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In recent years, flexible conductive materials have attracted considerable attention for their potential use in
flexible energy storage devices, touch panels, sensors, memristors, and other applications. The outstanding
flexibility, electricity, and tunable mechanical properties of hydrogels make them ideal conductive materials
for flexible electronic devices. Various synthetic strategies have been developed to produce conductive and
environmentally friendly hydrogels for high-performance flexible electronics. In this review, we discuss the
state-of-the-art applications of hydrogels in flexible electronics, such as energy storage, touch panels,
memristor devices, and sensors like temperature, gas, humidity, chemical, strain, and textile sensors, and
the latest synthesis methods of hydrogels. Describe the process of fabricating sensors as well. Finally, we

Received 15th February 2024
Accepted 5th April 2024

DOI: 10.1039/d4ra01168f discussed the challenges and future research avenues for flexible and portable electronic devices based

Open Access Article. Published on 22 April 2024. Downloaded on 4/1/2026 7:53:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances on hydrogels.

1. Introduction

Flexible electronics comprise circuits and components that can
be bent, rolled, folded and stretched without losing their ability
to work. In 1960s, tiny, flexible solar cells were developed for
satellites, which rise the idea of flexible electronics.* Advanced,
flexible, and large-processable materials have since been
developed, including conductive polymers, organic semi-
conductors, and amorphous silicon. Integrated electronic
components directly onto flexible substrates have gained
popularity in recent years.>™ In recent years, flexible electronics
have gained increasing amounts of applications, such as flex-
ible sensors, energy harvesters, batteries, transformers, display
screens, etc.>® Unlike traditional, rigid, and brittle electronics,
future electronics must be lighter, more portable, biocompat-
ible, wearable, and provide better mechanical stability.”” A
flexible electronics device is made from inorganic or organic
compounds, such as metal nanoparticles or nanowires, metal
oxides, carbon, or polymers coated with conductive materials.
Due to development of flexible electronics, which interface
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living biological tissues with synthetic electronic systems—also
known as bioelectronics or bio-integrated wearable systems.*®

It has been widely recognized that flexible electronics can be
used as multipurpose interfaces between hard surfaces of
traditional medical monitoring devices and soft tissues within
the human body.”™ As a vital indicator of health, the human
body continuously fluctuates for various biological signals. The
signals include body temperature, blood pressure, glucose, and
perspiration, as well as an electroencephalogram, an electro-
cardiogram, and an electroencephalogram. Biosensors, partic-
ularly flexible electronics, have proven promising as a way to
gather medical diagnostic information directly and efficiently.
The biocompatible, mechanically flexible, and durable nature
of flexible electronics makes them easy to integrate into soft
tissues and organs. To provide a variety of capabilities, they are
also combined with electronic components. Due to the rapid
development of biosensors, wearable and portable electronics
are becoming increasingly important. A few other fields where
flexible electronics with stimuli-responsive properties can find
practical application include energy harvesting devices,
biosensors, smart actuators, artificial muscles, and skins, drug
delivery systems, wearable displays, and touch panels.

In conventional flexible electronics designs, active devices
are usually positioned on islands, organic base materials are
insulated, and conductive interconnects are carefully crafted.
Researchers have made significant advances in flexible elec-
tronics fabrication since the first “Sensitive Skin Workshop” in
1999." Inverted configurations combining interconnect metal,
gate metal, source/drain metal, and dielectrics were used to
deposit organic semiconductor transistor circuits directly on
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flexible printed wiring boards. Transistors could be integrated
on a large scale and for a long time as a result of this. Applying
gold nanofilm stripes on pre-stretched dielectric elastomeric
membranes of polydimethylsiloxane (PDMS), Suo et al. created
spontaneously wrinkled metal strips that served as stretchy
electrical interconnects for flexible electronics circuits." Using
a sacrificial poly(methyl methacrylate) layer as a temporary
support for the build-up of ICs on a thin polyimide or PDMS
layer and sandwiching them between another thin layer of
polyimide or PDMS, Rogers et al. Designed a novel configura-
tion of silicon complementary metal-oxide semiconductor
integrated circuits (ICs) to withstand extreme mechanical
conditions, such as large deformations and foldability.'® Due to
their low critical strain, metal film stripes have been replaced by
elastic conductors such as polymer composites and single-
walled carbon nanotubes (CNTs) for improved stretchability.'”
Bao et al developed flexible organic field-effect transistor
devices based on micro structured dielectric elastomer PDMS
sheets to mimic the sensing characteristics of natural skin. By
adjusting the capacitance in response to pressure, these devices
could easily be used."® A multilayer arrangement remains one of
the simplest and most advanced approaches to fabricating
flexible electronics to date. Polymeric elastomers can act as
effective carrier matrixes for integrating conducting materials.
The assembly of surfaces with mechanical mismatches, partic-
ularly stretchability, usually results in interface delamination
and flaws. Several elastomers are also incompatible with human
tissues biologically and mechanically.'>**?*° As part of the
development of flexible electronics, particularly in the field of
biosensors, conductive hydrogels (CHs) have attracted signifi-
cant interest in the last twenty years. This is due to their
exceptional biocompatibility, tuneable mechanical flexibility,
good conductivity, and multi-stimulation
properties.**

Hydrogels were porous polymer networks with a high-water
content that showed great promise for various uses, such as
tissue engineering, controlled drug administration, actuators,
and sensors. Soft robotics, electronic skins, energy conversion,
and health diagnosis are a few of the new fields that benefit
from hydrogels’ ability to combine conductivity and mechanical
properties. Conductivity is a result of both ion and electron
transport. Humans and animals use ions to transmit electrical
information, while inorganic materials like metals use electrons
to conduct electricity. Conductive hydrogels are thus designed
by adding ions or electrons to the hydrogel matrix. It is common
for electron-conductive hydrogels to be used in bioengineering
applications such as drug delivery systems, tissue engineering
systems, and biosensors because they are compatible with
biological tissues as opposed to ion-ion-conductive hydrogels,
which leak and diffuse ions into the surrounding environment.
In energy storage and conversion devices such as actuators and
nanogenerators, as well as touch screens and displays, ion-CHs
are highly desirable because they have ion gradients and are
transparent.

Since hydrogel mimics the mechanical, chemical, and
optical properties of biological tissues, it has great potential as
a flexible electronics material. Due to their elevated water

responsive
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content, hydrophilic crosslinked polymer hydrogels exhibit
dual-phase behavior.”” Hydrogel coatings, hydrogel optics, and
other potential applications as machines have been studied by
Zhao et al.>** Guo et al. investigated the structure, character-
istics, and uses of stimuli-responsive conductive hydrogels.**
The next generation of materials for making supercapacitors is
known as functional hydrogels. As a result of their unique
properties and flexibility, hydrogels are suitable for wearable
applications.” Ionic-based hydrogels are used for energy
storage in this regard. As a result of their ease of processing,
sustainability, and environmental friendliness, hydrogels are
considered the next generation of materials.

A flexible electronic device can benefit from hydrogel's
specific properties, such as its straightforward processing,
conductivity, tuneable mechanical flexibility, and good elec-
trical properties. Recent years have seen an increase in research
into conductive hydrogels. The emergence of flexible electronics
has opened up new possibilities for electrodes, mechanical
sensors, displays, and other devices that involve the human
body.?*?® To realize flexible electronics based on hydrogels, it is
imperative to develop conductive hydrogel materials with good
carrier mobility and electrical performance.***® In this article,
we provide a brief overview of development of different
conductive hydrogels and focus on their various applications in
flexible electronics and devices, such as sensors, energy storage
devices, and touch screens (Fig. 1). In addition, techniques to
enhance hydrogel activity were discussed. A future perspective
for multifunctional hydrogel-based flexible electronics and
devices is also presented.

2. Hydrogels

An hydrogel is a network of three-dimensional polymers that
can store and hold large amounts of fluid within their own
structure, this phenomenon is known as swelling. This swelling
behaviour is caused by a physical or chemical crosslinking of

Sensing devices

Display and touch screen devices

Energy storage devices

Memristors devices

Fig. 1 Schematic view of hydrogels used in various applications in
flexible electronics and devices.
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the polymer chains that maintain the network structure.
Hydrogels made from natural materials, like plants and
animals, are known as natural hydrogels. Natural polymers
include cellulose, alginate, chitosan, and gelatin.* It is possible
to produce hydrogels using synthetic, natural, or a combination
of both sources. Tang et al. developed synthetic hydrogel using
chitosan.?” Synthetic hydrogels made from synthetic polymers
created by chemical polymerization techniques, such as poly-
ethylene glycol (PEG), polylactic acid, polycaprolactone (PCL),
and polyvinyl alcohol (PVA).

3. Types of hydrogels used for flexible
electronics and devices

Several cutting-edge fields have been advanced by hydrogels by
combining mechanical properties and conductivity, including
energy conversion, electronic skin, soft robotics, and health
diagnosis.** The transport of electrons or ions determines the
conductivity in nature. Living things such as humans and
animals carry electrical information with ions, while materials
conduct current with electrons. In Table 1, the mechanisms,
conductivities, and optical properties of conductive materials
are summarized. A few types of hydrogels based on conductivity
properties are discussed below.

3.1 Electron-conductive hydrogels

Hydrogels based on electron conductivity were used in flexible
electronics and devices.**** Generally, electron-conducting
materials divide into three classes: (i) metallic nanoparticles,
such as Au, Ag, and Cu nanoparticles, etc.; (ii) carbon-based
nanomaterials, such as carbon nanoparticles, carbon nano-
wires, carbon nanosheets, graphene, graphene oxide (GO),
reduced GO (rGO) nanosheets, etc., (iii) polymers, such as pol-
yaniline, polypyrene, poly(phenylene vinylene), polythiophene,
and [PEDOT:PSS], and (iv) hybrid conducting based electron
conductive hydrogels.

3.1.1 Metal nanoparticles-based electron-conductive
hydrogels. A metallic nanomaterial is used extensively to
synthesize metal nanoparticles-based conductive hydrogels
(Fig. 2(a)), due to its unique properties, including high electrical
conductivity, high specific surface energy, optical, magnetic,
and catalytic properties.>> Among pure metals, silver exhibits
the greatest electrical conductivity, and Ag nanomaterials
exhibit outstanding electron transport abilities. Several
researchers have exploited these properties to prepare highly
conductive hydrogels.

According to Xiang et al., deproteinized carboxylic acid
groups are bonded to Ag" hydrogel networks so that they do not
clump together. Following this, Ag" ions were reduced into Ag
nanoparticles via CH, which were pH-responsive electrically.*® A
homogeneous network of electron-conductive hydrogels was
developed by Devaki et al. through the combination of in situ
Ag' reduction and acrylic acid polymerization.”” Zhao et al.
developed thermo-switchable electron-conductive hydrogels by
copolymerizing vinyl-functionalized Au nanoparticles with
NIPAM.*® Using “breathing” mechanism, Willner et al
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Fig. 2 Schematic illustration of fabrication process of (a) metal nano
particle doped electron-conductive hydrogels; (b) carbon material-
based electron-conductive hydrogels; (c) conjugated polymer-based
electron-conductive hydrogels.

synthesized Au-loaded hydrogels, in which the polyacrylamide
(PAM) hydrogels swell in aqueous solution containing Au
nanoparticles and shrink in acetone immobilized nanoparticles
in polymer network.*® By reducing Cu®>" within a PVA network
grafted with PAM branches, Cu nanoparticles were created in
situ, resulting in conductive hydrogels for vapor detection.*

3.1.2 Carbon material-based electron-conductive hydro-
gels. The use of carbon-based materials, such as graphene and
carbon nanotubes (CNTs), is a promising approach for creating
three-dimensional electron-conductive networks within polymer
matrixes (Fig. 2(b)). Besides creating pathways for electron
transport, these networks also improve the mechanical proper-
ties of the materials thanks to their large surface area and
numerous surface functionalities.®® As shown in Fig. 2(b),
conductive hydrogels such as CNT/GO/rGO based hydrogels can
be constructed using conductive elements in hydrogel matrixes
or through cross-linking GO nanosheets to build 3D networks.
Using acrylic acid and acrylamide solutions, adhesive conductive
hydrogels were synthesized on nanotubes decorated with poly-
dopamine. As long-lasting strain sensors in harsh environments,
these CNTs have demonstrated anti-freezing and anti-heating
properties. CNTs and LAPONITE® nano-clays were doped into
poly(N-isopropyl acrylamide) hydrogels to produce thermally and
photothermally responsive conductive hydrogels with high
stretchability, self-healing, adhesiveness, and 3D printability. By
heating GO and hydroquinone aqueous solution, Xu et al.
described a functionalized graphene hydrogel which could be
used as a supercapacitor electrode. Additionally, hydroquinone
inside graphene frameworks functioned as a pseudocapacitive
element, helping to reduce GO to graphene.*®

3.1.3 Polymer-based electron-conductive hydrogels. In
compared to other conducting materials, conducting polymers
have recently gained attention for manufacturing conductive
hydrogels because of their many benefits, including adjustable
electronic conductivity, biocompatibility, flexibility, and versatile
solubility when reduced.** PEDOT:PSS, polyaniline, and poly-
pyrrole were the most commonly used conducting polymers. A
conducting polymer had a unique m-conjugated structure for
electron transport. Fig. 2(c) showed schematic images of typical
designs of conducting polymer-based electron-conductive
hydrogels. A poly(2-acrylamido-2-methyl-1-propane sulfonic
acid)/poly(ethylene glycol) diglyceryl ether cross-linked electro-
static adduct of emeraldine-polyaniline can be prepared by in situ

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymerizing aniline in aqueous poly(2-acrylamido-2-methyl-1-
propane sulfonic acid) solution. This led to the development of
redox conductive hydrogels for glucose electrooxidation catal-
ysis. Li et al. designed hydrogel electrodes for high-performance
flexible supercapacitors by combining boronate-bearing poly-
aniline with PVA.*® A freeze-thaw process controls the micro-
structure and mechanical properties of conductive hydrogels.
Han et al developed a transparent polypyrrole-containing
conductive hydrogel by in situ converting polydopamine-poly-
pyrrole nanoparticles in PAM matrix into polydopamine-poly-
pyrrole nanofibrils.*® In a study by Gavottes et al, PVA was
incorporated with PEDOT:PSS as conductive components, and
ethylene glycol and iota-carrageenan were used to reinforce the
intermolecular interactions.**

3.1.4 Hybrid conducting materials based electron-
conductive hydrogels. In order to achieve desired electrical
and mechanical properties, many electron-conductive hydrogels
are combined with various conducting materials. Metallic
nanoparticles and polymers containing conducting polymers are
among the common types of conductive hydrogels. In a study
published in Nature Chemical Biology, Yu et al fabricated
a homogenous high-density polyaniline hydrogel loaded with Pt
nanoparticles that were used for sensitive glucose sensors and
metabolites (such as uric acid and cholesterol) detection
devices.*” The presence of single-walled CNTs (SWCNTs) in PVA-
H,SO, hydrogel could induce the polymerization of anilines,
resultant all-in-one configured flexible supercapacitor with
a better capacitive performance of 15.8 mF cm™ 2 at 0.044 mA
em 2 current density, compared with pure SWCNTs (0.16 mF
cm?) or poly-aniline (3.85 mF cm™?).** To improving the specific
capacitance, cyclic stability, and energy density of CuS or GO
supercapacitors, hydrothermal reaction of GO conductive
hydrogels decorated with carbon dots-supported copper
sulphide was employed as the positive electrode of an asym-
metric supercapacitor, where rGO served as the negative
electrode.®®

3.2 Ion-conductive hydrogels

There was a network of polymers in hydrogels that contained
a great deal of water, as well as a porous structure that allowed
water molecules to freely flow between the polymer networks.
Due to the high mobility of water-soluble ions, it is possible to
design ion-conductive hydrogel-based flexible electronics and
devices. There are three types of materials that produce free
ions in water: (i) acids, such as H,SO,, HCIl, H;PO,; metallic
salts, such as NaCl/Na,SO,, KCI, LiCl, LiClO,, FeCl;/FeNO;,
CaCO;/CaCl,, TbCl;, AlCl;, and ionic liquids, such as 1-ethyl-3-
methylimidazolium chloride. Ion-conductive hydrogels had
several advantages over electron-conductive hydrogels, and
their special properties expand the possibilities for flexible
electronics. Ion-conductive hydrogels are used as electrolytes in
solid batteries and as actuators.*

3.3 Electron and ion-conductive hydrogels

Combining ion and electron-conductive materials in one
hydrogel could achieve the advantages of both. Conducting

RSC Adv, 2024, 14, 12984-13004 | 12987
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polymers, such as polyaniline, PEDOT:PSS, and H', can be used
to develop CH electrodes with excellent performance. In many
cases, HCl, HClO,, and H,SO, were combined synergistically.
The flexible supercapacitor is combined with polyaniline
hydrogel electrodes doped with HClO, and embedded in a PVA-
H,S0, hydrogel electrolyte.** Using interactions between Fe**
and carboxy groups of gelatine chains and catechol groups of
tethered dopamine molecules, a paintable adhesive conductive.

Hydrogel has been developed as a therapeutic cardiac patch.
Tetra-sulfonic acid functional groups, copper phthalocyanine-
3,4',4" 4"-tetra sulfonic acid tetrasodium salt (CuPcTs), a type
of disc-shaped liquid crystal molecules, could form quadruple
electrostatic interactions with positively charged polypyrrole
chains; it produced an interconnected nanofiber structure that
demonstrated higher conductivity (780 S m™') than pristine
polypyrrole hydrogel (7 S m™").%

4. Techniques to enhance hydrogel
performance
4.1 Modification in conductivity

It is important to understand the methods used to improve
hydrogels’ conductive properties in light of the growing interest,
design, and development of wearable sensors. There are four
types of techniques: adding conductive dopants; selectively
using conductive materials; introducing free ions; and adding
a new network. Dopant graphene has a high charge carrier
density and mobility, and an electrical conductivity of up to 6 x
10° S m™".*” Polyacrylamide hydrogels were given conductivity
by adding exfoliated graphene to micro engineered frameworks.
With a mere 0.32 vol% addition of graphene, the conductivity of
the polyacrylamide hydrogel rose from 0.006 to 1.8 S m™'. In
addition, a linear relationship was observed between the
specific conductivity and the amount of graphene added to the
hydrogel. To control the conductivity of the hydrogel, the
concentration of the dopant can be adjusted. A study conducted
by Minev et al. found that the double network technique was
highly effective and produced a multi-network hydrogel scaffold
with excellent stretchability, tissue-like elastic modulus, and
electrical conductivity of =26 S m™'.*® For better matrix inte-
gration, Lu et al hybridized and doped polypyrrole with
hydrophilic polydopamine to improve its hydrophilicity.*
Hydrogels resulting from this process demonstrated good
conductivity.

4.2 Mechanical assistance

Hydrogel's mechanical weakness was resolved through
researchers' ability to vary crosslinking density and monomer
choice to make it more flexible. Although hydrogels contain
a high proportion of water and resemble extracellular matrices
in many ways, the high-water content also causes them to have
weak mechanical properties. Adding dopants to hydrogels is
a common method of improving their mechanical properties.
Adding calcium carbonate as a dopant, for instance, modified
the mechanical properties of acetate chitosan hydrogels and
increased their storage moduli by approximately 60.88 Pa. The
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anisotropic structure was prepared by freezing casting PVA, and
then microphase separation was introduced by submerging the
constructed structure in sodium citrate solution.** It was found
that the hydrogels achieved ultimate stress, ultimate strain, and
fracture energy of 23.5 £ 2.7 MPa, 2900 £ 450%, and 170 + 8 kJ
m ™2, respectively.

The mechanical properties of hydrogels can be evaluated by
a variety of methods, including frequency-based testing using
rheometry and dynamic mechanical analysis, as well as
compression and tension tests, which can be conducted by
using a probe to indent the material in a restricted or uncon-
fined manner. When performing frequency-based sinusoidal
tests, rheometers are usually used. By placing the sample on an
instrument with a certain geometry, a variety of sweep
measurements can be performed. Hydrogels can be examined
for viscoelastic characteristics using a rheometer. Rheology is
the study of the deformability and movement of matter under
stress or strain. The term comes from the Greek words “rheo”,
which means flow, and “ology”, which means study.”
Following Maxwell and Wilhelm Weber's descriptions of fluids
and silk thread's non-ideal behaviours, scientists began to be
concerned. Maxwell reported and mathematically proved the
elastic properties of fluids. A less-than-ideal elastic property of
silk thread was also discovered by Wilhelm Weber. In general,
these substances are classified as non-Newtonian and visco-
elastic. The viscosity of non-Newtonian materials is dependent
on time and stress, but viscoelastic materials are resilient.
Stress and strain variables play a significant role in rheology.
The definition of shear stress is “the force per unit area that
generates disorder in the materials between plates”. “The ratio
of deviation in material displacement (x) to material height (%),
or more simply expressed as tan «”, which is known as strain.
When force is applied to the material, the internal force controls
the movement's velocity. To determine the mechanical prop-
erties of hydrogels, small deformation rheology tests can be
performed. When force is applied to a hydrogel, the material
particles are moved around one another. Moreover, elastic
materials change shape when force is applied, resulting in
elastic strain, and then return to their original shape when the
force is released. A force applied to viscous materials, however,
results in irreversible strain. It is this input force that causes the
flow of viscous materials. Instead of being entirely viscous or
elastic, hydrogels exhibit a viscoelastic quality. Rheological
studies were conducted within the linear viscoelastic region
(LVR) of the materials under investigation. It ensures that
hydrogels’ mechanical properties are not affected by the
magnitude of the applied stress or strain. When a gradual
external force is applied to viscoelastic materials, very little
deformation occurs. Due to the still-close-to-equilibrium
molecular configuration of polymers, it occurs. Mechanical
behaviour is only a reflection of molecular dynamics, even for
equilibrium systems.

Eqn (1) can be used to express the concept of shear strain for
controlled-strain rheometers, which defined sinusoidal func-
tion of time ().

Y@ = Y0sin(wr) (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where, v, = magnitude of applied strain; w = angular frequency
of oscillation, it measured in rad s~ '.Here, w = 27tf, where f =
frequency.

Moreover, sinusoidal stress produced by sinusoidal strain, as
demonstrated in eqn (2).

T(py = To(sin wt + 6) @

where, 7, = stress amplitude; 6 = phase difference in between
two waves.

Eqn (3) can be used to express the concept of shear stress for
controlled-strain rheometers, which defined sinusoidal func-
tion of time ().

T = ‘L'()(Sin wt) (3)

Eqn (4) provides an illustration of association of sinusoidal
stress and strain.

Yoy = Yo(sin wt + 6) (4)

Stress and strain are always in phase according to Hooke's law
for materials that are entirely flexible. Therefore, the phase
angle is 0 (6 = 0°). Viscose materials, on the other hand, exhibit
two distinct waves with phase angles of 90° and 90°, respec-
tively. Viscoelastic materials, however, have a phase angle
between 0° and 90°. The shear storage modulus (G'), loss
modulus (G”), and loss factor (tan 6) of hydrogels are important
characteristics in small-amplitude oscillatory analysis. The ratio
of G’ to G’ (G"/G') is the loss factor, tan 6. More viscous prop-
erties occur in materials when tan ¢ is more than 1 (G” > G)).
Tan ¢ <1 (G' > G"), indicated that a material has higher elastic
solid properties.

The mechanical properties of viscoelastic materials are
independent of strain up to a certain point. When strain rises
above threshold, the storage modulus decreases, and a non-
linear behaviour is evident. The initial stage determined
a material's LVR at 1 Hz frequency, was performing strain-
dependent G’ and G” measurements. Solid material properties
demonstrated by the G’ frequency independent below the crit-
ical strain. On the other hand, the fluid-like substance is rep-
resented by frequency-dependent G'. The sol-gel behaviour of
thermo-gelling chitosan-graft (PEG-PAF) was observed by
Jeong et al. At 10 and 37 °C, the storage and loss moduli were
measured in relation to frequency.®® At 10 °C, G” was found to
be higher than G’ (sol behaviour), whereas at 37 °C, G’ was
found to be higher than G” (gel behaviour). But frequency had
no effect on the storage modulus.

4.3 Self-healing

Hydrogels with the ability to heal themselves are desirable,
particularly for wearable sensors, since they can maintain their
mechanical strength and elasticity over time, along with their
network integrity. Wang et al. created a stretchable, adhesive,
and self-repairing conductive structure colour film for double-
signal flexible electronic devices by introducing conductive
carbon nanotube polydopamine into an elastic polyurethane
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reverse opal scaffold.”” As a result, the resulting film had
a stable tensile property and bright colour structure, and its
interactive colour change during the tensile process made it
suitable for real-time colour displays. By infusing hydrophobic
polyacrylamide (HAPAM), graphene oxide (GO), and LAPON-
ITE® clay into the gel matrix, Cui et al. developed an i