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Abstract

®

CrossMark

Cracks in polymer composites can lead to premature failure, which can be disastrous for
polymer-based energy storage devices. Detecting these cracks is essential to guarantee the
reliability and safety of such devices. However, detecting cracks in composite polymers such as
ionic polymer metal composites (IPMCs) is a challenging task, which makes it difficult to
ensure their performance and safety. The overall goal of this study is to investigate the effect of
cracks or damage caused by tensile loading on the mechanical properties and electrochemical
characteristics of IPMC based capacitors. During tensile testing, the deformation of the IPMC
strips causes changes in the ion distribution and concentration in the polymer matrix, influencing
the performance of the material. The measurements were conducted utilizing electrochemical
impedance spectroscopy at a room temperature (21 °C) and frequency range of 10 KHz to 1 Hz.
The method utilized in this study proved to be easy and quick with consistent results. The IPMC
capacitor was found to increase its capacitance after major cracking in the Pt electrodes from
high tensile mechanical loads. Furthermore, at lower frequency range (<100 Hz), the real (¢”)
and imaginary (¢’’) part of permittivity increase with the addition of loads. This displays that
the dielectric property of the material is affected due to the increasing of the loads. It is
concluded that, at frequencies above 100 Hz, the permittivity is weakly load dependent.

Keywords: ionic polymer metal composites (IPMCs), cracks, tensile loadings,
dielectric material, capacitance, mechanical properties, electrochemical characteristics

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

1. Introduction

Ionic polymer—-metal composite (IPMC) is an electroactive

polymer (EAP) that consists of an ion exchange polymer

film and two conducting electrodes [1]. A standard IPMC
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comprises of a thin polymer membrane (~180 pm) with metal
electrodes (5-10 pm thick) such as platinum, gold, silver, car-
bon composites, and so on plated on both sides of the mem-
brane. Platinum and gold are often used due to their low
electric resistivity as well as chemical stability. The polymer
membrane has two main characteristics: permeability and ion
selectivity [2]. These characteristics are met using ionomers
such as Nafion™, comprising of organic ionic groups connec-
ted by covalent bonds to the polymer backbone.

There are several studies that show IPMC materials as
actuation elements in electromechanical systems [3, 4]. The
working principle of IPMC as an actuator can be associated

© 2023 The Author(s). Published by IOP Publishing Ltd
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with electromechanical transduction. Electromechanical
transduction or actuation takes place when a voltage
(~1.2-1.5 V) is applied across the electrodes, the hydrated
cations move towards the cathode, creating a large bending
motion [4-7]. The typical cations utilized in IPMC are lithium
ion, hydrogen ion, or sodium ion. The volume near the anode
decreases and the IPMC bends toward the cathode. This causes
the IPMC to swell up on the cathode side [1]. Furthermore,
when under stress; for instance, under tension, IPMC creates
a voltage difference making it a suitable candidate to be used
as a sensor and/or capacitor.

A study was conducted in order to evaluate the functional-
ity of IPMC as capacitors [8, 9] as well as the dependency of
IPMC capacitance on temperature. In the study, [IPMCs were
utilized to conduct the measurements. The Nafion™-115 was
plated on both sides with gold utilizing radio frequency sput-
tering machine. The IPMC was charged for a fixed time using
a fixed electric charging current and then allowed the [IPMC to
discharge, examining the material property itself. The result
displayed that the capacitance measurements stayed constant
with the increase of temperature. Furthermore, the used IPMC
samples were cut into smaller sizes to examine their storage
capacitance scalability. It was shown that a reduction of 20%
of the surface area resulted in a 20% of its storage capacitance,
displaying a linear relationship.

When a material stores energy when voltage is applied, it
is identified as dielectric. When a dielectric material is sand-
wiched between parallel metallic plates and assigned to a
voltage, the capacitance measurement depends on the dielec-
tric material and its geometry. Dielectric materials have per-
mittivity which indicates that they can store a large amount of
electric charges in an electric field. This is caused by the polar-
ization of the material being generated by the electric field,
resulting in the parting of the charges. The separation of the
positive and negative charges creates a dipole moment, which
adds to the materials capability to store charges. This paper
goes over the influence of dielectric properties on the mechan-
ical and electrochemical properties of IPMC.

1.1. Principles of dielectric properties

The material’s ability to store energy or electric charge is
measured using the real (¢’) and imaginary (¢’’) part of per-
mittivity. The real part of permittivity relates to the ability of
the material to store and release electrical energy in response
to an applied electric field. The imaginary part of permittiv-
ity relates to the loss of electrical energy within the material.
There is a certain amount of energy that is lost as heat due to
the resistance of the material. A lower value represents lower
energy losses.

The permittivity of a material is affected by various factors,
including the materials’ composition, temperature, and fre-
quency. The permittivity (¢) values of the dielectric were cal-
culated utilizing the following equations:

_GL
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where Cp is the capacitance and L is the thickness of the
sample, A is the surface area of the electrodes, g = 8.85 x
1072L s the dielectric constant of free space, 6 is the
phase angle in degree, and 6 is 90 — @ in degree. The
loss factor, tan (¢), is obtained directly from the permittivity
measurements (figure 1).

The conductivity measurements are determined using the
following relationship and they are used to determine the
dielectric relaxation, which examines the phenomenon of
relaxation in dielectric materials

Oac = qwe’’ )
where w = 27 fis the angular velocity.
M =—-wCZ" , M" =wCyZ' 3)

where Cj is the geometrical capacitance.

1.2. Surface morphology of IPMC

The electrodes are deposited utilizing the impregnation reduc-
tion technique which can cause the IPMC sample to have dif-
ferent textures since the user has minimum control over how
much platinum is deposited into the membrane. Furthermore,
despite platinum having high electrochemical stability and
excellent conductivity, after long cyclic deformation, it tends
to develop cracks which leads to a higher surface resist-
ance that affects the performance of the IPMC [10, 11].
Although gold is more elastic and provides a better mechan-
ical durability [12], its low stability in aqueous environments
make the fabrication process difficult. Moreover, it is essential
to notice that the surface geometry of the electrodes relates
to their performance [13]. The platinum electrodes penetrated
the Nafion™ membrane results in a very large interfacial sur-
face area between the polymer and the electrodes which leads
to larger capacitance measurements. It is understood that the
larger the specific surface of the electrodes, the higher the elec-
tromechanical output [14]. This is due to the accumulation of
charges close to the electrodes. The quality of the electrode
layer and performance of the IPMC directly depends on the
fabrication process.

In this work, we study how mechanical stress-induced
cracks impact the mechanical and electrochemical properties
of IPMC. It is also important to note that the layer of the metals
embedded into the Nafion™ membrane functions as a barrier
for water evaporation. It slows down the evaporation process
when working under dry conditions. In general, some efforts
and improvements must be made with the fabrication process
of IPMC in order to attain a higher surface conductivity, longer
water retention when working under dry conditions, and mech-
anical properties.

1.3. Essential of this study

The need for lightweight designs of electronics has grown in
the past decades. Therefore, to meet this need, novel methods
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Figure 1. Loss tangent vector.

in material and product development are useful. As techno-
logy continues to grow, we are seeing more and more electron-
ics that are being designed to be smaller and more compact.
This movement towards miniaturization has led to a need for
energy storage devices that are able to fit into these smaller
devices. Batteries and capacitors have been used in the devel-
opment of these devices; however, most batteries and capa-
citors have limitations. The capacitors and batteries studied in
the past lack flexibility, are heavy, and occupy large spaces.
Furthermore, some capacitors must be soldered directly to the
integrated circuit.

IPMC display capacitive properties once they are placed
in an ionic solution. Currently, the ability of IPMC materi-
als to be utilized as planar and flexible capacitive elements
for storing electrical energy has begun to be explored [7].
One big improvement of IPMCs from conventional capacit-
ors is how they can be manufactured to any planar shapes and
sizes in order to meet the needs of specific applications [8].
Mechanical loading (stress application) can cause deformation
or damage to the capacitor; therefore, examining is important
for effective longer use. However, very little work has been
reported on the influence of stress on the capacitive behavior
of IPMC. This work is conducted to determine the influence of
cracks caused by tensile loading on the mechanical and elec-
trochemical performance of IPMC.

The research of crack propagation caused by tensile load-
ings in IPMC energy storage devices is crucial. Studying
how cracks form and propagate under tensile loading can
help researchers improve the design of energy storage devices
to reduce the risk of failure. For instance, by altering the
shape or size of the IPMC, researchers can minimize the
amount of stress that the material is exposed to, which can
increase its durability and reliability. In addition, the pres-
ence of cracks in [IPMCs can negatively affect their mech-
anical and electrochemical properties, which can lead to a
decline in performance [15-17]. By studying crack propaga-
tion, researchers can examine how these cracks affect the
energy storage capacity and overall performance of IPMC
devices. This knowledge can be utilized to develop mitigation
strategies that aim to decrease crack propagation and improve
the durability and reliability of IPMCs.

Overall, this work advances the energy field by exhibiting
understandings into how IPMCs can be optimized for use in

energy storage devices. By understanding how cracks form
and propagate in IPMCs, researchers can build strategies to
prevent this type of damage. Additionally, this knowledge can
be utilized to develop new materials that are better suited for
use in energy storage applications.

For instance, researchers can utilize the knowledge gained
from studying crack propagation to enhance the perform-
ance of existing technologies that use IPMCs and other EAP
based energy devices. This can direct us to the expansion of
more efficient and reliable energy storage systems that can be
used in different fields, including renewable energy, medical
devices, and consumer electronics.

2. Experimental setup

2.1. IPMC fabrication process

The IPMC sample is fabricated utilizing the chemical reduc-
tion process (impregnation-reduction or chemical deposition)
due to the low cost and good surface strength achieved util-
izing this technique [9]. The method consists of four basic
steps: surface treatment or roughening, ion exchange, primary
plating, and secondary plating. Prior to plating, the Nafion
membrane is roughened by # 800 sandpaper to improve the
surface area. Then, the membrane was boiled for 45 min
in a H,SO, solution and deionized water respectively, after
which the sample was immersed in a Platinum (Pt) salt solu-
tion ([Pt(NH3)4]Cl, or [Pt(NH;3)¢Cly]) for 4 h. Next, NaBH,4
is utilized as a reducing agent to metalize the polymer.
Subsequently, the IPMC sample is boiled in 0.5 M of H,SO4
solution and soaked in a LiCl for cation exchange. Typically,
platinum and gold are used as electrode materials due to
their high electrochemical stability and excellent electrical
conductivity [13]. Kim and Shahinpoor showed a thorough
description of different IPMC fabrication methods with per-
formance comparison [18]. A more detailed electroless IPMC
fabrication process can also be found in Pak et al [19]. It is
important to note that a big sheet of IPMC based capacitor was
fabricated and cut into smaller pieces for testing. This means
that the fabrication process is consistent for all samples.

2.2. Scanning electron microscope (SEM)

Scanning electron micrographs of IPMC were acquired util-
izing the Hitachi TM 3030 microscope with a 15 KV accel-
erating voltage (figure 2). The typical morphology of IPMC
samples displayed unevenness in the surface of the electrode.
For this study, the images were captured at various displace-
ment measurements to examine the effect of electrode mor-
phology cracks induced inside the SEM.

2.3. Dynamic mechanical analyzer (DMA)

A DMA was utilized to obtain the stress—strain relationship
for fabricated IPMC sample in the tension loading application.
The Young’s modulus measurements were determined from
the stress—strain measurement utilizing the Perkins Elmer
Pyris Diamond DMA Analyzer that provides force up to 9.8 N.
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Figure 2. SEM (Hitachi TM3030, Japan) showing an adapter for tensile setup (left) and SEM image of the platinum surface of an IPMC

fabricated using the electroless deposition technique (right).
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Figure 3. Experimental setup used for electromechanical and electrochemical characterization and corresponding schematic diagram. The
measurements were conducted in wet conditions (in deionized water) at a room temperature (21 °C); therefore, the effect of water loss may
be neglected. The electrochemical impedance spectroscopy (EIS) measurements were conducted in a two-electrode configuration.
Furthermore, the electrochemical measurement plots were obtained from EIS measurements at a frequency range of 10 KHz—1 Hz utilizing

an AC perturbation of 10 mV.

The force is increased at the rate 0.5 N min—'. The speci-
men is a rectangular strip with a size of 14 mm in length,
2 mm in width, and 0.20 mm in thickness. The tests were con-
ducted in air condition at room temperature (21 °C) and nor-
mal humidity (~30%). Although IPMCs are known to work
better in water due to ion mobility [20], a few assumptions
were considered when investigating the measurements taken
in real-time work environments. When working in dry con-
ditions, we are considering there may still be some level of
moisture present in the surrounding environment or within the
IPMC material itself. The presence of residual water, humid-
ity, or moisture adsorbed onto the IPMC surface could con-
tribute to a certain level of ion mobility and produce precise
measurements [21].

2.4. Mechanical and electrochemical characterization

The electromechanical and electrochemical responses of the
prepared IPMCs were measured utilizing a DC power supply

(HY3005F-3), load cell (GSO-1K, Transducer techniques),
PGZ-402 Potentiostat (Radiometer Analytical), and Keithley
(DMM6500) Multimeter. An IPMC sample with a size of
4 mm x 18 mm and thickness of 0.20 mm was clamped from
both ends and the input voltage is applied at the clamp con-
tacts as shown in figure 3. To calculate the forces, Newton’s
second law of motion was used (F' = ma), while considering
the buoyant force. The weights were increased in 100 g incre-
ments, beginning at 62 g. The experiments were repeated with
three samples for each loading and the average was taken as
reasonable measurements.

3. Results and discussion

3.1. Stress-strain measurements

The tensile testing results in terms of normal stress and nor-
mal strain on an [IPMC are displayed in figure 4. IPMCs have
an increase in the mechanical properties, such as stiffness and
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Figure 4. Stress—strain relationship of an IPMC sample (left) measured in a dynamic mechanical analyzer (DMA) (right).

the modulus of elasticity, compared to a Nafion membrane.
However, the stress—strain behavior is similar, illustrating that
the mechanical performance is led by the polymer membrane
itself rather than the platinum electrodes [22]. However, this
will not be the case when working in a bending mode. The
intrinsic mechanical properties of the polymer membrane and
electrodes impact each other. This work is not covered in this
study.

3.2. Crack propagation

The Pt IPMCs were examined using SEM to study crack
propagation and the influence of these cracks on the capacit-
ance, permittivity, and other electrochemical properties. The
platinum layer on the top of the composite works as a highly
conductive current collector. As stated above, it is very import-
ant to examine the surface conditions of the electrodes, as
the surface geometry relates to the electric resistance of the
electrodes, permittivity, and capacitance. Figure 5 displays
images of the IPMC sample under the SEM. The sample was
clamped on both ends horizontally and it was extended by
an increment of 1 mm. The results showed significant cracks
formations and propagation. It looked like crack propaga-
tion begins at 2 mm. A 31 pm crack was observed when the
sample was extended to 7 mm. Furthermore, a small separ-
ation at the interface between the electrodes and the poly-
mer was noticed; the separation allows for charges to accu-
mulate at the interface forming double layer. It should be
noted that two additional samples were tested under SEM
to confirm that they all exhibited similar crack propagation
under various strains. Moreover, it is important to note that the
IPMC samples were subjected to a tensile load under the DMA
until they reached the maximum force limit of the equipment,
which was approximately 10 N, while the SEM measurements
were taken throughout the testing process, up until the sample
failed.

Although this paper examines the influence of cracks on the
mechanical and electrochemical properties of IPMC, it does
not investigate the types of cracks formulated.

It is crucial to establish a relationship between crack form-
ation and strain based on the SEM images. As expected, the
application of stress resulted in an increase in crack formation
with the corresponding strain (figure 6). Crack propagation is
influenced not only by the application of stress, but also by
environmental conditions such as temperature, humidity, and
corrosion [15].

3.3. Permittivity

One of the most essential properties of IPMCs is their per-
mittivity, which displays the material’s ability to store elec-
trical energy in an electric field (figure 7). The permittivity of
the material is affected by the mechanical deformation caused
by tension loading. This type of deformation changes the dis-
tance between the metallic electrodes of the IPMC, resulting in
changes in permittivity. It is noted that both the real and ima-
ginary part of the permittivity decrease with increasing of the
applied frequency. The decrease in permittivity can be attrib-
uted to various reasons, including the relaxation processes that
arise within the material at higher frequencies. At lower fre-
quency, the dipoles play a significant role in the total polar-
ization of the polymer, and they align themselves with the
applied electric field. At higher frequencies, however, the role
of the dipoles to the total polarization becomes small; there-
fore, dipoles are unable to keep up with the fast changes in the
applied electric field resulting in low values. In other words,
the dipoles are not able to rotate with the same frequencies;
therefore, when the applied frequency increases, the real and
imaginary part of permittivity values decline. Furthermore, the
ionic polarization caused by the application of the electric field
on the materials, causes a displacement of the cations relative
to the anions, allowing the permittivity values to decrease with
increase in frequency.

Figure 7 displays that the dielectric property of the mater-
ial is affected due to the increasing of the loads at lower fre-
quency (<100 Hz). It is also noted that at frequencies above
100 Hz, the permittivity is weakly load dependent. At the
lower frequency range, the ¢’ and '’ values seem to increase
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Figure 5. SEM images of Pt-IPMC sample under no strain
(2), 1 mm (b), 2mm (¢), 3 mm (d), 4 mm (e), 5 mm (f), 6 mm
(g), 7 mm (h) extension.

with the addition of loads or stress (figure 8). The addition of
the loads at higher frequency, make the IPMC exhibit small to
no change in permittivity. This could be due to an increase
in stiffness and lowered flexibility of ions within the poly-
mer matrix. When a tensile force is applied on the IPMC, the
Nafion matrix becomes elongated, resulting in a reduction in
the density charged species within the matrix. This decrease in
charged species leads to small to no changes in the permittivity
of the IPMC.

3.4. Dielectric loss (tan 6)

Dielectric loss determines the energy loss due to the
dissipation of the electric field in the material. The dielectric
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Figure 6. Crack propagation with the addition of loads.

loss, tan delta as a function of frequency at different loads
is obtained from equation (1) and displayed in figure 9. The
dielectric loss of an IPMC varies with frequency and the addi-
tion of the loads. At low frequencies, the dielectric loss of the
IPMC increases with the increase in stress. This might be due
to the applied stress causing some type of adjustment in the
orientation of the polymer chains influencing the dielectric
properties of the material. At low frequencies, the dielectric
loss behavior is governed by electrode polarization as well as
ionic conduction. The dielectric loss that is credited to ionic
conduction implies the migration of ions over large distances.
As the ions move, they lose some of their energy to the lat-
tice as heat. This explains the dissipation of electrical energy
as heat.

Furthermore, as it was shown in the SEM images, the
applied stress causes the formation of microcracks or voids in
the polymer matrix. This will increase the dielectric loss due
to the existence of trapped charges. As frequency increases,
the dipole relaxation becomes more significant and causes the
dielectric loss. Moreover, at high frequencies, the space charge
influences also play significant role in determining the dielec-
tric behavior. The tension loading induces mechanical stress
on the metallic electrodes. This affects their electrical proper-
ties and influences the overall dielectric loss.

3.5. Dielectric modulus

One of the important characteristics of IPMCs is their dielec-
tric modulus, which displays the relationship between the elec-
tric field and strain under various loading settings. The dielec-
tric modulus is obtained from equation (3) and is displayed in
figure 10. Due to the presence of interfaces, most polymeric
materials display interfacial polarization. This effect is due to
the accumulation of charges at the interface between the metal-
lic electrodes and the polymer membrane. In addition, the elec-
trical conductivity of the polymeric material has been studied
by the modulus technique.
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Figure 8. The change in permittivity with stress at 1 Hz.

In the higher frequency range, both the M’ and M’/ part
increase sharply and linearly with the applied frequency. The
increasing of the elastic modulus reaches maximum values at
high frequencies due to S-relaxation process. The [ transition
appears when only one side group of the component inside
the polymer membrane moves instead of the larger segment
of it moving as seen in a-transition. Furthermore, the res-
ults displayed that the dielectric modulus values have opposite
frequency performances compared with dielectric constant or
permittivity measurements. It is noticeable from the permit-
tivity figures that permittivity decreases with frequency, while
dielectric modulus is increasing.

Under tension loading setting the M’ part of the dielec-
tric modulus displays the stiffness of the IPMC material.
As shown in figure 10, the M’ part of the dielectric mod-
ulus increases with increasing frequency. This displays that
the IPMC becomes stiffer at higher frequencies. This char-
acteristic is caused by the mobility of the ions in the mater-
ial becoming more constrained at higher frequencies. The
M'’ component of the dielectric modulus is a key sign of

40

—a— no load
354 05N

log f (Hz)

Figure 9. The tangent loss tan § vs frequency for various loadings;
the log—log scale plot is also shown for better interpretation.

the damping performance of IPMC. Specifically, when the
material is under tension loading, an increase in frequency
causes the M’/ part to increase as well. This shows that
IPMC is able to provide stronger damping at higher frequen-
cies. This behavior is caused by the inability of the ions
mobility at higher frequencies, resulting in more damped
response.

3.6. AC conductivity

The frequency dependence of the AC conductivity (oac) under
various tension loadings is obtained by equation (2) and shown
in figure 11. As seen in the figure, under tension loadings, the
oac increases with the increase in the frequency of the applied
electric field. At low frequencies, the conductivity is governed
by the movements of the ions in the polymer membrane’s mat-
rix. The motion of the ions is slowed by the polymer chain.
As the frequency increases, polymer membrane starts to relax
and the mobility of the ions is improved, resulting in increased
conductivity.
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Figure 11. The dependancy of AC conductivity on frequency under
various loadings; log—log scale plot is shown for better
interpretation.

In the lower frequency range, the conductivity increases
with the addition of the weights. At the higher frequencies
(>100 Hz); however, the effect of the loads seems to no
longer affect the conductivity measurements. Although the
conductivity of IPMC significantly improved by increasing
the applied frequency, the addition of the loads has no effect
on the conductivity at higher frequencies. The increase in
the conductivity due to the application of the loads could be
explained by the dependency of the conductivity on the dir-
ection of the applied stress with respect to the polymer chain
orientation. Stretching the IPMC sample along the polymer
membrane’s chain direction will improve the connectivity of
the ion-conducting channels. However, stretching the IPMC
sample perpendicular to the polymer’s chain direction will
interrupt the channel and decrease or have no change in the
conductivity.

3.7 Impedance spectra

The Impedance measurements seen in figure 12, represent the
phase change between the current that flows through and the
electric potential that is applied to the IPMC sample. The
phase change is due to the dielectric properties of the material.
Figure 12 displays the dependency of both the real and ima-
ginary part of the IPMC on frequency at various tension load-
ings. At low frequencies (<100 Hz), both Z’ and Z’’ imped-
ance measurements decrease with increase of the loads. A
sharp decrease is noticed in both the real and imaginary imped-
ance measurements at high frequencies. The sharp decrease in
impedance is due to the bending and stretching modes of the
IPMC. Furthermore, the decrease in impedance measurements
with the increase of frequency as well as the applied loads sug-
gests an increase in the AC conductivity of the sample [23,
24]. For all the applied loads at high frequencies, both Z’ and
Z'" impedance values become independent of frequency. This
may be the result of the release of space charge causing the
decrease in barrier properties of the IPMC sample. It is noted
that for the load 1.30 N and 2.20 N, there is increase in the
Z'" values reaching the maximum (Z_max”'") at low frequen-
cies. The Z'’ values then start to decrease. This phenomenon
is seen in figure 13 as well. In addition, the Z_max”"’ shifts to
higher frequency with the addition of the loads (from 130 N to
2.20 N). This is an indication of the dependency of the load or
mechanical stress with the relaxation time in polymer chain.
The relaxation behavior of the IPMC changes due to the vari-
ations of its mechanical properties.

3.8. Capacitance

The specific capacitance of a material under tension loading
as shown in figure 14, depends on different factors, including
the frequency of the applied electric potential. At low frequen-
cies, the ionic motion inside the membrane’s matrix is slow;
therefore, the capacitance is higher. Nevertheless, at high fre-
quencies, there is not enough time for the ions to move and
align themselves with the applied electric potential inside the
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Figure 12. The real (Z') part (left) and the imaginary (Z'’) part (right) of impedance vs frequency under various loadings.
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Figure 13. The real (Z’) part and the imaginary (Z'’) part of
impedance under various loadings.

Nafion™ matrix. Due to that, the capacitance measurements
drop. In addition, at higher frequencies, the dielectric proper-
ties of IPMC begin to weaken, which causes a decrease in the
capacitance measurements.

At low frequencies, the measured capacitance increases
irreversibly with increasing stress as seen in figure 15. The
increase in capacitance during loading is attributed to the
formation of cracks resulting from the separation of the metal-
lic electrodes and polymer under mechanical stress. This
separation allows for charges to accumulate at the inter-
face between the electrodes and the dielectric material form-
ing double layer, resulting in increased capacitance measure-
ments. Stretching the IPMC sample also increases the surface
area of the electrodes, increasing the sample’s capacitance.
Furthermore, under tension loading, the IPMC sample exper-
iences a change in the dimensions, this change influences the
distance between the parallel electrodes. The reduction of the
distance between the electrodes increases capacitance.

There is irreversibility in the capacitance upon unloading
in the lower frequency. The irreversibility is described by the
capacitance being smaller during unloading than during the
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Figure 14. The capacitance measurements with frequency at
various tension loadings.
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Figure 15. The effect of stress on the measured capacitance during
loading and unloading.

prior loading setting. The change in the capacitance measure-
ments between loading and unloading shows the increase in
polarization during loading and its decrease during unloading.
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The types of cracks formed during this study could also be a
factor for the increase and decrease in the capacitance values.
However, the types of cracks formed are not investigated in
this work.

4. Concluding remarks

Electrochemical Impedance Spectroscopy measurements
were conducted in order to investigate the influence of stress
on the mechanical and electrochemical performances of
IPMC. It has been shown in the past that the sensing and
actuation properties of IPMCs are strongly dependent on the
mechanical and electrical properties. The IPMC samples dis-
play unique dielectric properties under tensile loadings. Also,
the result displayed that the permittivity and capacitance
decrease with increase in the applied frequency. When the
IPMC is stretched, its capacitance changes due to the change in
the distance between the electrodes. The reduction of the dis-
tance between the electrodes increases capacitance. Moreover,
when the IPMC sample is stretched, cracks or small separation
occur between the electrode and the polymer. This separation
allows for charges to accumulate at the interface between the
electrodes and the dielectric material forming double layer,
resulting in increased capacitance measurements.

The dependence of the dielectric properties of IPMC is
shown by considering two elements: dielectric relaxation and
electrode polarization. At low frequencies, dielectric relax-
ation occurs when the dipoles inside the polymer react to
applied electric potential by reorienting themselves. In addi-
tion, at low frequencies, the ionic mobility inside the poly-
mer matrix is slow; therefore, the capacitance is high, and
the loss tangent is low. At high frequencies, however, the
dipoles inside the polymer matrix are not able to reorient them-
selves quickly enough to respond to the electric potential.
Therefore, the capacitance decreases while the loss tangent
increases due to increased ion mobility and electrode polariza-
tion. Furthermore, electrode polarization occurs when charges
accumulate at the interface between the electrode and the poly-
mer membrane due to differences in permittivity.

Overall, understanding the electrochemical performance of
IPMC under tension loading is an essential area of research,
in order to utilize this material in practical applications. By
examining the electrochemical behavior under various load-
ing conditions, researchers can expand insights into how to
enhance the design and performance of this material for vari-
ous applications including robotics.
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