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Integrated static and dynamic

modeling of an ionic polymer-metal

composite actuator

An-Bang Sun'?2, Damienne Bajon', Jean-Marc Moschetta',
Emmanuel Benard' and Chinnapat Thipyopas®

Abstract

lonic polymer—-metal composites have been widely used as actuators for robotic systems. In this article, we investigate
and verify the characteristics of ionic polymer—metal composite actuators experimentally and theoretically. Two analyti-
cal models are utilized to analyze the performance of ionic polymer—metal composites: a linear irreversible electro-
dynamical model and a dynamic model. We find that the first model accurately predicts the static characteristics of the
ionic polymer—metal composite according to the Onsager equations, while the second model is able to reveal the back
relaxation characteristics of the ionic polymer—metal composite. We combine the static and dynamic models of the ionic
polymer—metal composite and derive the transfer function for the ionic polymer—metal composite’s mechanical response
to an electrical signal. A driving signal with a smooth slope and a low frequency is beneficial for the power efficiency.
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Introduction

Many “Smart” materials have been proposed to design
minimal size, low power consumption, and light-weight
robotics. They are classified as materials that can sense
changes in their environment (external stimuli such as
thermal, magnetic, electrical, chemical, mechanical, or
radioactive) and respond in accordance with these
changes (Kim et al., 2011b), which include electroactive
polymers (EAPs), electroactive ceramics (EACs), shape
memory alloys (SMAs), and carbon nanotubes (CNTs).
EAPs offer weight and robustness advantages com-
pared to EACs (Bar-Cohen, 2004).

Tonic polymer—metal composites (IPMCs) are a type
of EAPs and are made of ion-exchange membrane pla-
ted rare metal (normally gold or platinum). When a
voltage is applied across the electrode, an electromecha-
nical transduction occurs due to the motion of hydrated
cations and water molecules. This leads to a fast bend-
ing motion toward the anode, resulting in an actuation
effect. Lower driving voltage of IPMCs is compatible
with lighter source, also not requiring additional elec-
tronic components. In addition, IPMCs have other
attractive characteristics compared to SMAs or EACs
(Bar-Cohen, 2004; O’Halloran et al., 2008), including
miniaturization, lighter weight, lower power consump-
tion, long-life durability, and larger displacement.

These advantages of IPMCs have led to many designs
for biomimetic and engineering applications, for exam-
ple, flapping wings (Colozza, 2007; Kim et al., 2007;
Lee et al., 2006), wipers (Bar-Cohen et al., 1999), grip-
pers (Shahinpoor and Kim, 2005), fish-like under-water
robots (Aureli et al., 2010; Chen et al., 2010; Najem
et al., 2012; Yeom and Oh, 2009; Zhang et al., 2006),
microswimmers (Abdelnour et al., 2012), artificial mus-
cles (Kim et al., 2011a; Madden et al., 2004), biomedi-
cal devices (Bonomo et al., 2008; Brunetto et al., 2010;
Fang et al., 2007; Rodrigues et al., 2011), sensors
(Abdulsadda and Tan, 2012; Brunetto et al., 2011;
Chen et al., 2013), and mechano-electrical energy har-
vesters (Aureli et al., 2010; Tiwari and Kim, 2013).

In general, a humid environment is suitable for
IPMC actuators, because their bending actuation

'Institut Supérieur de I'’Aéronautique et de I'Espace (ISAE), University of
Toulouse, Toulouse, France

2Centrum Wiskunde & Informatica (CWI), Amsterdam, The Netherlands

3Department of Aerospace Engineering, Faculty of Engineering, Kasetsart
University, Bangkok, Thailand

Corresponding author:

An-Bang Sun, Institut Supérieur de I’Aéronautique et de I'Espace (ISAE),
University of Toulouse, ISAE BP 54032 campus SUPAERO 31055
Toulouse cedex 4, Toulouse 31055, France.

Email: absun1984@hotmail.com



depends on the motion of cations inside the membrane,
thus on the hydration level. For the conventional
water-based IPMC, evaporation happens at room tem-
perature and the electrolysis starts if the applied voltage
is higher than ~ 1.5V (Barramba et al., 2007). This
drawback makes the performance of IPMCs in air
worse than in water. Much effort has been put to pre-
vent the solvent loss, for example, by replacing the
water solvent by ionic liquids (Bennett, 2004; Lee et al.,
2011a; Yun et al., 2007), or by encapsulating the IPMC
with dielectric gels (Barramba et al., 2007).

The motivation of the current paper is an applica-
tion of IPMC actuators in controlling the tilt angle of
the upper rotor of NAno Coaxial Counter-rotating
Rotors (NACCORs) in air (Liu et al., 2010). Nano
Aerial Vehicle (NAV) is expected to have a dimension
of 7.5cm, and a total mass of about 10g (Darryll,
2005). This strict weight limitation is a major challenge
in this project. A prototype of NAV with conventional
complex servos is shown in Figure 1(a), and the con-
ceptual design with an IPMC actuator is shown in
Figure 1(b). We note that the thin plate format of the
IPMC, combined with a high-frequency response, may
also be used to design integrated rotor blades. The dif-
ficulties of low output force of the IPMC can be solved,
for instance with multiple samples. Before assembling
the IPMC actuator into the real NACCOR system, the
performance and properties of IPMC actuators need to
be studied and verified, which is the main objective of
this study.

We conduct experiments to investigate the perfor-
mance of IPMC actuators, and we measure both their
mechanical properties (bending displacement, genera-
tive force with and without external loading, and
stiffness) and their electrical properties (resistance
and capacitance). In addition, we focus on identifying
and validating the parameters of two representative

“gray-box” models. The IPMC samples were pur-
chased from ERI, USA. The base ion membrane
is Nafion, with platinum electrodes. The type of
mobile ions inside the membrane is sodium, with
water as a solvent. The dimension of the sample is
40mm X 10 nbsp;mm X 0.3mm (length X width X
thickness), with a gross weight about 0.2 g.

This article is organized as follows. The basic char-
acteristics of the IPMC are initially studied experimen-
tally, following by an assessment of the
electromechanical response. The coefficients of the
Onsager equations and the transfer function are then
derived. These coefficients are then used into two mod-
els that describe the static and time-variant dynamic
characteristics of the IPMC actuator. Finally, the
power efficiency by different driving signals is com-
pared, based on the dynamic model.

Experimental exploration
Experimental setup

We measure the bending displacement with a laser dis-
placement meter (model OWLG 4003 AA/AE S2 from
AXOM, France), with a typical resolution of 5 pm. Its
measurement range is 10mm and the sampling fre-
quency is 1100 Hz. As shown in Figure 2, the IPMC
strip works in cantilever configuration. The laser meter
is placed so that the laser beam is incident and reflected
on a certain measured position of the IPMC strip. One
tip of the IPMC strip is fixed by a plastic clamp with
two copper electrodes. A small gap is fabricated in
the centerline of the clamp to adjust the effective
length of the IPMC. The input voltage signal is pro-
duced by a power supply (model E3631A from Agilent
Technologies) or by a signal generator (model 33220A
from Agilent Technologies). All the signals are recorded

IPMC

~N

(b)

Figure 1. (a) NACCOR bench model with conventional servos and (b) primary |-DOF concept of the IPMC actuator.

DOF: degree of freedom; IPMC: ionic polymer—metal composite.



Figure 2. Photograph of experimental setup.
IPMC: ionic polymer—metal composite.

Figure 3. Blocked force measurement system.
IPMC: ionic polymer—-metal composite.

Figure 4. Schematic view of the IPMC geometry.
IPMC: ionic polymer—metal composite.

by a 4-channel oscilloscope (model 54845A Infiniium
from Agilent Technologies).

For measuring the blocked force, we use a micro bal-
ance (model Classical I type from Balance Sartorius) to
replace the laser meter, see Figure 3. The micro balance
can measure force in the range from 5mg to 202 g, with
a resolution of 0.1 mg. Since we have to read data from
the screen, only the maximum static blocked force is
measured. A special support part is fabricated and
mounted on the platform of the micro balance, in order
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Figure 5. Bending deflection as a function of measured position
along the length of the IPMC, under a 2V applied voltage.

IPMC: ionic polymer—metal composite.

to guarantee that only the tip of the IPMC strip acts on
the force sensor.

Mechanical property

The IPMC strip is considered as a beam-like geometry,
and the classical beam theory (Timoshenko, 1953) is
applied to describe its mechanical behavior. As shown
in Figure 4, the displacement y is measured by a laser
meter. The relationship between the external loading
force F and the Young modulus E is expressed as

FZ

y=—-"(3a—x) (0<x<a)
6EI (1)
Fa?

=% (3x— <x<

y 6EI(3x a) (a<x<L)

where a is the effective distance between the fixed tip of
the IPMC strip and the loading position; x is the dis-
tance between the measured position and the fixed tip
of the IPMC; L is the total length of the strip; and 7 is
the moment of inertia of the IPMC, expressed as

bi?
=1 @)

where b,h are the width and thickness of the IPMC
strip, respectively.

Three standard weights (Fioaq = 0.0675, 0.2167, and
0.531g) are loaded at a certain position of the IPMC
(20mm from the fixed tip). The effective length of the
IPMC is 35mm. At six locations, ranging from 5 to
30mm from the clamped tip, displacements are mea-
sured under each loading (Figure 5). The displacement
of each position is measured five times to minimize the
measurement error.

Equation (1) is used to calculate the stiffness (E7) of
the IPMC strip. We note that the deflection is smaller
when the measured position is near the clamped tip.
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Figure 6. Measured stiffness versus position along the length
of the IPMC strip.

IPMC: ionic polymer—-metal composite.
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Figure 7. Tip displacement response under an applied voltage
of 1V (Less=30mm).

This leads to relatively large measurement errors at the
root, due to the limited laser resolution. Therefore, only
measured results in the locations of 15, 22.5, 25, and
30mm are used to calculate the stiffness of the IPMC.
The results shown in Figure 6 demonstrate an approxi-
mate constant stiffness.

The average Young’s modulus is then calculated as
E = 0.262GPa. This value is comparable to previous
measurements (Bonomo et al., 2008; Branco and Dente,
2006; Kim et al., 2007; Nemat-Nasser and Wu, 2003;
Nemat-Nasser and Zamani, 2003; Yim et al., 2006). In
particular, Nemat-Nasser and Wu (2003) show that
Young’s modulus decreases as the water saturation
increases. For Nafion-based IPMCs, a dry sample may
have stiffness ~10 times greater than when it is com-
pletely saturated with water. We remark that the
moment of inertia of the IPMC is 7 = 2.25 X 10 “m*.

Bending displacement and blocked force

In this section, we present the measured response of the
IPMC under direct current (DC). We emphasize that

all the measurements are carried out after the IPMC
sample is fully hydrated (the IPMC strip is immersed
into water more than 10h before each test) at room
temperature.

The displacement and blocked force are two impor-
tant parameters when the IPMC is applied as an actua-
tor. For the NACCOR application, the estimated
maximum required thrust, normal force, and tilt angle
of the upper rotor for a 2m/s translation movement are
0.15N, 0.03N, and 10°, respectively. This means that
the tip deformation of the IPMC actuator has to be
larger than 2.6mm under an external lateral force of
about 3g, while the effective length of the IPMC is
assumed to be 30 mm.

First, the displacement under DC is measured ini-
tially. Figure 7 shows its response under a 1V applied
voltage, with five curves corresponding to tests carried
out on five different days. We remark that all these
tests are carried out under the same operating condi-
tions. We find that the IPMC actuator has an accepta-
ble level of repeatability on a relatively short time scale
(less than 1s), which is obviously very important for
NAV application. Under a DC operating voltage
regime, the IPMC bends toward its maximum displace-
ment, with a settling time of about half second. After
reaching the maximum deformation, the IPMC shows
a slow back relaxation, which has been observed and
analyzed by several researchers. This phenomenon was
explained to be the diffusion effect of the water mole-
cules due to the difference of water density, under a vol-
tage driving signal. Some researches have stated that this
back relaxation can be avoided if a current driving signal
is applied (Branco and Dente, 2006; Branco et al., 2012).
In this paper, its basic principles are not intended to be
discussed any further and interested readers can refer to
reference works (Nemat-Nasser and Zamani, 2003;
Shahinpoor et al., 1998). The maximum displacement
achieved by the IPMC initially increases with the applied
voltage (Figure 8), but for an amplitude of the applied
voltage larger than 4.5V, the IPMC displacement stays
constant, revealing a saturation process and correspond-
ing to the maximum bending ability of the IPMC. A sim-
ilar phenomenon is observed by Kim et al. (2007). This
saturation is due to the electrolysis of the water solvent
in high electric fields (Branco et al., 2012).

For applications, such as the NACCOR system, the
influence of a static external moment on the work
characteristic of the IPMC has to be investigated. As
shown in Figure 9, the externally applied moment
M =992gmm has a small influence on the perfor-
mance of the IPMC actuation (the IPMC has an effec-
tive length of 20mm). We note that this external force
is about 10 times of its own weight of IPMC, but there
is negligible influence on the displacement.

The term “blocked force” here means the maximum
tip force produced with zero deformation, while a
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Figure 10. (a) Blocked force versus amplitude of the applied voltage for different effective lengths of the IPMC and (b) blocked

force versus effective length under different applied voltages.
IPMC: ionic polymer—-metal composite.

voltage is applied between the two electrodes of the
IPMC. Figure 10(a) shows that the blocked force
increases as the input voltage increases when the
applied voltage is smaller than 3.5V. However, the
blocked force saturates at higher voltages. This phe-
nomenon exhibits a similar trend as for the deforma-
tion response, as presented in Figure 8. Kim et al.
(2007) observed a similar trend in their measurements.
This phenomenon is also due to the water electrolysis
when a high voltage is applied (Barramba et al., 2007).
Three different effective lengths of the IPMC are mea-
sured, which are 15, 25, and 35 mm, respectively. The
corresponding maximum blocked forces generated by
three lengths are 3.108, 1.403, and 1.147 g, which are
41.44, 11.22, and 6.55 times of its own weight of the
IPMC, respectively.

Figure 10(b) shows the blocked force as a function
of the effective length, under two different applied vol-
tages. A strong nonlinear relation is observed between
the maximum blocked force and the effective length.

This
better.

indicates that shorter IPMC strips actuate

Modeling analysis
Modeling classification

In the past decades, much effort has been devoted to
describe the sensor/actuation principle of IPMCs for
various applications. Normally, the models can be cate-
gorized into three types. “Black box” models (Kanno et
al., 1994; Truong et al., 2010) are fully based on experi-
mental observations. The advantage of this model is its
simplicity, but it is not easily extended to other devices
and is too simple to guarantee sufficiently accurate pre-
dictions. The second type of models is the “white box”
models. The “white box” models are typically fully
based on the physical and chemical properties of the
material, for example, the Poisson—Nernst—Planck
model to understand the role of the polymer—metal
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IPMC: ionic polymer—metal composite.

interfaces on IPMCs behavior (Aureli et al., 2009; Cha
et al., 2012; Cha and Porfiri, 2013; Porfiri, 2008, 2009a,
2009b), sensor model (Aureli and Porfiri, 2013;
Bahramzadeh and Shahinpoor, 2011; Chen et al., 2007,
Farinholt and Leo, 2004; Pugal et al., 2010; Zangrilli
and Weiland, 2011), and the linear or nonlinear actua-
tion model (Akle et al., 2011; Branco and Dente, 20006;
Chen and Tan, 2008; Del Bufalo et al., 2008; Fotsing
and Tan, 2012; Galante et al., 2013; Nardinocchi et al.,
2011; Wallmersperger et al., 2007). However, the para-
meters of white box models are normally hard to verify,
and complicated partial differential equations have to
be solved to explain the underlying physics. At an inter-
mediate level, for practical real-word engineering appli-
cations, “gray-box” models represent useful choices,
which are based on a set of simple equations that
describe a known class of phenomena (De Gennes et
al., 2000; Lee et al., 2011b; Newbury and Leo, 2003),
combined with some parameters that are experimen-
tally determined. In particular, Lin et al. (2009) devel-
oped an empirical model for closed-loop control of
IPMCs. Vahabi et al. (2011) and Bhandariet al. (2012)
presented comprehensive reviews on the development
of IPMC models. Beyond the model category, models
can be categorized into static or dynamic types depend-
ing on whether the time-variant characteristics of
IPMCs are considered.

In this article, two models developed by De Gennes
et al. (2000) and Bar-Cohen (2004) are utilized to study
the static and dynamic characteristics of the IPMC,
respectively. The objective of the current work is to
find the connection between electrical and mechanical
stages, as illustrated in Figure 11, which is the premise
and foundation of controlling IPMCs. Some critical
coefficients for the models are extracted from

experimental measurements, which will be introduced
in detail in the next section.

Static linear irreversible electro-dynamical model

The principle of IPMC actuation/sensor phenomenon
is derived from the standard formulation of the
Onsager equations, using linear irreversible electrody-
namics, see De Gennes et al. (2000) for a detailed deri-
vation. When static conditions are imposed, a simple
description of the electromechanical effects is possible
based on two forms of transport: ion transport (with a
current density, J) and solvent transport (with a flux,
Q, here assumed to be water flux). The conjugated
force includes the electric field £ and the pressure gra-
dient Vp. The resulting equation is

(o)=1m Z%|(s) ®

Here, o is the membrane conductivity, K 1is the
Darcy permeability, and L, = Lp; = L is a cross-effect
coefficient, which is related to the charge-to-mass ratio
of ion molecules of the electrolyte (Branco and Dente,
2006).

Direct effect. The “direct effect,” or actuation mode, is
first considered assuming that electrodes are ideally
impermeable to water

Vp = %E with 0=0 4)

The pressure gradient Vp induces a curvature k pro-

portional to Vp, which can be expressed as
(Shahinpoor and Kim, 2004)

Vp L

Y kv ®)

where Y is Young’s modulus of the IPMC strip.

Inverse effect. The “inverse effect,” or sensor mode, cor-
responds to the state in which a bending torque I is
applied to the membrane, under the conditions that no
electric work is produced (J = 0) and the strip stays
flat

L

It has to be noted that the conductivity o in equa-
tions (3) and (6) is the conductivity at constant water
pressure (Vp =0, in other words, the IPMC strip is
blocked). But if we measure the conductivity at zero
water flux, another value is obtained
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With the above theoretical analysis, we can investi-
gate the electrical property of IPMCs. Figure 12 shows
experimental results of maximum current and blocked
force versus electric field. The driving signal is DC and
the IPMC strip has an effective length of 30mm. As
presented in Figure 10, saturation is observed for the
blocked force when the applied voltage is larger than
3.5V; thus, the input voltage is set from 0.5 to 3V in
this test case, with an interval of 0.5 V. The maximum
current when the tip of the IPMC strip was blocked is
a little larger than for the unblocked case. This result is
acceptable according to the negative term of equation
(3) while the IPMC is unblocked, and Vp = 0 in the
blocked case. Two conductivities are obtained, as
shown in Figure 13, thank to equations (3), (4), and
(7). The average conductivities are 6~0.077Q ' m™!
and 6~0.068Q 'm~".

Torque and electric response. When the “direct effect” and
the “inverse effect” are combined, an electric field E

and a mechanical torque I' (per unit width) are applied
at the same moment. So, the effect of the electric field
and the torque on the curvature cancel out and the sam-
ple stays flat (xk = 0). In those conditions, the torque
should fulfill the following requirement

1120, L1

TR21-0, K ®

where £ is the thickness of the IPMC strip, o, is the
Poisson ratio.

When a finite water flux Q is imposed, and
J =0,k =0, a certain field £ is derived from equation

(6)

121 —0,) L

E—-V "% =
1 —-20, oh’

©)

The ratio of the two coefficients derived from equa-
tions (8) and (9) is

_ (%)direct _ L2

(%) inverse ok

Besides the membrane conductivity o, two other
parameters are also very important, namely the Darcy
permeability K and the cross-effect coefficient L. They
need to be verified according to the measurement of
the blocked force (equivalent to the mechanical torque
I" in equation (8)) and the electric current.

The equivalent mechanical torque I' can be derived
from the blocked force F),

(10)

Byl
B w

r

(11)

where /, and w are the effective length and width of the
IPMC strip, respectively.

The process of parameter identification can be sum-
marized as follows. First, since two conductivities are
derived, the ratio of L?/K could be deduced from equa-
tion (7). Second, the relation between mechanical tor-
que I' and electric field £ is obtained from equation (9);
thus, the ratio of L/K is evaluated according to equa-
tion (8). Finally, L and K are calculated, and the ratio
between actuation and sensor modes is then derived by
equation (10).

Figure 14 shows how the experimental results of
L/K and L/o vary with applied electric field, which are
the slopes in equations (4) and (6), that is, in actuation
and sensor modes, respectively. The Poisson ratio is
assumed to be 0, = 0.4. L/K increases with the electric
field, and this behavior can be fitted by a quadratic
function. A similar trend was obtained in a previous
investigation (Shahinpoor and Kim, 2004).

Assuming that the IPMC strip exhibits a linear
elasticity, the stress o, can be calculated using Hooke’s
law
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Mh

. (12)

Op

where M = Fl, is the equivalent moment produced by
the blocked force F}.

With the blocked force measured in Figure 12, the
stress can be obtained by equation (12). The pressure
gradient can be estimated as (Shahinpoor and Kim,
2001)

Vp~—— (13)

h
Combining equation (13) with equation (4), a theore-
tic estimate of stress is expressed as

op~-—-F (14)

2K

It should be noted that L/K is a quadratic function
of the electric field, whose coefficients are derived by
the curve fitting, as shown in Figure 14. The compari-
son of the maximum stress between the theoretical pre-
diction and the experimental data fits very well, as
shown in Figure 15. We conclude that the static model
accurately describes the mechanical characteristic of
the IPMC.

Furthermore, the predicted curvature response is
compared with the experimental measurements to vali-
date the measured coefficients of the Onsager equa-
tions. The conversion efficiency between actuator mode
and sensor mode is compared as well.

From Figure 8, the experimental curvature is derived
based on equation (15), since an approximately linear
relation (Shahinpoor, 2003) between bending displace-
ment and curvature can be used

28, 26.
Prsl 2 (13)

where 8. is the maximum displacement at a certain mea-
sured length /. of the IPMC strip.

It has to be noted that the theoretical curvature
response of the static model is obtained by equation
(5). The curvature is in agreement with the experimen-
tal data, as shown in Figure 16. The slight differences
can be explained by the constant Young’s modulus
used in equation (5), which varies with electric field,
temperature, and hydration (Nemat-Nasser and Wu,
2003).

Figure 17 shows the torque versus the electric field.
The responses of the IPMC on actuation mode and
sensor mode are compared. The theoretical and experi-
mental results are in good agreement with actuation
mode, while the experimental results of sensor mode
are not tested due to the current experimental limita-
tions. The evaluated coefficients of the Onsager equa-
tions are K~1.12 X 107" m?/cP, where 1cP = I mPas
and L=~4.29 X 107¥m? V~!s~!, which are in agreement
with the measurements of Shahinpoor and Kim (2001,
2004). The ratio of actuation and sensor modes in
equation (10) can explain that the actuation mode of
the IPMC is more efficient than the sensor mode, for
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Figure 17. Comparison of torque between actuation mode
and sensor mode versus electric field.

the tested IPMC sample. In other words, imposing a
deformation creates an electric field (sensor mode)
much smaller than the electric field necessary to gener-
ate the same deformation (actuation mode). As we
focus on the actuation mode in this article, more accu-
rate devices and detailed measurements should be
implemented for the sensor mode in the future work.

Phenomenological dynamic model

To study the time-dependent characteristics of IPMCs,
a dynamic model developed by Bar-Cohen (2004) and
Xiao and Bhattacharya (2001) is used in this article.
The transfer function from driving voltage to mechani-
cal deformation of the IPMC strip is derived.

In general, the IPMC is regarded as consisting of
two parallel electrodes and an electrolyte between the
electrodes in dynamic models. The capacitance and the
internal resistance of the electrolyte can be modeled as
a simple resistor and capacitor (RC) circuit. If a possi-
ble leakage is considered, a (RC) || R circuit can be

constructed. In this article, the analytical model is
developed based on the lumped RC model of IPMCs
(Bao et al., 2002; Yim et al., 2006). As shown in Figure
18(a), r; is the internal resistance between the electro-
des, C is the capacitance, and r; is the resistance of pos-
sible leakage. Under DC, considering the internal
resistance (ry) of the power supply, the response current

is given by
U rr+nr -~
1(t) = P ( —Q ﬂ 16
0= 1+ (P2 1)e (16)
where
R=r + 102 (17)
ro + r
1
=— 18

On the basis of a lumped RC circuit model, the elec-
tric charge on the electrode is described by

(19)

where C is the capacitance of the IPMC.

A “three-element” method (Tang, 2003) is utilized to
derive parameters ry, r,, and C, while two voltage
meters are used to record the voltage values. The calcu-
lated results are presented in Table 1. Compared to pre-
vious experiments (Abdelnour et al., 2012; Bao et al.,
2002; Jung et al., 2003; Yim et al., 2006), the capaci-
tance C of the IPMC and its resistance r, (which domi-
nates its steady-state response) are in agreement.
However, the resistance of the IPMC r; is smaller in
our test. The reason is not clear at this moment, because
the resistance of the IPMC depends on many factors,
such as the type of cations, the hydration level, and the
thickness of the IPMC.

I(1)

frm———————

)

Current(A)

(a)

0.15
— Experiment
01 -~ Theoretical parameters
0.05
0
-0.05
0 5 10 19 20
Time(s)

(b)

Figure 18. (a) Lumped RC model of the IPMC and (b) the comparison of the electric current between the experimental data and

the theoretical curve of equation (16), under a | V applied voltage.
RC: resistor and capacitor; IPMC: ionic polymer—metal composite.



Table I. Parameters of the lumped RC circuit.
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Figure 20. Electric current response under sinusoidal driving
voltage.

The theoretical initial maximum current of the
IPMC based on the lumped RC model of equation (16)
is given by

U
ro + r

1(0)~ (20)
The resistance ry is in the range of 7-13 Q, according to
multiple measurements. In the static model, the IPMC
is assumed to have a constant resistance and the equiva-
lent resistance is evaluated as » = 11.5Q. The measured
resistances are comparable in the above two different
models. Figure 18(b) presents the comparison of experi-
mental and theoretical current responses under a 1V

applied voltage, which are in good agreement. The
maximum current as a function of the amplitude of the
applied voltage is compared between experiment and
model, see Figure 19. We note that the maximum cur-
rent is obtained at the initial time. The initial current is
approximately a linear function of the applied voltage,
for both the experimental data and the model predic-
tion. The same linear relation is observed in the experi-
ments of Chen et al. (2009). Therefore, we conclude
that the lumped RC model can capture both the steady-
state and time transient characteristics of the electric
current under DC.

We also present the electric current response under
sinusoidal voltages for three frequencies, 0.5, 1, and
S Hz, respectively. The amplitude of the sinusoidal vol-
tage signal (produced by a generator of model 33220A
from Agilent Technologies) is set as 3.7V (correspond-
ing to a realistic working voltage for the NACCOR
system). Due to the internal resistance of the generator
(50Q), the real amplitude of the voltage applied to the
IPMC is about 1.4V. Figure 20 shows that the lumped
model predicts the current response under alternating
current (AC) signals very well.

Assuming that the IPMC actuator works as an ideal
cantilever beam, the bending curvature should be uni-
form along the length of the strip. Previous studies indi-
cate that the response of the IPMC strongly depends
on it backbone polymer and the type of mobile counter
ions (Nemat-Nasser and Wu, 2003). In this article, the
counter ions of the IPMC sample are Na™ . Under a
constant driving voltage, the strip shows a slow relaxa-
tion toward the cathode after a very rapid initial bend-
ing toward the anode (as shown in Figure 7). Assuming
that the positive ions bring more water to the cathode
than the water that is present in equilibrium, the model
is constructed based on the following mechanism. The
eigen-curvature varies with time and is described by

d d
K_K q

b 21
dt dt  m (21)

where « is the curvature of the strip, ¢ is the electric
charge, K is the coefficient for the bending effect of
the charge freshly moving to the electrode, K, is the
coefficient for the bending effect of the charge in equili-
brium, and 7, is the relaxation time constant.

Assuming that k(0) = 0, combining equation (19)
with equation (21) gives

_Kum =Ko i,

Kv _Kv —
KU(sz L 2K —K) f/7'2>

T2 T Tl T2 — Tl

(22)

where 7; = RC is the time constant of the electric cir-
Cuit, and Kv] = CK[, sz = CK2

Substituting equation (15) into equation (22) and
expressed in the frequency domain, the transfer



Table 2. Curve fitting coefficients of the time-variant model.
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Figure 21. Comparison of experimental and curve-fitted of
equation (22) tip displacement responses under a | V applied
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Figure 22. Tip displacement comparison between the time-
variant model and the experimental data under DC
(Lesr=30mm).

DC: direct current.

function from driving voltage to displacement response
of the IPMC is

8(s) C

. K17'2S+K2
U(s) 1+7s

1+’TQS

G(s) = /2 (23)

where s is a Laplace complex variable.

As shown in Figure 21, the displacement response is
obtained by averaging five experimental tests, see
Figure 7. A MATLAB command for least-squares
curve fitting LSQCURVEFIT is used to derive the logi-
cal parameters of equation (23), and the coefficients are

shown in Table 2. These values are in agreement with
Bao et al. (2002). We get

4.8599(s -+ 0.0053)
(s + 1.808)(s + 0.03548)

G(s) = (24)

It has to be noted that the displacement obtained
from equation (24) is expressed in millimeter. The com-
parison between simulation with fitted parameters and
experiment is present in Figure 21, which shows a good
agreement. The theoretical and experimental responses
of the displacement under different amplitudes of DC
(0.5, 1, 1.5, and 2V) are compared in Figure 22. It
shows that the response less than 2V under DC is in
good agreement. The difference between the theoretical
prediction and the experimental data increases with the
amplitude of the applied voltage. The divergence is due
to the electrolysis phenomenon that happens under
higher applied voltages (Barramba et al., 2007). On the
other hand, the nonlinear characteristics of the IPMC
affect its displacement response, which is still not fully
understood.

Power efficiency

For self-contained vehicle system, power consumption
is a critical parameter that influences the operational
time of vehicles powered by batteries. In an air-operable
application, proper encapsulation is critical to prevent
evaporation of the electrolyte (Barramba et al., 2007).
For simplicity, we neglect these factors here and assume
that the samples are fully hydrated. The power effi-
ciency for different driving AC signals is studied, using
the dynamic model developed above. The experimental
measurement of the response under AC input voltage is
shown in Figure 23, which presents the maximum dis-
placement and the power consumption as a function of
the frequency of the driving AC signal. Three wave-
forms are tested: sinusoidal, square, and triangular. We
found that the displacement decreases as the frequency
increases for each type of signals. The reason of this
decrease is the reduction in the time to respond of the
actuator with a high frequency. The square input vol-
tage generates a larger displacement than the other two
waveforms. However, we cannot conclude that the
square waveform is better, because the square wave-
form consumes more electric power compared to oth-
ers, as shown in Figure 23(b). Similar conclusions are
reported by Jung et al. (2003, 2011) and Yun et al.
(2008).

The power efficiency of three waveforms is com-
pared using the dynamic model. The root mean square
power Pgys of an input signal is expressed as

/2

. J Vi) - 1) - dt

0

~l

Prus =
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Figure 23. (a) Displacement and (b) power consumption versus driving frequency, according to different waveforms (the amplitude
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Figure 24. Power consumption versus amplitude of the voltage
for three waveforms, with a frequency of 0.2 Hz.
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Figure 25. Numerical displacement comparison between three
waveforms, under an input power of 100 mW and a frequency of
0.2Hz.

where 7 is the period of the signal, and the electric cur-
rent /(¢) is calculated by equation (16).

The power consumption as a function of the voltage
amplitude is compared in Figure 24, at a fixed fre-
quency of 0.2 Hz for three waveforms. It shows that the
power consumption increases with the amplitude of the

voltage. The square driving signal consumes the largest
amount of power. To compare the power efficiency, we
test the amplitude of the voltage for the three wave-
forms with a constant power output of 100mW. They
are 1.8, 2.7, and 5.2V, corresponding to square, sinu-
soidal, and triangular waveforms, respectively. From
the transfer function of equation (24), the displacement
response is shown in Figure 25, under the same power
consumption for the three waveforms. It shows that the
driving signal by the square waveform has the lowest
efficiency.

We therefore conclude that the driving signal wave-
form has great effect on the power consumption. The
square waveform, with an abrupt change of its slope,
should be avoided due to its high-frequency compo-
nent. As the power consumption increases with the fre-
quency (Figure 23(b)), the IPMC actuator should work
at a frequency as low as possible.

Conclusion

In this article, we characterize the performance of an
IPMC actuator in air for a vehicle application. We
investigate its static and dynamic behaviors both experi-
mentally and theoretically.

The mechanical properties of the IPMC sample are
measured first. It has a Young’s modulus of
2.62 X 10®Pa. The displacement response is measured
under DC driving voltages. The maximum displace-
ment is proportional to the amplitude of the applied
voltage, until its deformation is saturated. The tip dis-
placement increases with the effective length of the
strip, and an external loading of 10 times the IPMC
weight has almost no effect on its displacement
response. The maximum blocked force produced by
three effective lengths, L = 35, 25, and 15mm, are 6.55,
11.22, and 41.44 times the IPMC strip weight. We con-
clude that the blocked force increases as a nonlinear



function of the effective length, and short samples are
compatible with weight-restricted applications.

Two analytical models are developed based on the
experimental data. The coefficients of the Onsager
equations are verified within the framework of the lin-
ear irreversible electro-dynamical approach, which
accurately predicts the characteristics of the IPMC in
the steady state. The static model shows that the effi-
ciency of the actuation mode is higher than that of the
sensor mode. A dynamic model is used to relate the
deformation response to the driving voltage, with the
back relaxation being described phenomenologically.
The power efficiency of different waveforms and fre-
quencies is investigated. To save the power for the self-
contained vehicle system, we should avoid a driving sig-
nal with an abrupt slope and a high frequency.
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