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Hydrogel strain sensors with features such as frost resistance, high biocompatibility, and volume stability
have shown irreplaceable advantages in many fields. Herein, a “part assembly” strategy is proposed in
which carbon nanotubes and collagen are designed as two “parts” that are assembled to obtain
collagen protein corona (PC) and introduced into the polyvinyl alcohol (PVA)/konjac gum (KGM)
composite hydrogel interior, preparing a double network composite hydrogel of PVA/KGM/PC. The first
network structure is formed by the interaction of PVA and glycerol, and the second network structure is
formed by the interaction of the KGM itself. The prepared PVA/KGM/PC composite hydrogel has good
mechanical properties, frost resistance, high sensitivity, and a wide range of strain responses, with strains
of 226% and 222.5% at room temperature and —20 °C, respectively. It can monitor not only the human
arm, knee bend, and other large ranges of motion but also the human heartbeat, pulse and other small
ranges of physiological activities. In addition, the Gauge factor of the hydrogel can reach 3.38. The PVA/
KGM/PC composite hydrogel containing collagen corona prepared in this study can be extensively used
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as a flexible strain sensor in emerging fields, such as medical monitoring, intelligent robotics, and
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1. Introduction

In recent years, flexible sensors have been deeply stimulated by
the rapid development of emerging industrial applications in
medical monitoring devices, intelligent robots, wearable equip-
ment, and energy storage materials." > They have attracted
considerable attention from researchers due to their ability to
sensitively capture subtle changes in the external world.*”
Flexible sensors are composed of a combination of active
materials and flexible substrate designs that can convert var-
ious external stimuli into signals that can be detected, giving
them flexibility and sensation similar to those of human skin.

Today, the design of flexible sensors requires novel struc-
tures and suitable materials, mainly including the selection of
active materials and flexible substrates.® Commonly used flex-
ible substrate materials include polyimide (PI),” polyether ether
ketone (PEEK),® polyether ether sulfone (PES),’ polycarbonate,
poly(vinyl naphthalene) (PEN), hydrogel,'® and polyethylene
terephthalate (PET)."" However, the thermal stability, transpar-
ency, electrical conductivity and mechanical elasticity of the
materials should be considered before practical

College of Bioresources Chemical and Materials Engineering, Shaanxi University of
Science and Technology, Xi’an 710021, China. E-mail: lvsh@sust.edu.cn

This journal is © The Royal Society of Chemistry 2024

wearable devices, providing a new strategy for optimizing the preparation process of hydrogels.

application,">"® and the selected material should meet the

performance requirements of flexible and sensitive sensing.®’
Hydrogel, as a special class of solid-like materials with a three-
dimensional network structure, has demonstrated irreplace-
able advantages in the field of flexible sensors owing to its
remarkable properties such as transparency, flexibility, exten-
sibility, viscoelasticity and biocompatibility simultaneously.>"*
Therefore, researchers generally prepare high-performance flex-
ible sensing hydrogels by selecting suitable materials and
applying them to flexible sensors.">™'” At present, the common
materials used for the preparation of hydrogels are natural
polymers and synthetic polymers. Natural polymers are primar-
ily cellulose,'® starch,' chitosan,*® and konjac gum (KGM),
whereas synthetic polymers are primarily polyacrylamide,*
poly(dimethylsiloxane) (PDMS),** poly(enedipyridone) (PVP),>*
and polyvinyl alcohol (PVA). The advantage of hydrogels pre-
pared by natural polymers is that they come from a wide range
of sources and have a low price, while their disadvantage is that
their mechanical strength is poor,” which cannot meet the
performance requirements of flexible sensors for flexible sub-
strates. The hydrogels prepared by synthetic polymers generally
have the advantages of good strength and volume stability, but
they have the disadvantages of low biocompatibility®® and
certain toxicity to the human body.?® Therefore, the preparation

J. Mater. Chem. C, 2024, 12, 3333-3344 | 3333


https://orcid.org/0009-0004-9211-9718
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tc04479c&domain=pdf&date_stamp=2024-02-12
https://rsc.li/materials-c
https://doi.org/10.1039/d3tc04479c
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012009

Published on 30 gennaio 2024. Downloaded on 17/07/2025 23:47:15.

Paper

of composite hydrogels using a mixture of natural polymers
and synthetic polymers can not only solve the defects of poor
basic performance but also improve the biocompatibility of
hydrogels.?” For this purpose, we focused specifically on two
water-soluble polymers: KGM and PVA. KGM is a natural
polymer polysaccharide, and it can not only form its indepen-
dent network structure but also has many excellent properties,
such as gelation and antibacterial properties.>® Although PVA is
a highly biocompatible synthetic polymer, it has good mechan-
ical properties, such as high strength and elasticity. Composite
hydrogels prepared with KGM and PVA may have good strength
and elasticity,”® which can better meet the current performance
requirements for hydrogels such as flexible sensors.**

The active material is another important factor that affects
the performance and applications of flexible sensors,® and it
must have a sensitive ability to sense, convert and transmit
signal.>®> Commonly used active materials are carbon family
nanoparticles, such as graphene, graphene oxide (GO) and
carbon nanotubes (CNTs), and non-transition metal oxides,
such as nano zinc oxide and nano tin oxide.*® CNTs show
unique advantages owing to their excellent electrical conduc-
tivity and special tubular structure.>®

Currently, nano active materials are mainly dispersed uni-
formly in hydrogels through physical dispersion or chemical
reactions to exhibit sensitive sensing properties.*® However,
most nano active nanomaterials have strong hydrophobicity,
which causes them to repel each other after entering the
hydrophilic network system of the hydrogel,®” thereby seriously
affecting the performance of hydrogel sensor.*®*° Therefore,
improving the hydrophilicity of nano active materials has
become the main problem to be solved. At present, the hydro-
philicity of nano active materials is primarily improved by
chemical modification,*® such as introducing some hydrophilic
groups (-OH, -COOH, etc.) on the surface or edges of nano
active materials by oxidation' or etching.*> However, there are
some special nano active materials (gold nanoparticles and
silver nanoparticles) that are difficult to modify and need to rely
on a more sophisticated process.*>** Therefore, the dispersion
of nano active nanomaterials into hydrogel through a simple
and effective way is the focus of this study.

The discovery of protein corona (PC) provides a new way to
solve the dispersion problem of active nanomaterials in hydro-
gels. The PC refers to a structure formed by protein assembly
induced by nanomaterials entering the biological environment
(blood, serum culture, and protein solution).*” It was first
proposed by Dawson et al. in 2006.*° They found that when
nanoparticles are ingested into organisms, they adsorb pro-
teins on their surfaces to form nanoparticle-PC core-shell
complexes, which are called protein corona.*® In a study of
the protein corona, researchers found that the endogenous
nanoparticle protein corona formed by grilled salmon in
human serum protein can considerably reduce the glycolysis
metabolism of normal rat kidney cells, indicating that it can
lead to the recovery of oxidative phosphorylation levels.*”
According to further studies, the protein corona formed in
grilled salmon can reduce nanoparticle-induced mitochondrial
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damage.*® The protein corona structure formed by roast beef in
human serum proteins relieves the swelling of cells induced by
lysosomes and inhibits the reduction of the mitochondrial
membrane potential caused by nanoparticles.*® These studies
have shown that nanoparticles can form protein corona in the
presence of some proteins. With the rapid development of
nanoscience engineering, researchers have been inspired by
the protein corona to obtain new ideas; it can reduce the
surface energy of nanoparticles, which considerably affects
the biological effects, compatibility and toxicity of nano-
particles, and has an important impact on the absorption,
dispersion, energy conversion and signal transmission of nano-
particles in biological systems or environmental systems.’*""
Therefore, the method of preparing protein corona has become
a new strategy to change the interface properties of nano-
particles, which has important applications in targeted drug
design, intelligent sensing materials and signal transmission.

Inspired by the preparation method and properties of PC,
the preparation and performance of PVA/KGM composite strain
sensing hydrogel containing protein corona formed by CNT-
collagen were studied in this work. CNTs were introduced into
the double-penetrating network structure system of PVA/KGM
composite hydrogel using a PC solution as the medium. It
overcame the problem of poor compatibility of CNTs in hydro-
gels faced by traditional methods and achieved uniform pene-
tration of CNTs in the three-dimensional network structure in a
low-cost manner, which considerably improved the perfor-
mance of the prepared flexible sensor. The effect of the assem-
bly conditions of the PC on the properties of the strain sensing
hydrogels was investigated in this research project, particularly
their sensing performance under low strain. The research
results are expected to provide a new strategy for the introduc-
tion of nano-fillers.

2. Experimental
Materials

Polyvinyl alcohol (PVA), konjac gum (KGM), multi-walled car-
bon nanotubes (MWCNT), collagen peptides, anhydrous
lithium chloride (LiCl), glycerol, and anhydrous ethanol. The
water used was deionized.

Preparation of the protein corona composite hydrogel

Synthesis of the protein corona. Note that 0.005 g of carbon
nanotubes was added to the binary solvents of water and
glycerol (5 g). Then, the mixture was sonicated for 30 min to
make the CNTs evenly dispersed. Next, 0.4 g of collagen was
added to the binary solvents of water/glycerol (10 g) and
magnetically stirred for 20 min. After the collagen was com-
pletely dissolved, 1 ml of the CNT dispersion was added to the
collagen solution and left to assemble for 60 min to obtain the
protein corona (PC) solution. The ratio of water to glycerol in
the above binary solvent is 4 to 1 (weight ratio). The preparation
flow chart of the PC solution is shown in Fig. 1.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Preparation flow chart of a PC solution.
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Preparation of the PVA/KGM/PC composite hydrogel. We
weighed 2.4 g of PVA into a three-necked flask containing
water/glycerol (20 g), and the mixture was heated to 95 °C in
an oil bath under stirring and then stirring was continued until
PVA completely dissolved. The temperature then decreased to
60 °C. Then, 1 g of KGM was weighed into a binary solvent of
water/glycerol (5 g) and magnetically stirred for 5 min to
completely dissolve the KGM to obtain the KGM solution. Next,
the prepared PC solution and KGM solution were added to a
three-mouth flask and stirred for 2 h at 60 °C to obtain a
composite hydrogel precursor solution containing PC. The
composite was then poured into a mould and cooled to
25 °C. It was left to defoam and sealed with cling film. Then
the composite hydrogel was freeze-thawed by freezing at —20 °C
for 9 h and melting at 24 °C for 3 h. This freeze-thaw process is
carried out three times. Finally, the freeze-thaw-completed
hydrogels were soaked in LiCl solution to obtain a composite
hydrogel containing PC, named PVA/KGM/PC hydrogel. The
preparation flow chart of PVA/KGM/PC hydrogel is shown in
Fig. 2.

~/ ™ PVA

Fig. 2 Preparation flow chart of PVA/KGM/PC hydrogel.
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Preparation of the PVA/KGM/PC composite hydrogel strain
sensors: the prepared composite hydrogel is cut into rectangu-
lar shapes and connected to the hydrogel strip with two copper
wires. The hydrogel is used as an ionic conductor, and the
copper wires are used as electrodes to prepare a resistive strain
sensor.

Characterization

The conformational changes in collagen before and after PC
formation were evaluated using circular dichroism spectro-
scopy. The assembly situation of PC was characterized by
transmission electron microscopy (TEM, FEI Tenai G2 F20 S-
TWIN).

The microstructure of the different sections of the PVA/
KGM/PC composite hydrogel was observed using scanning
electron microscopy (SEM, S-4800). The samples were sprayed
with a gold coating for about 60 s before testing.

The elongation-at-break and tensile strength of the PVA/
KGM/PC composite hydrogel were tested at 25 °C and —20 °C
using a servo material multi-functional high- and low-
temperature control tester (AI-7000-NGD, Dongguan, China)
at a speed of 100 mm min~", respectively. The samples were
composed of a 2 x 35 mm dumbbell cutter, and an average
value of three repeated tests was taken for each sample.

The rheology test was performed using a rotating rheometer
(DHR-1, TA, America) at a fixed strain of 0.1%. The dynamic
storage modulus and loss modulus of PVA/KGM/PC composite
hydrogels were tested at an angular velocity of 10 rad s~* from
25 °C to —20 °C and from 0.1 to 100 rad s~' at 25 °C. The
diameter of the fat plate used in the experiments was 40 mm.
The size of the samples was 16.5 mm in diameter and 2 mm in
thickness.

The conductivity of the PVA/KGM/PC composite hydrogel
was described using a four-probe tester (RTS-9, Guangzhou,
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-thaw
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® Lit

Glycerol
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China) with a sample diameter of 15 mm and a thickness of
1 mm. In this work, Li" was introduced into the PVA/KGM/PC
composite hydrogel 3D network system by applying the solvent
replacement method. Conductivity (s, S cm ') was calculated
using the following equation:

o =d/(R x A) (1)

where d is the distance between electrodes (cm), R is the volume
resistance of the hydrogel (Q), and A is the cross-sectional area
of the sample (cm?).

The sensing performance was characterized by making a
rectangle of PVA/KGM/PC composite hydrogel clamped on a
tensile testing machine, and tested at 25 °C and —20 °C at
0.4 mm s~ . The hydrogel was then connected to an LCR meter
(TH2829A, Shenzhen, China) with copper wires at both ends.
The change in resistance of the hydrogel was recorded in real
time, and the relative rate of change in resistance was calcu-
lated using the following equation:

AR/RQ = (R - RO)/RO x 100 (2)

where R, is strain ¢ = 0% of the initial resistance and R is the
real-time resistance when strain is applied.

The sensitivity of the hydrogel sensing performance is
expressed by the Gauge factor (GF), which is calculated using
the following formula:

__AR/Ry
==

GF (3)
where ¢ represents the strain of the hydrogel.

The hydrogel sensor is fixed to each part of the body through
copper tape, and the two ends are connected to the LCR meter
through copper wires to achieve real-time monitoring of human
movement through the resistance changes recorded by the
computer.

3. Results and discussion
Characterization of PC and PVA/KGM/PC

The CNT-based PC was obtained by applying the “part assem-
bly” strategy, and the precursor solution of the PVA/KGM/PC
composite hydrogel was prepared using the one-pot method.
The double network structure of PVA/KGM/PC composite
hydrogels was obtained using the freeze-thaw cycle and immer-
sion method. The internal intermolecular forces are shown in
Fig. 3a. The results show that the first network structure is
formed by hydrogen bonding between PVA and glycerol
forms,>* and the second network structure is formed by hydro-
gen bonding between KGM molecular chains.”® The PC is
distributed in the cross-linked system of the PVA/KGM compo-
site hydrogel. The structural concept schematic of the PC is
shown in Fig. 3b. The “CNT parts” are used as a matrix to
assemble collagen to its surface. The hydrophobic inner cav-
ities of collagen and CNTs are bonded by hydrophobic interac-
tions. The hydrophilic part of collagen is exposed to the surface
to form hydrogen bonding interactions with -OH on PVA
chains and KGM chains. PC is more adapted to the hydrophilic
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system of the hydrogel inside and can enhance the mechanical
properties of the hydrogel.”* Fig. 3c and d display the particle
size distribution of CNTs and collagen, respectively, where the
particle size of CNTs is mainly concentrated at around 100 nm
and the particle size of collagen is around 8 nm. This meets the
requirement of a “part” assembly strategy and is consistent
with the conclusion reached by Wang et al.>® Fig. 3 also that
smaller collagen can be assembled on the surface of CNTs,
which is consistent with the above PC structure schematic
diagram.

The effect of the assembly of PC on the conformation of
collagen was evaluated using circular dichroism spectroscopy,
as shown in Fig. 3e. The negative peak was observed at 208 and
198 nm, and the small and broad positive peak at 222 nm
showed the a-helix structure and the irregularly curled struc-
ture of collagen before assembly, respectively.’®>” However,
when collagen was assembled on the surface of CNTs to form
PC, the negative peak at 208 nm considerably changed. The
intensity of the peak weakened and was accompanied by the
appearance of a red shift. This indicates that the formation of
PC reduced the proportion of a-helix in collagen and changed
its hydrophobicity.® The positive peak at 222 nm did not
considerably change. This indicates that the formation of PC
did not affect the irregularly coiled structure of collagen.
However, this indicates the successful assembly of PC. As
depicted in Fig. 3f-i, the morphology of PC was characterized
by TEM, and the CNTs were observed with the collagen
assembled on its surface at different magnifications, confirm-
ing the conjecture of PC structure and illustrating the success-
ful assembly of PC.

Microstructure characterization of PVA/KGM/PC hydrogel

The number and robustness of pores affect ionic motion and
the range of external forces that can be withstood. If the pores
are not strong enough to collapse when deformation occurs,
the internal forces will be uneven, thus affecting mechanical
stability.”*®° The three-dimensional pore-like structure of the
PVA/KGM/PC composite hydrogel was observed by freeze-
drying the composite hydrogel sample and scanning the frac-
ture cross-section in different planes using SEM. Fig. 4(a), (b)
and (c) show the side profile, oblique profile, and flat profile of
PVA/KGM/PC composite hydrogel, respectively. A large number
of dense pore structures can be observed in these structures.
The pore structures are of different sizes owing to the inter-
penetration of the dual network, which indicates that there are
a large number of channels inside the PVA/KGM/PC composite
hydrogel for ion transport. The stability of the dual network
prevents the pores from collapsing easily during the deforma-
tion of the hydrogel, which is a better approach to bear the
external force applied to it. Thus, the dual network hydrogel
system gives it a large mechanical strength and better volume
stability.®" It also improves electrical conductivity as a conduc-
tor and sensitivity as a sensor. In addition, it shows that the
introduction of PC does not negatively affect the number and
stability of the pore structure.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Schematic of intermolecular forces within PVA/KGM/PC composite hydrogel. (b) Schematic of the PC structure. (c) Particle size distribution of
collagen. (d) Particle size distribution of CNTs. (e) Circular dichroism of collagen and PC. (f—i) TEM images of PC at different magnifications.
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Fig. 4 SEM images of PVA/KGM/PC composite hydrogel freeze-dried samples after brittle fracture in different planes: (a) side profile; (b) oblique profile;

and (c) flat profile.

Properties of the PVA/KGM/PC hydrogel

Mechanical properties. The effect of the KGM content on the
mechanical properties of the composite hydrogel is shown in
Fig. 5. Fig. 5a illustrates that the elongation at break and the
stress of the composite hydrogels increases significantly as
the KGM mass increases from 0.5 to 1.0 g. When the KGM
content is 1.0 g, the elongation-at-break and stress reaches
the maximum of 225% and 1.9 MPa, respectively. However,
when the KGM content is 1.2 g, the elongation-at-break and
stress decreases compared with the previous content point. The

This journal is © The Royal Society of Chemistry 2024

reason for this change in elongation-at-break and stress is that
the doped KGM molecules and PVA molecules form an inter-
woven network structure, and there is an optimal interwoven
structure between KGM and PVA molecules, resulting in an
optimal KGM content and the fracture elongation and stress of
KGM/PVA composite hydrogel increase with the increase in
KGM and have a maximum value.®> When the addition of KGM
exceeds the optimal value, the stability of the interwoven net-
work formed by PVA and excessive KGM decreases,* resulting
in a reduction in elongation-at-break and stress.

J. Mater. Chem. C, 2024,12, 3333-3344 | 3337
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Fig. 5 Mechanic properties of PVA/KGM/PC composite hydrogels. (a) Stress—strain curves with different KGM contents. (b) Stress—strain curves with
different PC assembly times. (c) Stress—strain curves at 25 °C and —20 °C. (d) Storage modulus (G’) and loss modulus (G") at different frequencies. (e)
Storage modulus (G') and loss modulus (G”) at different temperatures. (f) Toughness and Young's modulus diagram at 25 °C and —20 °C. (g) Single
extension-shrinkage cyclic curves at different strains at 25 °C and —20 °C. (h) Three continuous cyclic stretching and releasing. (i) The corresponding

hysteresis energy during various loading cycles.

The effect of assembly times of PC on the strain and stress of
the hydrogel is shown in Fig. 5b. When the assembly time was
increased from 10 to 120 min, the elongation-at-break and
stress of the hydrogel showed a gradual increase and reached
a maximum of 271% and 1.41 MPa at 120 min, respectively.
When the assembly time exceeds 120 min, the elongation-at-
break and its stress decreases. This behavior may be because
with the increase in PC assembly time, the content of assembl-
able collagen on the surface of CNTs gradually tends to
saturate.®* Within 120 min, collagen is continuously assembled
on the surface of CNTs so that it can be uniformly dispersed in
the network system built by PVA and glycerol. In this process,
the hydrophilic groups on the surface of PC form hydrogen
bonding with PVA and KGM chains, which enhances the
internal interaction system and gradually increases the
mechanical properties of hydrogel.®>®® When the assembly
time reaches 180 min, the collagen on the PC surface reaches
saturation. The new collagen is adsorbed on the PC surface and
causes agglomeration of the PC, preventing it from being
uniformly dispersed in the network. The adsorbed collagen

3338 | J Mater. Chem. C, 2024, 12, 3333-3344

exposes more hydrophobic cavities because it cannot come into
contact with the hydrophobic surface of the CNTs, which
mutually repels the hydrogel interior, thus weakening its
mechanical properties.®”®® Finally, a better formulation of
KGM and PC assembly time in the preparation of composite
hydrogel (KGM mass is 1 g, PC assembly time is 120 min) was
determined by the above two single-factor tests. In subsequent
tests, all PVA/KGM/PC composite hydrogels were prepared
according to this formulation.

Frost resistance is an important evaluation index for hydro-
gel sensors. Excellent frost resistance can make them have a
stable sensing performance in a harsh environment.*®® In this
work, the PVA/KGM/PC composite hydrogel was tested at 25 °C
and —20 °C in the unidirectional tensile test and single-cycle
tensile test, respectively, to characterize its stability in a low-
temperature environment. The results are shown in Fig. 5c
and g. In the unidirectional tensile test at 25 °C, it can be
observed that the elongation-at-break and stress of the compo-
site hydrogel can reach 226% and 1.9 MPa, respectively. In the
—20 °C environment, its elongation-at-break and stress can still

This journal is © The Royal Society of Chemistry 2024
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reach 222.5% and 1.5 MPa albeit there is a slight decrease,
which reflects the excellent frost resistance of the composite
hydrogel. From the single-cycle stretching experimental test
of the PVA/KGM/PC composite hydrogel, it can be concluded
that the loading-unloading curves at different strains show
an obvious hysteresis loop. The energy dissipation of the
hydrogel exhibits a non-linear growth trend.”® The hydrogel
can still recover to 105% of its initial state at strains of 100%
and 150% under continuous stretching-shrinking cycle tests
without rest intervals. Its excellent recoverable performance
has great potential in the field of flexible sensors. The
loading-unloading curve of the composite hydrogel at
—20 °C is similar to that at 25 °C. This indicates that it still
maintains a stable energy dissipation state in a low-
temperature environment, which reflects the excellent frost
resistance of the composite hydrogel and shows good adapt-
ability to achieve sensing performance in a low-temperature
environment.”" In addition, the Young’s modulus of the PVA/
KGM/PC composite hydrogel was 0.91 and 0.82 MPa at 25 °C
and —20 °C, respectively, and the maximum toughness
reached 213.1 and 172.8 MJ m™* (Fig. 5f). The reason for
these mechanical property changes may be that the low-
temperature environment weakened the hydrogen bonding
system formed inside the hydrogel.”” Therefore, compared to
room temperature, both showed a slight decrease.

Fig. 5d and e show the effect of frequency and temperature
on the storage modulus (G’) and loss modulus (G”) of PVA/
KGM/PC composite hydrogel under different frequency and
temperature changes, respectively. It can be observed that
changes in G’ and G” show a linear trend regardless of
whether frequency or temperature was used as a variable. It
can also be observed that G’ is much higher than the G”,
indicating that it has good elasticity and certain strength,”?
which meets the requirements of a flexible sensor. In addi-
tion, the G’ and G” of PVA/KGM/PC composite hydrogel
maintain stable values with temperature change, which also
reflects its excellent frost resistance.”? To explore the energy
dissipation mechanism of the PVA/KGM/PC composite
hydrogel after approaching the ultimate strain, three unin-
terrupted loading-unloading tests were performed at a 200%
strain (Fig. 5h). The hysteresis energy was calculated for each
cycle (Fig. 5i). After the first cycle, the hysteresis energy of the
hydrogel rapidly dropped from 160.6 to 28.9 k] m>. Only 6%
of the first stage was lost from the second cycle to the third
cycle, indicating that the hydrogel underwent irreversible
deformation after approaching the ultimate strain but could
still maintain a certain stability. The curves of the second
and third cycles basically remained the same. The unloading
curves extremely overlapped. This indicates that the double
network structure is severely damaged, and many hydrogen
bonds are broken after the hydrogel is subjected to ultimate
stretching,®*”* which leaves only part of the unbroken hydro-
gen bonds and the PC dispersed in them to provide energy
for the second and third cycles and to ensure the subsequent
stable energy dissipation,”® so that the double network
structure can still play a certain sensing performance even

This journal is © The Royal Society of Chemistry 2024
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after ultimate stretching. This reflects the strong destructive
resistance of the PVA/KGM/PC composite hydrogel.

Sensing performance properties

To investigate the sensing performance and sensitivity of the
PVA/KGM/PC composite hydrogel, strain sensors were prepared
by connecting the two ends of the hydrogel with copper tape
and wire. The rate of change of resistance and GF of the
hydrogel were calculated according to eqn (2) and (3), respec-
tively. The detection results of the sensing performance and
sensitivity of the PVA/KGM/PC composite hydrogel are shown
in Fig. 6. Fig. 6a and b show that the strain ranged from 0% to
200% with a relative resistance change of 580%. This indicates
that it has a strain-dependent resistance property, and the
change in the internal structure during stretching causes a
resistive response.”” As the strain gradually increased from 0%
to 200%, the hydrogel became narrower and longer, and the ion
transport channels reduced, resulting in the paths becoming
longer and the electric resistance becoming larger.”® Similarly,
the same phenomenon occurred in the —20 °C environment.
The relative resistance value reached 545% when the hydrogel
strain increased from 0% to 200%. The behavior at —20 °C
proves the extremely high adaptability of the hydrogel to a low-
temperature environment. The sensitivity of the hydrogel sen-
sor was then evaluated using the slope of the relative resistance
change curve. The GFs were 3.11 and 2.82 at 25 °C and —20 °C,
respectively, ranging from 0% to 50% strain. They were 3.38
and 2.03 in the range of 50-100% strain and changed to 2.81
and 2.30 in the range of 100-150%, respectively. They were
2.85 and 2.88 in the range of 150-200%. It can be seen that
although the GF at 25 °C is higher than —20 °C in the strain
range of 0-150%, the GF of the hydrogel in a low-temperature
environment can still reach about 2-2.8, which reflects stable
sensing performance and good sensitivity for ambient tempera-
ture. When the strain range is close to the limit, the hydrogel at
—20 °C shows a higher sensitivity than that at 25 °C. This may
be because the low-temperature environment caused the hys-
teresis phenomenon of the hydrogel under a large strain. The
ion transport channels did not narrow rapidly, allowing more
Li* to pass through.”® The trend of relative resistance changes
increased under the same strain, making it exhibit higher
sensitivity.

Electrical conductivity is another important evaluation index
in hydrogels as flexible sensors. Good electrical conductivity
can confer a more comprehensive performance to hydrogels.*°
In this work, Li" was introduced into the PVA/KGM/PC compo-
site hydrogel 3D network system using the solvent replacement
method. The conductivity of the hydrogel is calculated using
eqn (1). Fig. 6¢c shows the effect of the soaking times on the
conductivity of the hydrogel. The results indicate that the
conductivity increased from 6.14 x 10°* S em ™' to 2.27 x
10> S cm ! with the increase in soaking time of Li*" solution
from 3 h to 6 h, an increase of two orders of magnitude.
However, with a further increase in soaking time, the increase
in conductivity was not obvious. The antifreeze property was
significantly weakened. This may be attributed to the fact that
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with the increase in soaking time, the solvent replacement state
inside the hydrogel approached dynamic saturation. After
saturation, the Li" solution began to destroy the hydrogen
bonding system formed between PVA and glycerol, and replace
glycerol, thus weakening the antifreeze property.®® Hence, the
optimal soaking time was obtained as 6 h, which was used for
the subsequent preparation of hydrogels.

Fig. 6d shows the change in LED lamp brightness under
different stretching conditions of the PVA/KGM/PC composite
hydrogel. Fig. 6d, shows the lamp off when the circuit is not
connected. Fig. 6d, shows the lamp brightened after connecting
the hydrogel to make the circuit connected. Fig. 6d;-ds shows the
change in LED lamp brightness during the recovery from the
stretching state to the initial state in turn. The lamp gradually
brightened, indicating that the hydrogel showed a positive corre-
lation of resistance with strain during recovery from stretching.
This again proves that the PVA/KGM/PC composite hydrogel has
the characteristics of being a strain sensor.

Fig. 6e shows the response time of the PVA/KGM/PC com-
posite hydrogel sensor at a strain of 1%. The results indicated

View Article Online
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that the resistance increases rapidly when the strain is applied.
The response time is 0.14 s. When released, the resistance
immediately decreases from a steady state and reaches the
initial state within 0.14 s. This proves that the PVA/KGM/PC
composite hydrogel can rapidly respond to small strain signals,
which can be used to monitor the tiny activities of the
human body.

To verify the stability of the hydrogel sensor during long
periods of uninterrupted use, 100 cycles were performed at
25 °C and —20 °C, with 40 mm min " stretching speed at 70%
and 150% strain, respectively (Fig. 6f-i). The results (calculated
from eqn (2)) showed that the composite hydrogel exhibited a
good repeatable response over 100 cycles at 25 °C and —20 °C.
With 70% strain, the maximum relative resistance change
basically remained a stable value. At 150% strain, although
the relative resistance change showed a slight shift, it was
maintained within a relatively stable range. This may be
because the hydrogel under 70% strain undergoes reversible
deformation, and its internal forces can be rapidly recovered
before the next cycle. At a 150% strain, the hydrogel undergoes
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irreversible changes, and the internal hydrogen bonding
cannot be recovered before the start of the next cycle,
which requires a certain stagnation time.*" This is consistent
with the conclusions drawn from the above mechanical proper-
ties. The result indicates that the hydrogel sensor shows super-
ior stability in the strain range of 70% at both room
temperature and low temperature and can perform stable
sensing performance at a 150% large strain given a certain
recovery time. This proves that the PVA/KGM/PC composite
hydrogel has great potential as a flexible sensor for monitoring
human activities.
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Human motion monitoring

The above test results prove that the PVA/KGM/PC composite
hydrogel exhibits excellent mechanical properties, high sensi-
tivity, biocompatibility and fast response capability, and it is
easy to prepare flexible strain sensors with different shapes to
repeatedly identify various changes in the environment. The
hydrogel was used as a strain gauge sensor to monitor various
macroscopic body movements and subtle physiological
signals.®>*

For better demonstration, the hydrogel was cut into different
sizes to detect various parts of the body. The rate of change in
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Fig. 7

(a) Relative resistance change under a normal pulse beat. (b) Relative resistance change in vocal cord vibration when saying “Hello"”, “Shaanxi”,

“Keji”, and "Daxue”. (c) Relative resistance changes under a normal heartbeat. (d) and (f) Relative resistance change in fingers under different bending

angles (0°, 30°, 60°, and 90°). (e) and (g) Relative resistance change in the

arm at different bending angles (0°, 30°, 60°, and 90°). (h) Relative resistance

change in the knee at different bending angles. (i) Relative resistance change during ankle movement. (j) Relative resistance change in the wrist under

different bending angles (0°, 30°, 60°, and 90°).
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resistance in the test results are all calculated by applying
eqn (2). The ability of the PVA/KGM/PC composite hydrogel
sensor to monitor the fine physiological signals of the human
body was first tested on the normal human pulse, heart beat
and vocal cord vibration (Fig. 7a—c). Fig. 7a displays that the
strain sensor can sensitively capture each pulse beat. From
calculation, it conforms to the number of beats per minute
under normal human conditions (60-100 times) regularity.
Fig. 7c depicts that the resistance changes in accordance with
heart beat regular fluctuations, proving that subtle signals can
be accurately detected. As illustrated in Fig. 7b, when “Hello”,
“shaanxi”, “Keji”’, and “Daxue” were uttered, the vibration of
the vocal folds caused the fluctuation of electric resistance to
change. Simultaneously, the change in resistance was signifi-
cantly higher when the stressed syllables, such as “Ni, Ha, Ke,
and Da”, were uttered than the light syllables.?* The test results
illustrate the ability of the PVA/KGM/PC hydrogel sensor to
capture the weak physiological signals of the human body.
After that, the strain sensor was tested for macroscopic
human motion monitoring, as shown in Fig. 7d and f, respec-
tively. The hydrogel sensor was assembled on the index finger
to monitor the changes in different bending cycles. The resis-
tance change was 0 when the finger was straight. It showed a
stepped pattern when the finger was bent to 30°, 60°, and 90°,
which in turn indicates that there was a linear relationship
between the change in resistance and the bending angle of the
finger. When the finger performs a 0° to 90° bending cycle, the
resistance change shows concave and convex trends, indicating
that the sensor can accurately describe the bending change in
the finger; specifically, different bending cycles show different
trends.”” Similarly, it can be observed from the bending test of
the wrist (Fig. 7j) that the hydrogel sensor can respond accu-
rately to every angle of bending and pause in the process. In
large-range strain human activity processes, such as arm bend
(Fig. 7e and g), the hydrogel sensor also shows the same pattern
as finger and wrist bending. The test under a wider range of
strain (knee bending) was conducted with the results shown in
Fig. 7h. It can be observed that reliable resistance changes were
obtained, indicating that it can perform stable sensing perfor-
mance for large-range strains. Fig. 7i shows the relative electric
resistance change pattern when the ankle is active. The activity
of the ankle includes the stretching and compression of the
hydrogel sensor. It can be observed from the figure that the
relative resistance shows a regular cyclic change from positive
to negative values, which is consistent with the change in
resistance with hydrogel stretching and contraction. This
indicates that the hydrogel sensor can make a fast response
when stretching and make an accurate response when com-
pressing. Through the above monitoring tests on different parts
of the human body, the PVA/KGM/PC composite hydrogel
sensor shows excellent sensing performance. With tensile-
shrinking two-way sensitive monitoring performance, and an
extremely wide monitoring range from a small human heart-
beat and pulse to a large knee bend, the sensor can give an
accurate response. In addition, the excellent frost resistance
enables it to show sensitive monitoring performance even in

3342 | J Mater. Chem. C, 2024,12, 3333-3344
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low-temperature environments, with wider application fields
and better adaptability and has great potential as a flexible
strain sensor in the field of human motion monitoring.®*

4. Conclusion

This study successfully prepared a dual-network composite
hydrogel containing PC using PVA/KGM through the “parts”
assembly strategy and applied it as a flexible strain sensor for
human motion monitoring. The PVA/KGM/PC composite
hydrogel possesses good mechanical properties and frost resis-
tance, exhibits excellent sensing performance and a high GF at
25 °C and —20 °C, and shows stronger environmental adapt-
ability and stability compared to previous work while greatly
reducing the preparation cost. In the human motion monitor-
ing tests, the hydrogel sensors showed fast response capability
from capturing weak physiological signals, such as the human
heart, pulse, and vocal cords, to monitoring a large range of
body motions, such as arm and leg bending, proving that the
PVA/KGM/PC composite hydrogel has sensitive sensing perfor-
mance and broad application prospects. This work is expected
to provide new ideas for the introduction of nanofillers into
polymer systems.
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