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Abstract
The effect of clamping pressure on the actuation performance of ionic polymer–metal
composite (IPMC) actuators is newly investigated by carefully considering changes of
mechanical stiffness and electrical resistance due to the interfacial contacts between the IPMC
and clamping devices. During the clamping process, the soft ionic exchangeable polymer
membrane will be squeezed along the thickness direction in the clamping area, resulting in a
change of the mechanical stiffness of the cantilevered IPMCs. Also, the electrical contact
resistance between two electrodes of the IPMC and the clamping device will be greatly
changed according to the change of clamping pressures. Present experimental results show
that clamping pressures between the IPMC and the clamping device will strongly affect the
actuation performance of the IPMC actuators. An exact electro-mechanical model is
developed to fully describe dynamics of the IPMC actuators by considering structural
damping, hydrodynamic loading and electro-mechanical force. This study shows that there
exists an optimal clamping pressure to obtain the largest bending deformation of the IPMC
actuator because of a trade-off between mechanical stiffness and electrical contact resistance.

(Some figures may appear in colour only in the online journal)

1. Introduction

To date, electro-active polymers (EAPs) have been intensively
studied because of their huge potential applications in
robotics, biomedical devices and artificial muscles. The
ionic polymer–metal composite actuators are considered as
a class of EAPs which may be an excellent candidate for
biomimetic sensors and actuators [1]. The IPMC actuator
shows a large bending deformation under a very low input
voltage and current due to the migration of cations with water
molecules inside the ion exchangeable polymer membranes.

The IPMC actuators [2–4] have several advantages, such
as low driving voltage or current, large strain, biomimetic
activation and low power consumption. Therefore, the IPMC
actuators have many potential applications in biomimetic
robots [5–7, 38–40], industrial and biomedical devices [8],
and space-effective manipulators [9–12].

The IPMC actuator is composed of a soft ionic polymer
membrane and two thin metallic electrode layers. To activate
the IPMC actuator, an external clamping device with electrical
wires should be integrated with top and bottom electrodes
of the IPMC actuators. The external clamping pressure
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Figure 1. Clamped boundary conditions of cantilevered IPMC actuators. (a) Initial configuration before clamping, (b) deformation under
clamping pressure, (c) AFM image of surface electrode of clamping device, (d) AFM image of platinum electrode in IPMC actuator,
(e) electrical effect of clamping pressure (current flows under low and high clamping pressures) and (f) mechanical effect of clamping
pressure (stiffness changes).

applied to both noble metallic electrodes will make the soft
ionic polymeric layer mechanically deformed and squeezed.
Figure 1(a) shows the initial configuration of an IPMC
actuator before starting the clamping process and figure 1(b)
shows the deformed shape of the soft IPMC actuator in the
clamping area when the clamping pressure is applied. Under
very small clamping pressures, the deformation during the
clamping process is initially elastic and mechanical stiffness
will be increased due to much tighter boundary conditions.
However, by increasing the clamping pressure over the
optimum level, the softer material deforms drastically,
resulting in a reduction of the mechanical stiffness and
porosity of the polymeric membrane and an increase of the
electrical input power required to activate the IPMC actuator.
Furthermore, a large clamping pressure may create electrical
shorts and mechanical damage inside the actuator [13, 14]. All
of these factors can cause a strong decrease or increase of the
actuation performance of the IPMC under a certain clamping
pressure. However, to our best knowledge, the mechanical and
electrical effects of the clamping pressure on the actuation
performance of IPMC actuators have not been investigated
until now.

The morphology of the two electrodes in the contact
surfaces of the clamping devices plays a significant role in
the mechanical and electrical responses of an IPMC actuator.
Figures 1(c) and (d) present real atomic force microscope
(AFM) images obtained from the electrode surfaces of the
IPMC and the clamping device, respectively. The AFM
image highlights the considerably anisotropic nature of the
surface, with high ridges and deep valleys. Based on the

contact mechanics [13], when two surfaces contact each
other with a very small compressive force, the roughness
features of the contacting surfaces decrease the actual contact
area and current flows only through the contact asperities,
which results in a voltage drop across the interface. A
schematic diagram of real contact spots and the current flow
are shown in figure 1(e). Under low clamping pressure, the
small interfacial contact area will cause very loose clamping
boundary conditions and may increase the contact resistance
between the two electrodes of the IPMC and the clamping
device. The actuation performance of the IPMC actuator
under the very low clamping pressure will not be good as
reported in the fuel cell study [14].

The roughness of the two contact surfaces not only
influences the current flow and voltage drop in the actuator,
but also affects the mechanical stiffness of the actuator itself.
During the clamping process, the soft polymeric membrane in
the boundary area of the clamping device will be deformed
because of its low elastic modulus. Moreover, the roughness
of the contact surface, as shown in figure 1(f), leads to a
non-uniform distribution of clamping pressure in this area.
For modeling this non-uniform force distribution, we will
model the clamping boundary condition with a torsional
spring. It was found that the clamping pressure influences
the performance of the polymer electrolyte membrane
fuel cell by changing the contact resistance and material
properties [15–17]. But in the case of soft actuators, up to now,
there is no report estimating the effect of clamping pressure
on actuation performance. Thus, it is essential to investigate
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Figure 2. Distributed RC model of an IPMC actuator considering the clamping area.

the mechanical and electrical contact behavior between the
clamping device and the IPMC actuator.

In this paper, we first investigate the effect of clamping
pressure on the actuation performance of IPMC actuators
experimentally and analytically. Present results show that
there is an optimal clamping pressure for obtaining the
best performance of an IPMC actuator in underwater
conditions. To carefully explain the highly nonlinear
dynamic responses of IPMC actuators under different
clamping conditions, we develop a complete analytical
dynamic model incorporating the effects of electrical and
mechanical contacts. The electro-mechanical dynamic model
consists of an electrical impedance model based on a
distributed resistance–capacitance (RC) line with constant
phase elements, and the mechanical dynamic model is
carefully derived by considering structural damping and
hydrodynamic loading effects. This proposed analytical
model shows good agreements with experimental results.

2. Electro-mechanical model

For practical applications of the IPMC actuators, it is essential
to understand their dynamic behaviors. Several dynamic
models have been proposed for predicting the behavior and
performance of IPMC actuators. They may be classified into
three categories, namely the black box model [18], gray box
model [19, 20] and physical model [21–25, 41, 42]. Chen
et al [26] reported the modeling of a robotic fish propelled
by an IPMC actuator by considering the interactions between
IPMC and fluid. A finite element method was proposed by
Yim et al [27] for modeling the motion of an IPMC actuator
under water. They used an empirical RC circuit to predict
the bending moment of an IPMC under electrical stimuli.
Capacitance formed between two electrodes and internal
resistance of the ionomeric polymer can be modeled as a
simple RC circuit. There are many reports in the literature
about IPMC modeling based on an equivalent electrical
circuit where the voltage is correlated to the tip displacement
by coupling electrical and mechanical parameters [28–31,
37]. One of the key factors that cause energy loss in
the actuator is the resistance elements of the equivalent
electrical circuit, which influences the performance of the
actuator. Among several resistance elements, the electrical
contact resistance between the IPMC electrodes and clamping

device significantly influences the actuation performance of
an IPMC.

The electrical model is related to the input voltage
and ion movement inside the IPMC actuator, while the
electro-mechanical model describes the relation between
input voltage and bending displacement of the actuator. It
is well known that the process can be modeled based on
an electrical circuit [18, 19]. Bao et al [32] represented
that the lumped RC model could not fit the time response
between the experimental and simulated data for an IPMC
sample. The dendrite structure of electrodes causes variation
in the capacitance values in the IPMC model. This effect was
incorporated in the distributed model of the IPMC.

The resulting distributed RC model can be described
by a series of similar circuits with discrete elements that
are coupled with a lumped electrical circuit, for clamping
area, as illustrated in figure 2. According to the figure, we
have represented the ion movement with a series of RC
transition lines. By modeling an electro-mechanical behavior
of an IPMC with an ideal capacitor, there is an assumption
that the surface under investigation is homogeneous, which
is normally not the case. Thus the lack of homogeneity
is modeled with a constant phase element (CPE, [43]). A
constant phase element is an equivalent electrical circuit
component that models the behavior of a double layer, which
is an imperfect capacitor. The CPE impedance, ZCPE, is
expressed in terms of the CPE index n and Q0 as

ZCPE =
1

Q0sn (1)

where Q0 = 1/|Z| at ω = 1 rad s−1. The CPE index n
ranges from 0 to 1. When n = 1, ZCPE is identical to
the capacitor impedance and n means the deviation from
the ideal capacitive impedance. In this model, Rcont and
Rs are the contact resistance and the surface resistance of
the IPMC, respectively. The branch CPE-R represents the
electrical behavior at the interface of the metal and polymer.
The electrolyte between the electrodes introduces an internal
resistance, which is represented by Rp as a shunt resistor
between two electrodes in a single unit. The subscript c shown
in figure 2 means the lumped model parameters defined in the
clamping area.
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2.1. Derivation of electrical impedance model

As the first step in deriving the actuation model of an IPMC
actuator, we develop the electrical impedance model. By
applying Kirchhoff’s law to the infinitesimal element, 1x,
shown in figure 2, the following current and voltage relations
can be written in the Laplace domain:

∂i(x, s)

∂x
= −(ic(x, s)+ ip(x, s)) (2)

∂v(x, s)

∂x
= −2Rsi(x, s) (3)

where

v(x, s) = Rpip(x, s) = vCPE(x, s)+ Ric(x, s)

ic(x, s) = Q0snvCPE(x, s).
(4)

Here, voltage, v(x, s), and current, i(x, s), are assumed to be
functions of the distance along the x coordinate and Laplace
domain s. ic(x, s) is the distributed current per unit length
flowing through the ionic polymer due to the ion movement,
ip(x, s) indicates the leaking current per unit length, and
i(x, s) is the surface current on the electrodes. Considering
the lumped model in the clamping area as shown in figure 2,
the equivalent circuit, which consists of two impedances Z1(s)
(series) and Z2(s) (parallel), can be simply used as shown
in figure 3. The two impedances can be expressed in the
following form.

Z1(s) = 2(Rcont + Rsc)

Z2(s) =
RPc(1+ RcQ0csnc)

1+ (RPc + Rc)Q0csnc
.

(5)

According to figure 3 and equation (5), the boundary
conditions of voltage and current for the infinitesimal element
are given by

v(0, s) = V0(s)− Z1(s)I0(s)

i(0, s) = I0(s)−
V0(s)− Z1(s)I0(s)

Z2(s)
, i(L, s) = 0.

(6)

From equations (3), (4) and (6) the following voltage at x can
be obtained:

vCPE(x, s) = V0(s)− Z1(s)I0(s)

− 2
∫ x

0
Rsi(x, s) dx− Ric(x, s). (7)

Using equations (4) and (7), the following relations for leaking
and distributed current at x can be expressed as

ip(x, s) =
1

Rp

[
V0(s)− Z1(s)I0(s)− 2

∫ x

0
Rsi(x, s) dx

]
ic(x, s) = 2(s)

[
V0(s)− Z1(s)I0(s)− 2

∫ x

0
Rsi(x, s) dx

] (8)

where

2(s) =
Q0sn

1+ RQ0sn . (9)

Figure 3. Equivalent circuit for lumped model in clamping area.

By substituting equation (8) into (2) the following relations
are obtained:

−
∂i(x, s)

∂x
= M(s)V0(s)− K(s)I0(s)− N(s)

∫ x

0
i(x, s) dx

(10)

where M(s) = 2(s) + 1
Rp

, K(s) = Z1(s)M(s) and N(s) =
2RsM(s).

Equation (10) is an integro-differential equation for
i(x, s). After solving this equation, the surface current i(x, s)
is obtained:

i(x, s) = i(0, s) cosh(
√

N(s)x)−
M(s)V0(s)
√

N(s)
sinh

× (
√

N(s)x)+
K(s)I0(s)
√

N(s)
sinh(

√
N(s)x). (11)

From the open ended boundary condition (i(L, s) = 0) and
equation (6), the total actuation current I0(s) can be obtained.
Therefore, the transfer function for impedance is concluded to
be

Z(s) =
V0(s)

I0(s)
= Z1(s)

+

(
1

Z2(s)
+

M(s)
√

N(s)
tanh(

√
N(s)L)

)−1

. (12)

Based on the physical parameters (see table 1 in section 4.1),
and since Z2(s) includes the bulk resistance of the membrane,
Z2(s) � 104, which allows one to make an approximation
for impedance, equation (12), in the low frequency range
(<100 Hz)

Z(s) =
V0(s)

I0(s)
' Z1(s)+

√
N(s)

M(s) tanh(
√

N(s)L)
. (13)

Therefore, from the above equations, the following relation
for voltage and current can be obtained along the length of the
actuator:

4
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Table 1. Identified parameters of impedance model in the clamping area.

Parameters
Clamping pressure
(kN m−2)

Rcont
(m� cm2)

Rsc
(� cm−1)

Rc
(� cm) RPc (� cm) Q0c nc

Identified value 612 54.1281 22.53 7.5 2.529×104 0.0021 0.58
1837 43.12 22.53 11.26 3.35× 104 0.0015 0.64
3062 38.75 22.53 14 3.83× 104 0.0011 0.63
4287 40.5 22.53 13.25 2.24× 104 0.0012 0.65

v(x, s) = V0(s)

√
N(s)

B(s)
× [cosh(

√
N(s)x)− tanh(

√
N(s)L) sinh(

√
N(s)x)]

i(x, s) = V0(s)
M(s)

B(s)
× [tanh(

√
N(s)L) cosh(

√
N(s)x)− sinh(

√
N(s)x)]

(14)

where B(s) = K(s) tanh(
√

N(s)L)+
√

N(s).

2.2. Expression for ionic charge density in the polymer

Nemat-Nasser et al [24] assumed that the induced stress is
proportional to the charge density

σ(x, s) = αρ(x, s) (15)

where α is the coupling constant and ρ(x, s) is the charge
density. Thus, in the first step in calculating the induced stress,
it is important to find an expression for the charge density
through the length of the polymer. The ionic charge ρ(x, s)
is the total ionic current that passes through the polymer and
density of charge; it is found by dividing the charge by the
volume in each single unit. Then the ionic charge is expressed
as

ρ(x, t) =
Q(x, t)

Wh dx
=

1
Wh

∫
i(x, t)− i(x+ dx, t)

dx
dt (16)

where W and h are the width and thickness of the actuator,
respectively. This can be transformed into the Laplace domain

ρ(x, s) =
1

Whs

(
−
∂i(x, s)

∂x

)
=

1
Wh

M(s)
√

N(s)

sB(s)
V0(s)g(x, s)

g(x, s) = cosh(
√

N(s)x)− tanh(
√

N(s)L) sinh(
√

N(s)x).

(17)

This expression shows the charge density distribution along
the length of the strip as a function of frequency.

2.3. Electro-mechanical model of IPMC

In order to obtain the dynamic equations of the flexible
IPMC beam, Hamilton’s variational principle was used. Based
on Euler–Bernoulli beam theory, the following classical
fourth-order PDE can be obtained by substituting the strain
energy, kinetic energy, and virtual work into Hamilton’s
principle.

∂2

∂x2

(
EI
∂2w(x, t)

∂x2

)
+ ρA

∂2w(x, t)

∂t2

= F(x, t) = fapp(x, t)− ffluid(x, t) (18)

where w(x, t) is transverse displacement, I is the area moment
of inertia, ρ is the density, E is the static Young’s modulus
which is obtained experimentally, A is the cross sectional
area of IPMC and F(x, t) is the distributed force density
along the length of the actuator. The distributed force on the
beam consists of two components; the applied force due to
the actuation of the IPMC and the viscous fluid damping
force from the water. The frequency response of an elastic
beam is highly sensitive to the nature of the fluid in which
it is immersed. In order to accurately predict the frequency
spectrum, we must take into account the physical properties
of the beam, as well as the surrounding fluid.

The viscous fluid damping force per unit length on a beam
oscillating at a frequency ω (rad s−1) can be expressed as [33,
44]

ffluid(x, t) = ma(ω)
∂2w(x, t)

∂t2
+ cν(ω)

∂w(x, t)

∂t
ma(ω) = md Re(0rect(ω)),

cν(ω) = −mdω Im(0rect(ω))

(19)

with

md = ρf(π/4)W2 (20)

where W is the width of the IPMC beam, ρf is the density of
fluid, and 0rect(ω) is the hydrodynamic function. The quantity
ma(ω) is the added mass and cν(ω) is the damping coefficient
of the viscous fluid. The hydrodynamic function 0rect(ω) is
obtained from the expression of the corresponding function
for a circular cross section as [33, 44]

0rect(ω) = 3corr(ω)

(
1+

4jK1(−j
√

jRe)
√

jReK0(−j
√

jRe)

)
(21)

where K0 and K1 are modified Bessel functions of the third
type, 3corr(ω) is a complex valued correction function that
corrects the results for a beam of circular cross section to a
beam of rectangular cross section and

Re =
ρfωW2

4µf
(22)

is the Reynolds number. Strictly speaking, the hydrodynamic
model is valid for a beam with infinite length.

Unlike the linear elastic materials, Nafion R© typically
exhibits viscoelastic behavior, in which the stress–strain
relationship has both liquid-like and solid-like features. If
linear viscoelastic behavior is assumed, the stress in the
polymer is linearly related to both the strain and the strain

5
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Figure 4. Boundary conditions of clamped IPMC actuator:
(a) squeezed contact zone in the clamping area and (b) clamped
boundary condition with torsional spring.

rate as

σx = E

(
εx +

γ

ω

∂εx

∂t

)
(23)

where γ is an empirically determined value. From the
displacement field theory, it is seen that E can be replaced by
E(1+ γ

ω
∂
∂t ). With equations (19) and (23), the beam dynamic

equation (18) can be written as

∂2

∂x2

(
EI

(
1+

γ

ω

∂

∂t

)
∂2w(x, t)

∂x2

)
+ cν(ω)

∂w(x, t)

∂t

+ µν(ω)
∂2w(x, t)

∂t2
= fapp(x, t) (24)

where µν(ω) = ρA + ma(ω) indicates the summation of
structural inertia and fluidic added mass terms defined
in equations (18) and (19). Equation (19) is the non-
homogeneous partial differential equation incorporating the
effect of contact resistance in the right-hand side. When
considering the distributed electrical model, from equations
(15) and (17) we can obtain the actuation induced bending
moment

Mapp = 2
∫ h

0
zσW dz = 2W

∫ h

0
αρ(x, s)z dz

= αh
M(s)
√

N(s)

sB(s)
V0(s)g(x, s). (25)

Then the distributed force along the length in the Laplace
domain will be obtained as

fapp(x, s) =
∂2Mapp(x, s)

∂x2 . (26)

During the clamping process, the boundary of the IPMC
actuator in the clamping area is deformed along the thickness
direction because of its low elastic modulus. Moreover, the
roughness of the contact surface, as shown in figure 1,
leads to non-uniform distribution of clamping pressure in
this area. Figure 4(a) shows a schematic diagram of the
physical deformation when the compression force is applied.
For modeling this effect, the clamping boundary is modeled
with a torsional spring as shown in figure 4(b).

Based on this assumption, the boundary conditions for
equation (24) are

EI
∂2w(0, t)

∂x2 = kt
∂w(0, t)

∂x
, w(0, t) = 0 (27a)

∂2w(L, t)

∂x2 =
∂3w(L, t)

∂x3 = 0. (27b)

According to the mode superposition principle, we can
discretize the partial differential equation (24) into a set of
ordinary differential equations. The flexural deflection of the
cantilever beam can be estimated approximately by using the
assumed modes [34]

w(x, t) =
n∑

i=1

ϕi(x)qi(t) (28)

where ϕi is the normal mode corresponding to the natural
frequency ωi and qi is the corresponding generalized
coordinate. Using the separation of variables method, the
following eigenfunctions are obtained:

ϕi(x) =
Kt

2(βiL)
(cos(βix)− cosh(βix))(1+ λi)

+ λi sin(βix)+ sinh(βix) (29)

where βi can be obtained based on the characteristic equation

(βiL)(cos(βiL) sinh(βiL)− sin(βiL) cosh(βiL))

+ Kt(1+ cos(βiL) cosh(βiL)) = 0. (30)

Moreover

λi =
1+ cos(βiL) cosh(βiL)+ sin(βiL) sinh(βiL)

1+ cos(βiL) cosh(βiL)− sin(βiL) sinh(βiL)
,

Kt =
kt

EI/L
. (31)

By applying orthogonal conditions of normal modes, the
uncoupled ordinary differential equations for the generalized
coordinates, qi(s), can be obtained as

qi(s) = [s
2
+ 2ξiωi s+ ω2

i ]
−1fi(s)

i = 1, 2, . . . , n
(32)

where the natural frequency ωi and the damping ratio ξi for
the ith mode are

ωi = (βiL)
2

√
EI

µυ(ωi)L4 ,

ξi =
1
2

(
γ −

md Im(0rect(ωi))

µυ(ωi)

) (33)

and

fi(s) =
1

Mi

∫ L

0
fapp(x, s)ϕi(x) dx = 5i(s)U(s) (34)

where Mi is

Mi =

∫ L

0
µυ(ωi) ϕ

2
i (x) dx. (35)

6
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Figure 5. Experimental setup for measurement of clamping pressure and tip displacement of IPMC.

After integrating (34) over the domain, the result can be
simplified as [26]

5i(s) =
αhM(s)N(s)

sMi
(1− b)[a1 + b1 − c1 − d1

− λi(a1 − b1 + jc1 − jd1)] (36)

and

a1 =
sinh((a+ βi)L)

a+ βi
,

b1 =
sinh((a− βi)L)

a− βi
,

c1 =
sinh((a+ jβi)L)

a+ jβi

d1 =
sinh((a− jβi)L)

a− jβi
,

a =
√

N(s), b = tanh(
√

N(s)).

(37)

By substituting equations (29) and (32) into (28), the transfer
function H(s) can be obtained as

H(s) =
w(L, s)

V0(s)
=

n∑
i=1

ϕi(L)[s
2
+ 2ξiωis+ ω

2
i ]
−15i(s). (38)

3. Experimental setup

An IPMC was fabricated from Nafion (N-117, DuPont)
through an electroless plating process [35]. The dimensions
of the specimen were about 30 mm × 4 mm × 0.22 mm. An
impedance analyzer (VersaSTAT3-model 616A) was used for
measuring the complex impedance of the IPMC. To measure
the electro-mechanical responses of the actuator, a laser
displacement sensor (Keyence, LK-031), a current amplifier
(UPM1503) and an NI-PXI 8110 data acquisition system were
used. The IPMC actuator was activated under distilled water
as shown in figure 5, and the actuation current values were
calculated by measuring the voltage across a resistor in series
with the IPMC actuator. In order to investigate the effect
of contact force on the performance of the IPMC actuator,
various clamping pressures of 612 kN m−2, 1837 kN m−2,
3062 kN m−2 and 4287 kN m−2 (corresponding to clamping
forces of 9.8 N, 29.4 N, 49 N and 68.6 N, respectively) were

applied to the actuator in the present study. A load cell (Dacell
model UMMA-K10) was integrated with the clamping device
to measure the external load up to a maximum of 98 N and
the clamped area was 4 mm × 4 mm. The overall integrated
measurement system is shown in figure 5.

4. Results and discussion

4.1. Verification of contact resistance and optimum clamping
pressure

In other to validate the values of contact resistance from
the impedance model presented here, experimental results
were captured from the impedance analyzer with different
clamping pressures, P, as shown in figure 6(a). The nonlinear
least square method was used to find the optimum parameter
x∗ that minimizes the squared error between the empirical
impedance response, ẑi(i = 1, 2, . . . , n), and the theoretical
model. The identified parameters of the impedance model for
different clamping pressures are listed in table 1. The values
of surface electrode resistance can be measured directly using
a four probe system. The parameters in the distributed area are
assumed to be the same as reported in table 1.

As discussed earlier, the surface roughness of the
contacting objects influences the interfacial contact resistance.
Under a low clamping pressure condition, the roughness
features of the contacting surfaces decrease the actual
contacting area and the interfacial contact resistance is
increased. Experimental results show a good agreement
with this phenomenon. As illustrated in figure 6(b), when
the clamping pressure is increased up to 3062 kN m−2

the interfacial contact resistance is decreased, but above
3062 kN m−2 the contact resistance shows a reversal in
behavior due to the deformation of materials. Since the IPMC
is made of highly porous and soft materials, it may also be
deformed greatly due to the lowest elastic modulus during the
clamping process. At high clamping pressure, the porosity of
the IPMC actuator, in the contacting region, can be changed.
A higher porosity may be expected to decrease the contact
area, thus the contacting resistance is increased. Also, when
the clamping pressure is too high, the membrane and metallic

7
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Figure 6. Impedance analyses: (a) comparison of experimental
impedance responses at different clamping pressures and
(b) variation of interfacial contact resistance over the clamping
pressure range.

electrodes of the IPMC may be damaged, causing cell leakage,
internal shorts and increase of contact resistance [36].

To investigate the performance of an IPMC actuator
under different clamping pressures, the harmonic responses
subject to the peak voltage of 1 V and frequency of 0.1 Hz and
also step responses were examined. Figures 7 and 8 show step
and harmonic responses of the IPMC actuator over the range
of different clamping pressures. The present results show that
3062 kN m−2 is the optimum clamping pressure for getting
the best performance from the IPMC actuators.

4.2. Verification of the actuation model

The frequency response functions (FRFs) based on small-
oscillation theory were also measured through a swept-sine
method by applying sinusoidal actuation signals V(t) with
amplitude 0.5 V and frequency from 0.1 to 20 Hz. Figure 9
shows the frequency response functions of the actuator under
different clamping pressures. Present results indicate that the
first natural frequency of the IPMC actuator is increased by
increasing the clamping pressure up to the optimum level.

Based on the present results and equation (30), the
non-dimensional constant of a torsional spring can be
obtained for corresponding clamping pressures. Table 2 shows
the variation of torsional spring constant during the clamping
process.

Figure 7. Comparison of step responses in different clamping
pressures.

Figure 8. Comparison of harmonic responses in different clamping
pressures.

Figure 9. Experimental FRF responses of IPMC actuators under
different clamping pressures.

8
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Figure 10. Hydrodynamic functions of IPMC actuator under water.

Table 2. Non-dimensional constant of torsional spring
corresponding to clamping pressures.

Clamping pressure
(kN m−2), P

612 1837 3062 4287

First natural
frequency, ω1

3.29 3.54 3.78 3.29

Non-dimensional
torsional spring, Kt

4.17 5.67 8.02 4.17

Table 3. Estimated values of remaining dynamic parameters.

E (MPa) ξ1 µυ (kg m−1) γ α (J C−1)

313 0.18 0.02 0.14 0.105

In other to validate the proposed dynamics model, we
must obtain the dynamic parameters of the actuator. The first
natural frequency and damping ratio are acquired from the
passive vibration test of IPMC in water. Figure 10 shows
the hydrodynamic function of the IPMC beam over a range
of different frequencies based on equation (21). From this
figure one can get Re(0rect(ω1)) = 1.32 and Im(0rect(ω1)) =

0.2886.
The Matlab function lsqcurvefit, which is usually used

for nonlinear curve fitting, was used to find the remaining
parameters, α and γ , that minimize the square error between
the empirical frequency response function and H(s). Table 3
shows all the parameters related to the beam dynamics.

In figure 11, we compared the frequency responses of our
theoretical model with experimental results for two different
clamping pressures of 612 and 3062 kN m−2. The present
analytical model can be used to predict the frequency response
of the actuator for different clamping pressures. The time
response of the actuator through the whole length, for the case
of 612 kN m−2 and 3062 kN m−2, is evaluated, as shown in
figures 12 and 13 respectively. These plots correspond to an
applied harmonic response subject to electrical input potential
with peak voltage 1 V and frequency 0.1 Hz.

Figure 11. Comparison of proposed analytical frequency responses
with experimental results.

Figure 12. Estimated harmonic response of IPMC actuator subject
to clamping pressure of 612 kN m−2.

Figure 13. Estimated harmonic response of IPMC actuator subject
to clamping pressure of 3062 kN m−2.

9
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5. Conclusion

The effect of the clamping pressure on the performance of an
IPMC actuator was analyzed, using experimental results and
an analytical model. The electrical impedance and frequency
response functions of the IPMC actuator were measured under
four different clamping pressures. Comparing the theoretical
impedance and electro-mechanical model with experimental
results, it was shown that the interfacial contact resistance and
torsional stiffness can be decreased and increased respectively
when the clamping pressure is increased up to a certain level.
The large deformation of the soft material with high clamping
pressure causes a decrease in the bending performance of the
IPMC actuator. We found that there is an optimum clamping
pressure for getting the best actuation performance of the
IPMC actuator because of a trade-off between mechanical
and electrical effects. Utilizing the beam dynamics in
viscous fluid with no fully clamped boundary condition, a
non-homogeneous partial differential equation was developed
for predicting the dynamic response of the actuator. The
dynamics equation of motion has been solved by the mode
superposition principle and the obtained results have been
compared with experimental results. The clamping pressure
should be carefully maintained and properly controlled to
assure the actuation performance for practical applications of
disposable IPMC actuators in biomedical devices.
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