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Developing multifunctional hydrogels for wearable strain sensors has received significant attention due to their
diverse applications, including human motion detection, personalized healthcare, soft robotics, and human-
machine interfaces. However, integrating the required characteristics into one component remains chal-
lenging. To overcome these limitations, we synthesized multifunctional hydrogels using carboxymethyl chitosan
(CMCS) and unzipped carbon nanotubes (f-CNTs) as strain sensor via a one-pot strategy. The polar groups in
CMCS and f-CNTs enhance the properties of the hydrogels through different interactions. The hydrogels show
superior printability with a uniformity factor (U) of 0.996 + 0.049, close to 1. The f-CNTs-assisted hydrogels
showed improved storage modulus (8.8 x 10° Pa) than the pure polymer hydrogel. The hydrogels adequately
adhered to different surfaces, including human skin, plastic, plastic/glass interfaces, and printed polymers.
The hydrogels demonstrated rapid self-healing and good conductivity. The biocompatibility of the hydrogels
was assessed using human fibroblast cells. No adverse effects were observed with hydrogels, showing their
biocompatibility. Furthermore, hydrogels exhibited antibacterial potential against Escherichia coli. The developed
hydrogel exhibited unidirectional motion and complex letter recognition potential with a strain sensitivity of 2.4
at 210 % strain. The developed hydrogels could explore developing wearable electronic devices for detecting

human motion.

1. Introduction

The demand for smart wearable electronic devices to monitor human
motion and personalized healthcare issues globally is rapidly increasing.
Different characteristics, including conductivity, adhesiveness,
biocompatibility, and sensitivity, are required in developing wearable
electronic devices [1-3]. However, integrating these required properties
into one component remains challenging. Metals and semiconductors-
based wearable electronic devices exhibited better sensitivity than
other developed materials. However, their broad applicability is
restricted under adverse conditions due to their poor mechanical
strength, where any minor deformations cause adverse effects on their
sensitivity [4,5]. Therefore, materials that promptly recover their initial
characteristics are highly desirable in developing wearable electronic
devices for different applications. Conductive polymer-based hydrogels
are attractive platforms for developing wearable electronic devices
owing to their superior conductivity, biocompatibility, and sensitivity
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[6]. The broad applicability of the conductive polymer-based hydrogels
for strain sensing applications is also limited owing to their low
stretchability and high hysteresis [7]. Song and coworkers developed
hysteresis-free and stretchable conductive hydrogels for strain-sensing
applications. However, their developed devices typically had low
strain sensitivity [8]. Therefore, developing biocompatible conductive
hydrogels without using conductive polymers with good strain sensi-
tivity is required for human motion sensing applications.

Adhesive hydrogels have received considerable significance in
developing wearable electronic devices for diverse applications because
they do not require additional tapes or bandages for the adhesion on the
applied surfaces, which may cause skin irritation or infections [9,10].
The dopamine or tannic acid-based hydrogels exhibited enhanced
adhesiveness due to highly reactive catechol functional groups in their
structures. However, they need further functionalization or conductive
materials to improve the conductivity of the developed hydrogels
[11,12]. Qu and coworkers developed skin-inspired, highly stretchable,
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and conductive hydrogels using cellulose nanofibrils modified tannic
acid for strain sensing applications. The developed hydrogels showed
moderate adhesiveness to different surfaces, including human skin,
plastic, rubber, and metals [13]. Three-dimensional (3D) printable
hydrogels have additional advantages over conventional hydrogels
owing to their printability characteristics in the desired shape and size
[14].

Biocompatibility is also essential in developing wearable electronic
devices for strain-sensing applications. Various polymers, including
chitosan, sodium alginate, polyvinyl alcohol, carboxymethyl cellulose,
and polyurethanes, have been explored for sensing applications due to
their remarkable biocompatibility [15-17]. Chitosan (CS) has received
significant interest in developing wearable devices due to its superior
biocompatibility and antibacterial characteristics [18]. The abundant
hydroxyl and amine in the CS backbone facilitate the formation of
physically and chemically cross-linked hydrogels for different applica-
tions [19]. The antibacterial potential provides an additional advantage
in developing wearable electronic devices, which restricts the growth of
bacterial infection for long-term applicability [20]. However, the weak
mechanical strength limits the broad applicability of chitosan. This
limitation can be overcome by adding other suitable polymers or
nanomaterials. The mechanical stability of functionalized CS can also be
improved by cross-linking with diverse metal ions for the desired ap-
plications [21]. Yan and coworkers synthesized sodium alginate and
carboxymethyl chitosan-based hydrogels cross-linked with ions, such as
Ca?*, zn?*, Fe3T, Ni%t, Ag™, and Co?" for bacterial detection and ster-
ilization. The metallohydrogels demonstrated improved mechanical
stability and fluorescent characteristics [22]. Different nanomaterials,
such as carbon nanotubes (CNTs), nanocellulose, reduced graphene
oxide, and clay, are widely explored to enhance the mechanical strength
of native polymers [23-26]. Multi-walled or single-walled CNTs are
often explored in developing wearable electronic devices for strain-
sensing applications owing to their appealing properties, such as high
electrical conductivity, good structural stability, superior mechanical
strength, and tunable surface chemistry [27-29]. However, their better
dispersion remains challenging in the polymer matrices due to their
hydrophobic characteristics, causing catastrophic effects on the polymer
properties [30]. Therefore, better dispersion of CNTs is necessary to
enhance the properties of polymers. Different approaches, including
surface functionalization and surfactants, are used to improve the
dispersion of CNTs in the polymer matrix [23]. Qin and coworkers used
amphiphilic sodium dodecyl sulfate to improve the dispersion of hy-
drophobic CNTs in polyacrylamide hydrogels for sensing applications
[31]. The unzipping approach facilitates the addition of different func-
tional groups on the surface of CNTs, aiding in better dispersion. The
unzipping also increases the surface area while maintaining the original
characteristics of CNTs [32].

Herein, we developed 3D-printable and multifunctional hydrogels of
functionalized chitosan/f-CNTs via a one-pot synthesis approach
without using any surfactants for strain sensing applications. The
developed hydrogels were characterized by different spectroscopic
techniques, including Fourier transform infrared spectroscopy (FTIR), X-
ray diffraction (XRD), scanning electron microscopy (SEM), and
rheometer. The developed hydrogels have no adverse effects on human
dermal fibroblasts (HDFs) and also exhibit antibacterial potential. The
motion sensing potential of the developed hydrogels was monitored at
different human body parts, including finger, wrist, and elbow. The
hydrogels also demonstrated the completed letter sensing potential.
Taken together, we hypothesized that the developed hydrogels have the
potential to develop wearable electronic devices for monitoring human
motion as well as in personalized healthcare sectors.
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2. Experimental section
2.1. Materials

The high molecular weight chitosan (CS) powder (MW:310-375 kDa,
Deacetylated chitin: >75 %), sodium hydroxide (Junsei Chemicals,
Japan), isopropanol (Thermo Fischer Scientific), monochloroacetic acid
(Duksan Chemicals, Republic of Korea), hydrochloric acid (35 %), sul-
furic acid (95 %), hydrogen peroxide (35 %) (mass/mass, Wako
Chemicals, Republic of Korea), potassium permanganate (Daejung
Chemicals, Republic of Korea), and sodium nitrate (Sigma-Aldrich, USA)
were used as received from the suppliers in this work.

2.2. Synthesis of functionalized chitosan

The synthesis of water-soluble carboxymethyl functionalized chito-
san (CMCS) was performed as earlier reported somewhere else with
some modifications [33]. In Brief, the required amounts of CS (10 g)
were added into 50 % (w/v) sodium hydroxide solution and mixed well.
The mixture was kept in the refrigerator at 4 °C for 24 h. Then, the
calculated amounts (200 mL) of isopropanol were added with contin-
uous mechanical stirring for 30 min. After that, the required amounts of
monochloroacetic acid (15.0 g) were added to the reaction mixture. The
reaction mixture was heated to 60 °C for 6 h with continuous mechanical
stirring. Then, the reaction mixture was filtered and washed with
ethanol three times to remove the unreacted chemical reagents. The
filtrate sample was dissolved in distilled water and dialyzed for 4 days,
followed by the performing the rotary evaporation process to concen-
trate the solution and freeze-drying by freeze dryer (EYELA® Freeze
Drying Unit 2200, Tokyo, Japan).

2.3. Ungzipping of carbon nanotubes (f-CNTs)

CNTs were unzipped in our previously reported work [32]. Briefly,
the known amount (1 g) of multi-walled carbon nanotubes (MWCNTSs)
was added into 100 mL sulfuric acid solution with continuous me-
chanical stirring at room temperature. After that, 10 g sodium nitrate
was added to the reaction mixture and stirred for 2 h, followed by slowly
adding 5 g potassium permanganate powders. The reaction mixture
temperature was increased to 70 °C and stirred for another 2 h, followed
by the addition of hydrogen peroxide solution to overcome insoluble
manganese oxide precipitation. After that, the reaction mixture was
filtered and repeatedly washed with distilled water until the solution
became neutral. The obtained sample was dried in an air oven at 50 °C
for 2 days. The f-CNTs in this work indicated the prepared material.

2.4. Synthesis of 3D-printable conductive hydrogels

The pure polymer hydrogel was developed by adding the calculated
amounts (5 %, w/v) of carboxymethyl chitosan (CMCS) in distilled
water. The composite hydrogels were developed by incorporating
different amounts of f-CNTs (1, 2, and 4 wt%, w.r.t. to the CMCS
weights) in the polymer matrix. The prepared hydrogels were trans-
ferred into different molds and kept at 4 °C for 12 h, followed by —20 °C
for 4 h. The hydrogels were unfrozen at room temperature for 6 h. This
process was repeated 3 times to achieve a more compact structure. The
frozen and unfrozen processes were performed as reported elsewhere to
develop compact hydrogels with a greater interaction [34]. The devel-
oped hydrogels were indicated by CMCS, and CMCS/f-CNTs-x. Where x
is the amount of f-CNTs in the polymer matrix.
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2.5. Spectroscopic characterizations of hydrogels

Fourier transform infrared (FTIR) spectroscopy (Frontier, Perkin
Elmer, UK) was used to examine the interactions between the CMCS
matrix and f-CNTs in the 4000-400 cm™! range with a resolution of 4
em ™. The number of measured scans was 36 in the FTIR analysis. The
structural changes in the hydrogel films were assessed by X-ray
diffractometer (X’Pert PRO MPD, Philips, Eindhoven, Netherlands) at
the operating voltage and current of 40 kV and 40 mA, with Cu Ka ra-
diation (A = 1.5414 A°). The operating range (20) was 5-40°. The surface
morphologies of the hydrogel scaffolds were examined by field emission
scanning electron microscopy (FE-SEM) (TESCAN, Czech Republic).
Before the SEM analysis, the hydrogels were freeze-dried using a freeze-
dryer for 3 days, and coated with platinum for 100 s. The image J (NIH)
software was used to determine the pore diameter of the hydrogel’s
scaffolds. The rheological characteristics of the hydrogels were assessed
by an ARES-G2 rheometer (TA Instrument, New Castle, Delaware, USA)
with a 6 mm parallel plate at 37 °C. The tensile strength of the hydrogel
films (dry conditions) was assessed using a universal testing machine
(UTM) (MCT-1150, A&D, Co. Japan) with an elongation speed of 10.0
mm/min. The mechanical strength of the hydrogels was also measured
in compression mode with a compression speed of 10.0 mm/min.

2.6. 3D-printing of hydrogels

The pre-designed 3D structures were constructed on a sterile petri
dish using the CELLINK BIO-X printer. The design of the 3D constructs
was developed by the SolidWorks software (www.solidworks.com,
Dassault Biosystems, France). The rectangular (20 x 20 x 2 mm°®)
constructs were printed on the plate using a needle (22G). The printing
speed and pressure were 2 mm/s and 90-120 kPa, respectively. The
printing process was performed at room temperature. The printability of
the developed hydrogels was determined in terms of the uniformity
factor (U), expansion ratio («), and pore factor (Pr) by using the equa-
tions given below,

_ Length of the 3D printed strand (1)

Unj ] tor (U) =
niformity factor (U) Length of the theoretical design (L)

_ Diameter of the 3D printed strand (d)
B Diameter of the nozzle (D)

Expansion ratio (o)

(Pore perimeter)”

Pore factor (Pr) = (16 x pore area)

The five pores (perimeter and pore area) were measured for each
printed scaffold. Depending upon the pore factor value (<1, >1, or =1),
gels were classified as under-gelled, over-gelled, or properly gelled,
respectively [35].

2.7. Recovery, self-healing, and adhesiveness examination

The recovery potential of the hydrogels was monitored in terms of
the viscosity changes under different shear rates (0.1, 100, and 0.1 s™%)
for different intervals (0-100, 101-200, and 201-300 s) at 25 °C,
respectively. The change in the viscosity was measured using an ARES-
G2 rheometer with a 6 mm parallel plate. The self-healing ability of the
hydrogels was examined by cutting and re-joining methods at room
temperature without the influence of external factors, including tem-
perature, pH, and pressure. In brief, a defined dimension of the hydrogel
was cut into two halves and placed together to re-join after some in-
tervals. After re-joining, the hydrogel was lifted with forceps to validate
the healing process. The quantitative self-healing efficiency of the
hydrogels (original and self-healed) was also assessed through the
rheometer. The following equation was used to measure the self-healing
potential of the hydrogels.
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Storage modulus of orignial hydrogel o
Storage modulus of healed hydrogel

%Self — healing efficiency = 100

The adhesive strength of the hydrogels was assessed as reported
earlier somewhere else [36]. In brief, 150 mg hydrogels were placed on a
thick paper surface and spread over an area of 15 mm x 15 mm. After
that, the second paper was kept on the hydrogel surface and left for 15
min at room temperature. The adhesive strength of the developed
hydrogels was measured using a uniaxial tensile machine. All experi-
ments were completed in triplicate (n = 3).

2.8. Biocompatibility assessment

2.8.1. Primary cell culture

The human fibroblast (HDF) cells were received from the Korean Cell
Line Bank (KCLB, Seoul, Republic of Korea). Cell cultured was accom-
plished, as previously reported somewhere, using Dulbecco’s modified
Eagle medium (DMEM; Welgene Inc., Republic of Korea) containing 10
% fetal bovine serum (FBS; Welgene Inc., Republic of Korea), and 1 %
antibiotic-antimycotic (Anti-Anti; 100x, Gibco, USA) in a 5 % CO;
incubator (Steri-Cycle 370 Incubator; Thermo-Fischer Scientific, USA) at
37 °C [37]. The old cultured media were replaced with the fresh culture
media after 3 days of interval. After ~80 % of confluency, the cells were
washed with PBS (3 times), followed by the treatment with 1 mL of 0.25
% trypsin-ethylenediaminetetraacetic acid (EDTA; Gibco, USA) to
detach and count the cells. Passage three was used for the cell experi-
ment in this study.

2.8.2. Cell viability assay

The biocompatibility of the synthesized hydrogel scaffolds was
assessed with HDF cells through WST-8 assay as previously reported
with some modifications [38]. For this, 1 x 10* HDF cells/100 pL media
were placed on the surface of the scaffolds in a 96-well plate and incu-
bated in a 5 % CO; incubator at 37 °C for 24 h. The media without
hydrogel scaffold treatment were set to be controlled. After incubation,
each well was washed with PBS (3 times), and the fresh cultured media
was added. After that, 10 pL of WST-8 dye was added to the cultured
media and incubated for 2 h to develop the formazan. The formed for-
mazan was collected in a new culture plate, and absorbance was
recorded through a spectrophotometer at 450 nm. The absorbance at
625 nm was considered as a reference value. All experiments were done
in triplicate (n = 3), and the results are shown as mean optical density
(OD) + standard deviations (SDs). Statistical significance was taken at
*p < 0.05.

2.8.3. Live-dead assay

The survivability of the cultured HDF cells on the surface of the
hydrogel scaffolds was examined through live-dead fluorescence imag-
ing. For this, cells (1 x 10*) were seeded on the surface of the scaffolds in
a 6-well plate and incubated in a 5 % CO- incubator at 37 °C for 24 h.
The groups without scaffold treatment were taken as control. After in-
cubation, cells were washed with PBS (3 times) and treated with 1 pL of
acridine orange (AO) and ethidium bromide (EtBr) dye solution at a
ratio of 1:1. After that, the images were taken using the inverted fluo-
rescence microscope (DMi8 Series, Leica Microsystems, Germany).

2.9. Antibacterial analysis

The antibacterial potential of the developed hydrogels was assessed
against Escherichia coli (E. coli; ATCC 10536) by measuring the optical
density (OD) at different periods, as previously reported somewhere
with some modifications [39]. The new bacterial colonies were gener-
ated by suspending the purchased bacteria in the nutrient broth under
continuous stirring (150 rpm) and incubating it at 37 °C for 12 h. After
that, the OD of the freshly cultured bacteria was taken using a spec-
trophotometer at 600 nm. The cultured bacteria were diluted 100 times.
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Then, small amounts of hydrogels (7 mg/mL) were suspended in the
bacterial medium and incubated for 1 and 5 h. The groups without
hydrogel treatment were considered as controls. The change in OD was
recorded using a spectrophotometer at 600 nm. The % growth of the
bacteria was calculated using the following equation.

OD at measured time — OD of the cultured media at zero time

e 10
%ogrow OD at measured time <100

The antibacterial potential of the developed hydrogels was also
monitored through colony counting methods. In brief, 100 pL of the
diluted bacteria was transferred to the nutrient broth having 10 mL of
cultured media with the hydrogels (~7 mg/mL) and incubated at 37 °C
for 24 h. Then, 100 pL of the bacteria media was taken, spread onto agar
plates, and incubated at 37 °C to generate new bacteria colonies. The
groups without hydrogel treatment were considered as controls.

2.10. Electrochemical performance and sensing potential

The conductance property of the synthesized hydrogels was assessed
using the Keithley 2460 source meter® at room temperature. The
hydrogel dimensions are given in the Table S1. The conductance po-
tential of the hydrogels was determined by using the equation given
below,

1 I
Conductance (5) = Slope of ycurve

The motion-sensing potential of the hydrogel was examined using an
electrochemical workstation (BioLogic Science Instruments, France) at
5V at room temperature. For this, hydrogel, a definite dimension (12.50
x 4.80 x 3.60 mm®), was placed on different parts of the human body,
including the finger, wrist, knee, and biceps, and connected with the
conductive wires, which were connected to the source meter. The cur-
rent changes were measured during the motion of the body parts and
examined the strain-sensing ability of the hydrogels. The relative resis-
tance change (AR/Rg) was calculated by using the equation mentioned
below.

Relative resistance change <¥> = (—R“ _ RO) x 100
RU RU
Here, Rg and Ry are the hydrogel initial and deformed resistance,
respectively.
The strain sensitivity of the hydrogels was assessed in terms of the
gauge factor (GF) by using the equation below.

(AR)

Gauge factor (GF) = Ré

Here, (AR/Ry), and ¢ are the hydrogel relative resistance and strain
change, respectively.

To examine the multidimensional recognition ability, the hydrogels
were sandwiched between two thin polyethylene films and connected to
the source meter through the conductive wires. The desired letters were
written to the surface of the polyethylene film, and current changes were
measured. All experiments were performed in triplicate (n = 3), and
average data were considered in the results.

2.11. Statistical analysis

Statistical analyses were performed with one-way ANOVA using
Origin Pro8.5 software. The data are given as average + standard de-
viations (SD). Statistical significance was taken at *p < 0.05, **p < 0.01,

and ***p < 0.001. A comparison was performed between the control and
experimental groups in this work.
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3. Results and discussion
3.1. Interaction and structural characteristics of hydrogels

The detailed spectroscopic characterizations of f-CNTs, including
FTIR, XRD, TGA, and zeta potential, are given in our previously reported
work [32]. The schematic presentation for the one-pot synthesis of 3D-
printable multifunctional chitosan hydrogel using f-CNTs with plausible
interactions among the hydrogel’s components for strain-sensing ap-
plications is presented in (Fig. 1a). The 3D-printable hydrogels were
synthesized by adding the required amounts of the components in water.
The detailed spectroscopic characterizations of f-CNTs have previously
been reported by our group [32]. The FTIR spectra of the pure CS and
functionalized CS are shown in (Fig. 1b). The characteristics absorption
peaks in CS at 3330, 2910-2869, 1647, 1586, 1424, 1377, and 1319
em™! are assigned to the hydrogen-bonded -NH/~OH, ~CH,/CH3 sym-
metric/asymmetric stretching, amide I, amide II of the residual N-acetyl
functional groups, -CHy/CH3 bending vibration, and —CN stretching,
respectively. The absorption peaks at 1148, 1063, and 1025 cm ™! can be
attributed to the asymmetric stretching of the —C-O-C bridge and -C-O
stretching. These typical peaks exist in other polysaccharides, such as
xylan and glucan [40]. After functionalization, the intensity of these
peaks was increased, indicating the presence of more polar functional
groups. The position of hydrogen-bonded -NH/-OH, —-CHy/CH3 sym-
metric/asymmetric stretching, amide I, and amide II of the residual N-
acetyl functional groups was also shifted in the functionalized CS due to
the change in the electronic environments. Additionally, new peaks at
1749 and 1416 cm™! appeared in the functionalized CS, which are
attributed to the stretching vibration of carbonyl (>C=0) and stretching
vibration of -COO™ functional groups of -CHoCOOH moiety, showing
the successful functionalization of CS to CMCS [41].

The f-CNTs and CMCS contain plenty of functional groups, including
carboxylic (-COOH), hydroxyl (-OH), and amino (-NHy) in their back-
bone. Therefore, it is anticipated that the developed hydrogels could be
interactive among the functional groups. The FTIR spectroscopic anal-
ysis was performed to monitor the interactions between the hydrogel
components, and the spectra are given in (Fig. 1c). It was interesting to
note that these polysaccharide absorption peaks significantly shifted
their positions in the composite hydrogels due to the change in the
electronic environment through different interactions. A significant
shifting in stretching vibration of hydrogen-bonded amine/hydroxyl
groups was observed in the composite hydrogels (3324 — 3345 cm™1)
due to the interaction between the polar groups of the functionalized
polymer chains and f-CNTs [36]. These interactions also facilitate the
absorption shifting in stretching vibration of amide I (1647 — 1642
cm_l), bending vibration of amide II (1578 — 1591 cm_l), and carbonyl
—-CO/CO0 (1066 — 1055 cm 1) functional groups. These changes sug-
gest that the insertion of f-CNTs occurred inside the galleries of CMCS
polymer chains, minimizing the strong interaction between the polymer
chains and facilitating the interaction between CMCS polymer chains
and f-CNTs [42]. Due to these interactions, hydrogels demonstrated
improved physiochemical properties, including 3D printability, visco-
elasticity, adhesiveness, and recovery potential. The hydrogels have
abundant active polar functional groups and charged f-CNTs. Therefore,
the secondary interactions, including dipole-dipole interaction,
hydrogen bonding, and electrostatic interactions, are expected to play
crucial roles in these shifts [43].

The XRD analysis assessed the influence of f-CNTs on structural
changes in CMCS polymer, and the diffraction patterns are given in
(Fig. 1d). The pure CMCS polymer shows two diffraction peaks at 8.1°
and 21.5° with corresponding d-spacing of 1.04, and 0.42 nm, respec-
tively, indicating the presence of some random and ordered orientation
in the polymer [44]. The diffraction of the pure CMCS polymer is similar
to the previously reported work [33]. The addition of f-CNTs in the
polymer matrix facilitated the shifting of these peaks towards a lower
angle (7.5°) while increasing the d-space value (1.18 nm),
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Fig. 1. (a) The schematic presentation for 3D-printable multifunctional chitosan hydrogel using f-CNTs for strain-sensing applications with plausible interactions
among the hydrogel’s components, (b) FTIR spectra of pure CS and CMCS, (c) FTIR spectra of CMCS and indicated composite hydrogel scaffolds, (d) XRD patterns of
the indicated hydrogel scaffolds, and (e) SEM morphologies of the indicated hydrogel scaffolds.

demonstrating the successful insertion of the f-CNTs between the poly-
mer layers. The insertion of the f-CNTs between the polymer layers
improved the interactions between the added materials, as observed in
FTIR results, and enhanced the properties of the developed hydrogels.
Moreover, the composite hydrogels also contain other diffraction peaks
at ~9.0°, 22.3°, and 25.8° attributed to f-CNTs in the polymer matrix
[32]. The lower angle diffraction peak at ~9.0° indicated the presence of
oxygenated moieties, whereas higher angle diffraction peaks at ~22.3°
and 25.8° showed the existence of graphitic structure. The intensity of
these peaks increased with an increase in the content of f-CNTs in the
polymer matrix.

The surface morphology of the developed hydrogel scaffolds was
examined through FE-SEM, and the morphologies are presented in
(Fig. 1le). The hydrogel scaffolds show porous and interconnected
morphology. The composite hydrogel scaffolds demonstrate a rough
surface morphology vis-a-vis pure polymer scaffolds due to the distri-
bution of f-CNTs in the polymer matrix. The pure polymer scaffold ex-
hibits a randomly oriented morphology, whereas an aligned morphology
was observed in the composite scaffolds. The aligned morphology in the
composite scaffolds can be attributed to the insertion of the f-CNTs be-
tween the polymer chains, which facilitated better interactions between
the functionalized polymer chains and polar f-CNTs, forming compact
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and oriented morphology [45,46]. The average pore diameter was
varied with the content of f-CNTs in the polymer matrix. It was 44.25,
91.05, 80.40, and 60.05 pm for CMCS, CMCS/f-CNTs 1, CMCS/f-CNTs 2,
and CMCS/f-CNTs 4, respectively. An increase in the pore diameter of
the composite hydrogel scaffolds than pure polymer scaffold was
assigned to the strong hydrophilic properties of the composite hydrogels
due to the presence of the polar groups (-COOH, -OH, -NH), which
facilitated the adsorption of water molecules inside the hydrogels,
leading the formation of larger pores [47]. However, the pore size was
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further decreased with increasing the content of f-CNTs in the polymer
matrix. It could be explained by the strong interaction between the
functionalized polymer chains and f-CNTs, which caused the minimum
availability of the hydrophilic groups to adsorb the water molecules to
generate large size-pores. Therefore, less space for the ice crystal for-
mation was available during the freezing process. The smaller ice crystal
assisted the formation of a more compact structure with a decrease in
the pore size. The highly interconnected and compact structure is
favorable for the improved conduction of the charged ions/groups,
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Fig. 2. Assessment of the mechanical strength and viscoelasticity of the developed hydrogels, (a) Stress-strain curves of the indicated hydrogels under compressive
mode (speed 10 mm/min), and (b) Toughness and modulus values of the developed hydrogels, (c) Stress-strain curves in elongation mode, (d) Toughness and
modulus values of the hydrogel films in elongation mode, (e) Storage and loss moduli of the synthesized hydrogels in the measured angular frequency region of
0.1-100 rad/s at 37 °C, and (f) The corresponding viscosity complex of the developed hydrogels at 37 °C.
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which is a desired characteristic for strain sensing applications.
3.2. Mechanical strength and viscoelasticity assessment

The mechanical strength of the developed hydrogels was assessed
using the UTM under the compression mode, and the results are shown
in (Fig. 2a). The hydrogels show a typical porous scaffold characteristic,
including an initial linear region, plateau region, and densification re-
gion [48]. An improved compressive strength was observed in the
composite hydrogels (8.66 kPa) compared to the pure polymer hydrogel
(4.34 kPa) due to the better interactions within hydrogel components
[49]. The composite hydrogels demonstrated a lower densification
strain than the pure polymer hydrogel, suggesting the more compact
structures in the composite hydrogels [50]. The densification strain was
78.82 £+ 0.16, 77.60 + 0.15, 75.52 + 0.13, and 72.64 + 0.14 for CMCS,
CMCS/f-CNTs 1, CMCS/f-CNTs 2, and CMCS/f-CNTs 4, respectively. The
compressive modulus value was obtained by taking the slope of the
stress-strain curve at initial linear regions. The toughness value was
calculated by considering the area of the strain-strain curves. The
compressive modulus and toughness value of the developed hydrogels
are given in (Fig. 2b). The compressive modulus values were 8.31,
13.36, 26.83, and 49.92 Pa for CMCS, CMCS/f-CNTs 1, CMCS/f-CNTs 2,
and CMCS/f-CNTs 4, respectively. Nearly 6-fold enhancement in the
compressive modulus was observed in the composite hydrogels vis-a-vis
pure polymer hydrogel. The enhancement in the compressive modulus
was assigned to the greater interactions between the functionalized
polymer chains and f-CNTs, facilitating the load-transfer process during
the measurement [51]. The hydrogels contain abundant active func-
tional groups, including -COOH, —OH, and -NHj in their matrix. Thus, it
is anticipated that the dipole-dipole interaction, hydrogen bonding, and
electrostatic interactions play significant roles in enhancing the me-
chanical strength of the composite hydrogels. An enhancement in the
toughness value was also observed in the composite hydrogels,
compared to the pure polymer hydrogels, owing to the suppression of
the crack propagation process by the added f-CNTs.

The tensile strength of the hydrogel films under dry conditions was
also monitored using the UTM, and the obtained stress-strain curves are
presented in (Fig. 2¢). The f-CNTs assisted hydrogels demonstrated
enhanced tensile strength (77.30 — 123.97 kPa) and elongation at the
breaks (28 — 42 %) vis-a-vis pure polymer films, showing positive ef-
fects of the added nanomaterial on the mechanical strength. The
improved mechanical strength of the composite hydrogel films can be
attributed to the greater interactions between the polar groups of the f-
CNTs and polymer chains, facilitating the effective stress-transfer and
enhanced mechanical strength [52]. Spinks and coworkers also reported
the enhanced mechanical strength of the chitosan/CNTs microfibers
under dry conditions compared to the swelled due to the greater
entanglement of the polymer chains, causing the resistance to defor-
mation [53]. The Young’s modulus and toughness values of the hydrogel
films are given in (Fig. 2d). The Young’s modulus was 42.59 + 1.46,
54.03 + 1.6, 55.18 + 1.96, and 56.70 + 4.56 kPa for CMCS, CMCS/f-
CNTs 1, CMCS/f-CNTs 2, and CMCS/f-CNTs 4, respectively. The
toughness value was 0.77 + 0.0014, 1.61 + 0.012, 1.76 + 0.008, and
2.04 + 0.009 MJ.m 2 for CMCS, CMCS/f-CNTs 1, CMCS/f-CNTs 2, and
CMCS/f-CNTs 4, respectively. The enhanced modulus and toughness
values of the composite hydrogel films was attributed to the effective
stress transfer and inhibition of the crack propagation process by f-CNTs
during the measurement, causing improved mechanical strength. Sun
and coworkers also reported enhanced mechanical strength in CNTs-
added chitosan nanocomposite films through better interfacial in-
teractions among the added materials [54].

The viscoelastic properties of the developed hydrogels were moni-
tored by a rheometer in the measured regions of 0.1-100 rad/s at 37 °C
(body temperature), and the results are presented in (Fig. 2e). No
crossover point was observed in all hydrogels, suggesting the solid-like
properties. [55]. Interestingly, the composite hydrogels show greater
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storage modulus (G, solid line) than the pure polymer hydrogels
throughout the measured regions. The storage modulus was further
increased with increasing f-CNT contents in the polymer matrix due to
the greater interactions between the functionalized polymer chains and
f-CNTs, as observed in FTIR results. It is anticipated that hydrogen
bonding, dipole-dipole, and electrostatic interactions play crucial roles
in the enhancement of the storage modulus of the composite hydrogels
[56]. Lin and coworkers developed temperature-sensitive hydrogels
using carboxylated chitosan and functionalized carbon nanotubes for
drug delivery. They noticed a minor enhancement in the storage
modulus in the composite hydrogels to the pure polymer hydrogels [47].
However, in the developed hydrogels, approximately 4.6 folds
enhancement in the storage modulus was observed in the composite
hydrogels (1.9 x 10° — 8.8 x 10° Pa) compared to the pure polymer
hydrogel at a higher measured region (100 rad/s), indicating improved
elasticity due to the greater interactions. This improvement in the
storage modulus of the composite hydrogels could be attributed to the
relaxation and simultaneous re-constructions of interconnected net-
works through different interactions, restricting the motion of the
polymer chains and leading to the generation of solid-like characteristics
and enhanced storage modulus [57]. The loss modulus (G", without
lines) of the developed hydrogels is measured, and the results are also
shown in (Fig. 2e). The composite hydrogels demonstrated a higher loss
modulus than the pure polymer. However, their values were lower than
the respective storage modulus, indicating the elastic characteristics in
the hydrogels.

The corresponding complex viscosity (n*) of the developed hydro-
gels was also monitored in the measured regions of 0.1-100 rad/s at
37 °C. The change in the complex viscosity is given in (Fig. 2f). The
composite hydrogels show improved complex viscosity vis-a-vis pure
polymer hydrogels and increased with increasing f-CNTs content in the
polymer matrix. This enhancement in the complex viscosity can be
attributed to the greater interactions between hydrogel components,
causing compact structure [58]. The developed hydrogels exhibit an
increased complex viscosity at the lower angular frequency regions,
followed by a gradual decrease in the complex viscosity, showing the
shear thickening and shear thinning characteristics of the hydrogels. The
shear thinning and thickening properties assist in good shape fidelity
and high accuracy during 3D printing. At a lower angular frequency,
interactions between hydrogel components facilitated the randomly
oriented functionalized polymer chains in an aligned fashion. They
formed a compact structure, leading to improved high complex viscos-
ity. The high deformation force at the higher angular frequency regions
caused the disentanglement of the polymer chains. It minimized the
interactions among the hydrogel components, decreasing the viscosity
complex and generating shear thinning behavior [36].

3.3. 3D-printing of hydrogels

To verify the shear thinning and thickening characteristics of the
developed hydrogels, we 3D-printed the constructs using the bioprinter,
and the image of the hydrogel during printing is shown in (Fig. 3a). The
hydrogels were easily extruded from the needle and formed the pre-
designed constructs. The 3D-printed structures of the developed
hydrogels are presented in (Fig. 3b). The 3D-printed constructs retained
their pre-designed morphology, demonstrating the desirable printing
characteristics of the hydrogels. Several factors, such as the viscoelas-
ticity of the hydrogels, printing rate, pressure, and temperature, signif-
icantly influence the printing process [59]. A movie file for hydrogel
printing is given in the (SI Video 1). The hydrogels were smoothly
extruded from the nozzle and adhered to the printed surface. It is
necessary that the shear thickening should occur at an appropriate rate
to provide sufficient adhesiveness between the printed layers. The
inappropriate thickening rate damages the printed morphology. The
printability potential of the developed hydrogels was assessed in terms
of uniformity factor (U), and the results are presented in (Fig. 3c). This
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was 1.0013 + 0.051, 1.003 + 0.05, 1.002 + 0.05, and 0.996 + 0.049 for
CMCS, CMCS/f-CNTs 1, CMCS/f-CNTs 2, and CMCS/f-CNTs 4, respec-
tively. This value is nearly 1, demonstrating the developed hydrogels’
uniform printing strand. The composite hydrogels exhibit a decreased
uniformity factor vis-a-vis pure polymer hydrogel, suggesting improved
printing potential. The improved printing potential of the composite
hydrogels can be attributed to the greater interactions between the
functionalized polymer chains and f-CNTs, which facilitated shear
thickening characteristics at the required rate. The hydrogels with poor
viscosity and thixotropic characteristics exhibited non-uniform printing
strands [60]. Other factors, including gravity, adhesiveness, tempera-
ture, printing rate, and ink characteristics, also influence the uniformity
of the printing strands.

The printability characteristic of the developed hydrogels was
examined by measuring the expansion ratio () of the printed hydrogels.
The results are shown in (Fig. 3d). It was 2.24 + 0.085, 2.01 + 0.096,
1.93 +0.10, and 1.70 + 0.11 for CMCS, CMCS/{-CNTs 1, CMCS/f-CNTs
2, and CMCS/f-CNTs 4, respectively. The composite hydrogels show a
decreased expansion ratio than the pure polymer hydrogels, indicating
lesser expansion of the printed strands and improved printability. The
decreased expansion ratio of the composite hydrogels can be assigned to
the improved viscosity and adhesiveness due to the greater interactions
between the functionalized polymer chains and f-CNTs. The adhesive-
ness characteristic of the developed hydrogels is discussed later in the
manuscript. The pore factor (Pr) of the printed hydrogels was also
assessed to validate the printability of the developed hydrogels, and the
results are presented in (Fig. 3e). It was 1.065 + 0.053, 1.025 + 0.051,
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1.018 + 0.05, and 1.01 + 0.05 for CMCS, CMCS/f-CNTs 1, CMCS/f-
CNTs 2, and CMCS/f-CNTs 4, respectively. The composite hydrogels
show close to 1 value, suggesting their printing suitability [35]. These
findings suggested that the developed hydrogels have superior printing
potential and could be explored in developing printed wearable elec-
tronic devices for the desired applications.

3.4. Self-healing ability of hydrogel

The self-healing is crucial for wearable electronic devices in strain-
sensing applications, where frequent damage occurs through the
external or internal factors. The self-healing characteristic enables the
additional advantage of restoring the functionality of the devices
without using extra materials. The self-healing potential of the devel-
oped hydrogels was qualitatively monitored through the cut and healing
process at room temperature, and the images are presented in (Fig. 4a).
The two halves of the hydrogels were rapidly healed (within 5 m)
without using any external factors (temperature, pH, light, etc.) showing
its self-healing ability. The self-healed hydrogel was easily lifted through
the forceps, indicating that the two halves were properly healed. The
quantitative self-healing potential of the developed hydrogels was
monitored through a rheometer after 5 min of healing, and the results
are given in (Fig. 4b). The initial and self-healed storage modulus of
CMCS/f-CNTs 1 hydrogel at 100 rad/s was 3.10 x 10°, 2.14 x 10° Pa,
respectively. The self-healed hydrogels regained approximately 70 % of
their initial storage modulus value after 30 s of healing, showing the
superior healing characteristics of the developed hydrogel. The
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behavior of the developed hydrogels at different shear rate at 25 °C.

remarkable self-healing potential of the hydrogel can be attributed to
the re-formation of bonds between the hydrogel components through
greater interactions [61]. The developed hydrogels have abundant polar
groups (-OH, NHy, COCHs, and COOH), which play significant roles in
the regeneration of the bonds. A plausible self-healing mechanism in the
developed hydrogels is schematically presented in (Fig. 4c). The bonds
were broken during the cutting of the hydrogels and re-formed at the
contact through different interactions, such as hydrogen bond, electro-
static interaction, and dipole-dipole interactions. Ren and coworkers
also found the rapid self-healing potential in CNTs-added carbox-
ymethyl chitosan-based hydrogels through greater interactions among
the added materials [62].

The thixotropic measurement was performed to quantify the recov-
ery and printing characteristics of the developed hydrogels at different
shear rates and 37 °C, and the results are shown in (Fig. 4d). The vis-
cosity value was 2146.85, 3225.15, and 3344.21 Pa.s for CMCS, CMCS/
f-CNTs 1, and CMCS/f-CNTs 4, at a low shear rate (0.1 s’l), respectively.
These values were drastically decreased with increasing the shear rate

(100 s’l), and it was 2.5841, 3.7866, and 5.3478 Pa.s for CMCS, CMCS/
f-CNTs 1, and CMCS/f-CNTs 4, respectively. This drastic decrease in the
viscosity can be attributed to the disruption of the interaction and
disentanglement of the functionalized polymer chains within hydrogels
[63]. The viscosity value was suddenly increased after removing the
high shear rate and reached 895.37, 1638.22, and 2704.96 for CMCS,
CMCS/f-CNTs 1, and CMCS/f-CNTs 4, at a low shear rate (0.1 s_l),
respectively. These results indicate that the developed hydrogels have
remarkable shear thinning and shear thickening characteristics, making
them suitable materials for 3D printing applications. The recovery value
was 41.58, 50.67, and 80.72 % for CMCS, CMCS/f-CNTs 1, and CMCS/{-
CNTs 4, respectively. The composite hydrogels exhibit improved re-
covery ability vis-a-vis pure polymer hydrogel. The enhanced recovery
strength of the composite hydrogels can be attributed to the enhanced
interactions (dipole-dipole interaction, hydrogen bonding, and electro-
static) between the functionalized polymer chains and f-CNTs [64]. The
recoverable hydrogels have received considerable interest in developing
wearable electronic devices. The hydrogels exhibited superior recovery
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value, demonstrating their great potential in developing sensing devices
for desired applications.

3.5. Adhesiveness of hydrogels

We examined the adhesive properties of the developed hydrogels on
different surfaces, including human skin, plastic surfaces, plastic/glass
interface, and 3D-printed polymer surfaces, and images are shown in
(Fig. 5(i-vi)). The hydrogel was strongly attached to these surfaces,
indicating their good adhesive property. We also analyzed the adhesive
strength of the hydrogel under load-bearing conditions by filling the 45
mL water in a centrifuge tube, as shown in (Fig. 5(iv)). The developed
hydrogels successfully lifted the filled tube, demonstrating its remark-
able adhesive strength under load-bearing conditions. The adhesiveness
enables additional advantages in developing wearable electronic de-
vices for strain sensing applications due to the lack of requirements of
extra adhesive materials like tape or glue, which may cause skin irrita-
tions or infections [9]. The quantitative adhesive strength of the
developed hydrogels was assessed through the lap shear method on
thick paper strips and schematic presentation for the measuring of the
adhesive strength is shown in (Fig. 5b). The load-displacement curves of
the developed hydrogels were measured using the UTM and the results
are presented in (Fig. 5c¢). An enhanced load-bearing capacity was
observed in the composite hydrogels than the pure polymer hydrogels,
showing their superior adhesive strength. The enhanced load-bearing
capacity of the composite hydrogels can be attributed to the improved
interactions between the different functional groups (-COOH, —OH, and
-NHpy) of the hydrogel components and applied surfaces, facilitating the
load transfer process [65]. The image of the stretched paper strips for the
adhesive measurement is given in (Fig. S1). It was observed that the
hydrogel was strongly adhered to the applied surface during the
stretching. The adhesive strength vs displacement curves are shown in
(Fig. 5d). The composite hydrogels show improved adhesiveness vis-
a-vis pure polymer hydrogels and increased with increasing the content
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of f-CNTs in the polymer matrices, demonstrating their superior adhe-
siveness. Various factors, including physicochemical characteristics of
hydrogels and applied surfaces, amount of the hydrogel used in the
experiment, adhesion time, and surrounding conditions (temperature,
humidity) widely influence the adhesive strength of the hydrogels [66].
The quantitative adhesive strength of the developed hydrogels is given
in (Fig. 5e). It was 88.77 + 4.43, 92.0 + 4.6, 108.08 + 5.4, and 118.47
+ 5.92 kPa for CMCS, CMCS/f-CNTs 1, CMCS/f-CNTs 2, and CMCS/f-
CNTs 4, respectively. The developed hydrogels exhibited superior
adhesiveness for sensing applications than the previously reported
CNTs-based hydrogels [67]. It is believed that the adhesiveness of the
developed hydrogels might be further increased with the surface con-
tacting active functional groups, such as (-COO~ and -NH3%), due to the
increased interactions with active functional groups (-COOH, -OH, and
—NHy) of the hydrogels. A plausible mechanism for the interaction be-
tween the developed hydrogels and human skin is mentioned in (Fig. 5f).
It is anticipated that the hydrogel’s functional groups strongly interacted
with the charged functional groups of the peptide chains of human skin
via hydrogen bonding, dipole-dipole, and electrostatic interactions.

3.6. Hydrogels cytotoxicity

The biocompatibility of the developed materials is an essential
parameter in developing wearable electronic devices for diverse appli-
cations. The developed materials should not express any adverse effects
on the applied parts of the living organism [68]. We examined HDF cell
viability in the presence of the synthesized hydrogels to monitor their
cytotoxicity after 24 h of incubation, and the data are shown in (Fig. 6a).
The groups without any treatment were set to be controlled. The
hydrogels-treated groups exhibited increased OD values compared to
the control group, showing the biocompatibility of the developed
hydrogels. Furthermore, the OD value increased with the increased f-
CNTs’ content in the polymer matrix, demonstrating their superior
biocompatibility. The enhanced OD value of the composite hydrogels is
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attributed to the wrapping of the biocompatible polymer chains to f-
CNTs and provides more favorable conditions for improved cellular
activity [69]. Enhanced cellular activity of the neural cells has been
previously reported in the presence of poly(ethylene glycol)/CNTs
hydrogels owing to the superior biocompatibility and conductivity [70].
We also examined the biocompatibility of the hydrogels at a higher f-
CNTs content (6 wt%) to assess the optimum concentration of f-CNTs for
biocompatibility. Interestingly, a decrease in cell viability was observed
at a higher f-CNT content in the polymer matrix. The decrease in cell
viability can be attributed to the agglomeration of f-CNTs in the polymer
matrix, which led to the inappropriate wrapping of the polymer chains,
causing toxicity and a decrease in cell viability. The decrease in human
vocal fold fibroblast (HVFFs) viability has been earlier reported in glycol
chitosan/CNTs-based hydrogels at higher CNT content [71]. We further
performed live/dead assay using HDF cells in the presence of the
developed hydrogels to validate cell viability results. The images of the
live/dead cells after 24 h of incubation are shown in (Fig. 6b). The
densities of the live cells were high in hydrogels-treated groups vis-a-vis
control, showing the biocompatibility of the prepared hydrogels. This
was more significant in f-CNTs-added hydrogels, suggesting that adding
f-CNTs has no adverse effect on cellular activity up to 4 wt% of f-CNTs.
However, the densities of the dead cells were increased at a higher f-
CNTs content (6 wt%). The cell viability results fully supported these
findings. Thus, 4 wt% of f-CNTs’ contents are ideal for developing
biocompatible hydrogels for wearable electronic devices.

3.7. Antibacterial potential

Hydrogels with antibacterial activity have received significant in-
terest in developing wearable electronic devices in the personalized
healthcare sector owing to the reduction of microbial contaminations
and the increase in the lifespan of the devices [72]. We measured the OD
value of the E. coli medium with and without hydrogels at different
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periods (1 and 5 h), and the results are shown in (Fig. 7a). The media
without hydrogel treatment were taken as control. A drastic decrease in
bacterial growth was observed in the hydrogel-treated groups vis-a-vis
control, showing the antibacterial activity of the hydrogels. The anti-
bacterial activity of the developed hydrogels is assigned to the electro-
static interactions of the positively charged polymer chains (-NH3%) to
the negatively charged bacterial cell membrane (phospholipid compo-
nents), damaging the permeability of the bacterial cell wall and inhib-
iting the growth of the microorganism [39]. The composite hydrogels
exhibited improved antibacterial activity than the pure polymer
hydrogel. The enhanced antibacterial activity of the composite hydro-
gels can be attributed to the wrapping of the charged polymer chains to
nanomaterials, leading to greater exposure to the bacterial surface and
inhibiting bacterial growth to a greater extent. The enhanced antibac-
terial activity of the chitosan/CNTs hydrogels has been earlier reported
due to the greater electrostatic interactions of the positively charged
polymer chains to the bacterial cell membranes [73]. The OD value of
the grown bacteria was also measured for extended periods (6 and 24 h)
to support the antibacterial characteristics in the developed materials,
and the results are shown in (Fig. S2). The composite hydrogels
demonstrated a reduced OD value compared to the controls and pure
hydrogels, suggesting improved antibacterial potential.

We also examined the bacterial growth through the agar diffusion
method to validate the findings above, and the images of the culture
plate after 24 h of incubation are shown in (Fig. 7b). The plates without
hydrogel treatment were considered as control. The hydrogels-treated
groups demonstrated lesser bacteria growth than the control groups,
showing antibacterial potential. The composite hydrogels-treated plates
exhibited significantly reduced bacteria colonies than the pure polymer
and control plates, showing improved antibacterial activity. This finding
matches the OD result well. Thus, the developed hydrogels have anti-
bacterial activity and can be explored in the development of wearable
electronic devices.
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3.8. Electrochemical activity and sensing ability of hydrogels

Electrical conductivity is necessary for developing wearable elec-
tronic devices for strain-sensing applications. The conductance property
of the developed hydrogels was monitored through the I-V curve at room
temperature, and the results are presented in (Fig. 8a). The developed
hydrogels exhibited a linear and non-hysteretic curve, demonstrating
their electro-conductive characteristics. The conductance values were
0.006, 0.011, and 0.016 mS for CMCS, CMCS/f-CNTs 1, and CMCS/f-
CNTs 4 hydrogels, respectively. The improved conductivity of the
composite hydrogels can be attributed to the formation of the ion-
conductive channels in the hydrogels, which facilitated the migration
of the conductive ions at the applied voltage. It is also believed that the
prepared f-CNTs have abundant functional groups (-COOH, —OH, and
—C-0-C) in their structure, creating the negatively charged surface,
forming the conductive channels, and improving conductivity [32]. The
composite hydrogels exhibited rough and aligned surface features vis-
a-vis pure polymer hydrogels due to the added f-CNTs, as observed in
SEM images (Fig. 1e), accelerating the rapid transport of the conductive
ions through conductive pathways, which is desirable for strain sensing.
The 4 % weight of f-CNTs is considered suitable for strain-sensing
measurement due to the cytotoxicity concerns beyond that limits as
observed in (Fig. 6a). The hydrogel’s conductivity can be further
enhanced by inserting the conductive polymers [74,75]. Li and co-
workers developed carboxymethyl cellulose-based conductive hydrogels
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using poly(alinine) as high-performance self-powered strain sensors.
The high conductivity was attributed to the formation of effective ionic
pathways, which assisted in conduction [76].

We further examined the current change in the hydrogel at different
angles (0, 30, 45, and 90°) to monitor the current change in bending and
stretching processes, and the results are given in (Fig. 8b). Here, we
selected CMCS/f-CNTs 4 hydrogel for further studies owing to its su-
perior electrochemical potential than others hydrogels. The hydrogel
exhibits a steady current under straight conditions and significantly
decreases with increased finger bending angles (0° — 90°). The decrease
in the hydrogel current with increasing the bending angles can be
explained by the enhancement of the distance between the conductive
groups during the bending process, which restricted the migration of the
conductive ions and increased resistance. The distance between the
conductive groups was significantly increased at a higher bending angle
(90°), leading to a significant enhancement in the resistance and
consequently decreased current [77,78]. We further measured the cur-
rent value by reversing the bending process (90° — 0°) to analyze its
recovery potential after removing the strain. The hydrogel regained its
initial current value, showing good strain-induced current change-
ability. This characteristic is highly desirable in developing wearable
electronic devices in the personalized healthcare sector. Moreover, we
monitored the current change value in the hydrogel in three successive
steps of the cutting and self-healing process to analyze the self-healing
efficiency and its effects on hydrogel conductivity. The current change



D.K. Patel et al.

International Journal of Biological Macromolecules 265 (2024) 131025

a. 0.00 d' 0.5 CMCS/FCNTs 4
Stretching
0.0119
2'0~01 z 04 Finger-Slow motion
g &
=
< -0.02 E
- £
E 5 03
= &)
Q -0.03 cMCcSs Bending
—— CMCS/-CNTs 1
—— CMCS/-CNTs 4 0.2 s N . i
-0.04 0 10 20 30 40 50
08 -0.6 -04 02 00 02 04 06 Time (Sec)
Voltage (V) €. a2 CMCS/I-CNTs 4
Biceps muscle ‘
0.40
movement . .
=z Stretching Wrist-Slow motion
b. E
CMCS/f-CNTs 4| =
]
=
=
&)
—
é Werist ‘
= motion 032
= 0 10 20 30 40 50
= \ £ Time (Sec)
= 3
{ &5 Finge . 034 CMCS/f-CNTs 4
motion
) A N N R R Zonf
0 30 60 90 120 150 180 210 g Stretching
Time (Sec) ' =
£
5030 )
c Knee © Bending Knee-motion
* 0.8 motion
—— CMCS/f-CNTs 4
0l . Breaking .. 0.28 v : ' 7
= Healing 0 10 ngl {q30 : 40 50
< 0-6 | me (Sec
£ Initial Healing g' 05 CMCS/f-CNTs 4
=
-
=
s _
= « Biceps relaxed
5 &
QO et
=
£
£
3
“
0.1} 1 Cut s prys A
" ,Cutting, i s i 0201  pius cantracted Biceps muscle-motion
0 2 4 6 8 10 12 14
Time (Sec) 0.15 R . N N
0 10 20 30 40 50

Time (Sec)

Fig. 8. Examination of the strain-sensing potential of the developed hydrogels, (a) I—V curves of the indicated hydrogels, (b) Change in the hydrogel current at
different angles, (c) Change in the hydrogel current during cutting and healing process, (d) The generated waveforms during slow motion of human finger, (e) During
slow motion of wrist, (f) rapid motion of knee, and (g) Recognition of the biceps motion.

in the hydrogels after self-healing is given in (Fig. 8c). Initially, hydrogel
shows a steady current value (0.5227 mA), which drastically dropped in
cutting conditions due to the disruption of the conductive pathways. The
hydrogel nearly recovered its initial current value (0.5201 mA) after
self-healing due to the rebuilding of the effective conductive channels,
showing the remarkable self-healing potential of the hydrogel. A similar
current value was observed throughout the process, demonstrating the
superior self-healing characteristic. The conductive and self-healing
hydrogels have received considerable interest in fabricating wearable
electronic devices for different applications due to the increased dura-
bility of the fabricated devices [79]. Before performing the strain-
sensing potential of the hydrogel, we checked its adhesiveness on the
surface of the finger under normal and inverted conditions. The images
are given in (Fig. S3). The hydrogel was adequately attached to the
surface of the finger in both conditions, which is desirable for strain-
sensing applications.

The real-time strain-sensing potential of the hydrogel was examined
at the different human body parts, including finger, wrist, elbow, and
knee. We have selected CMCS/f-CNTs 4 hydrogel to assess the strain-
sensing potential owing to its superior electrochemical performance to
other hydrogels. The stretching and bending processes were performed
to measure the strain-sensing ability of the hydrogel. The generated
waveforms under the slow motion of the human finger are shown in
(Fig. 8d). The hydrogel exhibits nearly uniform waveforms during the
stretching and bending of the finger, indicating the real-time motion-
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sensing potential of the hydrogel. A decrease in the current value
occurred during the bending condition of the motion due to the
enhancement of the distance between the conductive pathways, which
hindered the flow of the conductive groups and caused a decrease in
current. The magnitude of the finger bending and stretching process
profoundly influences the patterns of the formed waveforms. We also
measured the finger motion sensing potential of the hydrogels under
speedy conditions, and the generated waveforms are presented in
(Fig. S4). A steady waveform was generated during the stretching and
bending process of the finger, indicating its strain-sensing ability.
However, the densities of the generated waveforms were high compared
to the slow motion of the finger due to the rapid change in the current
flow during motions. We further assessed the motion-sensing ability of
the developed hydrogel at the wrist, elbow, and knee parts of the human
body, and the generated waveforms are given in (Fig. 8(e-f)). The
hydrogel exhibits nearly similar waveforms during the motion of the
different human body parts, demonstrating its good strain-sensing
ability and fidelity for motion-sensing applications. We also performed
the wrist motion sensing potential of the hydrogels under speedy con-
ditions, and the generated waveforms are presented in (Fig. S5). A
greater and nearly uniform waveform was generated during the rapid
stretching and bending process of the wrist, showing its superior strain-
sensing ability. We also monitored the strain-sensing ability of the
developed hydrogels for different cycles to validate the repeatability
potential at the human finger. The generated waveforms are given
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Fig. 9. Monitoring of the multidimensional motion recognition ability of the developed hydrogels, (a) Schematic presentation for the designed device, (b-e) The
corresponding generated waveforms of different letters, and (f) The combined generated waveforms of the “NEWS” letter during writing on hydrogel surface.

(Fig. S6). Nearly uniform waveforms were generated in all cycles of
finger motion, showing the superior repeatability potential of the
hydrogels. These results indicated that the prepared hydrogel has the
potential to develop wearable electronic devices for strain-sensing
applications.

We further explored the muscle contraction and relaxation sensing
potential of the developed hydrogel, and the generated waveforms are
shown in (Fig. 8g). Nearly uniform waveforms were generated during
the contraction and relaxation of the muscle, demonstrating the
hydrogel real-time sensing potential for minor biceps movement. The
current value decreased during the muscle contraction owing to its
swelling, which generated the strain in the hydrogel with increased
resistance and consequently decreased the current value. The generated
patterns significantly depend on muscle contraction and relaxation
process magnitude. We measured resistance changes in the hydrogels at
different strains, and the curve of relative resistance change vs the
applied strain from 0 to 210 % is presented in (Fig. S7a). Nearly linear
change in the relative resistance was observed with applied strain,
demonstrating the hydrogel has wide strain working potential and su-
perior strain responsiveness [80]. The strain sensitivity of the hydrogel
was determined in terms of gauge factor (GF), and the curve of GF vs.
applied strain is shown in (Fig. S7b). The GF was 2.4 at 210 % strain,
showing the superior strain sensitivity of the hydrogel. The hydrogels
immediately exhibited the sensing potential after applying the strain.
This value is higher than the previously reported chitosan-based
conductive hydrogels, indicating the enhanced strain sensitivity of the
hydrogels [21]. Most of the developed electronic devices can only detect
one-dimensional activity, such as the motion of the body parts, and fail
to recognize multidimensional movement. Hydrogels with multidi-
mensional movement recognition abilities have received considerable
interest in developing wearable electronic devices for diverse applica-
tions [81]. Auditory or speech-impaired persons extensively use sign
language in communicating information. To explore the multidimen-
sional movement recognition potential of the developed hydrogels, we
sandwiched the hydrogel between two thin polyethylene films. We
connected it with the wires connected to the source meter. The sche-
matic presentation for the developed device is given in (Fig. 9a). A pen
was used to write different English letters, including “N”, “E”, “W”, and
“S”, as well as the word “NEWS” on the surface of the developed device.
The generated waveforms are shown in (Fig. 9(b-e)). An individual
letter was written twice to monitor the repeatability behavior of the
developed hydrogel. Different letters generated specific waveforms, and
similar waveforms were observed when the letter was repeated, indi-
cating the superior repeatability and sensitivity of the developed
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hydrogel. The magnitude of the generated waveforms varies from letter
to letter and highly depends upon the letter writing speed, applied
pressure/force, and motion tracking [82]. Furthermore, when the indi-
vidual letter was written in the word form “NEWS”, and the generated
waveforms are presented in (Fig. 9f). The generated waveforms were
nearly identical to their initial patterns, as observed in (Fig. 9(b-e)).
These results indicate the multidimensional movement recognition
ability of the developed hydrogel and can be explored in developing
wearable electronic devices for desired applications. A comparative
examination of the advantages and disadvantages of the previously
published works with current work is also summarized in Table 1
[62,83-87]. The hydrogels demonstrated good printability characteris-
tics with strain-sensing potential.

4. Conclusion

The multifunctional 3-printable hydrogels of carboxymethyl chito-
san and f-CNTs were developed via a one-pot strategy for strain-sensing
applications. The developed hydrogels were characterized through
different spectroscopic techniques, including FTIR and XRD analysis.
The pure polymer (CMCS) hydrogel scaffold exhibited a randomly ori-
ented morphology, whereas an aligned structure was observed in the
composite hydrogel scaffolds. The composite hydrogels showed
improved mechanical and viscoelastic characteristics vis-a-vis pure
polymer hydrogels due to the greater interactions between the polar
groups of the functionalized polymer and f-CNTs. The developed
hydrogels exhibited superior adhesive strength, and this potential was
increased with increased content of the f-CNTs in the polymer matrix.
The developed hydrogels showed rapid self-healing ability, and the two
halves were rapidly healed (within 5 min) without applying any external
factors, such as temperature, pH, light, etc. The hydrogels also demon-
strated remarkably enhanced thixotropic characteristics with an 80.72
% recovery value.

The biocompatibility of the hydrogels was monitored using human
dermal fibroblast cells through WST-8 assay. The developed hydrogels
have no adverse effects on cultured cells, indicating their biocompati-
bility. The developed hydrogels also showed antibacterial potential
against Escherichia coli. The composite hydrogels demonstrated superior
electrochemical properties than the pure polymer hydrogel due to the
effective transport of the conductive groups through the conductive
pathways. The motion-sensing ability of the hydrogel was examined at
different parts of the human body, such as finger, wrist, elbow, and knee.
The developed hydrogel showed a uniform waveform during the motion
of the body parts, suggesting its motion-sensing ability. The hydrogel
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Table 1
The comparative analysis of the advantages and disadvantages of previously reported chitosan-based hydrogels with current work for strain sensing.
Hydrogel component Advantages Limitations References
Carboxymethyl Excellent mechanical strength (tensile strength of 475.4 kPa, and compressive strength of =~ Low gauge factor (1.154 at 200 % strain) [83]
chitosan/ 1.9 MPa)
Poly(acrylamide) Superior conductivity (0.19 S. cm™ 1)
/CNTs Real-time human body motion and writing signals potential
Carboxymethyl Excellent stretchability (~1100 %) Moderate adhesiveness (~22.6 kPa) [84]
chitosan/ Enhanced conductivity (0.45 mS. cm ™)
Poly(acrylamide) Antibacterial
/Poly(aniline) Biocompatible
Good strain sensitivity (GF = 6.43)
Chitosan/ Good mechanical strength (251.48 kPa at the fracture strain of 2149.17 %) Moderate gauge factor (1.88 at 200 % strain) [85]
Poly(pyrrole) Improved adhesive strength (~51.54 kPa)
Enhanced conductivity
0.5348.m™)
Biocompatible
Real-time motion sensing with excellent stability (1000 times)
Carboxymethyl Rapid self-healing (97 % within 15 s) Gauge factor not examined [62]
chitosan/ Enhanced mechanical strength (0.186 MPa)
Poly(vinyl alcohol) Excellent stretchability (2600 %)
/CNTs Antibacterial
Biocompatible
Real-time motion sensing of porcine lungs and rat heart beatings
Carboxymethyl Enhanced mechanical strength (430 kPa, at 1100 % strain) Low gauge factor (0.214 at 0.5-300 % [86]
chitosan/ Excellent conductivity (6.44 S. m™?) strain)
Poly(acrylamide) Anti-freezing property
/Sodium chloride Good water retention potential
Real-time human motion sensing
Chitosan/ High transparency (>90 % at 800 nm) Moderate gauge factor (3.0 at 100-600 % [87]
Poly(acrylamide) Superior electrical conductivity (5.01 S. m Y strain)
/AP Enhanced mechanical strength (730 kJ/m® toughness)
Self-healing
Human motion sensing
Pressure sensing
Carboxymethyl 3D printable - In this study
chitosan/ Enhanced viscoelasticity (Storage modulus: 8.8 x 10° Pa)
Unzipped CNTs Rapid self-healing

Excellent recovery potential (80.72 %)
Superior adhesiveness

(118 + 5.92 kPa)

Real-time human motion sensing
Complex letter recognition ability

Good gauge factor (2.4 at 210 % strain)

also detected the motion of the muscles. Furthermore, the developed
hydrogel was explored in letter sensing to monitor the multidimensional
movement recognition ability. The developed hydrogel precisely dem-
onstrates multidimensional movement recognition capability and has
the potential to fabricate wearable electronic devices for strain-sensing
applications. However, more detailed studies under normal and harsh
conditions are required to demonstrate the strain-sensing potential of
the developed hydrogels for practical applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.131025.
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