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Abstract

Due to their inherited mechanoelectric transduction capability, long-life, and effective
operation in both air and water, ionic polymer—metal composites (IPMCs) are considered for
energy harvesting applications. The reported research aims to study different parameters in the
mechanical domain (stiffness and scalability) and the electrical domain (impedance and
interfacial area) that seem to have profound effects on battery charging, with the aid of an
electromechanical transducer model (Tiwari et al 2008 Smart Struct. Syst. 4 549-3).
Experiments performed to confirm the model predictions are also reported. The research
demonstrates the applicability of IPMC as an energy harvester in lower frequency regions
(<50 Hz) with an average efficiency of around 2% or less. The instantaneous power output
from 10 mm (width) x 50 mm (length) x 0.2 mm (thickness) was measured to be
approximately 4 £ W (20 W m~3).

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

List of symbols

Tbend Efficiency (%);

o Resistivity (£ m);

C, Electrode capacitance (F);

f Force (N);

Ir Resonance frequency (Hz);

Fr Frequency (Hz);

2h/w Thickness/width (m);

i Current (A);

Ke Dielectric permittivity (Fm~");
Liree /Ly Free/total length of the sample (m);
M Mechanical moment (N m);

N Turn ratio of the transformer circuit (V N~1);
Pout/Pin Output power/input power (W);

R, Intrinsic resistance of Nafion® (Q);
R, Electrode resistance (£2);

t Time (s);

u Tip displacement (m);

Vv Output voltage (V);

0964-1726/13/015017+16$33.00

Y Young’s modulus (Pa);
Ze Electrical impedance (£2);
Zm Mechanical stiffness (N m~1)

1. Introduction

Due to the advancements in portable electronics and wireless
technology, there is a growing need to tap into energy
sources for uninterrupted operation of these devices. The
wasted mechanical vibrations that are integral to many
systems such as automobiles, ships, process instrumentation,
aircraft, bridges, etc, have been considered for harvesting [2].
Vibration energy harvesters mainly comprise of a transducer
with the mechanoelectric capability to convert mechanical
vibrations to an electrical signal, a harvester circuit to
condition the generated electrical signal into a useful form
and a storage device like a battery and/or super-capacitor.
Piezoelectric materials have been given great attention as
vibration energy harvesters [2, 8, 74-76] in the frequency
range above 100 Hz [3]. Often, however, the ambient

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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source of vibration can fall in a lower frequency regime
(1-10 Hz), although the expected power output could be
relatively low compared to the high frequency regime. Hence,
there is ample opportunity to develop low-frequency-vibration
energy harvesters [77]. Due to their inherent flexibility,
mechanoelectric coupling, ability to operate in both water [78]
and air [4, 46, 79, 80], and long operating life, ionic
polymer—metal composites (IPMCs) are excellent candidates
for harvesting energy in the low frequency regime. A
large amount of research has concentrated on the signal
conditioning circuit, for optimal power output from the
transducer [5-7] and storage devices [8]. However, IPMC as
the transducer is less studied, and this is the main focus of this
study.

Typically, IPMC is manufactured by sandwiching
Nafion, a perfluorinated ionomer, between two metal
electrode layers [9-11] and displays electromechanical
and mechanoelectrical transduction. The electromechanical
transduction occurs due to the motion of cations towards the
cathode (cation-rich layer), along with water molecules, on
application of an electric field (actuation voltage between
1-5 V). This causes the IPMC to swell near the cathode. The
strain in the cation-rich layer induces extensional stresses in
the polymer, resulting in a fast bending motion towards the
anode [12]. The pressure from the strained polymer matrix
causes water to diffuse out of the cation-rich area, resulting in
a slow relaxation towards the cathode. A lifetime of 250 000
cycles was achieved in air operation when treated with ionic
liquid [13]. The mechanoelectric transduction results from
cation motion from the higher density region to the lower
density region on mechanical deformation [14, 15]. An output
in the range of 2070 mV can be generated on mechanical
deformation.

IPMCs are commonly employed in the bender config-
uration [16-20, 81, 82]. A variety of research has been
performed on the four major aspects of IPMCs: fabrication,
characterization, modeling and applications. Since the key
role of the ionomers is charge transport, an attempt to improve
the ionic conductivity has been made. Other properties that
affect the transduction capabilities are the elastic modulus, ion
exchange capacity and water uptake [21]. A number of models
on understanding IPMC transduction have been reported in
the literature [22-27]. Table 1 summarizes some of these
key models that focus on the mechanoelectric transduction.
IPMCs are being considered for applications like artificial
muscle [28], robotic fish that can swim in water [29], aircraft
wings [30], catheter tips [31], micro-robotics [32], automo-
biles and spacecraft [33] or stand-alone sensor—actuators for
biomedical devices [34, 35].

Mechanoelectric transduction for energy harvesting using
IPMC has been considered in the past. Martin [41] designed
an energy harvester with a bandwidth 500 Hz with an
expected power output of around 3 nW cm™2 at 4 Hz
operating frequency. Brufau-Penella et al [42] developed
a grey-box model to determine the optimal dimension of
IPMC (length 12 cm and width 6.2 cm). At the optimal
dimension IPMC generates 3 nW power when vibrated at
7.09 rad s~! in air. Tiwari er al [1] demonstrated the

harvesting capability of IPMC not only in bending but also
in shear and tension. Under the optimal resistive load, the
power outputs from platinum electroded IPMC of dimension
63 mm x 8.6 mm x 0.2 mm were measured to be 5 uW,
2.25 uW and 4.7 uW under bending, extension and shear
loading conditions, respectively. Energy harvesting from base
excitation in the fluid environment has also been reported [43].
The maximum power harvested was 1 nW for a base
excitation of 1 mm. Aureli et al [44] also evaluated the
energy harvesting capabilities of IPMC in a fluid environment.
The power output from IPMC was observed to increase with
frequency for a resistive load varying between 1 €2 and 1 M.
The maximum power at 10 Hz was measured to be around
1 nW mm~2 for an optimal load of 100 Q. Giacomello
et al [45] developed an underwater harvester based on flutter.
The power output was measured to be around 1 nW for a
resistive load of 10 k€2 and was observed to be dependent
on the flapping frequency. Recently, energy harvesting from
a three-dimensional IPMC disc has also been reported [46].
Farinholt et al [47] compared IPMC with PVDF (polyvinyl
diflouride) under axial loading. Battery charging with PVDF
was observed to be higher than with IPMC. IPMC was
observed to be less efficient in comparison to PVDF under
axial loading. This is due to the fact that IPMC is a natural
bender.

Most of the reported work on energy harvesting using
IPMC has focused on analyzing the basic energy harvesting
capability or proof of concept. In addition, previous research
has shown that the power generated from IPMC suffers from
a low power density of around 1.2 uW kg~'. No research
has focused on enhancing the ways to improve the output of
IPMC and hence battery charging; this paper aims to discuss
different ways of doing so. There is also a need to analyze the
efficiency of IPMC as an energy harvester in its natural bender
configuration, which has not been considered previously.

This paper aims to evaluate various parameters that
could impact the energy harvesting capability of IPMC.
Since IPMC converts mechanical vibrations to an electrical
signal, a transformer model is used for analyzing parameters
that would have profound effects on the IPMC properties.
Experiments to support the model predictions are also
reported. The samples were directly tested under dynamic
conditions, produced through programmed shaking, without
the aid of a substrate.

2. The electromechanical transformer model

IPMC can be used as a mechanoelectric sensor by clamping
it between two electrodes (figure 2). Electromechanical
modeling helps in better understanding of the system and its
response. This type of modeling, comprising of mechanical
and electrical domains, can be represented by a transformer
circuit, as shown in figure 1 [1, 48]. The applied mechanical
force, f, and tip velocity, u’, constitute mechanical domain
parameters. The electrical domain consists of the electrical
voltage, v, and current, i, produced by the IPMC. The
model includes two impedance terms, Z, and Z,, in the
electrical and mechanical domains, respectively. While the
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Table 1. Comparison of some representative models developed to explain the mechanoelectric principle in IPMC.

Model Reference  Description

Electrostatic model [36] Electrostatic forces were believed to play the
dominant role. The mechanoelectric behavior was
projected to be due to the different displacements of
the effective charge centers of the anions and cations
of each cluster.

[17] The model focuses on the electromechanical response
based on cluster morphology and cation redistribution
on application of an electric field. The hydration level
and water migration were also incorporated. The
model was used to study the electromechanical
response of [PMC.

Grey-box model [48] A transformer-based equivalent circuit was developed
to derive both the electromechanical and
mechanoelectric responses of IPMC in a cantilever
beam configuration. The coupling coefficients were
derived using a pair of linearly coupled equations.

[22, 26] The model consisted of three key domains: electrical,
stress generation and mechanical. The formulation
was based upon experimental data.

Charge transport model [37] The internal charge dynamics was studied using
one-dimensional linear partial differential equations.
[56] The model was based on the charge transport inside

IPMC. The effect of distributed surface resistance due
to porous electrodes was included.

Electrostatic polarization model  [38] The model depicted the dominance of polarization in
the mechanoelectric stage of IPMC. Forces on dipoles,
pendant chain stiffness, cluster surface energy and
external loading were taken into account.

Irreversible thermodynamic [39] A linear irreversible thermodynamics based model

model was developed to formulate the mechanoelectrical and
electromechanical behavior of IPMC.

Resistance model [40] The model illustrated the dependence of electrical

parameters like the surface resistance on bending. The
model was completely based on electrochemical
analysis.

[57] A porous surface electrode was modeled to estimate
the resistance and capacitance. Parameters like the
electrode thickness and the porosity of the electrode
were found to affect the resistivity whereas the
interlayer electrode and the particle gap in that layer
affected the capacitance.

[83, 84] Both surface and intermediate layer resistance were
considered in the model. A physical
phenomenological model that took into account three
IPMC layers, surface electrode, intermediate
composite and polymer layers, that was used for
predicting mechanoelectrical behavior was developed.

f:.{, Zm >f

~ <

Figure 1. A transformer circuit to represent the electromechanical model of IPMC.
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Figure 2. Mechanical specification of IPMC.

Electrode Nafion'" Electrode

Ry Ro
aA%AY Re

Figure 3. An equivalent RC circuit model.

electrical impedance is the result of the capacitive and
resistive properties of IPMC, the mechanical impedance term
represents its stiffness. For the purposes of simplicity it was
assumed that the electrical and the mechanical domains were
coupled linearly [48]. Figures 2 and 3 define the parameters in
the mechanical and electrical domains.

Using the bender beam configuration and initial boundary
conditions (x = 0, &(x) = 0) and (x = 0, u(x) = 0) the
mechanical impedance was calculated as [1, 48]

1 Yw(2h)3
T v

free

It has been shown that IPMC displays resistive behavior
at low (0-10 Hz) and high frequencies (>100 Hz) [49].
At intermediate frequencies (10-100 Hz) it behaves like a
capacitor. Since IPMC possesses both capacitive and resistive
properties, it was modeled as an RC circuit [50], as shown
in figure 3. Based on figure 3 the electrical impedance was
formulated as

2 R
Ze=Y — 4R,
¢ nX:]:RnCns+1 ¢ @)
_ 0"2h c = koLiw
LtW ’ " 2h ’

The transformer circuit previously shown in figure 1
has a turn ratio N which represents the electromechanical
coupling. This turn ratio presents the relationship between
the open-circuit voltage and the external force acting on the
polymer and is derived as

R, =

2

N SdCLfW 3)
kILw2h

In equations (1)-(3), p, is the resistivity and k., is

the permittivity of the IPMC sample. R, and C, are the

resistive and capacitive components of the IPMC impedance,
respectively. They are represented as R, Ry, C1 and C3 in
figure 3. R, is the intrinsic resistance of the base polymeric
material, Nafion®. The capacitance of IPMC has been
observed to decrease with frequency [51]. The measured
capacitance varies from 10 to 20 mF cm~2 [51]. The
governing equation for the coupling was derived as

v Z,+ZuN*> Z,N | | i
= (- “4)
f ZuN  Zn | |u

The mechanoelectric model is employed in the following
section to predict battery charging using IPMC in the bender
configuration. In addition, the effects of various factors,
described in the model, on energy harvesting using IPMC are
discussed. These include factors in the mechanical domain
like the scalability (multilayer configuration and variable
thickness) and in the electrical domain like the distributed
surface impedance (electrode surface area and electrode
thickness). The model provides a means to understand the
effect of these parameters without involving complex physical
phenomena.

It should be noted that the reported research not only aims
to analyze the energy harvesting capabilities of IPMC, but
also provides a comprehensive parametric study of the effects
of different mechanical and electrical domain parameters that
affect IPMC. These effects are not only studied through
the electromechanical transformer model but also through
experiments.

3. Factors affecting energy harvesting using IPMC

The electromechanical transformer model predicts that
various parameters in the mechanical and electrical domains
could have effects on IPMC'’s transduction properties. This is
evident from equation (4). The turn ratio, N, of the transformer
circuit, which defines the coupling between the electrical and
mechanical domains, affects the voltage output in the open
circuit. The turn ratio itself is affected by parameters in both
domains. Hence, it is prudent to study the effects of these
parameters individually. However, it should be noted that
some of these parameters (especially the electrical impedance)
cannot be isolated and may cause effects on other electrical
domain parameters. Experiments were also performed to
confirm the model predictions.

Ionic polymer—metal composite manufactured through
electroless deposition exhibits distinct electrode, intermediate
and polymer layers. It must be noted that the IPMC’s
properties are affected by the physics of each layer and
the coupling between them. However, the electromechanical
transformer model does not account for the ion transport
inside the material.

3.1. Experimental set-up

For the energy harvesting experiments, a shaker assembly
(TIRA Vibration System, TV52110) was used as the source
of mechanical input. The shaker was programmed using



Smart Mater. Struct. 22 (2013) 015017

R Tiwari and K J Kim

Shaker

Computer

Capacitor

‘|

Battery

$ IPMC

Controller

Energy Harvesting Circuit

Figure 4. The energy harvesting set-up consisting of IPMC as the transducer, a full bridge rectifier circuit and NiMH as the storage device.

Stack 3 Nafion 117 film

Hot press at 180 °C , 20 min

Pressurize mold to 50 MPa for 10min

Hot pressing

Gradual cooling at room temperature

Clean film with H,0, (1hrs), H,SO, (1hrs)
& D.I. water (0.5hrs)

Cleaning

Electroless metal deposition

Coating

Figure 5. The manufacture of thicker IPMC using the hot-press
method.

a VR8500 controller to produce a sinusoidal mechanical
vibration at a frequency of 10 Hz. The shaft displacement was
controlled at 0.5 inch (pk—pk). One end of the sample was
clamped while the other end was pinned to the shaker shaft to
have a better control on the sample bending. The experimental
set-up is illustrated in figure 4.

Under dynamic excitation, the IPMC produced a
sinusoidal waveform. This signal was rectified using a full
bridge rectifier along with a 1000 uF capacitor connected
across the output pins. Various rectifier circuits discussed
previously [52, 53] were considered for minimizing the signal
loss. However, these losses are integral to existing energy
harvesting circuits and cannot be avoided. Since it is important
to store the harvested energy for use when needed, the DC
signal was used to charge a 40 mAh rechargeable NiMH
battery (VARTA). The battery voltage was recorded using
an IOTech Personal Daq 56 data acquisition system. IPMC
samples were manufactured using the electroless deposition

process [54] with platinum electrodes and Nafion 117. The
sample length and width were 50 mm and 10 mm respectively.

In order to characterize the manufactured IPMC samples,
scanning electron microscopy (SEM) was performed using a
Hitachi S-4700. Cyclic voltammetry and impedance measure-
ments were performed using the universal electrochemical
laboratory system with a 20 A booster (VoltaLab80 PGZ402).
The voltage was scanned from —1 to 1 V with a scan rate
of 10 mVs~! to obtain the voltammetry. On the other hand,
the voltage was fixed at 1 V with 1 mV steps for the EIS
(electrochemical impedance spectroscopy). The frequency
was scanned between 100 mHz and 100 Hz.

The tensile modulus was measured using a universal
testing machine (Instron 5565, USA). The fabricated IPMC
samples were punched out using a dog-bone shaped punch
mold followed by ASTM 638 and 882 and excess water on
the surface was removed by pressing them on tissue paper
before the experiments. The strain was applied at a rate of
10 mm min~!. Any variations of the aforementioned set-ups
will be specified in the following.

3.2. Mechanical domain parameters

3.2.1. Scalability. The effects of IPMC dimensions have
been studied previously [1]. It was shown that change in
the thickness of the sample has a more profound effect on
the material output. In the following section, the effect of
thickness was further investigated by manufacturing thicker
IPMC using the hot-press technique.

3.2.1.1. IPMC thickness. The typical thickness of IPMC
(0.2 mm) is limited by the commercial availability of base
polymer membranes. In order to investigate the effect of
thickness on battery charging, IPMC samples with a thickness
of 0.5 mm were manufactured from Nafion 117 with the
hot-press technique described in figure 5. The membrane was
cut into the required dimensions and stacked into a mold
covered with Teflon film. For the purposes of the experiment
three Nafion films were used. The cleaned thicker Nafion
film hence produced was coated with metal using electroless
deposition. The length and width were 25 mm and 12.5 mm,
respectively.
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Figure 6. The result of electrochemical analysis: EIS in 1 M
H,SO, solution.
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Figure 7. Capacitance measurement in 1 M H,SOy4 solution.

The impedance was measured using a potentiostat with
a three-electrode system in 1 M H»SO4. The frequency
range was from 100 kHz to 100 mHz. The results of the
electrochemical test are shown in figures 6 and 7. The
impedance curve is a representative characteristic of the RC
circuit of the electrical component in the electromechanical
model. Based on the EIS data it can be concluded that the
capacitance of variable thickness IPMC is around 25 mF,
which is slightly higher than that of typical IPMC (20 mF).
Due to the increased thickness, the dielectric property of
the material becomes apparent as compared to typical IPMC
of the same dimensions, thus leading to an increase in
overall capacitance. Increasing the thickness also increases the
stiffness of the sample.

An energy harvesting experiment was performed with
an angular displacement of 11.4° for both the typical and
the variable thickness IPMC. Both the anticipated and the
measured charging of the battery are given in figure 8.
As expected, the battery charging achieved using variable
thickness IPMC was 4.5 mV after 1 h of charging. This is

7
] Variable Thickness (Measured)
6 - = -Variable Thickness (Model)
—— Typical (Measured)
— — - Typical (Model)
S 54
E |
&
& 4 e -
3 e
= e
> 39 -
s | ~
e
o g Phd
S e e ——
S e
rd - -
14 ,: .-
s
0 r T v T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Time (hr)

Figure 8. Battery charging using the increased thickness IPMC.

nearly twice as much as that achieved by a typical IPMC.
As mentioned before, increasing the thickness of the IPMC
led to an increase in the capacitance. Due to the increase in
the capacitance, the rate of charging with thicker IPMC was
measured to be lower than that for a typical IPMC sample
(figure 8).

3.2.2. Multilayer IPMC. As the output from a single
IPMC sample is low, the output from various samples could
be combined to improve battery charging. Two combination
techniques were used to manufacture multilayer IPMCs from
individual layers: serial and parallel; both of these techniques
involved IPMC in the standard beam configuration. Two
layers were employed for each configuration. It was
assumed that the IPMC samples shared the same electrical
characteristics. Each layer was 30 mm in length and 10 mm
in width with a thickness of 0.2 mm.

The serial multilayer configuration (SMC) was developed
by stacking IPMC samples on top of each other, with the
electrode connection shown in figure 9(a). The voltage was
measured across the stack.

If ny, is the total number of layers in the SMC and v is the
voltage measured, then

1%

Vi,
Jl”t

j=1...n. 5)

The parallel multilayer configuration (PMC) was
achieved by stacking IPMC samples on top of each other with
a thin insulator layer in between and the electrical connection
shown in figure 9(b). The voltage was measured across the
stack as in the case of the SMC.

On the other hand, the voltage in each layer of the PMC
is

V=V, j=1...nL. ()

In order to simulate the battery charging, equation (4) was
rewritten for the multilayer configurations (SMC and PMC).
The mechanical, electrical and coupling were modified as
follows.
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(a)

(b)

Figure 9. The serial multilayer configuration (a) and the parallel multilayer configuration (b) of the IPMC.

Let ny be the number of layers in the multilayer stack.
The total thickness of the multilayer stack is

)

Hence the mechanical component for the series and parallel
configurations is given as

hp = nph.

1 Yy (2h)?
ZmMC = PETER

free

®)

The electrical impedances in the series and parallel
configurations for the multilayer IPMC are

ZesMmc = npZe,
Z,

ZepMC = — .
nr

€))

The velocity across each layer in the multilayer
configurations remains constant. In order to relate the
coupling to the voltage equation (3) was modified as

Nsmc = nN,

(10)
Npmc = N.

Thus, the modified mechanoelectric equation for multilayer
IPMC in series and parallel configurations is

v [nz. + n2Z,N* n}z.N| | i
series : L 64 L=m L3m (. D)
f ny ZyN nyZy u

llel v
parallel :
f

The results of the energy harvesting experiment along
with model predictions are shown in figure 10.

The battery charging was observed to be higher for the
SMC. This could be because electrodes that are connected

nr

3 ZmN

Ze | 3 2 3 .

— +n;Z,N*° n; Z,N i
Lo L {,}.(12)

u

niZm

to each other act as low resistance paths for charge motion
from one layer to another. The overall mechanical stiffness
increased for the multilayer configurations. The coupling
coefficient for the SMC increased linearly with the number
of layers in the SMC. It should be noted that there is
a limitation in controlling the IPMC impedance during
manufacture, which may affect the total outputs of the
multilayer configurations. Using layers cut from the same
IPMC sample may reduce this error to some extent.

3.3. Electrical domain parameters

Ion transport inside the IPMC membrane on bending
causes accumulation of charge on the electrode surface.
The correlation between electrode properties and IPMC
transduction has been previously reported [55-57]. Different
metals like gold, silver, platinum, carbon and copper have
been used in the past for fabricating IPMCs. Table 2
summarizes properties of IPMCs manufactured with different
electrodes. From the table we can observe that the electrode
metal and electrode deposition process (chemical deposition,
sputter coating or plasma treatment) greatly affect the
capacitance of the IPMC. This is because the particle size
and its penetration along with the surface conductivity are
dependent on the fabrication technique and pre-deposition
surface treatment of the polymer.

The electromechanical transformer model incorporates
the electrode properties in terms of impedance. Electrode
properties such as the thickness, impedance and interfacial
area between the electrode and the polymer are investigated
in the reported study.

3.3.1. Electrode thickness.  Electrodes deposited by sputter
coating Nafion® with platinum were manufactured to better
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Figure 10. Energy harvesting using multilayer IPMC.
Table 2. Properties of IPMCs with different electrodes [68].
Electrode thickness Surface Capacitance Modulus
(um) conductivity (uF cm™2) (MPa)
Plasma-Pt  1.5-3 4 Q/sq 1190 1100
Typical-Pt  4-15 [69] 14 Q/sq 15-40 30-60
Pt—Au 1.4 1.3-3.8 Q/sq
Pt-Ag 0.4 Qcm™!
Cu-Pt 2 6-11 Q cm™! 52.40
Au 1.4 [70]-7 [71] 1 mF [70] 70.9
Auflakes  0.270 1 Qcem™!
Ni-Au[72] 10-25
Carbon [73] 25 0.6 Q cm™! 16-51 mF 97-103
Cu 34 Qcem™!
RuO, [73] 25 0.5 cm™! 20-36 m 88-95

understand the effect of electrode thickness on energy
harvesting. Sputter coating restricts electrode deposition on
the polymer surface eliminating metal dispersion inside the
polymer membrane. Sputter coating was performed at 30 mA
for three minutes per side per deposition using an EMITECH
K575X machine. Impedance spectroscopy was performed to
study the effect of increased electrode thickness on IPMC
capacitance.

Electrodes coated through sputtering were observed to
have smoother surfaces and hence low surface resistivities of
0.01 ©2/sq and 0.3 €2/sq for one and two times sputter coated
samples, respectively. The electrode thicknesses achieved by
one and two times sputter coating were 30 um and 45 um,
respectively as compared to 5 um for typical IPMC. The
sputter coated IPMC was observed to be stiffer and more
susceptible to cracking. Due to an improvement in surface
conductivity and material stiffness, the material showed
higher battery charging (figure 11(c)). Due to the increased
capacitance of the sputter coated samples (figures 11(a) and
(b)) the rate of charging was measured to be lower than for a
typical IPMC.

3.3.2. IPMC impedance. The IPMC impedance is the
resultant of the electrode resistivity, the capacitance due to
the metal particle dispersion inside the polymer membrane

and the interfacial area between the electrode and the
polymer. The effects of interfacial area and electrode
properties on IPMC transduction have been investigated
previously [58-60].

Surface roughening is typically performed to improve
the electrode attachment on the polymer film. However,
in the reported research polymer surface roughening was
employed as a means to increase the interfacial area between
the electrode and the polymer and hence modify the IPMC
impedance. It was also believed that directional roughening
and perforation would not only affect the interfacial area but
also the electrode resistance and capacitance. IPMC samples
were manufactured by roughening: (1) along the length of
the IPMC, (2) cracks across the length of the IPMC (using
sandpaper size 320) and (3) randomly perforating both sides
of the Nafion using a needle with a tip diameter of 300 pm.

The effect of surface roughening was examined using
SEM, as shown in figures 12 and 13. The figures show
the cracks on the surface for samples 1 and 2. The SEM
for sample 3 shows cracks in different directions whereas
the cracks for samples 1 and 2 are more directional. Small
numbers of cracks were also observed on a typical IPMC
surface. These cracks are induced due to the sample handling.
Directional roughening and perforation were also observed to
impact the interfacial area and electrode roughness (figure 13).
From figure 13 it can also be seen that the metal particle
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Figure 11. Surface capacitance measured using a conductivity cell (a), impedance spectroscopy (b) and battery charging (c) for sputter
coated samples. ‘Sputter]’ and ‘Sputter2’ represent one and two times sputter coated samples.
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Figure 12. SEM showing the representative surface morphology of IPMC samples to study the distributed surface impedance [83].
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Figure 13. SEM micrographs of samples 1-3 and a typical IPMC sample after three-time reduction [83].

penetration inside the polymer was higher for sample 3. The
effects of directional roughening and perforation were further
studied using impedance spectroscopy. The real impedance
values for different IPMC samples might shed some light
on the resistance due to the interfacial layer. Poor harmony
between the polymer membrane and the electrode can result in
a higher impedance value. The higher value of this impedance
leads to poor electromechanical properties and hence lowers
the output from the IPMC. Figure 14(a) shows impedance
spectroscopy for the different samples. The curves depict
capacitive—resistive behavior. The impedance for sample 1
was higher than those for the other samples. This was
believed to be due to the greater number of peaks and valleys
formed due to the surface roughening, as shown in figure 13.
The capacitance of the IPMC decreased with increase in
frequency because the capacitance is inversely proportional
to the frequency (figure 14(b)). This decrease with frequency
was in accordance with the typical behavior of a capacitor.
The capacitance value of sample 3 was higher than those in the
other types of IPMC sample. This was believed to be caused
by the higher electrode area as a result of perforation.

The electrodes might be affected by the charge on the
surface. Hence cyclic voltammetry was performed using
a three-electrode system. figure 14(c) compares cyclic
voltammograms of IPMC samples after three-time reduction.
No distinct electrochemistry was expected to occur between
the scanning potentials of —1 and 1 V. As the signal generated
by IPMC falls in the low voltage range we believe that it
did not lead to oxidation-reduction on the electrode surface
causing electrode degradation. The /-V curve in figure 14(c)
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also illustrates that sample 3 did not show any significant
hysteresis. On the other hand, sample 1 showed the greatest
hysteresis, followed by sample 2 and the typical IPMC, in
that order. In another set of experiments the tensile moduli of
the IPMC samples were measured. Care was taken to keep
the samples hydrated during the experiment. As shown in
figure 15, sample 3 showed the highest modulus, followed
by samples 1 and 2. The typical IPMC demonstrated lowest
modulus. According to the law of mixtures, the IPMC
stiffness is the resultant of the polymer stiffness and the
electrode stiffness. Platinum reduction inside the IPMC could
have caused the increase in modulus in the case of sample
3. The results of the above experiments are summarized in
table 3. An improvement in the mechanoelectric properties of
sample 3 was observed based on the experimental results.

In order to verify the hypothesis that a reduction in
surface impedance leads to an improvement in battery
charging the samples were vibrated using the shaker assembly.
The result is shown in figure 16(a) and compared with the
predicted charging using the electromechanical transformer
model (figure 16(b)). It is believed that sample 3 showed an
improvement in battery charging due to an increase in the
surface area of the electrode. Perforation causes the metal
particles to penetrate further inside the membrane leading
to an increase in the interfacial area between the electrode
and the polymer. An increase in the surface area can also
be confirmed based on an increase in the capacitance of the
IPMC sample. Since perforation only has an effect on the
interfacial area, the surface resistivity of sample 3 was almost
the same as for a typical IPMC sample, as summarized in
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Figure 14. Impedance spectroscopy (a), capacitance (b) and voltammogram (c) of IPMC samples after three-time electroless deposition.

The size of the samples was 10 mm x 50 mm x 0.20 mm [83].
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Figure 15. Young’s moduli for the different samples, data taken
from [83].

table 3. As seen from the SEM for each sample, directional
roughening has an effect on electrode roughness and hence
electrode impedance.

4. Power output/efficiency of a typical IPMC

It is important to determine the power generated by an
IPMC to identify its feasibility for engineering applications.

Experiments were conducted to determine the optimal

resistive loads for both platinum and gold electroded IPMC

samples in the bending mode (figure 17). The instantaneous

power, Pypeng, calculated by measuring the voltage drop, V,
across the load resistance, R, is

V2

Pbend = ?

13)

It is evident from the graph that the platinum electroded
sample produced slightly more power than the gold electroded
sample. The optimal resistive load for maximum power
dissipation was experimentally evaluated to be 38 K<2 for both
the samples.

The efficiencies of three IPMC samples with platinum
electrodes were individually measured [63] to determine the
effectiveness of IPMC as an energy harvester,

out

x 100

Nbend =

1 m
~m Z [a
n=2

in
(Va—Vue1)?

x 100, (14)

R
—fn—1)-(tn—ttn—1)]
(th—tn—1)
where npeng 1s the efficiency in the bender configuration, V is
the voltage drop across resistance R, ¢ is the time increment
between data points, n is the sampled data and m is the total
number of data points. Using the above equation the efficiency
was calculated for three typical IPMC samples. Figure 18
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Figure 16. Voltage on the battery as measured (a) [83] and predicted (b) using different samples with modified surface impedances.

Table 3. A summary of the properties of the IPMC samples with different surface impedances.

Property Sample 1 Sample 2 Sample 3 Typical Literature
Average resistivity (£2/sq) 13.50 17.50 7.96 8.22 14 [61,
62
Average hysteresis (/-V curve) High Moderate  Very low Low Lo]w
Average capacitance @ 10 Hz ~4 ~10 ~34 ~6 2.48 [61]
(mF cm™2)
Average Young’s modulus (MPa) 38.0 36.0 52.5 33.5 30-60 [51]
6.0 7F i frequencies of operation. The amplitude of the input vibration
. I ';t“ was controlled at 0.5 in (pk—pk) using a shaker. The frequency
5.5 ‘ ' was varied between 1 and 40 Hz. An efficiency of 1.7% was
i measured at 10 Hz. Figure 19 lists the available technologies
5.0 along with frequencies of vibration and the outputs generated
] If\' from them [64]. Figure 20 compares the power densities
% 45 produced by IPMC with other energy harvesting technologies
qg ] including piezoelectric and solar [65]. The power densities
& 16 and the frequencies of operation of various vibration-based
' energy harvesters reported in the literature and available on
| the market are plotted in figure 21. As can be seen from
2555 the figure, IPMC produced less power density as compared
1 to other technologies like solar and thermoelectric, with an
3.0 L 7/ T T P efficiency comparable to that of piezoelectric material.
Load {“)' ’ ’ ’ ’ Table 5 compares IPMC with PZT and PVDF as potential

Figure 17. Output power as a function of resistive load measured
experimentally in the bending mode.

Table 4. Energy efficiencies calculated for different IPMC samples.

Sample Calculated efficiency (%)
1 1.73
2 1.40
3 1.89

shows the applied tip displacement, the force at the base of
the sample and the voltage generated by the samples under
consideration with the corresponding efficiencies in table 4.
The efficiency was observed to vary between 1% and
2%. Figure 18(d) shows the measured efficiencies at different
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energy harvesters in the bending mode. The efficiency
calculated for the PZT sample (using the above method) as
reported in the literature [8] when vibrated at the resonance
frequency was calculated to be around 5%. On vibration using
a chirp signal with a frequency between 0 and 500 Hz the
efficiency reduced to around 3%, while on using a random
signal (0-500 Hz) the efficiency increased to approximately
7%. PZT bimorphs designed for energy harvesting have
shown efficiencies of around 1% [66].

The low value of the electromechanical coupling
coefficient of IPMC imposes a limitation on its efficiency.
In addition, the coefficient ‘d.’ for IPMC is dependent on
the sample dimensions and is not represented as an intrinsic
property. Further research is required in order to intrinsically
measure the overall coupling coefficient.

Similarly to piezoelectric materials, IPMC stores gener-
ated energy inside itself. Thus by reducing the amount of
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Figure 18. Measured tip displacement (a), applied force (b), output voltage measured (c) and average efficiency at different frequencies
with 0.5 in (pk—pk) amplitude (d) using three 10 mm x 50 mm x 0.2 mm IPMC samples.
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harvesters manufactured by NTT, M2E Power, Omron Corporation,
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energy stored inside IPMC the efficiency could be increased.
Although the research reported here focuses only on the
transducer, there is still a need to address the efficiency losses
in the energy harvesting circuit and storage devices.
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Figure 20. Power density comparison [65].

5. Conclusion

An electromechanical transformer model was employed
to study the effects of parameters in the mechanical
and electrical domains on IPMC transduction. It was
observed that the material’s mechanoelectric output could be
tailored by changing parameters like the material thickness,
electrode—polymer interfacial area and electrode thickness.
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Table 5. Comparison between IPMC and piezoelectric based energy harvesters.

Material Efficiency (%) Instantaneous power (per volume)  Frequency of application (Hz)
IPMC <2 UW <100
PZT [63] 5-7 mW >100
PVDF[67] 34 nW >100
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Figure 21. Power densities and operating frequencies of different
vibration energy harvesters (data taken from [1, 83—104]).

The mechanoelectric output of the IPMC was highly
dependent on the impedance of the samples. The electrodes
in IPMC consist of metal particles dispersed in the polymer
matrix. The density of metal particles is higher on the surface
and reduces gradually towards the bulk of the material. The
ions in the polymer matrix form the electric double layer and
accumulate around the metal particles. The amount of charge
accumulation in turn is dependent on the interfacial area. On
the other hand, the flow of current in the electrode layer
is affected by the conductivity through the thickness of the
electrode.

An improvement in battery charging was achieved by
reducing the surface or intermediate layer impedance. This
could be achieved by increasing the capacitance, C, as

1

© 2nF.C’
where F; is the frequency. From equation (15) it is evident that
increasing the capacitance reduced the capacitive impedance
(Zc¢). The intermediate layer impedance could be reduced
either by increasing the thickness of the electrode deposition
or by dispersing more metal particles inside the polymer,
as more particles lead to improvement in the polymer
conductivity.

In the reported research it was also shown that IPMC is
capable of harvesting energy from low-frequency vibration
(<50 Hz). The power density of IPMC with platinum
electrodes for tip excitation was measured to be around
45 uW cm™3. Although IPMC shows a lower efficiency of

15)

around 2%, it could be argued that it is comparable to the
current state of the art. The lower efficiency of IPMC could
be due to elastic, dielectric, electrical and thermal energy
losses. The stress—strain curve for IPMC obtained at room
temperature depicts viscoelastic behavior. The viscoelastic
nature of IPMC causes it to convert mechanical energy into
heat energy on deformation. The mechanical losses in IPMC
can be described in terms of loss and storage moduli. The
energy dissipated can be described using the loss factor. The
efficiency could also be increased by decreasing the dielectric
losses as these losses cause a decrease in the permittivity of
the material and hence the capacitance. In addition, there may
be some thermoelastic losses due to vibration of the material.
Further study is required in order to investigate these factors in
detail. Additionally, in all energy harvesting systems, electric
energy is consumed by the electronics and hence must in taken
into consideration. The efficiency reported in this research
does not take into account the losses associated with the
energy harvesting circuits.

Further work is needed to study the effect of tailoring
IPMC properties on its efficiency and frequency response.
The transformer model could also be further investigated
to incorporate the effects of diffusion and ion transport
inside the IPMC. As IPMC is a composite, whose properties
are dependent on its hydration, ionomer structure, metal
particle distribution and electrode properties, it becomes very
difficult to accurately determine material constants such as the
diffusion coefficient, the dielectric constant and the individual
layer impedances. Also, there is a need to study the effects of
different material properties on ion transport inside IPMC.
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