimensionally
structured backbone perfluorinated copolymers of polytetrafluoroethylene, having regularly spaced long perfluorovinyl ether pendant side-chains that terminate
in ionic sulfonate (Nafion) or carboxylate (Flemion)
groups. The resulting Nafion or Flemion membranes are
permeable to water or other polar solvents and cations,
while they are impermeable to anions.
The ionomeric polymer–metal composites (IPMCs)
consist of polyelectrolyte membranes, about 200 μm
thick, with metal electrodes (5–10 μm thick) plated on
both faces [8.1] (Fig. 8.1). The polyelectrolyte matrix
is neutralized with an amount of counterions, balancing

the charge of anions covalently fixed to the membrane.
When an IPMC in the solvated (e.g., hydrated) state is
stimulated with a suddenly applied small (1–3 V, depending on the solvent) step potential, both the fixed
anions and mobile counterions are subjected to an electric field, with the counterions being able to diffuse
toward one of the electrodes. As a result, the composite
undergoes an initial fast bending deformation, followed
by a slow relaxation, either in the same or in the opposite direction, depending on the composition of the
backbone ionomer, and the nature of the counterion and
the solvent. The magnitude and speed of the initial fast
deflection also depend on the same factors, as well as
on the structure of the electrodes, and other conditions
(e.g., the time variation of the imposed voltage). IPMCs
that are made from Nafion and are neutralized with alkali metals or with alkyl-ammonium cations (except for
tetrabutylammonium, TBA+ ), invariably first bend to-
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a)

b)

Au plating

Fig. 8.1a,b Cross section of (a) a
Pt/Au-plated Nafion-117 membrane
at electrode region; the length of
the bar is 408 nm; and (b) an Auplated Flemion at electrode region;
the length of the bar is 1 μm

Au plating

Platinum
particles

Au
408 nm

Flemion

wards the anode under a step direct current (DC), and
then relax towards the cathode while the applied voltage is being maintained, often moving beyond their
starting position. In this case, the motion towards the
anode can be eliminated by slowly increasing the applied potential at a suitable rate. For Flemion-based
IPMCs, on the other hand, the initial fast bending and
the subsequent relaxation are both towards the anode,
for all counterions that have been considered. With
TBA+ as the counterion, no noticeable relaxation towards the cathode has been recorded for either Nafionor Flemion-based IPMCs. Under an alternating electric

1μm

potential, cantilevered strips of IPMCs perform bending
oscillations at the frequency of the applied voltage, usually no more than a few to a few tens of hertz, depending
on the solvent. When an IPMC membrane is suddenly
bent, a small voltage of the order of millivolts is produced across its faces. Hence, IPMCs of this kind can
serve as soft actuators and sensors. They are sometimes
referred to as artificial muscles [8.2, 3].
In this chapter, we examine the nanoscale chemoelectromechanical factors that underpin the macroscale
actuation and sensing of IPMCs, as well as some of their
electromechanical properties.

8.1 Microstructure and Actuation
8.1.1 Composition
The Nafion-based IPMC, in the dry state, is about
180 μm thick and the Flemion-based one is about
160 μm thick (see [8.4–7] for further information on
IPMC manufacturing). Samples consist of
1. backbone perfluorinated copolymer of polytetrafluoroethylene with perfluorinated vinyl ether sulfonate pendants for Nafion-based and perfluorinated
b) Nanosized

a)

interconnected clusters

Cracked metal overlayer

Metal
coating
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Ionic polymer Naflon
or Flamion

0.2 mm

Cluster group

Fig. 8.2 (a) A schematic representation of an IPMC and (b) a transmission electron microscopy (TEM) photo of the cluster structure
(see Fig. 8.3 for more detail)

propyl ether carboxylate pendants for Flemionbased IPMCs, forming interconnected nanoscale
clusters ([8.8]; primary physical data for fluorinated
ionomers have been summarized in [8.9])
2. electrodes, which in Nafion-based IPMCs consist
of 3–10 nm-diameter platinum particles, distributed
mainly within a 10–20 μm depth of both faces of the
membrane, and usually covered with about 1 μmthick gold plating to improve surface conductivity,
while in Flemion-based IPMCs, the electrodes are
gold, with a dendritic structure, as shown in Fig. 8.1
3. neutralizing cations
4. a solvent
Figure 8.2 shows a schematic representation of a typical
IPMC, including a photograph of the nanostructure of
the ionomer (Nafion, in this case), and a sketch of ionic
polymer with metal coating. Figure 8.3 shows some additional details of a Nafion-based IPMC. The dark spots
within the inset are the left-over platinum crystals.
The ion exchange capacity (IEC) of an ionomer
represents the amount of sulfonate (in Nafion) and
carboxylate (in Flemion) group in the material, mea-
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Platinum diffusion zone (0 –25 μm)

Fig. 8.4 (a) Chemical structure of 18-Crown-6 (each node is CH2 );
(b) Na+ ion; and (c) K+ ion within a macrocyclic 18-Crown-6

ligand

8.1.2 Cluster Size
Left-over platinum
particles
20 nm

Fig. 8.3 Near-surface structure of an IPMC; the lower in-

set indicates the size of a typical cluster in Nafion

2

3NkT 3 NEWion
Uela =
− aI
,
ρ ∗ NA
h 2 
ρB + wρs
ρ∗ =
,
1+w

(8.1)

where N is the number of dipoles inside a typical cluster, k is Boltzmann’s constant, T is the temperature,
h 2  is the mean end-to-end chain length, ρ∗ is the effective density of the solvated membrane, and NA is
Avogadro’s number (6.023 × 1023 ). The electrostatic en-

Part A 8.1

sured in moles per unit dry polymer mass. The dry
bare ionomer equivalent weight (EW) is defined as the
weight in grams of dry ionomer per mole of its anion.
The ion exchange capacity and the equivalent weight
of Nafion are 0.91 meq/g and 1.100 g/mol, and those
of Flemion are 1.44 meq/g and 694.4 g/mol, respectively.
For neutralizing counterions, we have used Li+ ,
Na+ , K+ , Rb+ , Cs+ , Mg2+ , and Al3+ , as well as alkylammonium cations TMA+ , TEA+ , TPA+ , and TBA+ .
The properties of the bare ionomer, as well as those
of the corresponding IPMC, change with the cation
type for the same membrane and solvent. In addition
to water, ethylene glycol, glycerol, and crown ethers
have been used as solvents. Ethylene glycol or 1,2ethanediol (C2 H6 O2 ) is an organic polar solvent that
can be used over a wide range of temperatures. Glycerol, or 1,2,3-propanetriol (C3 H8 O3 ) is another polar
solvent with high viscosity (about 1000 times the viscosity of water). Crown ethers are cyclic oligomers
of ethylene glycol that serve as macrocyclic ligands
to surround and transport cations (Fig. 8.4). The required crown ether depends on the size of the ion.
The 12-Crown-4 (12CR4) matches Li+ , 15-Crown-5
(15CR5) matches K+ , and 18-Crown-6 matched Na+
and K+ . For example, an 18-Crown-6 (18CR6) molecule has a cavity of 2.7 Å and is suitable for potassium
ions of 2.66 Å diameter. A schematic configuration of
this crown with sodium and potassium ions is shown
in Fig. 8.4.

X-ray scanning of the Nafion membranes [8.10] has
shown that, in the process of solvent absorption, hydrophilic regions consisting of clusters are formed
within the membrane. Hydrophilicity and hydrophobicity are generally terms used for affinity or lack of
affinity toward the polar molecule of water. In the
present work we use these terms for interaction toward
any polar solvent (e.g., ethylene–glycol). Cluster formation is promoted by the aggregation of hydrophilic
ionic sulfonate groups located at the terminuses of vinyl
ether sulfonate pendants of the polytetrafluoroethylene
chain. While these regions are hydrophilic, the membrane backbone is hydrophobic and it is believed that
the motion of the solvent takes place among these clusters via the connecting channels. The characteristics
of these clusters and channels are important factors in
IPMC behavior. The size of the solvated cluster radius
aI depends on the cation form, the type of solvent used,
and the amount of solvation. The average cluster size
can be calculated by minimizing the free energy of the
cluster formation with respect to the cluster size. The
total energy for cluster formation consists of an elastic
Uela , an electrostatic Uele , and a surface Usur component. The elastic energy is given by [8.11]
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Fig. 8.5 Cluster size in Nafion membranes with different
solvent uptakes

ergy is given by
Uele = −g

N 2 m2
,
4πκe aI3

where n is the number of clusters present in the membrane. Minimizing
 this energy with respect to cluster
tot
=
0
, gives the optimum cluster size at
size, ∂U
∂aI
which the free energy of the ionomer is minimum. In
this manner Li and Nemat-Nasser [8.11] have obtained
⎡
γ h 2 EWion (w + ΔV )
aI = ⎣
2RT
ρB


−2 ⎤1/3
4πρB
⎦
× 1− 3 ∗
,
3ρ (w + ΔV )
NA Vi ρd
,
(8.5)
EWion
where Vi is the volume of a single ion exchange site.
Assuming that h 2  = EWion β [8.12], it can be seen that,
ΔV =

(8.2)

aI3 =



−2
EW2ion (w + ΔV )
4πρB
3
η=
1−
.
ρB
3ρ∗ (w + ΔV )

where g is a geometric factor, m is the dipole moment,
and κe is the effective permittivity within the cluster.
The surface energy can be expressed as

(8.6)

Usur = 4πaI2 γ ,

(8.3)

where γ is the surface energy density of the cluster.
Therefore, the total energy due to the presence of clusters in the ionomer is given by
Utot = n(Uele + Uela + Usur ) ,
a)

γβ
η,
2RT

(8.4)

(c) t = 4m 45s

Figure 8.5 shows the variation of the cluster size
(aI3 in nm3 ) for different solvent uptakes. Data from
Nafion-based IPMC samples with different cations and
different solvent uptakes are considered. The model is
compared with the experimental results on the cluster size based on x-ray scanning, shown as circles

b)

c)
–

(d) t = 6 m 27s
–

R

+

t = 3ms
t = 210ms

t = 5ms

t=
129ms

+
1cm

(a) t = 0
(b) t = 0.6 s

t = 10ms

t = 54ms
t = 36ms

t = 15ms
t = 24ms

Fig. 8.6 (a) A Nafion-based sample in the thallium (I) ion form is hydrated and a 1 V DC signal is suddenly applied
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and maintained during the first 5 min, after which the voltage is removed and the two electrodes are shorted. Initial fast
bend toward the bottom ((a) to (b), anode) occurs during the first 0.6 s, followed by a long relaxation upward (towards
the cathode (c)) over 4.75 min. Upon shorting, the sample displays a fast bend in the same upward direction (not shown),
followed by a slow downward relaxation (to (d)) during the next 1.75 min. (b) A Nafion-based sample in the sodium
ion form is solvated with glycerol, and a 2 V DC signal is suddenly applied and maintained. It deforms into a perfect
circle, but its qualitative response is the same. (c) A Flemion-based sample in tetrabutylammonium ion form is hydrated,
and a 3 V DC signal is suddenly applied and maintained, resulting in continuous bending towards the anode (no back
relaxation)

Electrochemomechanics of Ionic Polymer–Metal Composites

in Fig. 8.5 for a Nafion ionomer in various cation forms
and with water as the solvent [8.10]. We have set
β = 1.547, γ = 0.15, and Vi = 68 × 10−24 cm3 to calculate the cluster size [8.12].

8.1.3 Actuation
A Nafion-based IPMC sample in the solvated state
performs an oscillatory bending motion when an alternating voltage is imposed across its faces, and it
produces a voltage when suddenly bent. When the
same strip is subjected to a suddenly imposed and
sustained constant voltage (DC) across its faces, an
initial fast displacement (towards the anode) is gen-

8.2 Stiffness Versus Solvation
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erally followed by a slow relaxation in the reverse
direction (towards the cathode). If the two faces of
the strip are then shorted during this slow relaxation towards the cathode, a sudden fast motion in
the same direction (towards the cathode) occurs, followed by a slow relaxation in the opposite direction
(towards the anode). Figure 8.6 illustrates these processes for a hydrated Tl+ -form Nafion-based IPMC
(left), Na+ -form with glycerol as solvent (middle), and
hydrated Flemion-based in TBA+ -form (right), under
1, 2, and 3 V DC, respectively. The magnitudes of the
fast motion and the relaxation that follows the fast
motion change with the corresponding cation and the
solvent.

8.2 Stiffness Versus Solvation
To model the actuation of the IPMC samples in
terms of the chemoelectromechanical characteristics of
the backbone ionomer, the electrodes, the neutralizing cation, the solvent, and the level of solvation, it
is first necessary to model the stiffness of the corresponding samples. This is discussed in the present
section.
A dry sample of a bare polymer or an IPMC placed
in a solvent bath absorbs solvent until the resulting pressure within its clusters is balanced by the elastic stresses
that are consequently developed within its backbone
polymer membrane. From this observation the stiffness
of the membrane can be estimated as a function of the
solvent uptake for various cations. Consider first the
balance of the cluster pressure and the elastic stresses
for the bare polymer (no metal plating) and then use
the results to calculate the stiffness of the corresponding IPMC by including the effect of the added metal
electrodes. The procedure also provides a way of estimating many of the nanostructural parameters that
are needed for the modeling of the actuation of the
IPMCs.

8.2.1 The Stress Field
in the Backbone Polymer

σr (r0 ) = − p0 + K [(r0 /a0 )−3 (w/w0 − 1) + 1]−4/3 ,
σθ (r0 ) = σϕ (r0 ) = − p0
+ K [(r0 /a0 )−3 (w/w0 − 1) + 1]2/3 ,

(8.7)

where r0 measures the initial radial length from the
center of the cluster, and w0 is the initial (dry) volume fraction of the voids. Theeffective elastic resistance
of the (homogenized solvated) membrane balances
the cluster’s pressure pc which is produced by the
combined osmotic and electrostatic forces within the
cluster.

Part A 8.2

The stresses within the backbone polymer may be
estimated by modeling the polymer matrix as an incompressible elastic material [8.13, 14]. Here, it will prove
adequate to consider a neo-Hookean model for the matrix material. In this model, the principal stresses σI are
related to the principal stretches λI by σI = − p0 + K λ2I ,

where p0 is an undetermined parameter (pressure) to
be calculated from the boundary data and K is an effective stiffness, approximately equal to a third of the
overall Young’s modulus. The aim is to calculate K and
p0 as functions of the solvent uptake w for various ionform membranes. To this end, examine the deformation
of a unit cell of the solvated polyelectrolyte (bare membrane) by considering a spherical cavity of initial (i. e.,
dry state) radius a0 (representing a typical cluster), embedded at the center of a spherical matrix of initial
radius R0 , and placed in a homogenized solvated membrane, referred to as the matrix. In micromechanics, this
is called the double-inclusion model [8.15]. Assume that
the stiffness of both the spherical shell and the homogenized matrix is the same as that of the (as yet unknown)
overall effective stiffness of the hydrated membrane.
For an isotropic expansion of a typical cluster, the two
hoop stretches (and stresses) are equal, and using the
incompressibility condition and spherical coordinates,
it follows that

192
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8.2.2 Pressure in Clusters
For the solvated bare membrane or an IPMC in the
M+ -ion form, and in the absence of an applied electric field, the pressure within each cluster pc consists
of osmotic Π(M+ ) and electrostatic pDD components.
The electrostatic component is produced by the ionic
interaction within the cluster. The cation–anion conjugate pairs can be represented as uniformly distributed
dipoles on the surface of a spherical cluster, and the
resulting dipole–dipole (DD) interaction forces pDD
calculated. The osmotic pressure is calculated by examining the difference between the chemical potential
of the free (bath) solvent and that of the solvent within
a typical cluster of known ion concentration within the
membrane. In this manner, one obtains [8.16]
νQ −
1 −2 ±α2
B K0φ
Q
,
+
pc =
w
3κe B w2
RT
ρB F
K0 =
,
, Q−
B =
F
EWion

by the volume of solid), respectively. The membrane
Young’s modulus may now be set equal to YB = 3K (w),
assuming that both the elastomer and solvent are essentially incompressible under the involved conditions.

8.2.4 IPMC Stiffness
To include the effect of the metal plating on the stiffness, note that for the Nafion-based IPMCs the gold
plating is about a 1 μm layer on both faces of an IPMC
strip, while platinum particles are distributed through
the first 10–20 μm surface regions, with diminishing
density. Assume a uniaxial stress state and average the
axial strain and stress over the strip’s volume to obtain
their average values, as
ε̄IPMC = f MH ε̄B + (1 − f MH )ε̄M ,
σ̄IPMC = f MH σ̄B + (1 − f MH )σ̄M ,

f MH =

fM
,
1+w
(8.10)

(8.8)

where φ is the practical osmotic coefficient, α is the effective length of the dipole, F is the Faraday constant,
ν is the cation–anion valence (ν = 2 for monovalent
cations), R = 8.314 J/mol/K is the universal gas constant, T is the cluster temperature, ρB is the density of
the bare ionomer, and κe is the effective permittivity.

where the barred quantities are the average values of
the axial strain and stress in the IPMC, bare (solvated) membrane, and metal electrodes, respectively
(indicated by the corresponding subscripts ‘B’ and
‘M’, respectively); and f M is the volume fraction of
the metal plating in a dry sample. Setting σ̄B = YB ε̄B ,
σ̄M = YM ε̄M , and σ̄IPMC = ȲIPMC ε̄IPMC , it follows that
YM YB
,
BAB YM + (1 − BAB )YB
(1 + w̄)(1 − f M )
B=
, w = w̄(1 − f M ) ,
1 + w̄(1 − f M )

ȲIPMC =

8.2.3 Membrane Stiffness
The radial stress σr must equal the pressure pc in the
cluster at r0 = a0 . In addition, the volume average of
the stress tensor, taken over the entire membrane, must
vanish in the absence of any externally applied loads.
This is a consistency condition that to a degree accounts
for the interaction among clusters. These conditions are
sufficient to yield the undetermined pressure p0 and
the stiffness K in terms of solvation volume fraction
w and the initial dry void volume fraction w0 for each
ion-form bare membrane, leading to the following final
closed-form results:
1+w
,
w0 In − (w0 /w)4/3
1 + 2An 0
1 + 2A
w
−
, A=
−1 ,
In =
1/3
1/3
w0
n 0 (1 + An 0 )
(1 + A)
K = pc
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(8.9)

where n 0 and w0 = n 0 /(1 − n 0 ) are the initial (dry)
porosity and initial void ratio (volume of voids divided

(8.11)

where AB is the concentration factor, giving the average stress in the bare polymer in terms of the average
stress of the IPMC σ̄IPMC . Here YB = 3K is evaluated
from (8.9) at solvation w̄ when the solvation of the
IPMC is w. The latter can be measured directly at various solvation levels.
Experimentally, the dry and solvated dimensions
(thickness, width, and length) and masses of each bare
or plated sample are measured. Knowing the composition of the ionomer, the neutralizing cation, and the
composition of the electrodes, all physical quantities
in equations (8.8) and (8.11) are then known for each
sample, except for the three parameters α, κe , and AB ,
namely the effective distance between the neutralizing cation and its conjugate covalently fixed anion, the
effective electric permittivity of the cluster, and the concentration factor that defines the fraction of axial stress

Electrochemomechanics of Ionic Polymer–Metal Composites

carried by the bare elastomer in the IPMC. The parameters α and κe are functions of the solvation level.
They play critical roles in controlling the electrostatic
and chemical interaction forces within the clusters, as
will be shown later in this chapter in connection with
the IPMC’s actuation. Thus, they must be evaluated
with care and with due regard for the physics of the
process.
Estimate of κe and α
The solvents are polar molecules, carrying an electrostatic dipole. Water, for example, has a dipole moment
of about 1.87 D (Debyes) in the gaseous state and about
2.42 D in bulk at room temperature, the difference being
due to the electrostatic pull of other water molecules.
Because of this, water forms a primary and a secondary
hydration shell around a charged ion. Its dielectric constant as a hydration shell of an ion (about 6) is thus much
smaller than that in bulk (about 78). The second term in
expression (8.8) for the cluster pressure pc , can change
by a factor of 13 for water as the solvent, depending
on whether the water molecules are free or constrained
to a hydration shell. Similar comments apply to other
solvents. For example, for glycerol and ethylene glycol, the room-temperature dielectric constants are about
9 and 8 as solvation shells, and 46 and 41 when in
bulk.
When the cluster contains both free and ion-bound
solvent molecules, its effective electric permittivity
can be estimated using a micromechanical model. Let
κ1 = ε1 κ0 and κ2 = ε2 κ0 be the electric permittivity of
the solvent in a solvation shell and in bulk, respectively,
where κ0 = 8.85 × 10−12 F/m is the electric permittivity of free space. Then, using a double-inclusion

8.3 Voltage-Induced Cation Distribution
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model [8.15] it can be shown that
κ2 + 2κ1 + f (κ2 − κ1 )
κ1 ,
κe =
κ2 + 2κ1 − f (κ2 − κ1 )
m w − CN
EWion w
f =
, mw =
(8.12)
.
mw
Msolvent ρB ν
Here, CN is the static solvation shell (equal to the coordination number), m w is the number of moles of solvent
per mole of ion (cation and anion), and ν = 2. When m w
is less than CN, then all solvent molecules are part of the
solvation shell, for which κe = ε1 κ0 . On the other hand,
when there are more solvent molecules, equation (8.12)
yields the corresponding value of κe . Thus, κe is calculated in a cluster in terms of the cluster’s volume
fraction of solvent, w.
Similarly, the dipole arm α in (8.8), which measures
the average distance between a conjugate pair of anion–
cation, is expected to depend on the effective dielectric
constant of the solvation medium. We now calculate the
parameter ±α2 , as follows. As a first approximation, we
let α2 vary linearly with w for m w ≤ CN, i. e., we set
± α 2 = a1 w + a2 ,

for

m w ≤ CN ,

(8.13)

and estimate the coefficients a1 and a2 from the experimental data. For m w > CN, furthermore, we assume that
the distance between the two charges forming a pseudodipole is controlled by the effective electric permittivity
of the their environment (e.g., water molecules), and
hence is given by
κe 2
(a1 w + a2 ) .
(8.14)
κ1
Note that for m w > CN, we have a1 w + a2 > 0. An illustrative example is given in Sect. 8.5 where measured
results are compared with model predictions.
α2 = 10−20

8.3 Voltage-Induced Cation Distribution
terized by [8.17–19],
Ci Di ∂μi
(8.15)
+ Ci υi ,
RT ∂x
where Di is the diffusivity coefficient, μi is the chemical potential, Ci is the concentration, and υi is the
velocity of species i. The chemical potential is given
by
Ji = −

μi = μ0 + RT ln(γi Ci ) + z i φF ,

(8.16)

where μ0 is the reference chemical potential, γi is
the affinity of species i, z i is the species charge, and

Part A 8.3

When an IPMC strip in a solvated state is subjected
to an electric field, the initially uniform distribution of
its neutralizing cations is disturbed, as cations on the
anode side are driven out of the anode boundary clusters while the clusters in the cathode side are supplied
with additional cations. This redistribution of cations
under an applied potential can be modeled using the
coupled electrochemical equations that characterize the
net flux of the species, caused by the electrochemical potentials (chemical concentration and electric field
gradients). The total flux consists of cation migration
and solvent transport. The flux Ji of species i is charac-
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φ = φ(x, t) is the electric potential. For an ideal solution where γi = 1, and if there is only one type of cation,
the subscript i may be dropped, as will be done in what
follows.
The variation in the electric potential field in the
membrane is governed by the basic Poisson’s electrostatic equations [8.20, 21],
∂(κ E)
= z(C − C − )F ,
∂x

E=−

∂φ
,
∂x

(8.17)

where E and κ are the electric field and the electric permittivity, respectively; C − is the anion concentration in
moles per unit solvated volume; and C = C(x, t) is the
total ion (cation and anion) concentration. Since the solvent velocity is very small, the last term in (8.15) may
be neglected and, in view of (8.17) and continuity, it
follows that
∂C(x, t)
∂x

F
− zC(x, t)
E(x, t) ,
RT
∂C(x, t)
∂J(x, t)
=−
,
∂t
∂x
∂E(x, t)
F
=z
(C(x, t) − C − ) .
∂x
κ̄
J(x, t) = −D

(8.18)


=0.
(8.19)

This equation provides a natural length scale  and
a natural time scale τ that characterize the ion
redistribution,
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=

κ̄ RT
C− F2

1/2

,

τ=

2
,
D

To calculate the ion redistribution caused by the application of a step voltage across the faces of a hydrated strip
of IPMC, we first examine the time-independent equilibrium case with J = 0. In the cation-depleted (anode)
boundary layer the charge density is −C − F, whereas in
the remaining part of the membrane the charge density
is (C + − C − )F. Let the thickness of the cation-depleted
zone be denoted by  and set
Q(x, t) =

(8.20)

where κ̄ is the overall electric permittivity of the IPMC.
If Cap is the measured overall capacitance,
then we set
√
κ̄ = 2HCap. Since  is linear in κ̄ and κ̄ is proportional to the capacitance, it follows that  is proportional
to the square root of the capacitance.

C+ − C−
,
C−

Q 0 (x) = lim Q(x, t) .
t→∞

(8.21)

Then, it follows from (8.17) and boundary and continuity conditions that [8.16] the equilibrium distribution is
given by
⎧

⎪
⎪
⎨−1 for x ≤ −h + 
Q 0 (x) ≡

Here κ̄ is the overall electric permittivity of the solvated
IPMC sample that can be estimated from its measured
effective capacitance. The above system of equations
can be directly solved numerically, or they can be solved
analytically using approximations. In the following sections, the analytic solution is considered.
First, from (8.18) it follows that
∂ 2 (κ E) C − F 2
∂ ∂(κ E)
−
−D
(κ E)
∂x
∂t
κ RT
∂x 2

8.3.1 Equilibrium Cation Distribution

RT [B0 exp(x/) − B1 exp(−x/)] ,
⎪
⎪
⎩
for − h +  < x < h ,
F





(8.22)

2φ0 F
−2 ,
RT

2
φ0 1

B2 =
− K0
+1 +1 ,
2
2



B0 = exp(−a) φ0 /2 + B1 exp(−a) + B2 ,
F
K0 =
(8.23)
,
RT
B1 = K 0 exp(−a ) ,



=

where φ0 is the applied potential, a ≡ h/, and a ≡ (h −
 )/. Since  is only 0.5–3 μm, a ≡ h/, a ≡ h  /
1, and hence exp(−a) ≈ 0 and exp(−a ) ≈ 0. The constants B0 and B1 are very small, of the order of
10−17 or even smaller, depending on the value of the
capacitance. Therefore, the approximation used to arrive at (8.22) does not compromise the accuracy of
the results. Remarkably, the estimated length of the
anode boundary layer with
charge
√constant negative

density −C − F, i. e.,  = 2φ0 F/RT − 2 , depends
only on the applied potential and the effective capacitance through the characteristic length. We use  as
our length scale. From (8.23) it can be concluded that,
over the most central part of the membrane, there is
charge neutrality within all clusters, and the charge imbalance in clusters occurs only over narrow boundary
layers, with the anode boundary layer being thicker
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than the cathode boundary layer. The charge imbalance in the clusters is balanced by the corresponding
electrode charges. Therefore, the charge imbalance defined by (8.23) applies to the clusters within each
boundary layer and not to the boundary layer itself,
since the combined clusters and the charged metal
particles within the boundary layers are electrically balanced.
We now examine the time variation of the charge
distribution that results upon the application of a step
voltage and leads to the equilibrium solution given
above. To this end, rewrite equation (8.19) as
∂2 Q

Q
∂Q
− 2
−D
∂t
∂x 2


(8.24)

and set Q = ψ(x, t) exp(−t/τ) + Q 0 (x) to obtain the
following standard diffusion equation for ψ(x, t):
∂ψ
∂2ψ
=D 2 ,
∂t
∂x

ψ(x, 0) = −Q 0 (x) ,

(8.25)

from which it can easily be concluded that, to a good
degree of accuracy, one may use the following simple approximation in place of an exact infinite series
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solution [8.16]:
Q(x, t) ≈ g(t)Q 0 (x) , g(t) = 1 − exp(−t/τ) . (8.26)
Actually, when the electric potential is suddenly applied and then maintained, say, at a constant level φ0 ,
the cations of the anode clusters are initially depleted
at the same rate as cations being added to the clusters
within the cathode boundary layer. Thus, initially, the
cation distribution is antisymmetric through the thickness of the membrane, as shown by Nemat-Nasser and
Li [8.22],
C(x) = C − +

=0,

8.4 Nanomechanics of Actuation

κ̄φ0
2
2F sinh(h/)

sinh(x/) .

(8.27)

After a certain time period, say, τ1 , clusters near the anode face are totally depleted of their cations, so only the
length of the anode boundary layer can further increase,
while the cathode clusters continue to receive additional
cations. Recognizing this fact, recently Nemat-Nasser
and Zamani [8.23] have used one time scale for the first
event and another time scale for the remaining process
of cation redistribution. To simulate the actuation, however, these authors continue to use the one-time-scale
approximation similar to (8.26).

8.4 Nanomechanics of Actuation
changes in the pressure within the clusters in the anode
and cathode boundary layers, and the resulting diffusive
flow of solvent into or out of the corresponding clusters.

8.4.1 Cluster Pressure Change
Due to Cation Migration
The elastic pressure on a cluster can be calculated
from (8.7) by simply setting r0 = aI , where aI is the
initial cluster size just before the potential is applied,
and using the spatially and temporally changing volume
fraction of solvent and ion concentration w(x, t) and
ν(x, t), since the osmotic pressure depends on the cluster’s ion concentration and it is reduced in the anode and
is increased in the cathode clusters. The corresponding
osmotic pressure can be computed from
Π(x, t) =

φQ −
C + (x, t)
B K0
+1 ,
ν(x, t) , ν(x, t) =
w(x, t)
C−
(8.28)

where C + (x, t) is the cation concentration; note
from (8.21) that ν(x, t) = Q(x, t) + 2. The pressure pro-
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The application of an electric potential produces two
thin boundary layers, one near the anode and the other
near the cathode electrodes, while maintaining overall
electric neutrality in the IPMC strip. The cation imbalance within the clusters of each boundary layer changes
the osmotic, electrostatic, and elastic forces that tend to
expand or contract the corresponding clusters, forcing
the solvents out of or into the clusters, and producing
the bending motion of the sample. Thus, the volume
fraction of the solvent within each boundary layer is
controlled by the effective pressure in the corresponding clusters produced by the osmotic, electrostatic, and
elastic forces. These forces can even cause the cathode
boundary layer to contract during the back relaxation
that is observed for Nafion-based IPMCs in various alkali metal forms, expelling the extra solvents onto the
IPMC’s surface while cations continue to accumulate
within the cathode boundary layer. This, in fact, is what
has been observed in open air during the very slow back
relaxation of IPMCs that are solvated with ethylene glycol or glycerol [8.24]. To predict this and other actuation
responses of IPMCs, it is thus necessary to model the
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duced by the electrostatic forces among interacting
fixed anions and mobile cations within each cluster
varies as the cations move into or out of the cluster in
response to the imposed electric field.
As the cations of the clusters within the anode
boundary layer are depleted, the dipole–dipole interaction forces diminish. We model this in the anode
boundary layer by calculating the resulting pressure,
pADD , as a function of the cation concentration, as
follows:

while at the same time new dipole–cation interaction
forces are being developed as additional cations enter
the clusters and disturb the pseudo-dipole structure in
the clusters. The pressure due to these latter forces is
represented by

C + (x, t)
.
C−

However, for sulfonates in a Nafion-based IPMC, we
expect extensive restructuring and redistribution of the
cations. It appears that this process underpins the observed reverse relaxation of the Nafion-based IPMC
strip. Indeed, this redistribution of the cations within
the clusters in the cathode boundary layer may quickly
diminish the value of pCD to zero or even render it negative. To represent this, we modify (8.33) by a relaxation
factor, and write

pADD (x, t) =

1
α(x, t)
2
Q−
3κ(x, t) B w(x, t)

2

(8.29)

Parallel with the reduction in the dipole–dipole interaction forces is the development of electrostatic
interaction forces among the remaining fixed anions,
which introduces an additional pressure, say pAA ,
1
2
Q−
pAA (x, t) =
18κ(x, t) B
R02
C + (x, t)
×
1−
, (8.30)
4/3
C−
[w(x, t)]
where R0 is the initial (unsolvated, dry) cluster size.
This expression is obtained by considering a spherical cluster with uniformly distributed anion charges on
its surface. The total pressure within a typical anode
boundary layer cluster hence is
tA (x, t) = −σr (a0 , t) + Π(x, t) + pAA (x, t)
+ pADD (x, t) .

(8.31)
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Consider now the clusters in the cathode boundary
layer. In these clusters, in addition to the osmotic pressure we identify two forms of electrostatic interaction
forces. One is repulsion due to the cation–anion pseudodipoles already present in the clusters, and the other
is due to the extra cations that migrate into the clusters and interact with the existing pseudo-dipoles. The
additional stresses produced by this latter effect may
tend to expand or contract the clusters, depending on
the distribution of cations relative to fixed anions. We
again model each effect separately, although in fact they
are coupled. The dipole–dipole interaction pressure in
the cathode boundary layer clusters is assumed to be
reduced as
1
α(x, t)
2
Q−
pCDD (x, t) =
3κ(x, t) B w(x, t)
C−
×
,
C + (x, t)

2

(8.32)

2Q −
R0 α(x, t) C(x, t)
B
−1 .
9κ(x, t) [w(x, t)]5/3
C−
2

pDC (x, t) =

(8.33)

2Q −
R0 αC (x, t)
B
9κC (x, t) [wC (x, t)]5/3
C + (x, t)
×
− 1 g1 (t) ,
C−
g1 (t) = [r0 + (1 − r0 ) exp(−t/τ1 )],
2

pDC (x, t) ≈

r0 < 1 ,
(8.34)

where τ1 is the relaxation time and r0 is the equilibrium
fraction of the dipole–cation interaction forces. The total stress in clusters within the cathode boundary layer
is now approximated by
tC = −σr (a0 , t) + ΠC (x, t) + pCDD (x, t) + pDC (x, t) .
(8.35)

8.4.2 Cluster Solvent Uptake
Due to Cation Migration
The pressure change in clusters within the anode and
cathode boundary layers drives solvents into or out of
these clusters. This is a diffusive process that can be
modeled using the continuity equation
 
 
∂υ x, t
ẇ x, t
 +
(8.36)
=0,
∂x
1 + w x, t
and a constitutive model to relate the gradient of the
solvent velocity, ∂υ(x, t)/∂x, to the cluster pressure. We
may use a linear relation and obtain
 
 
ẇi x, t
  = DBL ti x, t , i = A, C ,
(8.37)
1 + wi x, t
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where DBL is the boundary-layer diffusion coefficient,
assumed to be constant here.

8.4.3 Voltage-Induced Actuation
As is seen from Fig. 8.6, an IPMC strip can undergo
large deflections under an applied electric potential.
Since the membrane is rather thin (0.2 mm) even if it
deforms from a straight configuration into a circle of radius, say 1 cm still the radius-to-thickness ratio would
be 50, suggesting that the maximum axial strain in the
membrane is very small. It is thus reasonable to use
a linear strain distribution through the thickness and
use the following classical expression for the maximum
strain:
εmax ≈ ±

H
,
Rb

(8.38)

8.5 Experimental Verification
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where Rb is the radius of the curvature of the membrane
and H is half of its thickness. The strain in the membrane is due to the volumetric changes that occur within
the boundary layers, and can be estimated from
εv (x, t) = ln[1 + w(x, t)] .

(8.39)

We assume that the axial strain is one-third of the volumetric strain, integrate over the thickness, and obtain
L
L
=
3
Rb
2H (3Y IPMC − 2YB )
h
× YBL (w(x, t))x ln[1 + w(x, t)] dx , (8.40)
−h

where all quantities have been defined before and are
measurable.

8.5 Experimental Verification
We now examine some of the experimental results that
have been used to characterize this material and to verify the model results.

8.5.1 Evaluation
of Basic Physical Properties
Both the bare ionomer and the corresponding IPMC
can undergo large dimensional changes when solvated. The phenomenon is also affected by the nature
of the neutralizing cation and the solvent. This, in
turn, substantially changes the stiffness of the material. Therefore, techniques have been developed to
measure the dimensions and the stiffness of the ma-

terial in various cation forms and at various solvation
stages. The reader is referred to Nemat-Nasser and
Thomas [8.25, 26], Nemat-Nasser and Wu [8.27], and
Nemat-Nasser and Zamani [8.23] for the details of various measurements and extensive experimental results.
In what follows, a brief account of some of the essential
features is presented.
One of the most important quantities that characterize the ionic polymers is the material’s equivalent
weight (EW), defined as dry mass in grams of ionic
polymer in proton form divided by the moles of sulfonate (or carboxylate) groups in the polymer. It is
expressed in grams per mole, and is measured by neutralizing the same sample sequentially with deferent

Table 8.1 Measured stiffness of dry and hydrated Nafion/Flemion ionomers and IPMCs in various cation forms
Thickness

⎧
⎨
Bare

Nafion

⎧
⎨
Flemion
IPMC

⎩

Nafion-based
Flemion-based

K+
Cs+
Na+
K+
Cs+
Cs+
Cs+

Stiffness

Thickness

Water-saturated form
Density
Stiffness

(μm)

(g/cm3 )

(MPa)

(μm)

(g/cm3 )

(MPa)

Hydration
volume
(%)

182.1
178.2
189.1
149.4
148.4
150.7
156.0
148.7

2.008
2.065
2.156
2.021
2.041
2.186
3.096
3.148

1432.1
1555.9
1472.2
2396.0
2461.2
1799.2
1539.5
2637.3

219.6
207.6
210.5
167.6
163.0
184.2
195.7
184.1

1.633
1.722
1.836
1.757
1.816
1.759
2.500
2.413

80.5
124.4
163.6
168.6
199.5
150.6
140.4
319.0

71.3
50.0
41.4
42.0
34.7
53.7
54.1
58.1
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⎩

Na+

Dry form
Density

198

Part A

Solid Mechanics Topics

Part A 8.5

cations, and measuring the changes in the weight of
the sample. This change is directly related to the number of anion sites within the sample and the difference
in the atomic weight of the cations. Another important
parameter is the solvent uptake w, defined as the volume of the solvent divided by the volume of the dry
sample. Finally, it is necessary to measure the weight
fraction of the metal in an IPMC sample, which is usually about 40%.
The uniaxial stiffness of both the bare ionomer and
the corresponding IPMC changes with the solvent uptake. It is also a function of the cation form, the solvent,
and the backbone material. Table 8.1 gives some data
on bare and metal-plated Nafion and Flemion in the indicated cation forms. Note that the stiffness can vary
by a factor of ten for the same sample depending on
whether it is dry or fully hydrated.
Surface conductivity is an important electrical property governing an IPMC’s actuation behavior. When
applying a potential across the sample’s thickness at
the grip end, the bending of the cantilever is affected
by its surface resistance, which in turn is dependent on
the electrode morphology, cation form, and the level of
solvation.
An applied electric field affects the cation distribution within an IPMC membrane, forcing the cations
to migrate towards the cathode. This change in the
cation distribution produces two thin layers, one near
the anode and the other near the cathode boundaries.
In time, and once an equilibrium state is attained,
the anode boundary layer is essentially depleted of its
cations, while the cathode boundary layer has become
cation rich. If the applied constant electric potential
is V and the corresponding total charge that is accumulated within the cathode boundary layer once
the equilibrium state is attained is Q, then the effective electric capacitance of the IPMC is defined as
C = Q/V . From this, one obtains the corresponding
areal capacitance, measured in mF/cm2 , by dividing by
the area of the sample. Usually, the total equilibrium
accumulated charge can be calculated by time integration of the measured net current, and using the actual
dimensions of the saturated sample. For alkali-metal
cations, one may have capacitance of 1–50 mF/cm2 for
an IPMC.

8.5.2 Experimental Verification
As an illustration of the model verification, consider
first the measured and modeled stiffness of the bare and
metal-plated Nafion-based samples (Fig. 8.7). Here, the

Stiffness (MPa)
2500
Experimental_bare Naflon
Experimental_IPMC (Sh2)
Experimental_IPMC (Sh5)
Model_bare Naflon
Model_Naflon IPMC
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Fig. 8.7 Uniaxial stiffness (Young’s modulus) of bare
Nafion-117 (lower data points and the solid curve, model)
and an IPMC (upper data points and solid curve) in the
Na+ -form versus hydration water

lower data points and the solid curve are for the bare
ionomer in Na+ -form, and the upper data points and
the solid curve are for the corresponding IPMC. The
model results have been obtained for the bare Nafion
using (8.9) and for the IPMC from (8.11). In (8.9), φ
is taken to be 1 and n 0 to be 1%. The dry density of
the bare membrane is measured to be 2.02 g/cm3 , the
equivalent weight for Nafion-117 in Na+ -form (with
23 atomic weight for sodium) is calculated to be 1122,
the electric permittivity is calculated from (8.12) with
CN = 4.5, the temperature is taken to be 300 K (room
temperature), and κe is calculated using (8.12), with α2
Tip displacement/gauge length
0.12
Experiment
Model

0.08
0.04
0
–0.04
–0.08
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–0.16
–10
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Time (s)

Fig. 8.8 Tip displacement of a 15 mm cantilevered strip of
a Nafion-based IPMC in Na+ -form, subjected to a 1.5 V
step potential for about 32 s, then shorted; the solid curve
is the model and the geometric symbols are experimental
points
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being calculated from (8.13) or (8.14) depending on the
level of hydration, i. e., the value of w. The only free
parameters are then a1 and a2 , which are calculated to
be a1 = 1.5234 × 10−20 and a2 = −0.0703 × 10−20 , using two data points. In (8.11), f M is measured to be
0.0625, YM is 75 GPa, and AB (the only free parameter)
is set equal to 0.5.
To check the model prediction of the observed actuation response of this Nafion-based IPMC, consider
a hydrated cantilevered strip subjected to a 1.5 V step
potential across its faces that is maintained for 32 s and
then shorted. Figure 8.8 shows (geometric symbols) the
measured tip displacement of a 15 mm-long cantilever
strip that is actuated by applying a 1.5 V step potential
across its faces, maintaining the voltage for about 32 s
and then removing the voltage while the two faces are
shorted. The initial water uptake is wIPMC = 0.46, and
the volume fraction of metal plating is 0.0625. Hence,
the initial volume fraction of water in the Nafion part
of the IPMC is given by wI = wIPMC /(1 − f M ) = 0.49.
The formula weight of sodium is 23, and the dry
density of the bare membrane is 2.02 g/cm3 . With
EWNa+ = 1122 g/mol, the initial value of C − for the
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bare Nafion becomes 1208. The thickness of the hydrated strip is measured to be 2H = 224 μm, and based
on inspection of the microstructure of the electrodes,
we set 2h ≈ 212 μm. The effective length of the anode
boundary layer for φ0 = 1.5 V is L A = 9.78, and in
order to simplify the model calculation of the solvent
flow into or out of the cathode clusters, an equivalent uniform boundary layer is used near the cathode
whose thickness is then estimated to be L C = 2.84,
where  = 0.862 μm for φ0 = 1.5 V. The electric permittivity and the dipole length are calculated using
a1 = 1.5234 × 10−20 and a2 = −0.0703 × 10−20 , which
are the same as for the stiffness modeling. The measured capacitance ranges from 10 to 20 mF/cm2 , and
we use 15 mF/cm2 . Other actuation model parameters
are: DA = 10−2 (when pressure is measured in MPa),
τ = 1/4 and τ1 = 4 (both in seconds), and r0 = 0.25.
Since wI ≈ (a/R0 )3 , where a is the cluster size at wa−1/3
ter uptake wI , we set R0 ≈ w0 a, and adjust a to fit
the experimental data; here, a = 1.65 nm, or an average
cluster size of 3.3 nm, prior to the application of the potential. The fraction of cations that are left after shorting
is adjusted to r = 0.03.

8.6 Potential Applications
tors in space-based applications [8.2, 37], as their lack
of multiple moving parts is ideal for any environment where maintenance is difficult. Besides these,
IPMCs find applications in other disciplines, including
fuel-cell membranes, electrochemical sensing [8.38],
and electrosynthesis [8.2, 37, 39], as their lack of
multiple moving parts is ideal for any environment
where maintenance is difficult. Besides these, IPMCs
find applications in other disciplines, including fuelcell membranes, electrochemical sensing [8.38], and
electrosynthesis [8.39]. The commercial availability of
Nafion has enabled alternate uses for these materials to be found. Growth and maturity in the field of
IPMC actuators will require exploration beyond these
commercially available polymer membranes, as the applications for which they have been designed are not
necessarily optimal for IPMC actuators.
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