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1. Introduction

Gum arabic-CNT reinforced hydrogels: dual-
function materials for strain sensing and energy
storage in next-generation supercapacitors

Tanzil UrRehman,® Sher Ali Khan,? Lugman Ali Shah @ *? and Jun Fu{®

Recent advancements in the field of conductive hydrogels have made the hydrogels promising candi-
dates for the development of human motion sensors, as well as for energy storage in soft and flexible
electronic devices, owing to their excellent mechanical properties such as flexibility, bioavailability, and
biocompatibility. However, limitations such as resilience, resistance to fatigue, toughness, flexibility, and
stretchability have hampered their sensing capabilities and long-term operation. To address these
limitations, we introduced an ionically and electronically conductive hydrogel composite, which is aimed
at enhancing mechanical performance and responsiveness to human motion, ranging from finger
bending to epidermal motion sensing. This hydrogel was synthesized by incorporating an unmodified
electroactive material, carbon nanotubes (CNTs), stabilized by the biopolymer gum arabic (GA) within
the hydrophobically associated hydrogels of lauryl methacrylate (LM) and polyacrylamide (p(Am)). The
dispersion of both LM and CNTs was facilitated by the anionic surfactant sodium dodecy! sulfate (SDS).
The introduction of CNTs and varying the concentration of GA highly enhanced the mechanical
property of the synthesized hydrogel, which in turn brilliantly improved its stretchability up to 1380%,
with an antifatigue character and a toughness of 661.5 kJ m~>. The high tensile strain sensitivity of the
hydrogel material, with a gauge factor (GF) of 9.45 at 1000% strain, demonstrated its remarkable
sensitivity. The composite hydrogels exhibited impressive sensing capabilities, including differentiation in
language, response to high and low pitches and stresses, drawing various shapes, writing different
words, and detection of various human actions. The critical strain study of the present materials
underscored their excellent rheological properties. The hydrogels with CNT addition and higher
concentrations of GA demonstrated specific capacitance (Cs) values of 171.25 F g~ from CV at
20 mV s7%, 113.7 F g7* from GCD at a current density of 0.3 A g7%, and a resistance of 7.656 Q measured
via EIS at a frequency of 5 mV. These electrochemical properties highlight the potential use of hydrogels
for energy storage in soft wearable electronic devices.

via electrical and conductivity changes during routine opera-
tion.">'* For decades, researchers have strived to enhance

Soft wearable electronic sensors with stretchable and flexible
strain have attracted much' research attention owing to their
versatile potential application and use” in many fields such as
human motion sensing,>* epidermal stretching sensing,>*
health-related monitoring,” energy harvesting® and storage.
The main applications of these soft robotic devices include

the detection of biological activities”'® and mechanical action
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the mechanical properties and conductivity of polymeric mate-
rials through fillers and electroactive materials such as bio-
available®® and synthetic polymers as well as using electroactive
carbon-based materials such as graphene, graphene oxide (GO),
reduced graphene oxide (rGO), reduced magnetite graphene
oxide (rMGO), carbon nanotubes (CNTs)'**® and even poly-
mers that are conductive in nature. Nevertheless, soft flexible
wearable electronic robotic devices have many limitations in
terms of their endurance, extended sensing response times,
weak mechanical performance, predisposition to electrical
conduction, and loss of electrical transmission and conduc-
tivity upon high deformation.'” Because of these challenges,
the manufacturing of such flexible hydrogels has been limited
toward potential application. Thus, it is necessary to develop

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and enhance the flexible, conductive, and stretchable proper-
ties of hydrogels that can retain their stretchability and con-
ductivity even after different and long ranges of strain. Such
progress and advancement of novel stretchable and flexible
conductive hydrogels reduce the challenges and problems
faced by the materials reported earlier in the literature."®*°

In this aspect, hydrogels that can uptake water and soft
materials provide the opportunity to develop soft wearable
electronic sensors, along with their bioavailability, biocompat-
ibility, biodegradability, and conductivity. In this regard, one
can approach the development of such hydrogel materials
(which are effective regarding their application) via chemical
and physical cross linking, using fillers for enhancing the
mechanical properties, organic and inorganic composites,
and electroactive materials. Besides this, one can create the
hydrogel with a double network (DN),>! interpenetrating net-
work (IPN),** and semi-IPN for its potential uses.”> For such
uses, the polymeric hydrogel material must possess excellent
mechanical performance with respect to the tensile strength,>*
toughness and novel recoverability to face long-range deform-
ability after applied forces.>>>® The material also will be more
effective if it can sense conductivity for high-range deforma-
tion, as well as the large number of cyclic stabilities during its
routine operation. Thus, researchers in the field (especially in
the advancement of applied materials) have focused their
efforts to develop hydrogels with enhanced toughness, tensile
strength, conductivity, and self-shape recovery®” by introducing
and developing mechanical bonds (non-covalent) like H-
bonding, ionic, and hydrophobic association within the hydro-
gel network.>%2°

To enhance the self-recovery, hydrophobic association (HA)
and ionic association might be better suited for the material
candidates.*® HA depends mostly on monomers that are intrin-
sically hydrophobic due to the presence of the water-repellent
alkyl group (-CH3-CH,-), and makes the molecule stretchable
with respect to applied stress and managing the energy
dissipation.”® Surfactants are used for the homogenous distri-
butions of hydrophobic monomers to stabilize the hydrophobic
association via micelles.?’ The distribution of hydrophobic
monomers, along with hydrophilic monomers within the net-
work, thus enhances the interaction within the entire network.
For mechanical character enhancement, chemical crosslinking
is typically selected. However, such covalently bonded materials
are irreversible and show poor recovery, and are thus weak to
resist fatigue.*> To overcome this issue, hydrophobic physical
crosslinking was introduced by researchers to achieve resili-
ence, stretchability, and self-recovery at high stress upon longer
deformation. Similarly, researchers also used carbon-based
materials to enhance the conductivity and mechanical properties.

In the current study, a one-pot method was employed to
synthesize a hydrophobically associated polymeric hydrogel
using the hydrophobic monomer lauryl methacrylate (LM). This
monomer stabilizes SDS micelles, and SDS reciprocally stabi-
lizes LM. Upon polymerization, LM was polymerized with its
hydrophilic end interacting with polymeric acrylamide p(Am)
and a biopolymer, thereby physically cross-linking the entire
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hydrogel network matrix. The incorporation of electroactive
materials like CNTs and NaCl resulted in a conductive hydro-
gel, which is potentially useful for long-range human motion
sensing. Additionally, biopolymers such as gum arabic (GA)
served as stabilizers for unmodified CNTs and fillers to
enhance mechanical properties, owing to their abundant -OH
group functionalities that facilitate hydrogen bonding. Hydro-
gels with fillers and electroactive materials present promising
candidates for human motion detection and strain sensing due
to their high cyclic stability, excellent conductivity, favorable
elastic behavior, low energy hysteresis, and applicability in soft
electronic energy storage devices like supercapacitors. The
synthesized material exhibited sensitivity to strains ranging
from 50% to 900%, and a response time of 0.29 s with good
cyclic stability. Furthermore, the synthesized materials demon-
strated successful responses to various gestures when connected to
different parts of the human body, including fingers, elbows, knee
joints, and vocal cords, enabling the detection of different words
and alphabets.

2. Materials and synthesis

2.1. Materials

The following analytical grade chemicals were used as received
during the present experimental work: acrylamide (AAm, Sigma
Aldrich), gum arabic (GA, Sigma Aldrich), lauryl methacrylate
(LM, Agros), sodium dodecyl sulphate (SDS, BDH), multiwall
carbon nanotubes (MWCNTs), sodium chloride (NaCl, BDH),
and ammonium persulphate (APS). Purified distilled water was
used throughout all experimental procedures.

2.2. Synthesis of hydrophobically associated hydrogels

The synthesis of hydrophobically associated polymeric hydro-
gels was achieved via free radical polymerization. First, 0.4 g of
SDS and 0.25 g of NaCl were stirred in 8 mL of water. Subse-
quently, 300 pL of lauryl methacrylate (LM) was added to the
surfactant solution. Then, 2 g of AAm was added, followed by
the addition of GA as a filler with different percentages (0.02 g
(1%), 0.03 g (2%), and 0.04 g (3%)) with respect to the amount
of AAm (2 g). APS (0.05 g) was used as a thermal initiator. CNTs
(0.001 g) was homogenized with GA and SDS in separate
beakers to make stable colloids. The solution was slowly and
gradually added to the AAm mixture. All the mixtures were then
poured into the plastic molds, and kept in the oven for 30 min
at 60 °C. After successful preparation, the hydrogels were
washed and stored for further applications. The samples were
labeled as G1-CNT,, G1-CNT, G2-CNT, and G3-CNT according
to the percentage of GA (1% to 3%).

2.3. Hydrogels characterization

The materials were freeze-dried for 24 hours prior to the
different characterizations. For the determination of the inter-
action and functionalities within the hydrogel network materials,
a Fourier transform infrared spectrophotometer (FI-IR) (Anton
Paar Germany) was used. For characterizing the surface texture
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and morphology, a scanning electron microscope (Jeol Japan) was
operated at 15 kV voltage. A universal testing machine (UTM) with
a 30 kN load cell and speed of 50 mm min~* was used to check the
tensile strength, loading and unloading, and multiple cycles to
determine the mechanical properties of the synthesized samples.
The area under the stress-strain curves was determined to eluci-
date the toughness of the hydrogels and energy dissipation during
the loading and un-loading process.*

The rheological characteristics of the produced hydrogels
were assessed using an Anton Paar (MCR 301) rheometer equipped
with a 25 mm rotating disc attachment. Cubic samples of the
hydrogel, measuring 18 mm in width and length with a thickness of
3 mm, were prepared for testing. Both frequency and amplitude
sweep tests were conducted at a constant temperature of 25 °C. The
frequency sweep ranged from 0 to 100 rad s ', while the strain
range for hydrogel analysis was set from 0.01% to 1000%.

2.4. Strain sensitivity and electrochemical analysis

To evaluate conductivity, the samples were subjected to electrical
measurements using specialized instrumentation. A Metrhom
Auto Lab workstation (Netherlands) was used to assess the con-
ductivity, strain sensitivity, and the electrochemical response of
the hydrogel materials. A two-electrode system was employed for
conductivity and strain sensitivity analyses, while a three-electrode
electrochemical work station assembly was utilized for investigat-
ing the electrochemical responses, including cyclic voltammetry
(Cv), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). The conductivity (measured in
Siemens per meter, 0.142 S m~ ') was calculated using eqn (1):

L1100 ”
7T "RA

where ¢ represents the conductivity (S m™ "), R, denotes the resis-
tance () of the substance in bulk, A signifies the electrode and
hydrogel surface area, and L (cm) represents the distance between
them. To observe the conductivity and strain sensing of the synthe-
sized hydrogels, LED (4.2 V) illumination bulbs were employed for
direct observation of the hydrogel response to stretching and bend-
ing, allowing for monitoring the illumination response. However,
precise strain sensing tests were conducted by connecting the
hydrogel material to a two-electrode probe and tested using chron-
oamperometry (current (I) versus time (7)). The hydrogel samples
were cut to specific dimensions, and then attached to the human
epidermis for the detection of various human motions.

3. Results and discussion

The hydrogels were successfully characterized using FTIR and
SEM analysis. The FTIR spectra of G1-CNT, and G3-CNT are
shown in Fig. 1a. The 3334 cm ™" stretching peak of ~OH from
the polysaccharide GA structure is reduced in the CNT-
reinforced hydrogel, which is attributed to the interaction via
hydrogen bonding of the “OH group with the polymeric net-
work, as well as an increase in the number of hydroxyl groups.>*
The CNT incorporation also reduced the free vibration of the
“OH group. Similarly, the reduced intensity of the peaks at
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2944 and 2923 cm™' (-C-H stretching vibration) is probably
attributable to van der Waals association within the gel
matrix.>®> The appearance of a shoulder peak at 1730 cm ™ *
shows the stretching vibration of carboxylic group (-C—O0),
which indicated the successive incorporation of CNTs within
the hydrogel network.>®*” A peak at 1657 cm™ " (-C=0) in both
samples and its reduction intensity in G3-CNT is probably
attributed to the involvement of the group in the associa-
tion.*® Similarly, the peak with the intensity reduction at
1465 cm ™' is assigned to the ~-OH bending vibration, which is
present in both samples. There is an increase in the intensity of
the peak at 1260 cm ™" in the case of G3-CNT, which is probably
the C-C skeletal vibration, and shows the homogenization of
CNTs inside the matrix. Reduction of the peak at 1213 cm ™"
also supports the ceasing of the —-C-H skeletal vibration, show-
ing the hydrophobic association of CNT with hydrophobic
microregions created within the hydrogel network. The disap-
pearance of a small peak at 723 cm ™" in sample G3-CNT (-C-H
out-of-plane vibration) supports the hydrophobic interaction of
CNT with the polymeric chain of the synthesized hydrogel.
The peak at 1019 cm ™' shows -C-O-C bending vibration, and
intensity reduction is reflective of G3-CNT involvement in
H-bond formation in the polymeric chain of the hydrogel
network.*® The possible interactions and associations that
created a change and enhanced the properties of the hydrogel
with the addition of CNT are indicated in Fig. 1b.

The surface texture and morphology of the synthesized
hydrogels were examined via SEM, as shown in Fig. 1(c-f).
The hydrogel composed of GA, LM, and AAm having physical
and hydrophobic association without CNT shows a less porous
surface, which hinders the mobility of ions (Fig. 1c). However, it
can be observed from Fig. 1d that a more porous structure is
developed by increasing the percentage of GA and adding CNT.
Furthermore, increasing the GA percentage enables uniform
porosity distribution within the hydrogel matrix, probably due
to the complete dispersion of CNT and its stabilization by GA in
the synthesized hydrogels (Fig. 1e and f). Such uniform porosity
and stabilization of CNT in the network make the hydrogels
porous, and provide an appropriate medium for ion and
electron transport, making them conductive.

3.1. Mechanical performance

The tensile test was performed to characterize the effect of the
reinforcer CNT and GA concentration on the stretchability of
the hydrophobically associated hydrogels (Fig. 2). The results
indicate that the stretchability increases with increasing rein-
forcer content within the hydrogel matrix. It can be noted from
Fig. 2a that in the absence of CNT and with a low amount of GA
in the hydrogel (G1-CNT,), the stretchability is 530% with a
stress value of 352 kPa, while the stretchability reached up to
956% with a stress value of 1241 kPa for G3-CNT having a
higher concentration of GA. Another finding is the enhancement
in the fracture strain, which is 25% for G1-CNT,. However, the
fracture strain increases up to 48% after the addition of CNT at
439 kPa of fracture stress. Keeping the CNT concentration con-
stant, the amount of GA was increased in the hydrogel matrix with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FT-IR spectra, (b) the existence of a possible interaction in the hydrogel network, and SEM images of (c) G1-CNTy, (d) G1-CNT, (e) G2-CNT, and

(f) G3-CNT.

respect to AAm. It was observed that the fracture strain increased
to 1274% (661 kPa) in 3% of GA, but the fracture strain decreased
to 1216% at 1241 kPa of stress for the sample containing 4% of
GA (Fig. 2b). This behavior of the as-synthesized hydrogel suggests
the existence of hydrophobic association and hydrogen bonding.
The H-bonding is due to the increase in the GA concentration,
which accumulates a larger number of hydroxyl groups in the
polymeric chain, resulting in the bulk (dense) crosslinking in the
hydrogel network and making the material mechanically better.
This also confirms the positive effect of GA addition in enhancing
the mechanical behavior of the mechanically weak hydrogel and
polymeric materials. Such development of dynamic and non-
covalent bonds contribute to the stretchability, with the higher
strain and stress fracture value making the materials more
valuable and workable. It was further observed that such non-
covalent higher crosslinking with increased GA concentration not
only boosts the fracture stress and strain, but also changes the
other parameters such as stiffness (Young modulus) and fracture
energy (toughness) of the as-synthesized hydrogels. From Fig. 2c,

© 2025 The Author(s). Published by the Royal Society of Chemistry

it can be interpreted that both fracture energy and Young modulus
increases. The fracture energy increases from 100 to 650 kJ m™* for
sample G1-CNT, to G3-CNT, respectively. Furthermore, the Young
modulus values for samples G1-CNT,, G1-CNT, G2-CNT, and G3-
CNT were 1.19, 1.2, 3.19, and 4.211 kPa, respectively, indicating the
enhancement in the Young modulus with increasing GA addition
as a reinforcing agent to achieve better performance of the
materials in human motion and flexible electronic devices.
Similarly, the non-covalent and mechanical properties of the
synthesized hydrogel (G3-CNT due to its better tensile character-
istics) were further characterized via cyclic tensile test by keeping
the hydrogel in a testometer under cyclic loading-unloading for
five times at 800% strain and ordinary room temperature without
any time interval (Fig. 2d). A slight dissipation takes place in the
first cycle, followed by a negligible decrease in the dissipated
energy from the second to fifth cycle. This study shows the stability
of the hydrogels to be used as strain sensors in different devices.
It was found that the dissipation energy wasted in the 1st
cycle was 23.06 k] m~? at 250 kPa of stress. The lower energy at

Mater. Adv., 2025, 6,1288-1299 | 1291
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such high stress for the present hydrogel indicates that it is elasti-
cally better. However, the value of the dissipation energy decreased
to 7.2 k] m™® (204 kpPa), 4.74 k] m® (198 kPa), 4.12 k] m*
(191 kPa), and 3.08 k] m~> (180 kPa) for the 2nd, 3rd, 4th, and
5th cycle, respectively (Fig. 2e). Such a decrease is the consequence
of the breaking of the hydrogel network due to stretching along the
applied stress. Hydrogen bonding and hydrophobic association
allow the stretching, breaking, and reconstruction of the links.
The dissipation energy can be examined for the 1st cycle, which is
higher due to the plastic deformation of the materials. However,
after the loss of the load, the materials reconstruct the network to its
possible limit, showing the rebuilding mechanism of the dynamic
bonds of the hydrogel matrix.

3.2 Rheological investigation of G1-CNT, and G3-CNT
hydrogels

The effect of CNT and different % of GA in hydrogels was
elucidated rheologically, and the viscoelastic properties were

assessed via different tests. An amplitude (strain sweep) test
was arranged for the determination of the % strain, linear
viscoelastic range (LVR), and the structural strength at 25 °C.
The storage (G') and loss (G”) moduli against the % strain were
investigated in the range from 0.01% to 1000%. It was observed
from Fig. 3a that G’ remains higher up to 100%. However, at the
critical % strain, the G’ decreases while the G” increases, which
suggests that the reverse phenomena of the moduli occurred at
the end of LVR. This point of moduli reversal (G" > G’) is the
crossing-over point, and a change from the elastic to viscous
(liquid-like) behavior of hydrogels takes place. A major observa-
tion is the enhancement and shifting of the critical strain from
12.1% for G1-CNT, to 56.6% for the G3-CNT sample, which
shows the long range LVR of G3-CNT, indicating the increase in
% strain and decrease in plastic deformation. Thus, it can be
concluded that the materials response is viscoelastic due to the
presence of networking within the water medium, and these
samples are better candidates for flexible and stretchable
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Fig. 3 Rheological investigation of G1-CNTg and G3-CNT hydrogels. (a) Strain sweep test, (b) frequency sweep test, and (c) damping factor elucidation.
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materials. Another finding was that both G’ and G” moduli of
the G3-CNT sample were higher than those of the G1-CNTO
sample, showing the hydrophobic association of the LM mono-
mers within the micelles core of the surfactant, as well as the
incorporated CNT. Similarly, in the frequency sweep (FS) shown
in Fig. 3b, it can be noted that G’ remains higher than G” for
both samples, and almost remains constant at both low and
high frequency range. This indicates the material’s solid or
elastic behavior within the entire range. Furthermore, the
higher values of G’ and G” for G3-CNT in comparison to G1-
CNT, confirm its mechanical and viscoelastic improvement,
which is most probably due to the increase in the physical
interaction points among the short and long polymer mole-
cules within the hydrogel matrix. The better mechanical prop-
erty of G3-CNT is also probably due to the proper distribution of
CNT within the network, the formation of a proper and
balanced microstructure, and the presence of path channels
and pores for the mobility of both electrons and ions to achieve
good conductivity. The higher value of G’ for G3-CNT reflects
the effective establishment of the chain network density (CND)
with increasing % concentration of GA and CNT addition.*°
Furthermore, the tan 6 (damping factor) vs. angular frequency
was plotted for the demarcation of the viscous and elastic
properties of the hydrogels. It is shown in Fig. 3¢ that both
samples show viscoelastic behavior. However, G3-CNT shows a
more elastic nature at both lower and high-frequency regions
than G1-CNT,. This is due to the extra crosslinking and
interaction within the hydrogel network, which is most prob-
ably due to the entanglement of the GA concentration, CNT
incorporation, and homogenization.

3.3. Strain sensing behavior

The deformation and current response for strain sensiti-
vity were characterized for strain sensing purposes of the
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as-synthesized hydrogels. The CNT and NaCl incorporation
into the hydrogel enhances the electronic and ion conductivity.
The G3-CNT showed a conductivity of 0.142 S m ™', and was
used for further strain sensitivity due to its optimized mechan-
ical performance. CNT works both as a physical crosslinker and
electronic conducting material, while NaCl shows ionic mobi-
lity as Na" and Cl~ ions within the gel matrix under the applied
potential. The conductivity is associated with the ionic mobility
of the ions, as well as the flow of electrons through the path-
ways and ions channels in the hydrogel network from the
developed micropores. The strain sensitivity on the conductive
performance was characterized by connecting the hydrogel with
two electrodes and LED light. It was found that the light
illumination is dependent on the deformation of the hydrogel.
A large deformation causes a decrease in brightness and vice
versa (Fig. 4a and b). Similarly, the hydrogel maintains LED
illumination upon complete 360° twisting for a long time
(Fig. 4c and d). A load bearing ability of the hydrogel was also
checked with a hydrogel strip by hanging a bottle with 2 L of
methylene blue solution for a long time (Fig. 4e and f). It was
found to be stable and durable without any change.

However, due to the addition of CNT, the decrease in the
illumination in G3-CNT is quite small as compared to G1-CNT,,.
This is probably due to the CNT homogenization and proper
distribution, which provides electronic paths. Meanwhile, upon
stretching, the ionic mobility decreases but the electronic
communication is still retained up to a greater strain than that
of the pure hydrogel having only Na" and CI~ ions. Thus, CNT
addition improves both the electrical conductivity and mechan-
ical performance of the as-synthesized hydrogels.

After physical observation, G3-CNT was tested electrochemi-
cally by connecting the hydrogel with the electrochemical
workstation at an applied potential of 1 V. The sample was stretched
at different % strains (50% to 800%), as shown in Fig. 5a. It was

Fig. 4 LED illumination, twisting, and load bearing test for the hydrogel. (a) and (b) LED illumination before and after stretching up to a maximum strain,
(c) and (d) twisting, and (e) and (f) load bearing of 2 L methylene blue solution by a hydrogel strip.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Strain sensitivity study of G3-CNT. (a) Strain sensitivity (%), (b) multiple cyclic stability, (c) stretching and release response time, (d) relative
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noted that the resistance increases due to elongation, which makes
it difficult for the ion passage through the pores available for ionic
mobility. However, not much reduction was noted due to the
presence of electronic mobility, as CNT are homogenized and make
serial electrical lines within the hydrogel network. This indicates the
materials response even at a higher deformation range. The 200
cyclic stability test was further conducted with the hydrogel for up to
200 s of time. It was found that the cyclic stability is due to the
continuous anti-fatigue property of the as-synthesized hydrogel,
which in turn is due to the flow of uninterrupted current
(Fig. 5b). The hydrogel has been tested by fast and slow chron-
oamperometry tests to show the sample response under both
experimental conditions (Fig. 5c). The sensitivity of the hydrogel
was further calculated from the gauge factor (GF) using the previous
literature,*** and it was noted to be 9.45 at 1000% strain, as shown
in Fig. 5d and f. A straight line is obtained below 100% strain, which
shows the application of the as-synthesized hydrogels in the human
epidermal skin (Fig. 5e).

3.4. Human motion detection and sensing

The optimized and excellent mechanical properties of the G3-
CNT hydrogel sample show its application in sensing. A sample
strip was connected to various human body parts, like the
finger, wrist, knee, elbow, cheek, etc., and in turn connected
with the auto-lab electrochemical station. It was observed that
the current drops due to the elongation of the hydrogel on the
finger upon bending at one angle in both slow and fast mode
(Fig. 6a), as well as at various angles during bending (Fig. 6b).
The current response was increased again on the recovery of the
hydrogel into its original position when the finger resumed its
normal orientation. This restores the pathways for ionic and
electronic mobilities. Similarly, the sample was connected to

1294 | Mater. Adv., 2025, 6, 1288-1299

the human elbow, and the response was checked upon bending
and relaxation (Fig. 6¢). Such responses have applications in
the medical field, as well as in robots for their routine work and
operation. Pressing the hydrogel materials within the copper
mold shows a current response upon pressing the gels between
the two soft copper sheets. Two different observations were
noted while doing such practical work. When pressing the
hydrogel between two copper sheets or writing on the sheet, a
response and current were registered. Meanwhile, for writing
on the hydrogel surface, the current response dropped (Fig. 6d).
Furthermore, the sample was tested mechanically while
attached to the human skin of a volunteer. The strain sensing
was measured while performing the sit-stand practice (Fig. 6e)
and knee bending response (Fig. 6f). The response was almost
excellent due to the deformation and relaxation, and the
registered current and drops were observed clearly.

Human motion sensing was also characterized further to
human voice sensing using the synthesized hydrogel. The
sample was connected to the human vocal cord, and different
voices expressing the word “school” at low and high pitches
were recorded (Fig. 7). The current was dropped due to the
stretching and deformation of the vocal cord upon vibration
during voice production. This vibration of the vocal cord brings
both mechanical strain and sensing to the hydrogel, which is
registered in the electrochemical workstation. The relative
resistance was measured at both high and low stress. It was
found that the hydrogel shows sensing for both high and low
stress for the sound “SCHOOL” (Fig. 7a). Similarly, the hydro-
gel was administered between two copper sheets, and different
words like LOVE (Fig. 7b) and TAN (Fig. 7c) were written and
different patterns like a leaf (Fig. 7e) and star (Fig. 7f) were
drawn. The response was found to be different due to the effect

© 2025 The Author(s). Published by the Royal Society of Chemistry
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response of the synthesized sample for sensing purpose.

of the words and writing for each voice, words, and drawing.
The G3-CNT hydrogel was further tested by writing directly on
the surface of the hydrogel to investigate its sensing for its
lowest sensitivity. Different letters like T, A, N, and S, A, N were
written on the surface of the hydrogels for observation and
examination of the lowest sensitivity level. The hydrogel
detected these changes and responded successfully (Fig. 7d),
which confirmed the ultra-sensitive nature of these hydrogels.

3.5. Electrochemical performance of G3-CNT for electronic
flexible devices

The as-synthesized hydrogels were tested for the electrochemi-
cal performance for energy storage devices, like flexible, tract-
able, and biocompatible supercapacitors. The CV profile of G3-
CNT was studied at different scan rates ranging from 10 mv s~
to 100 mV s~ . In the present study, 40 mV s~ " was selected for
the complete CV blue print analysis. The CV curves shown in
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Fig. 7 Hydrogel for human motion detection: (a) voice “school” at low and high stress levels of the vocal cord, (b) writing the word “LOVE" on the
hydrogel surface, (c) writing the word “TAN", (d) comparative writing between “TAN" and “SAN", (e) leaf drawing at high and low pressing, and (f) drawing

“star” on a hydrogel.
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Fig. 8a exhibit a rectangular symmetrical characteristic shape of
the almost electric-double-layer capacitor (EDLC) behavior. The
area under the enclosed curve indicated the specific capaci-
tance (Cs) with the highest value for the sample G3-CNT at a
scan rate of 20 mV s~ '. The Cs value was calculated from the CV
loop area of the curve, as well as the weight of the material with
the help of the equation, Cs = A/m x AV x k, where A is the area
of the polygon (integrated), m is the mass taken of the material,
AV is a potential window (V), and k is the scan rate (mV s ).
The Cs for G3-CNT were found to be 166.6, 171.25, 166.6, 158.3,
152.08, and 146.6 F g~ " at scan rates of 10, 20, 40, 60, 80, and
100 mV s~ ', respectively. It can be noted from Fig. 8b that the
Cs increase from 100 mV s~ up to 20 mV s, and then
decrease at the low scan rates of 10 and 5 mV s '. This is
due to the internal high resistance of the material to the low
scan rate. The Cs decrease is also due to the lack of proper
timing for electrolyte involvement in the electrochemical reac-
tion. The highest Cs was found at 20 mV s (171.25 F g ') in
the present study. This is most probably due to the proper
timing for the electrolytes to be involved in the electrochemi-
cal process, as well as the material internal resistance balance
to the mentioned scan rate. It should be noted that the

View Article Online
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rectangular voltammogram retains its shape even at a higher
scan rate, indicating the better performance of the G3-CNT
hydrogel.

The galvanostatic charge-discharge GCD study shows
almost triangular symmetrical curves for the G3-CNT hydrogel
(Fig. 8c). The Cs have been calculated via equation Cs = I x At/
AV x m, where At is the discharge timing and I/m is the current
density (A g~') applied. The Cs found for G3-CNT are 113.7,
89.1, 60.75, 37.5, and 18.75 F g ' at 0.3, 0.7, 0.9, 1.0, and
1.5 A g ! current density, respectively. Furthermore, the elec-
trochemical response of the G3-CNT electrode in the three-
electrode system as a working electrode showed better capaci-
tive performance during the GCD test. This is because there was
a small drop in the internal resistance (IR) in the charging-
discharging process, as shown in Fig. 8c. Such performance is
necessary for electrode materials in energy storage devices with
little or very minute energy dissipation. Thus, it can be estab-
lished from the finding that the CNT are stabilized and homo-
genized in the stabilizing and reinforcing agent, GA, within the
hydrogel network materials with improved electrochemical and
conducive properties. The better Cs performance of the G3-CNT
sample is due to the homogeneous and complete dispersion of
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Fig. 8 Electrochemical properties; (a) CV at different scan rates for G3-CNT, (b) specific capacitance (F g™3) vs. different scan rates for G3-CNT, (c) GCD
at different current densities for G3-CNT, (d) EIS Nyquist for G1-CNTy, (e) Bode plot of G1-CNTy, (f) Nyquist plot of G3-CNT and electronic circuit inset,
(g) G3-CNT bode plot at high and low frequency regions, and (h) G3-CNT capacitance between imaginary and real values.
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Table 1 Performance comparison of the flexible and stretchable strain sensors and supercapacitors with those reported in previous studies

Hydrogels Current density Specific capacitance Gauge factor (GF) Ref.
rMGO-GG/PVA-b 03Ag" 10833 Fg ' 8.25 17
(PAM)/PDA conductive hydrogels @ DES (HDES/CCNF) 1 mA cm 108.37 mF cm > 1.17 43

CPF4 films @ filter paper/PVA/H,SO, 0.4 mA cm 2 111 mF cm 2 Nil 44
H-Gel/AS-MWCNTSs-PPy-AS 05Ag" 112 Fg! 6.8 45
(TC-s-CNT-PS) 05Ag" 65F g " Nil 46
agar/PAA-AI** DES gels 08Ag " 66.7 F g 1.21 47

G3-CNT hydrogels 03Ag" 113.7Fg ! 9.45 Present work
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Fig. 9 Performance evaluation of the G3-CNT hydrogel; (a) Cs (F g~?) after 5000-cycle operation and (b) capacitance retention % vs. number of cycles.

CNT at higher concentrations of GA, thus developing micro-
channel pathways for the electronic and ionic conductivity, and
making the hydrogel a better electrode for energy storage
devices like supercapacitors.

Electrochemical impedance spectroscopy (EIS) was further
performed with the G1-CNT, and G3-CNT hydrogels at 5 mV to
avoid destroying the samples. Different plots, including
Nyquist, Bode, and capacitance, were obtained. A semi-circle
observed in Fig. 8(d and f) indicated the transfer of electrons
mechanism between the electrodes in a three-electrode or
2 electrode system, and indicated the IR of the electrolytes of
the materials. Meanwhile, at lower frequency, a long straight
line was observed (Warburg (W)), which is the impedance
constant and exhibits the active materials used as an electrode
for the diffusion of charge. All these characteristics show the
excellent performance of the synthesized hydrogels. From the
intercept of the horizontal axis of the small semi-circle, the IR
values were calculated and found to be 7.656 Q and 320 Q for
the G3-CNT and G1-CNT, hydrogels, respectively, in the high
frequency (f) range. Similarly, both calculated and measured
values are fitted via NOVA, and the electronic circuits for both
samples are shown in the Nyquist, Bode, and capacitance plots
(Fig. 8d-h). Table 1 presents the key performance parameters of
the current work.

The multicycle performance of the electrode G3-CNT was
also evaluated regarding its Cs, as well as capacitance retention
%, as shown in Fig. 9a and b. The performance evaluation
of G3-CNT for electrode purposes in the application within
flexible soft energy storage devices revealed its excellent stabi-
lity during routine operation. The Cs (F g ) at different current

© 2025 The Author(s). Published by the Royal Society of Chemistry

densities ranging from 0.3 to 1.5 A g~ " were studied, and there
was little fluctuation in the Cs value after 5000 cycles (Fig. 9a).
Similarly, the capacitance retention % was sustained up to 91%
after 2500 cycles of operation (Fig. 9b). These results are due to
the better homogenization of CNT via stabilizer and reinforce-
ment of GA to build the microstructure of the improved and
enhanced 3D hydrogel network, which in turn provides
mechanical support, conductivity, and proper pathway channels
for transport of both ions and electrons within the electrode
materials. The higher GA concentration not only improves the
mechanical performance, but also helps to avoid the CNT agglom-
eration. Due to the hydrophobic nature and association of CNT,
this results in n—r interactions of strong van der Waals forces and
agglomeration, which in turn negatively affects the cross-linking
and electrical performance of the hydrogel. However, in the
present case, such better performance is due to the better config-
urational hydrogel structure, which not only gives stability but
also enhances the mechanical behavior after thousands of cycles
of operation in the electrochemical process.

4. Conclusion

The two-fold application of the present CNT-based synthesized
hydrogels indicate the applicability in human motion detection
with better sensitivity at different % strain, and the electro-
chemical performance as an electrode material for flexible soft
electronic energy storage devices. It was rheologically found
that hydrogels have better viscoelastic performance in the LVR
range regarding the critical strain. The mechanical properties
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of stretchability, toughness, energy dissipation, and antifatigue
were found to be better. The conductivity of the hydrogel
materials was calculated to be 0.142 S m™" for the strain
sensing of the materials. The electrochemical properties were
evaluated, revealing a specific capacitance (Cs) of 171.25 F g™ *
from CV measurements at a scan rate of 20 mV s !, and
113.7 F g ' from GCD measurements at a current density of
0.3 A ¢g~'. From the EIS study, the resistance of the present
CNT-based biopolymeric hydrogel was found to be 7.65 Q,
which also supports low-resistance materials, and is applicable
in the designing of electrode materials in soft flexible energy
storage devices like supercapacitors.
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