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ABSTRACT: Conductive hydrogels have gained a great deal of
interest in the flexible electronics industry because of their
remarkable inherent properties. However, a significant challenge
remains for balancing hydrogel’s conductivity, self-healing, and
strength properties. Herein, double network ionic hydrogels were
fabricated by concurrently introducing borax into dicarboxylic
cellulose nanofiber (DCNFs) and polyacrylamide (PAM) hydro-
gels. The incorporation of borax provided a superabsorbent feature
to the PAM/DCNF hydrogels (without borax) with the
equilibrium water absorption rate increased from 552 to 1800%
after 42 h. The compressive strength of the prepared hydrogel was
935 kPa compared to 132 kPa for the PAM hydrogel, with high
cycling stability (stable after 1000 compression cycles with 50%
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strain). The hydrogel pressure sensor had a very sensitive response (gauge factor = 1.36) in the strain range from 10 to 80%, which
made it possible to detect mechanical motion accurately and reliably. The developed hydrogels with high-performance,
environmentally friendly properties are promising for use in future artificial skin and human—machine interface applications.
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1. INTRODUCTION

Flexible pressure sensors are becoming more popular with the
development of science and technology. Sensors for pressure
distribution typically use arrays of wires for signal transmission,
which limit their usability and flexibility.' > Nowadays, hydrogel
pressure distribution sensors have been developed to overcome
these limitations. A hydrogel is a form of a 3D polymer network
that can quickly swell in water. Hydrogels contain solid-like
polymer networks, while their aqueous phase facilitates rapid
carrier diffusion, showing liquid-like transport properties.*”®
Due to their biocompatibility and softness, many hydrogels are
ideal candidates for applications, including biocompatible
materials, drug delivery, energy devices, wound dressings, and
tissue engineering.”® In recent years, hydrogels have been used
as sensors in wearable electronics and intelligent systems such as
electronic skin, motion monitoring, and physiological monitor-
ing systems. Hydrogels have high stretch and resilience like
elastomers and exhibit high biocompatibility and modulus
comparable to biological tissues.” Stretchable hydrogel electro-
des have been identified as ideally suited for energy storage
applications. This is due to their porous structure, tunable
chemistry, high electric/ionic conductivity, high specific
capacitances, and mechanical robustness. However, the limited
compressibility of the flexible hydrogel film severely constrains
its application in high-pressure underwater environments. In
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response, worldwide researchers are working on the develop-
ment of competent and sustainable energy storage technologies,
such as batteries and supercapacitors.'°~ " Regarding multiscale
structures, strengths, and functions, hydrogels demonstrate
massive potential for design and processing.”'* In recent years,
nanoparticles and double networks have been studied to
improve the mechanical strength and strain of the hydrogel.>"
For instance, silica nanoparticle-modified polyacrylamide
(PAM) hydrogels have a tensile strength of 70 kPa at 80%
strain.'® Similarly, chondroitin sulfate-modified PAM hydrogels
have a tensile strength of 150 kPa at 80% strain.'” Additionally,
SC-PDA/GO-Ca*"/PAM hydrogels have a tensile strength of
118 kPa at 80% strain,'® and polydopamine-coated talc
nanoflake-modified PAM hydrogels have tensile strengths of
approximately 80 kPa at 70% strain and 300 kPa at 80% strain."?
The hydrogels become increasingly resistant to ion migration
when their mechanical qualities are increased, making it
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challenging to maintain high mechanical strength and high
conductivity. Despite high conductivity and excellent durability,
ionic conductive gels have poor mechanical strength and
elasticity.””*" Thus, soft artificial materials must be as strong,
elongated, and elastic as human tissue and conductive.
Conductive hydrogels, with their water-rich conductive polymer
material and 3D network microstructure, can convert mechan-
ical deformation into electrical signals.”” Other concerns remain
to be addressed, including poor self-healing, skin-adhesive
bandages, and low sensitivity. As a result, exploiting a flexible
wearable sensor with high sensitivity, self-adhesiveness, and self-
healing remains a significant challenge.”® Hydrogels that are
capable of healing damaged structures and properties have been
developed. It has been shown that the development of self-
healing hydrogels is mainly driven by noncovalent bonds such as
electrostatic interactions, metal—ligand coordination, hydrogen
bonds,”*"*° and invertible dynamic-covalent bonds, including
acyl hydrazone bonds, disulfide bonds, imines, and boronic ester
bonds.**~**

Cellulose nanofibers (CNFs) have excellent mechanical,
elastic, and hydrophilicity properties. Oxidization of CNFs
introduces a wide range of functionalized groups on the CNFs
surfaces. These functional groups enable CNFs to support
amino acids, organic macromolecules, and other functionalized
organic moieties.” > Furthermore, these functional groups
(e.g., hydroxyl and carboxyl) enhance electrostatic interactions
between CNFs and borax, improving the hydrogel’s self-healing
properties. Hydrogels based on CNFs have excellent mechanical
properties and a highly porous structure. The materials can be
readily combined with conductive carbon nanofillers like
graphene and carbon nanotubes (CNTs) to prepare wearable
motion sensors, leading to thin, flexible, self-healing, and high-
performance hydrogels.*® The chemical cross-linker borax
(sodium tetraborate, Na,B,0,-10H,0) is known for its low
toxicity, low cost, and water-soluble nature and is an exciting
candidate. When borax is dissolved in an aqueous solution, it
dissociates into trigonal boric acid (B(OH);) and tetrahydroxy
borate ion (B(OH), ~), both of which react with polymer
functional groups, forming dynamic borate-diol bonds.

Developing a conductive flexible hydrogel sensor with high
adhesion and sensing stability has proven challenging. This
study aims to use dicarboxylic CNFs (DCNFs) with borax,
graphene nanoplatelets, and acrylamide to create double
network hydrogels with excellent mechanical performance,
good shape stability, and self-healing ability. Hydrogels prepared
from polyacrylamide (PAM) and the CNF-borax (PAM/
DCNF/B) system had a higher self-healing potential than
PAM/DCNF hydrogels because of dynamic borate-diol bonds
formed. Also, as a result of physical entanglements and
hydrogen-bonded interactions, the PAM hydrogel displayed
significantly enhanced mechanical properties. The PAM/DCNF
and PAM/DCNEF/B hydrogels were assembled into a pressure-
type strain sensor to detect human motion, demonstrating high
sensitivity, linearity, and stable signal feedback.

2. EXPERIMENTAL SECTION

2.1. Materials. Bleached bagasse fibers extracted from bagasse were
supplied by Qena Pulp and Paper Industry (Qena, Egypt). The
bleached bagasse pulp was composed of 70.6% a-cellulose, 29.7%
pentosans, and 0.82% ash while exhibiting a degree of polymerization
(DP) of 11357 Sodium periodate (NalO,), sodium hydroxide
(NaOH), sodium chlorite (NaClO,), graphene nanoplatelets (GNP),
acrylamide (AM), ammonium persulfate (APS), and N,N-methylene

bis(acrylamide) (MBA) of laboratory grade were purchased from
Fisher Scientific Co. (Hampton, NH, USA). Sodium tetraborate
decahydrate (borax) was purchased from Sigma-Aldrich Inc. (St. Louis,
MO, USA). All reagents used in this work were of analytical quality, and
deionized water was used to prepare the aqueous solutions.

2.2. Preparation of DCNFs. Preparation of DCNFs followed a
published method.***” First, 5 g of bleached bagasse pulp was stirred
with 4.5 g of NaIO, in 500 mL of water for 24 h in the dark at room
temperature. Then, the excess periodate was decomposed using
ethylene glycol. The resulting product was washed with deionized
water and centrifuged (1500g, S min), and the process was repeated
several times. Dialdehyde cellulose was dried at 50 °C for 12 h, yielding
around 90% solid. The oxidation of dialdehyde cellulose with sodium
chlorite (1 M) in acetic acid solution at pH = 4 for 24 h was carried out.
Afterward, the oxidized product was washed with deionized water
several times and stored at 4 °C in a freezer. A consistency of 0.5% of
oxidized cellulose was dispersed in deionized water, and the pH of the
suspension was adjusted to ~7.5 using NaOH. A high-pressure
homogenizer was used to produce dicarboxylic cellulose nanofiber
suspensions (model M-110EH-30 microfluidics; Microfluidics Corp.,
Newton, MA, USA).

Conductimetric titration was used to determine the carboxyl content
of DCNFs.*”*° Briefly, dry DCNFs samples (50 mg) were suspended in
0.01 M HCl for 2 h to exchange Na" ions with H* protons. Conductivity
was measured every 0.5 mL of NaOH solution titrated with 0.01 M
NaOH solution. The carboxylate content of DCNFs was measured
from the sudden change in conductivity. Equation 1 was used to
calculate carboxylate content (mmol/g):

oW

carboxylate content = X Ninaon) 1)
where V; and V, correspond to the volumes of NaOH solution (mL)
used from neutralizing the added HCI and carboxylic acid on the
DCNFs. Nyy,on) corresponds to the NaOH solution concentration
(M), and m is the weight of the dried sample (g).

2.3. Synthesis of PAM/DCNF and PAM/DCNF/B Hydrogels.
PAM/DCNF hydrogels were synthesized via free radical polymer-
ization of AM in an aqueous suspension containing DCNFs and
graphene nanoplatelets (GNP) using MBA as a cross-linker and APS as
an initiator. A typical procedure for dispersing GNP with DCNFs in
water was to mix and stir the mixture for 15 min, followed by sonication
for another 15 min. The AM monomer and MBA cross-linkers were
added to the homogeneous suspension of DCNF/GNP with
continuous stirring for 1 h. After that, APS was added, and the mixture
was stirred for 15 min. The mixture suspension was transferred into a
circular mold after being sonicated for 1 h to remove air bubbles. The
suspensions were placed in an oven at 40 °C for 6 h to induce
polymerization. In other experiments, the same procedures were
performed with the addition of borax solution. The formulations of all
samples prepared are listed in Table S1.

2.4. Characterization. A benchtop freeze-dryer (FreeZone 4.5 L
-S0C, Labconco, Kansas City, MO, USA) was used to lyophilize the
hydrogels at —50 °C for 4 days. Infrared spectroscopy (FTIR) analysis
of the dried gels in the 4000—500 cm™" domain was conducted using a
Tensor 27 FTIR analyzer (Bruker Corporation, Billerica, MA, USA).
This analysis had a 4 cm™ scanning resolution and was done in ATR
mode. Raman measurements were performed at room temperature
using Raman microscopes (Renishaw, UK) under the excitation
wavelength of 532 nm. To investigate the crystalline nature of the
hydrogels with and without borax, X-ray diffraction (XRD) analysis was
performed using a PANalytical Empyrean X-ray Diffractometer
(Malvern Panalytical Ltd., Malvern, Worcestershire, UK) equipped
with a CuKa radiation source (4 = 1.5406 A). The operated scattering
angle range was from 4° to 80°. A rheometer (AR-2000ex, TA
Instruments, New Castle, DE, USA) was used to characterize the
rheological properties of the samples. A disk 0of 25 mm in diameter and 4
mm in thickness was cut out of hydrogel. Dynamic frequency sweeps
were performed between 0.1 and 100 rad/s at 0.1% strain amplitude.
After that, the strain range was changed from 0.01 to 100% and the
amplitude sweep was performed at a constant frequency of 10 rad/s.

https://doi.org/10.1021/acsapm.3c01024
ACS Appl. Polym. Mater. XXXX, XXX, XXX—XXX



ACS Applied Polymer Materials

| Article |

pubs.acs.org/acsapm

MBA Borate bond

N,N-methylene bisacrylamide

DENF PAM Graphene
OH

i H -00C L o H . . i
1 wo R< /I
: HO™ H o™ o s o /
| DCNF  © /
b o z
; APS/Borax
i AN NH2 ~— ——
i Acrylamide Graphene \
’ i i PAM/DCNF4/B
]
i \)J\H/\H/U\% \\\
]
!

Figure 1. Schematic diagram of (a) preparation of hydrogels using dicarboxylic cellulose nanofibers (DCNFs), graphene nanoplatelets (GNP),
acrylamide (AM), ammonium persulfate (APS), and N,N-methylene bis(acrylamide) (MBA) and (b) suggested mechanism of the hydrogel
formation, illustrating the interaction of DCNFs, GNP, AM, MBA, and APS.

The morphology of hydrogels was analyzed by a field emission-
scanning electron microscopy (FE-SEM) Quanta 3D DualBeam FEG
FIB-SEM (FEI Co., Eindhoven, Netherlands) using S kV acceleration
voltage. The DCNFs prepared were characterized with a JEM 1400
Transmission Electron Microscope (Peabody, MA, USA).

Thermogravimetric analysis (TGA) of hydrogels prepared with and
without borax was conducted using a QS0 Analyzer (TA Instruments
Inc.,, New Castle, DE) in a nitrogen atmosphere. The temperatures
ranged from 30 to 600 °C, with heating rates of 10 °C/min, and the
sample weight was S mg.

Mechanical properties of the hydrogels were measured with an
Instron S900R testing machine (Instron Corp, Norwood, MA, USA) at
a compression speed of 10 mm min™' at room temperature. The
hydrogel samples (25 mm in diameter and 20 mm in height) were
subjected to compressive stress with a 90.7 kg loaded cell. Piezoresistive
sensing performance was measured by using an eight-channel LAND
battery analyzer (CT3001A, LAND Electronics Corporation, Wuhan,
China). Two conductive metals were attached to both sides of the
hydrogels to analyzers to obtain the output of the electrical signals.
Equation 2 was used to calculate the relative change of resistance based
oalmeasured current. The gauge factor (GF) was calculated using eq
3.

AR _Ry—R
R, R, (2)
AR/R,
GF= — 2
e (3)

clamped and attached to electrodes on the electrochemical workstation.
A.C. impedance testing was performed at a frequency of 0.01—10000
Hz with a disturbance voltage of 10 mV. Hydrogels were also attached
to human fingers and then connected to a digital display sensing test
system (LAND battery analyzer; CT3001A, LAND Electronics
Corporation, Wuhan, China) using copper tape and wires. Current
changes were measured to test the effectiveness of human motion
monitoring.

2.5. Water Absorption Behaviors. Water absorption (WA) was
determined gravimetrically. Dry hydrogels were soaked in distilled
water for a specific period. To remove free water from the sample
surface after they were removed from the water, the samples were
quickly wiped with tissue paper and then weighed again.

The following equation was used to calculate the water absorption
(WA, %):

uxloo

M, 4)

WA =

where M, is the initial mass of the dry hydrogels (g), and M, is the mass
of the hydrogels (g) at swelling time .

The following equation was used to calculate fractional water
absorption (FWA):

M, — M,
FWA = ——

where R, and R represent the resistance of the sample before and after
pressing, respectively, and € is the applied strain.

The impedance measurements were conducted on an electro-
chemical workstation (CHI6SOE B14109, Chen Hua, China). Hydro-
gel samples with a diameter of 25 mm and a length of 4 mm were

Moo_MO

()

where M is the initial weight of the dry hydrogels (g), M, is the weight
of the hydrogels at time t (g), and M, is the equilibrium weight of the
hydrogels (g). FWA data were plotted against the square root of time to
show different trends.
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Figure 2. FTIR (a), Raman spectra (b), and XRD (c) spectra of (A) DCNFs, (B) PAM, (C) PAM/DCNF4, and (D) PAM/DCNE/B hydrogels.

Figure 3. SEM images of the cross section of PAM hydrogels and different concentrations of DCNFs without borax at 100 and 20 #m magnifications.
(a, b) DCNFs, (c, d) PAM, (e, f) PAM/DCNE2 (2 wt % DCNEs), (g, h) PAM/DCNF4 (4 wt % DCNFs), (i, j) PAM/DCNF2/B (2 wt % DCNFs
with borax), and (k, 1) PAM/DCNF4/B (4 wt % DCNFs with borax) hydrogels.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Basic Properties. Figure 1
demonstrates the procedure for the preparation of the hydrogel.
A stable colloidal suspension was first formed by dispersing
DCNFs in an aqueous suspension containing graphene
nanoplatelets with or without borax. Then, the dispersion was
stirred with acrylamide (AM), initiator (APS), and cross-linker
(MBA) for 2 h. The hydrogel is formed by free radical
polymerization of acrylamide, with N,N’-methylene bis-
(acrylamide) as a cross-linker and ammonium persulfate as an
initiator (Figure 1b). Finally, the homogeneous mixture
suspensions were placed in a glass tube and inserted into an
oven at 60 °C to create PAM/DCNF and PAM/DCNE/B
hydrogels. The FTIR spectra of cellulose pulp and DCNFs are
shown in Figure S1. After oxidation, the appearance of a new
peak at 1750 cm™ corresponds to the C=0 groups due to
oxidation.

Figure S2a,b shows the transmission electron microscopy
(TEM) image and conductometric titration of the prepared
DCNFs, respectively. The TEM image reveals that the diameter
of the individual nanofibers is estimated to be between 10 and 20
nm. The titration curves observed in the experiment exhibited a
parabolic shape relationship with the amount of NaOH added.

This indicated that the initial decrease in conductivity was due to
the neutralization of HCl with NaOH and was not related to the
charge nature of DCNFs. Once the neutralization was complete,
the conductivity plateaued and the NaOH consumption was
associated with the weak carboxylic acid present on the oxidized
DCNFs. The charges associated with the carbonyls were
calculated from the NaOH consumed in the plateau regions to
be 2.34 mmol/g of cellulose.

The FTIR, Raman spectroscopy, and XRD of DCNFs, PAM/
DCNF, and PAM/DCNE/B hydrogels are presented in Figure
2a—c, respectively. Figure 2a displays the FTIR spectra of
DCNFs, PAM, PAM/DCNF4, and PAM/DCNF4/B. The
absorption peaks observed in the FTIR spectra of DCNFs at
3325, 1163, and 1028 cm™ correspond to the molecular
vibrations of OH stretching, C—O—C stretching, and C—O
stretching, respectively, which are characteristic of cellulose."***
The absorption peak at 1750 cm™' exhibits the stretching
vibration of the C=0 group, implying the successful oxidation of
cellulose."> On the other hand, the PAM spectrum shows a
distinct peak at 3346 cm™', which corresponds to the N—H
asymmetric stretching. The peaks at 1700 and 1450 cm™
correspond to the C=O stretching of the amidic group and
the C—N stretching, respectively. Due to the overlap between
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Figure 4. Effect of DCNF content on the dynamic viscoelasticity performance of the hydrogels at 25 °C. (a, b) Dynamic frequency curves at 0.1% strain
amplitude. (¢, d) Dynamic strain curves at a constant frequency of 10 rad/s.

DCNFs characteristic absorption peak and PAM-related
absorption peak, the PAM/DCNF4 and PAM/DCNF4/B
hydrogel peaks do not change significantly in comparison with
these for pure PAM hydrogel. The broad absorption band of N—
H stretching moving from 3325 to 3304 cm™" is due to hydrogen
bonds formed between DCNFs and PAM, and this moving also
results from overlapping of the O—H stretching of DCNFs and
N—H stretching. The peak value of C=0 stretching vibration of
PAM/DCNEF hydrogels varies from 1750 to 1650 cm~! due to
intermolecular and/or intramolecular interactions between
PAM and DCNFs, such as hydrogen bonding or van der
Waals forces.”® Borate ions can cross-link the polymer chains in
the hydrogel, which can lead to changes in the vibrational modes
of the chemical functional groups. The absence of peaks at 1059
cm™! in the PAM/DCNF4 and PAM/DCNF4/B hydrogel
spectra indicates the interaction between PAM and DCNFs.
These interactions and cross-linking were further supported by
the observed changes in the SEM images (Figure 3), such as the
reduction in pore size and porosity, which indicated the
formation of a more compact structure within the hydrogel
network.

To further confirm the structure of the hydrogels, the Raman
spectra were conducted for DCNFs, PAM, PAM/DCNF4, and
PAM/DCNF4/B. The spectrum of DCNFs indicated C—H and
C—H, stretching as well as asymmetric stretching of the C—O—
C glycosidic linkage at 1094 cm™". Additionally, peaks of H—C—
H bending and H-O—C bending were observed at 1453 and
1374 cm™, respectively. In the case of the PAM hydrogel, the
amide band at 1110 cm ™! was a combination of N—H bending,
C—N stretching, and C—C stretching vibrations, while the peak
at 950 cm ™" was likely due to C—C stretching vibrations in the
polyacrylamide backbone, and the peak at 805 cm™ was
attributed to N—H bending vibrations in the amide groups. For
PAM/DCNF4, which contains 4% DCNFs and 1% graphene,
the G band at 1550 cm ™" was present, corresponding to the in-

plane vibration of sp® carbon atoms in graphene as well as the D
band at 1335 cm™', indicating defects or disorder in graphene.
Finally, in the presence of borax in PAM/DCNF4/B, the
bending vibration peaks of —O—B—O— at 550 cm™" and of
BO—H at 1100 cm™ were observed. The X-ray diffraction
patterns of DCNFs, PAM, PAM/DCNF4, and PAM/DCNF4/
B are displayed in Figure 2b. The hydrogels showed an
amorphous morphology based on their spectra. Diffractograms
of DCNFs exhibited characteristic cellulose I peaks at 26 = 14°,
16°, 22.5°, and 34°, corresponding to crystallographic planes
(101), (10), (200), and (040). PAM shows an amorphous
structure in its diffraction diffractogram. In PAM/DCNF4 and
PAM/DCNF4/B hydrogels, the peak at 20 = 26.5° correspond-
ing to crystallographic plane 002 is for graphene nanoplatelets.
The hydrogel containing DCNF with PAM and graphene
demonstrated a decrease in the intensity of the peaks assigned to
crystalline cellulose and an increase in the broad peak, indicating
amorphous cellulose.

The thermal stability of PAM-based hydrogels with and
without borax was studied with TGA curves shown in Figure S3
for all hydrogels.

3.2. Morphological Properties. The internal network
structures were characterized by SEM of DCNFs, PAM, PAM/
DCNF2, PAM/DCNF4, PAM/DCNF2/B, and PAM/
DCNF4/B hydrogels with two different magnifications, as
shown in Figure 3. Figure 3a,b displays the SEM pictures of dry
DCNFs, which reveal a dense network structure, whereas Figure
3¢,d displays the SEM images of PAM, indicating a more porous
structure. It is shown that the hydrogels exhibit an excellent
continuity of micropore structure, and their surfaces are flexible
and smooth, forming a solid network structure to absorb water,
which is consistent with the results from previous work.”'” The
pore size and porosity decreased compared to the PAM
hydrogels with the addition of different concentrations of
DCNFs (Figure 3e—I1). Image] software was used to determine
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Figure S. Fractional water absorption as a function of square root of time for PAM/DCNF (a) and PAM/DCNF/B hydrogels (b) and effect of
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the pore size of PAM, PAM/DCNF2, and PAM/DCNF2/B,
which are 12.1 m, 9.12 yim, and 8.23 pum, respectively. As a result
of the interaction between the DCNFs and the PAM chains, a
more compact structure was obtained.”* This can be attributed
to the hydrogen-bonding interaction between DCNF-contain-
ing carboxyl and hydroxyl groups and the polar functional
groups of the PAM side chains. When DCNFs are added to
PAM hydrogels, they can interact with the PAM chains through
various mechanisms such as hydrogen bonding, electrostatic
interactions, or van der Waals forces. These interactions can lead
to a more compact structure in the hydrogel, which can result in
a decrease in pore size and porosity. The addition of borax to the
chemical composition of the hydrogel increases the interactions
among the components, leading to a denser and more compact
structure. This denser structure is beneficial for hydrogels used
in applications such as soft pressure sensors for human motion,
as it increases the hydrogel’s mechanical stability. The
correlation between the FTIR and SEM analyses reveals how
the chemical composition affects the structural features of the
hydrogels such as the formation of hydrogen bonds, the pore
size, and the porosity.

3.3. Rheological Properties. The viscoelastic properties of
hydrogels were evaluated in a frequency sweep ranging from 0.1
to 100 rad/s at a constant strain of 0.1% and 25 °C for the
hydrogels with and without borax (Figure 4a,b). The PAM,
PAM/DCNF2, PAM/DCNF4, and PAM/DCNEF6 hydrogels
showed no noticeable change in storage modulus (G’) and loss
modulus (G”) when the frequency changed from 0.1 to 100 rad/
s. In addition, the G’ of the hydrogels was always larger than the
G”, confirming that the hydrogels had formed a cross-linked
network. However, for the PAM/DCNE/B hydrogels, within
the whole angular frequency range, G’ and G” curves were
higher than those of PAM/DCNEF hydrogels. Furthermore, G’
was greater than G” during the oscillatory process, demonstrat-
ing a rather stable and strong double network of the PAM/
DCNE/B hydrogels. Figure 4c,d shows the strain sweep at a
constant frequency of 10 rad/s. It was found that the PAM/

DCNF hydrogels maintained their cross-linked network until
the strain was less than 100%. At the same time, the PAM/
DCNEF/B hydrogels continued their cross-linked network until
the strain was larger than 590%, especially for PAM/DCNF4/B
and PAM/DCNF6/B. This is because the density of the cross-
linked network was higher in the hydrogels with borax than
those without borax.

The graphs of complex modulus (G*) and complex viscosity
(n*) versus frequency provided an apparent contrast between
PAM/DCNF and PAM/DCNE/B hydrogels (Figure S4a,b).
The G* and n* of all hydrogels almost completely overlapped,
meaning that the hydrogels acted like a viscous fluid. Meanwhile,
the G* and * plots, as well as the data in Figure S5a,b, show the
loss tangents (tan §) of PAM/DCNF and PAM/DCNF/B
hydrogels. The loss tangents of PAM/DCNEF/B are all much
higher than those of PAM/DCNF, indicating a robust network
structure of PAM/DCNF/B hydrogels due to the presence of
borax.

3.4. Water Absorption Properties. Conductive hydrogels
are hydrophilic materials that can absorb and retain large
amounts of water. Their WA properties can significantly affect
their applications such as human motion sensors, in particular,
the sensor’s sensitivity, response time, mechanical strength, and
stability. Figure 5 shows FWA plotted against the square root of
soaking time (h'/?) for various hydrogels at three different pH
levels. The WA rate, represented by the initial slope of the FWA
curve, was affected by the hydrogel composition and pH. The
FWA values showed a linear relationship in the early stages of
absorption as shown in Figure Sa*—d*. For PAM and PAM/
DCNPF6, the slope decreased from 0.25 to 0.13, indicating that
the increase in DCNF content in hydrogels led to reduced WA
rate due to higher cross-linking density and lower porosity in the
hydrogel. In contrast, in the presence of borax, the cross-linking
density of the hydrogel increased, and the pore size within the
hydrogel decreased, making it more difficult for water to enter
and penetrate the hydrogel network. This resulted in a lower
initial WA rate (i.e., reduced initial slope of the FWA curve from
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Figure 6. Compressive strength properties of the hydrogel samples: (a, b) compressive stress—strain curves for PAM/DCNF and PAM/DCNF/B
hydrogels, respectively; (c, d) cycle 10 of continuous cyclic compressive stress—strain curves of PAM/DCNF4 and PAM/DCNF4/B hydrogels,
respectively; (e) compressing and recovery process of the PAM/DCNF4B hydrogel; (f—h) 1000 successive cycle loading—unloading curves during the

compression test for PAM/DCNF4/B.

0.25to0 0.10 for PAM and PAM/DCNF6/B). However, once the
hydrogel network was penetrated by water, its ability to hold
water within its structure was increased by the additional cross-
linking provided by borax. This resulted in an enhanced water
absorption capacity. Additionally, the reaction between borax
and DCNFs induced an increased number of functional
hydroxyl groups, such as the monodical-borax complex, which
interacted with water, further contributing to the increased
water absorption capacity.”> The FAW slope was observed to
decrease at the beginning of the test for PAM/DCNF4 from
0.184 to 0.11 for pH from 3 to 10, indicating a lower rate of water
absorption. After that, the water absorption increased
dramatically with increasing pH due to the carboxylate groups
of the hydrogel being ionized to COO™ ions, and the hydrogel
network chain repulsion increased, causing higher water uptake.
At lower pH levels, protonation of carboxylate groups of the
hydrogel led to a decrease in the main anion—anion repulsive
forces and resulted in a decrease in WA.***°~* This
phenomenon was described in a recent study of carboxymethyl
cellulose-g-poly(acrylic acid-co-acrylamide) superabsorbent hy-
drogels.” After approximately 40 h, all hydrogel samples
achieved a state of saturation, as evidenced by the FWA values
no longer increasing over time, attributed to more physical
cross-linking and less porosity.

3.5. Mechanical Performance. The strength of the PAM/
DCNF and PAM/DCNE/B hydrogels under compression is
shown in Figure 6a,b. When compared to PAM hydrogels, the
compressive strength of PAM/DCNF hydrogels was seven
times stronger, with values of 132, 360, 622, and 935 kPa for
PAM, PAM/DCNF2, PAM/DCNF4, and PAM/DCNF6
hydrogels, respectively. This indicates that incorporating
DCNFs into PAM hydrogels significantly increased their
compression strength. A similar effect was observed with
PAM/DCNF/B hydrogels due to the formation of more
hydrogen bonds between DCNFs and PAM. Furthermore,
Figure 6¢,d and Figure S6a,b show that PAM/DCNF4 and
PAM/DCNF4/B hydrogels maintain their compressive strength
ranging from 24 to 208.5 kPa, even when subjected to strain
rates of 2.5 to 80% in the first and tenth cycles. This allows the
hydrogels to function within a wide range of pressures. The
hydrogel consisting of graphene oxide and N,N-isopropyl
diacrylamide was developed for use in a highly sensitive
capacitive pressure sensor. The resulting hydrogel exhibited a
breaking strength of 42.20 kPa and a compressive strength of
84.17 kPa after undergoing 50 cycles.”' In another study, a self-
adhesive hydrogel for wound healing was created by using
polyacrylamide (PAM), naturally derived chitosan (CS), and
tannic acid/ferric ion chelates. The compressive strength of the
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Figure 7. Sensor performance of the PAM/DCNF4/B hydrogel: (a) related real-time sensing property reacting to different strains (12.5, 25, 37.5, and
50%), (b) gauge factor of the PAM/DCNF4/B hydrogel under applied strain, (c) relative resistance change during the loading—unloading cycle at
50% strain rates, (d) relative resistance change curve with different compression test speeds at 50% strain, and (e) response time of the strain sensor
with loading and unloading. (f, g) Current intensity change at 25% strain of PAM/DCNF4 and PAM/DCNF4/B, respectively. (h) Relative resistance
change curve of the PAM/DCNF4/B hydrogel under 1000 compression cycles at 50% strain.

hydrogel was found to be approximately 371 kPa at a strain of
80%, which was higher than that of the PAM hydrogels (196
kPa) but lower than that of the PAM/CS hydrogels (516 kPa).>?
Also, a superior stretchability and toughness hydrogel for the
delivery of alendronate was reported, which could have potential
applications in tissue engineering. The compressive strength of
the hydrogels at the strain of 80% was the highest at 209.47
kPa.>” In a comparison with the CNF hydrogel, Valentina et al.
investigated the mechanical properties of CNF (cellulose
nanofiber) hydrogels using compression tests. This study
shows that an increase in CNF solid content led to an increase
in compression stress, indicating a higher resistance to
deformation and a greater stiffness of the hydrogels.”* The
cyclic tests, which involve applying repeated cycles of load and
unloading, demonstrated that PAM/DCNF4 and PAM/
DCNF4/B hydrogels are capable of recovering from deforma-
tion. Figure 6f—h illustrates an example of PAM/DCNF4/B
hydrogels that can withstand compression strains of up to 50%.
The stress—time curves from the cycle loading—unloading tests
did not indicate any significant decrease in stress, even after 1000
cycles. The presence of DCNFs in the PAM network structure

reduced the formation of microcracks during loading and
unloading cycles, while the borate ester bond formed with
DCNFs extended the hydrogel’s lifetime and facilitated self-
healing. Moreover, the cellulose-based composite exhibited
superior strain resistance, as indicated by a recovery rate of over
95%. Figure 6e demonstrates the compression and recovery
process of the PAM/DCNF4B hydrogel after being subjected to
80% strain. This suggests that the hydrogels are capable of
withstanding large strains without breaking. These findings
highlight the superior mechanical properties of PAM/DCNF4/
B hydrogels, making them promising candidates for use in
wearable and extensible sensors.

3.6. Conductivity and Sensing Performance. The PAM/
DCNEF/B hydrogel could be an excellent pressure sensor owing
to its strain-dependent resistance, mechanical compressive
strength, and excellent recyclable compressibility. Figure 7a
illustrates a real-time sensing performance at different strains.
The PAM/DCNF4/B system, as an example, demonstrates a
wide range of detection capabilities with promising properties.
PAM/DCNF4/B was systematically studied for its piezoresis-
tive performance. With strains ranging from 12.5 to 50%, the
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Figure 9. Electrochemical impedance spectra of hydrogels: (a) photograph of the sample prepared, (b, c) Nyquist plots, and (d, e) Bode plots of PAM/
DCNF and PAM/DCNEF/B.

sensor provided a clear and distinct response at every strain or

pressure level, demonstrating its high sensitivity. There was a

linear tendency between the relative resistance change (AR/R,)

and applied strain. Thus, the gauge factor (GF) was calculated

using eq 3 to determine the strain sensor’s sensing ability. The

GF data are plotted as a function of strain and resistance change

in Figure 7b. The GF values can reach 1.33 at a range of strains

comparable to that reported by other strain sensors. First, the
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conductivity and recovery tests.

GF was 0.88 for strains below 12.5% but increased to 1.33 from
12.5 to 50%. Furthermore, GF decreased to 1.04 for strains
between 50 and 80%. Compared with other pressure sensors, the
prepared hydrogel sensors exhibit high sensitivity.>>~>’ Figure
7c¢ illustrates the loading and unloading curves of the hydrogel at
50% strain rates, highlighting its excellent elastic recovery
capabilities. In addition, Figure 7d shows that the relative
resistance changes with the changes in the compression speed
tests. The output signal is independent of motion frequency, and
its shape remains almost uniform when detecting irregular
human behavior, which is more important for detecting irregular
findings. It is demonstrated that the PAM/DCNF4/B hydrogel
has excellent electrical stability as well as outstanding sensitivity,
making it suitable for use in flexible wearable electronic devices.
It is also shown in Figure 7e that the sensor responded and
recovered in real time, which makes it possible to detect strain in
real time using such a wearable strain sensor.>® Further, the
currents of the prepared hydrogels (PAM/DCNF4 and PAM/
DCNF4/B) were measured during the compression test with
25% strain (Figure 7f,g). When the current of PAM/DCNF4/B
was compared with that of PAM/DCNF4, it was observed that
the current increased in the presence of borax due to the increase
in electron migration in the hydrogel. The hydrogels’ impedance
tests (Figure 9) further confirmed this behavior. To study the
ability of the pressure sensors during the long cycles of
compression, the relative resistance change was tested with
1000 cycles of loading and unloading with 50% strain. As
observed in Figure 7h, the peaks of the current maintained
stability during these long-term cycles. After the cyclic strain, no
noticeable deterioration of the AR/R, was found. Considering
the high electronic sensitivity and long-term durability of the

hydrogel used as a pressure sensor, the hydrogel has
considerable potential.

The potential use of hydrogels in fields such as human—
computer interaction, strain-pressure sensing, and healthcare
was explored. In these investigations, the PAM/DCNF4/B
hydrogel was sliced and affixed to part of human arms and face. It
is shown that the PAM/DCNF4/B hydrogel has the capability
of serving as a sensing substance to detect different types of body
motions, such as hand gestures and facial expressions. The
hydrogel’s characteristic soft and self-adhesion properties enable
it to easily attach to various positions on the human body (i.e.,
hand and face) without the need for an adhesive. The data
represented in Figure 8 demonstrates that all of the movements
(i.e., running and laughing) produced consistent and distinctive
signals. In Figure 8a,b,e, it can be observed that the PAM/
DCNF4/B hydrogel performed well in detecting small motions,
both when the hands were repositioned and when deformation
occurred on the face. Moreover, the hydrogel displayed a rapid
response when the fingers were bent at 0°, 30°, and 90°, which is
attributed to the dynamic physical processes inside the hydrogel
and its stable ion transport properties. Additionally, a pressure
sensor was created to monitor finger impression events,
generating consistent changes in resistance and enabling
accurate discrimination between different levels of touch force
(Figure 8¢c).

The electrochemical impedance spectra (EIS) of the PAM/
DCNF and PAM/DCNE/B hydrogels were measured to
confirm the electrical performance of the hydrogel materials.
Figure 9 represents the diameters of the prepared hydrogel
sample used to study the impedance tests. The influence of
DCNFs and the effect of borax on the bulk resistance are
illustrated as Nyquist plots in Figure 9b,c. In particular, the
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DCNEF content has a significant impact on the bulk resistance.
The bulk resistance decreases significantly with the increase of
the DCNFs in the hydrogels, which is attributed to the
increment of electron migration in the hydrogels. Furthermore,
PAM/DCNEF/B hydrogels have a lower overall resistance
compared to other PAM/DCNF hydrogels, indicating fast
migration of electrons in the presence of borax. Furthermore, the
EIS are presented as a Bode plot (Figure 9d,e). The impedance
of all frequencies decreased when the DCNFs were increased.
When DCNFs were used at the same concentrations, the PAM/
DCNE/B hydrogel’s conductivity was higher than the hybrid
PAM/DCNF hydrogels. The results indicate that the addition of
DCNFs and borax can improve the electrical properties of PAM
hydrogels, which have important applications in areas such as
bioelectronics and energy storage.

3.7. Self-healing behavior of the hydrogel and its
adhesive properties. The strain sweep experiment was
conducted to explore the self-healing characteristics of hydrogel.
As displayed in Figure 10a, the gel’s moduli remained relatively
stable in the linear viscoelastic region (0.001—10%) and G’ was
consistently larger than G” for strains below 100%, indicating
good elasticity. However, G and G” dropped dramatically when
the strain exceeded the critical strain point (~100%). In addition
to its ability to restore its rheological properties, the mechanical
self-healing properties, of the hydrogel were also studied. The
mechanical strength of the healed hydrogel was determined
through compression tests (Figure 10b,c). The stress strain
curves of the healed samples were found to be similar to that of
the original sample with a self-healing efficiency of 78% and 95%
for stress and strain, respectively. The capability of PAM/
DCNE/B hydrogels to self-healing was investigated by cutting a
sample in half and then placing the fractured surfaces together.
After 1 h at room temperature, the two halves healed together
(Figure 10b). The self-healing behavior of these hydrogels is
attributed to the reversible hydrogen bonding interactions
between the borate ion and the hydroxyl groups, which permit
the fractured surfaces to reconnect and form new bonds.
Hydrogels have an adhesive quality due to the supramolecular
interactions, such as hydrogen or coordination bonds, that form
between them and various substrates. This strong bond was
observed between PAM/DCNF/B hydrogels and different
substrates, including wood, metal, glass, and plastic (Figure
10e). This suggests that the hydrogel has a wide range of
potential applications beyond its electrical properties, such as
tissue engineering, drug delivery, and wound healing. The
strength of the bond between the hydrogel and the substrate is
likely due to the presence of functional groups on the surface of
the hydrogel that can interact with the surface of the substrate.
The addition of borax to the hydrogel contributes to the
adhesion properties by promoting the formation of coordination
bonds with the substrate. The compressing, recovery process,
and conductivity of the PAM/DCNF/B hydrogel are illustrated
in Figure 10f. The results of the compression and recovery test
show that the PAM/DCNF/B hydrogel has good mechanical
properties and can maintain its shape even after being subjected
to external forces. DCNFs and borax are known to have
hydrogen bonding interactions with different hydrogen-bonding
donors/acceptors on substrates, which gives for the hydrogel’s
self-adhesive properties. The self-healing properties of hydrogels
have been of great interest for various applications, including in
the field of soft robotics, where materials can self-heal after
damage are highly desirable.

4. CONCLUSIONS

The dual-network hydrogel developed in this work shows good
mechanical, conductive, and self-healing properties, making it a
suitable material for various applications, including pressure
sensors and human motion monitoring. The hydrogel is formed
through the combination of PAM, DCNFs, and borax with free
radical polymerization of PAM hydrogels. DCNFs have a high
aspect ratio and a crystalline structure, which can reinforce the
PAM matrix and improve its mechanical strength. Acting as
physical cross-linkers and helping form a network structure,
DCNFs can also increase the cross-linking density of the
hydrogel, which can further improve its mechanical properties.
the DCNFs Upon 1000 loading and unloading cycles with the
50% strain rate, the compression strength decreased only about
0.8% (from 124 to 114 KPa), ensuring long-term efficiency. The
maximum compressive strength reached 646 KPa, illustrating
excellent mechanical properties and workability under various
conditions. The role of borax primarily pertains to cross-linking
the polymer chains within the hydrogel network. This cross-
linking effect enhances the mechanical stability and adhesive
properties of the hydrogel. However, in terms of conductivity, it
is the presence of graphene that plays a crucial role. Also, the
addition of borax enhanced the storage modulus (G’) compared
with that of the hydrogel without borax, indicating a relatively
stable and robust double-network of the PAM/DCNE/B
hydrogels. The hydrogel-based pressure sensor demonstrated
excellent pressure sensing performance (high sensitivity, high
responsiveness, and wide working range) and adhesion to a
variety of substrates. As a result, the developed hydrogels have a
wide range of potential applications in human motion
monitoring.
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