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Abstract

®

CrossMark

In recent years, significant research has been directed towards the development of energy
storage devices that are thin, lightweight, and flexible, catering to the diverse demands of

modern smart electronics. This study investigates the remarkable adaptability of ionic polymer
metal composite (IPMC) capacitors when subjected to bending conditions. Under investigation
was the capacitor’s functionality within a broad spectrum of bending angles, ranging from 0° to

100°. The study aims to reveal the capacitor’s response and stability across this expansive
curvature range, providing insights into its potential applications in flexible and dynamic
systems. The flexibility of the supercapacitor allows it to bend or fold up to 180° without
experiencing permanent mechanical deformation. The calculated specific capacitance values
obtained by bending the cell at angles of 0, 40, 70, and 100° are found to be 4.3, 6.4, 8.2, and
8.4 mF g~ ! respectively. The result displayed the IPMC capacitor exhibited notable resilience
under varying bending angles, affirming its capacity to maintain operational integrity despite
significant mechanical stress. Through a systematic exploration of bending conditions, this
research unveils the capacitor’s ability to flexibly conform to various bending angles. This
adaptability is particularly significant for applications where traditional rigid capacitors may be

impractical or inefficient.

Keywords: ionic polymer-metal composites (IPMCs), bending, supercapacitor,

specific capacitance

1. Introduction

There is a significant growth in the industry of electro-
chemical energy storage devices, including batteries and

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms

5Y of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOIL.

supercapacitors [1-3]. Supercapacitors, also known as electro-
chemical capacitors, have gained popularity because of their
unique properties including high power density, fast rechar-
ging capability, long cycle lifespan, simplified fabrication
process, environmental friendliness, and enhanced efficiency,
effectively closing the performance differences between bat-
teries and capacitors [4-6]. They have been utilized across a
spectrum of applications as energy sources for rapid energy
storage and power delivery in consumer electronics, emer-
gency power supplies, and wearable electronic devices [7—
10]. Their phenomenal ability to bend, twist, and fold while
displaying high capacitance, long-term cycling stability, and

© 2024 The Author(s). Published by IOP Publishing Ltd
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compact features, ionic polymer metal composite (IPMCs)
are promising candidates for next-generation patch devices
[2, 11]. Despite their huge potential, flexible supercapacit-
ors have encountered numerous issues. Among the main
considerations for successful manufacturing of wearable flex-
ible devices is maintaining highly stable mechanical and elec-
trochemical performance under various deformations when
the cell is bent at different angles under wet conditions
[11,12].

Furthermore, as current supercapacitors are still too bulky,
heavy, and rigid to be practical for integration into wear-
able electronic devices, flexible supercapacitors must display
a planar, compact design with minimal thickness, typically
implementing a sandwich-type arrangement. While a wide
range of materials have been investigated for supercapacitor
applications, the field remains limited by the lack of suit-
able materials. In the past, carbon-based porous materials
have been explored for the use in flexible supercapacitors. For
instance, Kaempgen et al [13] manufactured thin film super-
capacitors using single-walled carbon nanotubes (SWCNTs)
in conjunction with a printable gel electrolyte. However, the
promise of a highly flexible supercapacitor able to withstand
bending and folding at lower cell voltage has yet to be attained.
In this work, planar shaped ionic polymer-metal composite
(IPMC) samples were fabricated utilizing platinum electrodes
as the electrode material. The electrochemical performance of
the IPMC supercapacitors under various bending angles was
explored.

The internal structure of Nafion™ membrane in [PMC
plays an important role in its electrochemical behavior.
Nafion™’s structure consists of a hydrophobic fluorocarbon
backbone and hydrophilic ionic clusters, which create micro-
phase separation [14]. This separation results in the form-
ation of interconnected ionic channels that allow for the
movement of hydrated cations. The Gierke model, which
describes the nanoscale structure of Nafion™, suggests that
these ionic domains are approximately 3-5 nm in diameter
and are responsible for ion conduction [15, 16]. As a result,
the internal structure of Nafion™ has a direct influence on the
charge storage capacity and transport behavior within IPMC.
The formation of these ionic channels is essential for the effi-
cient migration of cations, which contributes to the material’s
overall electrochemical performance.

When a voltage is applied across the electrodes, hydrated
cations within the polymer matrix, such as Na™, Li*, or HT,
move through hydrophilic channels formed by the sulfonate
(-SO3~) groups in the Nafion™ backbone. This ion migra-
tion creates an electrical double layer at the electrode interface
and results in the bending actuation characteristic of IPMCs.
Research shows that the mechanical deformation and electro-
chemical performance of IPMC are directly linked to the ion
transport mechanism, which is influenced by factors such as
the applied voltage, ion species, and water content within the
polymer matrix [17, 18]. Studies further highlight the import-
ance of water content in influencing the mobility of ions, which
in turn affects the electromechanical behavior of IPMC [19,
20]. The degree of hydration not only governs the extent of
ion migration but also impacts the polymer’s conductivity, as

dry IPMC exhibits lower ion mobility and thus reduced elec-
trochemical performance.

The working mechanism of ionic electroactive polymers
(EAP) such as the IPMC requires electrodes like platinum,
palladium, or gold through which an applied load polarizes
the material, and consequently induces the movement of posit-
ive ions within the polymer membrane. Furthermore, the com-
pact configuration of IPMC, illustrated in figure 1, shows the
Nafion™ membrane sandwiched between two platinum elec-
trodes. IPMC devices offer several benefits fundamental to
ionic EAPs, including low driving voltages, flexibility, bid-
irectional movements, and relatively rapid actuation response
times [21, 22]. Remarkably, the strain demonstrated by IPMC
is similar to that of biological muscles and surpasses certain
other artificial muscle actuators, such as shape memory alloys
and conductive polymers [23].

Recent work investigates the potential of IPMC as planar
and flexible capacitive elements for storing electrical energy
[24, 25]. The study explored the electroactive abilities of
IPMC capacitors including their dependance on temperat-
ure. The experiment considered dry (without water) IPMC
samples, each sharing a uniform thickness but varying in
surface area. A 5 nm chromium buffer layer was deposited
on the polymer surface, ensuring strong adhesion between
the 100 nm thick gold electrodes and the polymer mem-
brane with a thickness of 127 um. The electrochemical res-
ults exhibited capacitance values of approximately 1 mF cm “2
and a capacitance per unit mass of 40 mF g~'. They were
also successful in showing the rapid charging-discharging
capabilities as it was shown in the results section of this
work.

While the current work primarily focuses on the perform-
ance of IPMC in dry environments at room temperature, it
is essential to distinguish that real-world applications will
expose the material to a variety of environmental conditions,
such as temperature fluctuations, varying humidity levels,
and mechanical fatigue. These factors can significantly affect
the long-term stability, reliability, and performance of IPMC
capacitors. It is shown that higher temperatures affect the
mechanical stability and conductivity of the membrane [26,
27]. Conversely, exposure to low humidity levels can lead to
dehydration of the Nafion™ membrane, reducing ion conduct-
ivity and degrading performance [28]. Therefore, future work
should involve testing the performance of IPMC strips under
a wider range of environmental conditions, including vari-
able humidity, temperature, and mechanical stress, to assess
their suitability for real-world applications, especially in out-
door environments where they may be exposed to fluctuating
conditions.

Additionally, mechanical fatigue tests are critical for eval-
uating the long-term durability of IPMC in flexible devices.
Prolonged usage in bending or twisting applications can lead
to microstructural fatigue or failure of the electrodes and
polymer matrix. To address this concern, it is recommended
that fatigue life and recovery behavior be studied in greater
detail, particularly in relation to bending angles and cycles,
as IPMC materials will likely be subjected to such mechan-
ical stress in wearable or soft robotic applications. This will
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Figure 1. An IPMC capacitor, measuring 5 cm in length and 1 cm in width, designed for a wearable patch device showing neutral (left),

bending (middle), and twisting (right) position, respectively.

offer a more accurate assessment of the material’s practical
applicability.

The findings of this study contribute to the evolving under-
standing of IPMC capacitor behavior, emphasizing its poten-
tial role in technologies that demand flexible energy storage
solutions. The ability of the capacitor to endure and perform
under diverse bending conditions makes it an attractive can-
didate for integration into systems where adaptability to com-
plex shapes is essential. Moreover, the research suggests that
IPMC capacitors can play a transformative role in shaping the
future of flexible electronics and soft robotics. This investiga-
tion not only provides a broad understanding of the capacitor’s
performance under bending stress but also sets the stage for
further research and innovation in the realm of flexible energy
storage devices.

2. Experimental setup

2.1. IPMC fabrication process

The fabrication process of the IPMC comprises of numer-
ous steps. In this work, impregnation-reduction process was
used. A descriptive fabrication process is previously shown
by Kim and Shahinpoor with performance comparison [29]. In
addition, a more detailed electroless IPMC fabrication is also
found from various research works [30, 31]. The basic fab-
rication process of IPMC begins with the preparation of the
Nafion™ membrane. In order to improve the interfacial area
and increase adhesion between the Nafion™ membrane and
the electrodes, the surface of the membrane was roughened
using sandpaper. To purify the membrane, it was immersed
in hydrochloric acid and deionized (DI) water. The Nafion™
membrane is then placed in a platinum salt solution for four
hours followed by sodium borohydride. Sodium borohydride
is the reducing agent that metalizes platinum. The final step of
the fabrication process is to soak the IPMC sample ina 1 M
LiCl solution for cation exchange.

2.2. Scanning electron microscope (SEM)

Scanning electron images of the IPMC samples were
developed utilizing the Hitachi TM3030 SEM operating at a
15 kV accelerating voltage. The image shows a smooth surface
but nonuniform distribution of the platinum electrodes within
the IPMC sample (figure 2).

2.3. Electromechanical universal testing machine

As seen in figure 3, a three-point bending load was applied
to characterize the flexural stress-strain relationship of the
fabricated IPMC samples under bending loading conditions.
Young’s modulus measurements were acquired from the
stress-strain measurement utilizing the Instron 5565 Series.
The strain rate was set to 0.5 mm min~'. Multiple IPMC
samples were tested, and each sample consisted of rectangu-
lar strips measuring 50 mm in length, 10 mm in width, and an
average of 0.70 mm in thickness. Because of lack of control of
the distribution of the platinum on the surface of the membrane
during the fabrication, the thickness of the samples varies. It
is important to note that the bending loading was conducted at
room temperature (~23°) and humidity (~30%) in dry condi-
tion. It was noticed that residual moisture might still be present
in the ambient environment or within the IPMC material itself,
as it is always stored in DI water. This may potentially influ-
ence the ion mobility and measurement accuracy.

2.4. Setup for pneumatic-controlled bending test

Like flexible energy storage devices, the field of soft robot-
ics has also been improving significantly in recent years [32].
Soft robots provide numerous advantages including flexibility,
adaptability to diverse environments, ease of manufacturing,
and enhanced safety in human-robot relations. For example,
the finger-shaped actuator fabricated in this study displays the
potential for handling softer objects without causing damage.
In this study, the actuator plays an important role in controlling
the curvature of the IPMC strips, as depicted in figure 4(c).
The fabrication process starts with modifying the mold designs
found from instructables.com (figure 4(a)), followed by 3D
printing of the modified molds using thermoplastic polyureth-
ane (TPU) filament (figure 4(b)). A mixture Dragon Skin™
Pro Ecoflex is then prepared and poured into the molds. It
is important to degas the mixture to eliminate air bubbles.
Prior to filling, a small piece of fabric is placed in the bot-
tom mold. The mixture was left to cure for approximately 4 h,
after which the molded pieces are removed and joined together
using Dragon Skin™ Pro to create a single actuator unit.

2.5. Electrochemical characterization

The electrochemical responses of the prepared IPMCs were
measured by PGZ-402 Potentiostat (Radiometer Analytical),
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Figure 2. Cross-sectional SEM image of the IPMC before the application of mechanical loading, showing the platinum surface (left;
reproduced from Napollion and Kim [21]) and the interface between the platinum surface and the nafion™ membrane (right). Reproduced

from [31]. © IOP Publishing Ltd. All rights reserved.

Figure 3. Three-point bending measurements of IPMC sample
utilizing instron series 5565. The IPMC sample consisted of
rectangular strips measuring 50 mm in length, 10 mm in width, and
an average of 0.70 mm in thickness.

and Keithley (DMM6500) Multimeter. The cyclic voltam-
metry (CV) measurements were performed at a scan rate
of 15 mVs™! at room temperature (~23°) using a two-
electrode system. The electrochemical impedance spectro-
scopy (EIS) measurements were performed at a frequency
range of 100 mHZ to 100 kHz. The curvature and pressure
of the pneumatic actuator was controlled by a 100 ml syringe.
Three IPMC samples with a size of 50 mm x 10 mm and thick-
ness ranging from 0.70 mm to 0.75 mm were placed inside
the soft actuator as shown in figure 5. The discharge specific
capacitance (Cg,) values have been calculated from the CV
curves of the chronopotentiometry measurements following
equations (1)—(3),

Cop = kv M
E=1C,V* 2)
P=% 3)

where Q is the average charge during the charging and dis-
charging process, At is the discharge time window, AV is the
potential window during discharging, and m is the mass of
single electrode material. The energy density (E) and power
density (P) are estimated using equations (2) and (3).

3. Results and discussion

3.1. SEM

The IPMC morphology was investigated by SEM. As dis-
played in figure 6(a), the IPMC displayed a relatively smooth
surface with micro cracking around the edge. This change
could be attributed to the mechanical stress from loading. The
surface roughness has also increased because of the accumula-
tion of stress-induced defects compared to figure 2. Elemental
mapping was conducted to evaluate the distribution of the
particles in cell as shown in figures 6(b) and (c). The homo-
geneous distribution of platinum and fluorine was confirmed
by SEM-EDX.

3.2. Flexural stress-strain measurements

The flexural stress-strain measurement was conducted using
the Instron 5565 Series. Under tension loading, it was reported
that the mechanical strength of IPMC increases (both stiffness
and the modulus of elasticity) relative to Nafion™; however,
the overall performance still aligns with the intrinsic nature of
Nafion™ itself [33]. Under the bending load, further increase
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(a) (b)

Figure 4. Modified pneumatic actuator mold design (original design was retrieved from instructables.com, www.instructables.com/soft-
robotic-gripper/) (a), 3D printed of the actuator using thermoplastic polyurethane (TPU) filament (b), and the fabrication process of the
actuator using Dragon Skin™FX pro ecoflex. parts A and B of the Dragon Skin were mixed and poured into molds. After curing, each part
was sealed with Dragon Skin to ensure they were fully sealed and functional as pneumatic actuators (c).

Keithley Multimeter

Potentiostat

100 ml
Syringe Eﬂ

PVC tube—»

_F?T_
Load Cell i« Screw

Clamp——F—*

Copper
Electrode

+— ! | IPMC Sample
Under pneumatic actuator

Aluminum Rail

Figure 5. Experimental setup used for electrochemical characterization and corresponding schematic diagram using an IPMC measuring
5 cm in length and 1 cm in width. The measurements were conducted in DI water at a room temperature (~23 °C). The electrochemical
impedance spectroscopy (EIS) measurements were conducted in a two-electrode configuration at a frequency range of 100 kHz—100 mHz
utilizing an AC perturbation of 10 mV. The photograph shows the test section where IPMC sample is inserted in a pneumatic actuator.


https://www.instructables.com/soft-robotic-gripper/
https://www.instructables.com/soft-robotic-gripper/

Smart Mater. Struct. 33 (2024) 125009

L Napollion and K J Kim

Sy ey’

UNLV AMSL_0846 2024/04/11 1804 H  D10.0 x1C0 1mm

(a)
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Figure 6. SEM image of the cross-section of the IPMC sample after 100 bending cycles (a) and an EDX analysis of the interface between
the platinum and nafion™ membrane, displaying the distribution of platinum and fluorine (b).

IPMC
Nafion 115

254

Flexure Load (N)
5 o 5
1 1 1

o
o
1
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0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
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Figure 7. Flexural load-extension measurements of IPMC at a strain
rate of 0.5 mm min~".

in both strength and flexural modulus for the IPMC, as illus-
trated in figure 7. The superior flexure load-extension per-
formance of IPMC over Nafion™ can be attributed to the spe-
cific enhancements integrated into the IPMC. These enhance-
ments include the incorporation of metal particles within the
polymer matrix, which can offer additional mechanical integ-
rity and improve the material’s ability to withstand deformat-
ive stresses without compromising its elasticity. This makes
the IPMC not only more resilient under mechanical loads but
also better suited to applications requiring durable yet flexible
materials.

3.8. Electrochemical measurements

3.3.1 Reproducibility. ~ To explore the stability of the elec-
trochemical performance of the IPMC capacitor and ensure
reproducibility, a single IPMC sheet was fabricated and
subsequently divided into five samples. From this, two

samples were selected randomly for testing. Each sample
measured 50 X 10 mm in length and width, with a thickness
of 0.7 mm. For testing, the IPMC samples were immersed in
DI water at room temperature. For the bending test, new IPMC
samples were prepared using the same fabrication process as
those shown for the reproducibility test. However, slight vari-
ations in thickness were observed because of the limitations
in controlling the deposition of platinum on the surface of the
polymer membrane during fabrication.

The two IPMC samples were characterized by utilizing CV
test and the results display that the shapes of the two CV
curves are similar, and their areas of the curves are close, dis-
playing 3.4 mF g for sample 1 and 3.0 mF g~! for sample
5. Figure 8 proves that the fabrication process for the IPMC
samples shown in this study has a good reproducibility.

3.3.2. The electrochemical performance of the IPMC
strips.  The electrochemical charge storage behavior of the
IPMC sample is studied in a two-electrode configuration using
DI water as the electrolyte. To study the redox reactions occur-
ring at electrode/electrolyte interface, CV measurements were
performed, and the results are shown in figure 9. Figure 9(a)
displays the cyclic voltammograms of IPMC in two-electrode
configurations at various scan rates (15-100 mVs~"). The CV
plots displayed a quasi-rectangular shape, without any battery-
like redox peaks suggesting the cell potential is varying lin-
early with time. In addition, the CV curves displayed symmet-
ric characteristics with respect to voltage axis at zero current.
This displays that the IPMC shows a close-to-ideal pseudo-
capacitive electrochemical characteristics. Figure 9(b) dis-
plays the variation of the specific capacitance (Cs,) of IPMC
with the scan rate calculated from the CV plots according to
equation (1). The specific capacitance of the electrode mater-
ial reached 3.4 mFg~! at 15 mVs~! and drops to 1.7 mFg~!
at a scan rate of 100 mVs~'. Additionally, the chronopoten-
tiometry curves measured at different current densities are
depicted in figure 9(c). The nearly symmetric charge and
discharge further validates the superior pseudo capacitance
behavior of the electrode material in agreement with the CV
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Figure 8. Cyclic voltammetry curves of two samples with the same conditions: The cyclic voltammetry (CV) measurements were
performed at a scan rate of 15 mVs ™! in DI water at room temperature (~23°), based on a two- electrode system.
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Figure 9. Cyclic voltammograms of IPMC in two-electrode configurations at various scan rates (a). Specific capacitance versus scan rates
(b). Chronopotentiometry curves measured at various current densities (c) and their corresponding power versus energy density plot (d).

measurements. The lower current density of 0.4 mAcm™—2
displays a combination of capacitive electrode (triangular
shaped) and faradaic electrode (plateau shape). Based on the
chronopotentiometry, the energy (E) and power (P) density
were calculated utilizing equations (2) and (3)), respectively,
at various current densities. Figure 9(d) reveals the calculated
energy and power density. At any current density, the values
of E and P with Cg, values of the pt-IPMC electrodes are
promising.

3.3.3. The electrochemical performance of the IPMC strips
under bending condition.  For the bending tests, new IPMC
samples measuring 50 x 10 mm in length and width, with
thickness ranging from 0.70 to 0.75 mm. The flexible super-
capacitors are made into a wearable patch device acting as an
electrochemical energy storage device, as shown in figure 1.
The benefit of utilizing this flexible cell into wearable patch
device is that it removes issues such as electrolyte leakage
and electrode shorting during bending deformation as both
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Figure 10. Experimental set up of the electrochemical performance of IPMC inside a pneumatic actuator (a). Pressure applied up to 80 kPa

to control the curvature of the samples (b).

the electrode and electrolyte are super flexible and solid. The
wearable patches were tested by placing the IPMC material
inside a finger-like actuator as depicted in figure 10(a). The
curvatures were controlled by a 100 ml syringe. The elec-
trochemical performances of the samples were investigated
by CV, EIS, and chronopotentiometry under various bend-
ing angles from 0° to 100°. At lower bending angle (0°), the
pressure required to induce bending in the IPMC is relatively
zero. This corresponds to the region where the IPMC under-
goes little to small deformation as seen in figure 10(b). As
the bending angle increases, the pressure required to maintain
the desired curvature displays a steady increase. It is import-
ant to note that when conducting these measurements to con-
sider the hydrostatic pressure exerted by the water in addition
to atmospheric pressure. In the experimental setup, the water
surrounding the IPMC samples exerts hydrostatic pressure
because of its depth, which varies depending on the immersion
depth and the density of the fluid. In general, as the depth of
immersion increases, so does the hydrostatic pressure acting
on the IPMC samples and the pneumatic actuator. However,
in this case, the IPMC is placed near surface level, resulting
in a small depth, thus rendering the hydrostatic pressure negli-
gible. The total pressure can be calculated using equation (4),

“

Piotal = Pagm + P hydrostatic

where Py, is the atmospheric pressure and Phygrostatic 1 the
hydrostatic pressure.

When subjected to bending loading, the IPMC undergoes
complex mechanical and electrochemical responses. Initially,
at lower bending angles, the IPMC experiences minimal
deformation, and the mechanical stresses are distributed relat-
ively evenly across the sample. As the bending angle increases,
the mechanical stresses on the IPMC become more pro-
nounced, leading to deformation of the material as seen in

figure 6(a). Deformation can cause changes in the microstruc-
ture and ion distribution within the material [33, 34]. This
deformation can affect the distribution of water molecules
and mobile ions within the polymer matrix of the IPMC,
affecting its electrochemical properties. Figure 11(a) displays
the CV curves of the strip IPMC supercapacitor measured at
various bending angles, at the scan rate of 15 mVs~!. It is
observed that the shapes of the CV curves vary across differ-
ent curvatures until reaching 70°. Beyond this point, the CV
curves appear to exhibit slight change in the current response.
This indicates there is no significant change for the capa-
citance of the strip supercapacitor beyond this position. As
depicted in figure 11(b), the capacitance values calculated
from the CV curves seem to increase with bending angle.
Specifically, the capacitance values are recorded as 4.3, 6.4,
8.2, and 8.4 mFg_1 for bending angles 0°, 40°, 70°, and
100°, respectively. Studies also suggest that the capacitance
and charge storage capacity of the IPMC tends to improve
with bending angle [35]. In figure 11(c), the cycling stabil-
ity of the cell is explored through the performance of 100 CV
cycles. The result displays that the IPMC cell retains 100% of
the initial specific capacitance up to 20 cycles. Then the cell
retains an average capacitance of 99.5% throughout the dur-
ation of the measured cycle. In addition, in order to confirm
the suitability of the flexible cell into wearable patch device,
the change in the specific capacitance with respect to bend-
ing angles was conducted utilizing the chronopotentiometry
cycles, as shown in figure 11(d). The measurements were con-
ducted at a current density of 0.6 mAcm™2 by bending the
cell at different angles. The flexible cell showed sustained
high performance in DI water, remaining stable at 1 V. This
voltage falls within the typical operating range of a standard
wearable patch device, which typically works under 3 V oper-
ated at various bending angles [10, 36, 37]. The increase in the
specific capacitance seen in the CV and chronopotentiometry
curves can be attributed to several factors: enhanced ion
transport, improved water uptake, and structural changes
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Figure 11. Cyclic voltammograms (a) obtained by bending the flexible IPMC samples at various angles performed at a scan rate of
15 mVs ™! and the corresponding specific capacitance measurements (b). The capacitance retention at various number of cycles (c), and the
chronopotentiometry obtained by the flexible IPMC at various angles performed at current density of 0.6 mA em ™2 (d).

within the material. The increased bending angle results
in a larger surface area of the IPMC exposed to the sur-
rounding electrolyte solution, leading to enhanced ion trans-
port and electrochemical reactions at the electrode-electrolyte
interface. Furthermore, mechanical deformation can facilitate
the penetration of water molecules into the polymer matrix,
enhancing the accessibility of ion exchange sites, therefore
improving the electrochemical performance. In addition, the
mechanical strain experienced by the IPMC may promote the
reorientation of the polymer chains and the redistribution of
charges within the material. This type of structural rearrange-
ment contributes to the surface area of the electrodes and the
availability of active sites for ion adsorption and desorption
processes during oxidation-reduction process.

The IPMC cell underwent repeated bending to 100° fol-
lowed by immediate restoration to the original flat state, mim-
icking its potential application in wearable patches. Notably,
the measurements shown in figure 12 were conducted under
bending conditions. Following bending and subsequent flat-
tening of the IPMC samples 25, 50, and 100 times, spe-
cific capacitance values of 3.9, 3.8, and 4.0 mFg~!, respect-
ively, were observed. The observed increase in capacitance
could potentially be attributed to enhanced contact between

the platinum and Nafion™ membranes induced by external
bending.

In order to investigate the variations in capacitance
observed under various bending conditions, the impedance of
the cell was examined through Nyquist plots within a fre-
quency range of 100 mHz-100 kHz. Figure 13(a) displays
the Nyquist plot of the free-standing IPMC strip. The equi-
valent circuit model was utilized for the EIS data simulation
using ZSimpWin software (a free impedance analyzer) to get
the fitting parameters. This equivalent circuit model was then
applied to all Nyquist plots obtained under different bend-
ing conditions. Figure 13(b) depicts the Nyquist plots of the
supercapacitor under various bending conditions. At higher
frequencies, the equivalent series resistance (ESR) values of
the IPMC strip under different bending conditions remained
below 10 Q-cm?, obtained from the intercept of the Nyquist
plots with the real axis. While there appeared to be slight fluc-
tuations in the ESR values, it is crucial to note that ESR is
primarily influenced by electrolyte resistance and contact res-
istance at the active material and current collector interface.
Given the solid nature of the IPMC cell, the absence of elec-
trolyte leakage implies stable electrolyte resistance by main-
taining a consistent ion count within the electrolyte. Thus,
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Figure 13. The EIS plot of the free-standing IPMC (a) and The EIS plots of IPMC strips under different bending conditions (b) measured at
0.5 V and room temperature within the frequency range 100 kHz—100 mHz.

any observed changes in ESR values are minor. Notably, an
increase in bending coincided with a reduction in impedance
magnitude, displaying an overall decrease in strip cell resist-
ance. Such a decline in resistance often suggests diminished
barriers to ion diffusion, facilitating enhanced ion mobility
within the electrode-electrolyte interface. This enhanced ion
diffusion can lead to more efficient charge transfer kinetics and
electrochemical reactions, resulting in increased capacitance.
On the contrary, an increase in resistance may indicate greater
hindrance to ion diffusion, maybe because of high electrode
polarization or poor conductivity of the polymer membrane.
In such cases, the capacitance values decrease as a result of
reduced ion mobility and slower charge transfer processes.

3.4. Application prospects and performance comparison

The reproducibility and bending tests conducted in this study
provide key insights into the practical benefits of IPMC-based

capacitors in flexible electronics. Specifically, the increase in
capacitance with bending angle demonstrates that IPMC can
maintain and even improve its electrochemical performance
under mechanical strain. This is a particularly valuable charac-
teristic for real-world applications, such as wearables and soft
robotics, where devices are subjected to continuous mechan-
ical deformation.

One of the most promising application areas for IPMCs
is wearable electronics, where flexibility, durability, and the
ability to conform to irregular surfaces are crucial. Wearable
devices such as fitness trackers, smartwatches, and med-
ical patches need energy storage systems that can operate
effectively while being subjected to constant bending and
movement. IPMCs are particularly suited for this because,
unlike other flexible materials, their capacitance improves with
mechanical deformation, as demonstrated in the bending tests
performed in this study. The increased capacitance with bend-
ing ensures that energy storage performance remains stable or



Smart Mater. Struct. 33 (2024) 125009

L Napollion and K J Kim

even improves during movement, which is essential for main-
taining the functionality of wearables during daily activities.
This characteristic prevents energy loss or device failure that
might occur with more rigid materials under similar condi-
tions. As a result, IPMC-based supercapacitors can provide
more reliable power delivery, supporting devices that require
long-lasting energy storage without performance degradation
due to mechanical stress.

Furthermore, soft robotics is another field where IPMCs
can play a significant role. Soft robots, designed to mimic bio-
logical organisms, often operate in environments that require
them to flex, bend, and adapt to their surroundings. These
robots rely on flexible energy storage systems that can accom-
modate complex mechanical deformations without comprom-
ising functionality. IPMC-based capacitors, with their abil-
ity to increase capacitance under bending, offer a significant
advantage in this regard. Their capability to perform under
various bending angles makes them an ideal energy storage
solution for soft robotic systems that need to perform dynamic,
repetitive motions.

Furthermore, IPMCs show several unique advantages over
other flexible capacitor materials. For instance, graphene-
based supercapacitors are known for their high conductivity
and energy density, but they often face mechanical limita-
tions under extreme bending or stretching, which can lead
to performance degradation [38]. Similarly, while materi-
als like polyaniline or polypyrrole offer good flexibility and
conductivity, their performance under long-term mechanical
deformation is often inconsistent, with significant reductions
in capacitance over time due to structural breakdown [39]. For
instance, in the work by Zhang et al the capacitance of the
device dramatically decreased when bent to 30°, and further
increases in bending angles to 60°, 90°, 120°, and 150° res-
ulted in only slight changes in capacitance [6]. In contrast,

(b)

Figure 14. A red LED lit by a flexible IPMC charged for 30 s at 0.16 A at 0°(a) and 70° (b).

the IPMC capacitors in this study demonstrated a substantial
increase in capacitance, from4.3 mF g ! at0°to 8.4mF g ! at
a 100° bending angle. This highlights a significant advantage
of IPMC capacitors in maintaining and even enhancing energy
storage capacity under mechanical strain, making them more
suited for flexible applications like wearable electronics or
soft robotics. Moreover, the enhancement in capacitance under
mechanical deformation could also reduce the need for lar-
ger or bulkier energy storage components in flexible systems.
Since capacitance increases with bending, smaller or thinner
IPMC layers could be used to achieve the same energy storage
capacity as thicker materials in static conditions. This is partic-
ularly advantageous for miniaturized electronics, where space
is limited, and energy efficiency is paramount. In addition,
IPMCs’ ability to operate in diverse environments, including
humid or wet conditions, gives them an additional edge over
other materials that may degrade or lose functionality in such
environments.

Figure 14 displayed the practical application of an IPMC
device in powering a red LED light under 0° and 70°, simulat-
ing conditions that might be encountered in wearable techno-
logy applications. For the setup, the IPMC was connected to
a small red LED, which typically requires a voltage range of
1.7-3 volts to operate. The IPMC was initially charged with a
current of 0.16 A at a voltage of 3 V for a duration of 30 s using
a power supply. This charging protocol was chosen based on
the electrical requirements of the LED and the capacity of the
IPMC to store and deliver the necessary power efficiently.

Following the charging phase, the LED was then allowed
to light using the stored energy in the IPMC. Under both (0°
and 70°) conditions, the LED successfully lit for an average
duration of 8 s. This showed IPMC capacitors’ durability and
flexibility as it maintained functionality even when bent at a
70° angle.
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4. Conclusion

In this study, IPMC strips were successfully fabricated and
characterized. A single IPMC sheet was fabricated and sub-
sequently divided into five samples. The fabrication of the
wearable patch consists of a polymer membrane (Nafion™)
sandwiched between platinum electrodes. The benefit of util-
izing this flexible cell into a wearable patch device is that
it removes issues such as electrolyte leakage and electrode
shorting during bending deformation as both the electrode and
electrolyte are super flexible and solid. The wearable patches
were tested by placing the IPMC material inside a finger-like
pneumatic actuator. The results showed the fabrication pro-
cess of IPMC has a good reproducibility. In addition, the fab-
ricated strips were still functioning without shorting under
bending conditions. Moreover, the capacitance values calcu-
lated from the CV curves seem to increase with bending angle.
Specifically, the capacitance values are recorded as 4.3, 6.4,
8.2,and 8.4 mFg’1 for bending angles 0°, 40°, 70°, and 100°,
respectively. The flexible supercapacitor exhibits remarkable
cycling stability, making it suitable for integration into flexible
energy storage devices and wearable electronics. This study
demonstrates that the cell retains 100% of the initial specific
capacitance for up to 20 cycles, followed by an average capa-
citance retention of 99.5% throughout the remainder of the
measured cycle duration.

In short, the mechanical deformation of IPMC materials
under bending loading from 0° to 100° causes changes in their
electrochemical properties, resulting in an increase in capa-
citance as evidenced by CV and chronopotentiometry curves.
These observations underscore the intricate interplay between
mechanical strain and electrochemical behavior in IPMCs,
highlighting the importance of understanding these phenom-
ena for the design and optimization of IPMC-based devices in
various applications.
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