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Abstract: Natural cellulose hydrogels have been widely used to enhance mechanical properties. However,
existing natural fiber composite hydrogels are not reusable, limiting their potential applications. To address
this issue, we designed and prepared a polyvinyl alcohol/glycerol /bamboo microfibril double network tough
hydrogel using a simple method. The bamboo microfibril and polyvinyl alcohol form a tight and rigid network
through  hydrogen bonding, improving mechanical properties. The prepared polyvinyl
alcohol/glycerol/bamboo microfibril double network tough hydrogel has the advantages of reusability and
fatigue resistance. Furthermore, both the elastic modulus and toughness of the hydrogel increase with
increasing bamboo microfibril content. We also demonstrated that the hydrogel can be recast after cyclic
compression, maintaining its recyclability, stability, and certain stiffness and toughness. Our study highlights
the potential of hydrogels for controllable mechanical properties, fatigue resistance and shows that polyvinyl
alcohol/glycerol/bamboo microfibril hydrogel has broad value for plasticity and reuse.
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1. Introduction

Hydrogels, three-dimensional cross-linked networks of polymer chains, are a class of
biomimetic soft materials with tunable physical and chemical properties. Due to the synergistic effect
of their hydrophilic networks and water interactions, hydrogels exhibit solid-like mechanical
properties and transport properties for water molecules, which have attracted wide attention in
agriculture for drought resistance and moisture retention, drug delivery, personal care products,
biomaterials for adsorption, and tissue engineering [1-5]. However, most hydrogels are inherently
fragile and susceptible to collapse and damage during use, limiting their application prospects [6—
12]. To address this issue, researchers have designed and constructed a series of functional hydrogels
with high strength and toughness, including double network gels, topological gels, slip ring gels, and
nanocomposite gels [13-20]. Among them, Dual-Network hydrogels(DN hydrogels) are considered
promising materials due to their excellent mechanical performance and energy dissipation capacity.
Meanwhile, different type of DN hydrogels offer enhanced mechanical strength, durability, and
superior performance compared to each individual network alone [21-23]. Based on the types of
bonds involved, dual-network hydrogels can be categorized into three main types [24,25]. The first
type of hydrogels is the Physical Crosslinked DN hydrogels, which consist of two physically
crosslinked networks formed through non-covalent interactions such as hydrogen bonds, van der
Waals forces and hydrophobic interactions. This type of DN hydrogels formed by physical cross-
linking are reversible and can be disassembled or reassembled by altering the environmental
conditions of the hydrogel, such as temperature, solvent, or pH. Therefore, Physical Crosslinke DN
hydrogels exhibit high plasticity, reversibility, and reshaping capabilities. The second type of
hydrogels is the Chemical Crosslinked DN hydrogels, this type of double-network hydrogel consists

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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of two chemically cross-linked networks, each network being cross-linked by covalent bonds. This
type of DN hydrogel can be produced by adding different metal or non-metal ions and inorganic
compounds to form irreversible chemical reactions, resulting in a densely structured and
mechanically superior DN hydrogel. The third type is the Hybrid Crosslinked DN hydrogels, where
one network is physically crosslinked and the other is chemically crosslinked through covalent bonds.
This combination enables the hydrogels to possess both the reversible properties of physical
crosslinking and the stability and strength of chemical crosslinking [26-32]. By utilizing different
types of networks, dual-network hydrogels harness the advantages of each bonding type to achieve
remarkable properties and broaden their applications in various fields [33-38].

Since the groundbreaking research by Gong et al. on DN hydrogels [39], various novel hydrogels
based on the principles of DN hydrogels have been extensively reported, greatly expanding the
research value and prospects of DN hydrogels. Despite the exciting progress in this field, covalently
crosslinked DN hydrogels exhibit inherent limitations such as irreversible bond breakage during
compression or stretching [40—46]. While the mechanical properties of covalently crosslinked DN
hydrogels can be significantly enhanced, challenges remain in terms of controllability of mechanical
performance, weak fatigue resistance, limited reshaping and self-healing capabilities, and the
inability for secondary utilization [47-50].

Although physically cross-linked double-network DN hydrogels exhibit inferior mechanical
properties compared to chemically cross-linked DN hydrogels, they possess several advantages such
as plasticity, controllable mechanical performance, and fatigue resistance [51-54]. Therefore, the
synthesis of DN hydrogels utilizing physically cross-linked reversible sacrificial bonds has been a key
focus of research. Even when subjected to external forces that lead to the rupture of internal non-
covalent bonds, physically cross-linked DN hydrogels can exhibit a certain capacity for secondary
utilization and repeated use due to the ability of non-covalent bonds (such as intermolecular
hydrogen bonds, van der Waals forces or hydrophobic interactions) to reconnect [55-59].

Therefore, this study aims to develop a novel DN hydrogel using physical crosslinking, which
incorporates two types of physical crosslinking networks - a flexible network and a rigid network -
both formed through hydrogen bonding (non-covalent interactions) to construct the DN hydrogel
with superior pliability, reusability, and fatigue resistance.

In addition, incorporating nanoscale fillers into the gel system is also an effective strategy for
producing rigid hydrogels [11,17,64]. Despite the significant progress made in DN hydrogels
materials using these strategies, most DN hydrogels lack the ability to be recycled and reused,
limiting their biodegradability and recyclability [63—68]. Therefore, it is desirable to construct a
recyclable hydrogel as a substitute for disposable hydrogels, by adding natural fiber materials such
as cotton, hemp, and bamboo to improve the mechanical properties of hydrogels [30-34]. As a
hydrogel filler, natural fibers can increase cross-linking density to enhance gel mechanical properties
and promote the use of hydrogels [74,76,77].

Among various natural fibers, bamboo fiber provides ample opportunities for large-scale
production and manufacturing due to its widespread growth range worldwide, fastest growth rate,
strong texture, and excellent adsorption capacity derived from its raw material - bamboo [79-85].
Bamboo microfibril (BMF), which is the main component of bamboo, is also the primary reason for
the superior toughness and mechanical properties of bamboo raw fiber [86,87]. BMF (one type of
bamboo fiber) is not only biodegradable and cost-effective but also possesses advantages such as
antibacterial properties, moisture absorption, breathability, adsorption, and environmental
friendliness, making it an excellent candidate for a wide range of applications. Methods for extracting
bamboo cellulose include mechanical, chemical, and combined mechanical-chemical methods.
Purified bamboo fibers extracted from different species of bamboo are not only used to produce
bamboo fiber-reinforced composites (BFRP) but also serve as fiber materials for hydrogels and
aerogels [11,13,88-91]. For instance, Guimaraes M et al. synthesized starch/PVA/BMF hydrogels,
while Xuexia Zhang et al. prepared PVA/BMF hydrogels [92,93]. Dan Ren et al. developed a bamboo
nanocellulose composite film for food packaging, and Dinh Duc Nguyen et al. investigated the
properties of micrometer-sized white bamboo fiber-based silane-cellulose aerogels [94,95]. Xuexia
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Zhang et al. fabricated bamboo cellulose (MFC) aerogels with different contents, and K W Prasetiyo
et al. studied paper pulp composite materials made from PVA and bleached or unbleached bamboo
pulp fibers (Bambusa vulgaris) for food packaging and other applications [96,97].

Therefore, constructing a biomass-based DN hydrogel as a substitute for petroleum-based
synthetic polymers to prepare recyclable hydrogels is highly desirable due to their biodegradability,
biocompatibility, non-toxicity, and abundance in nature. To improve the mechanical properties of
DN hydrogels, biomass-based cellulose fibers can be incorporated and cross-linked physically or
chemically to form a network structure.

In this study, bamboo microfibril were prepared from bamboo through a physical-chemical
method. The novel DN hydrogels were then synthesized by incorporating BMF particles into a
polyvinyl alcohol (PVA) and glycerol (GC) base, and varying the mass fraction of BMF particles. The
resulting hydrogels with different mechanical properties were obtained by high-temperature mixing
and F-T processing. In addition to their controllable mechanical properties, these composite
hydrogels possess advantages such as low-temperature flexibility, excellent compressibility, good
recyclability, and high reusability.

2. Materials and methods

2.1. Materials

Polyvinyl alcohol (PVA) 1799 with a polymerization degree of 1700 and alcoholysis degree of
99% was purchased from China National Pharmaceutical Group Chemical Reagent Co., Ltd. (Suzhou,
China). Glycerol (GC) was obtained from Shandong Deinuo Medical Technology Co., Ltd. (Dezhou,
China). Moso bamboo powder (purity 99%) was sourced from Anhua County, Yiyang City, Hunan
Province, China. Anhydrous sodium sulfite (Na25Os) was procured from Tianjin Fengchuan
Chemical Reagent Technology Co.,Ltd. (Tianjin, China). H2O:z solution and NaOH standard solution
were purchased from Fuzhou Feijing Biological Technology Co., Ltd. (Fuzhou, China). Deionized
water (H20) used in the experiments was obtained from Qianjing Environmental Protection
Technology Co., Ltd. (Guangzhou, China). All reagents were of analytical grade and used without
further purification.

2.2. Preparation of BMF Microparticle

Polishing bamboo into powder, sieving it through a 300-mesh screen, and immersing it in a
mixture of NaOH (2.5mol/L) and Na250Os (0.4mol/L) with a molar ratio of 1:2 are effective methods
for removing lignin and hemicellulose from the bamboo powder. The resulting suspension,
containing bamboo microfibrils, was subjected to constant heating at 90°C for 5 hours. After allowing
the suspension to settle for 1 hour, the residual solid at the bottom was extracted and washed with
deionized water until the pH of the washing solution reached neutrality (pH=7) at room temperature.
Subsequently, the solid was dried and immersed in a 100mL solution of H20: (2.5mol/L) and
subjected to constant heating at 90°C for 1.5 hours. The resulting powder was washed with deionized
water until the pH of the washing solution reached neutrality (pH=7) at room temperature and then
dried to obtain bamboo micro-fibril particles, referred to as BMF.

2.3. Preparation of Physically Crosslinked PVA/GC/BMF Hydrogel

In order to obtain PVA based hydrogels that are physically crosslinked and tough, F-T method
was used [98,99]. 30g of PVA was added to 60 g of deionized water and stirred magnetically at 95°C
until a transparent viscous liquid was obtained. The entire heating and stirring process was carried
out in a sealed water bath to prevent water evaporation. Then, 30 g of gelatinous cellulose (GC) was
added to the PVA aqueous solution, and the mixture was heated and stirred magnetically for 3 hours
to obtain a homogeneous solution. Subsequently, a mixed solution containing different
concentrations of bamboo microfibrils (BMF) was added, and the mixture was heated and stirred
magnetically for another hour. The resulting mixture was poured into a hollow cylindrical
polytetrafluor-oethylene (PTFE) mold with a diameter of 20 mm, a height of 30 mm, and a thickness
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of 2 mm. The mold was sealed with transparent glass plates (SiO2) and placed in a freezer at -38°C
for 12 hours. After freezing, the mold was thawed at room temperature for 12 hours, and the process
was repeated five times using the same freeze-thaw (F-T) method. The prepared PVA/GC/BMF
hydrogel was then immersed in deionized water for at least one week to remove impurities. After
reaching swelling equilibrium, the PVA/GC/BMF hydrogel was stored in deionized water for further
experimentation. Six PVA based hydrogels with different components or templates were prepared
according to the above method. The material ratio of each group is shown in Table 1, and the hydrogel
preparation strategy is shown in Figure 1.

Table 1. PVA/GC/BMF hydrogels with different contents and ratios.

Number Ratio of BMF PVA H:0 GC BMF
1 0.0wt% 10g 60g 30g 0.00g
2 0.5wt% 10g 60g 30g 0.50g
3 1.5wt% 10g 60g 30g 1.52¢g
4 2.5wt% 10g 60g 30g 2.56g
5 3.5wt% 10g 60g 30g 3.63g
6 5.0wt% 10g 60g 30g 5.26g
X 7 QRS J & - (e
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....... e
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Figure 1. (a) Hydrogel preparation strategy flow chart.
2.4. Characteristics

2.4.1. Mechanical performance testing Compression and low cycle fatigue testing

The fabricated strip-shaped hydrogel is illustrated in Figure 2(a). The strip hydrogel was
subsequently subjected to bending (Figure 2(b)), torsion (Figure 2(c)), and tensile deformation (Figure
2(e)-(f)), demonstrating its initial evidence of toughness and extensibility. To further evaluate the
mechanical properties of the hydrogel, we used an MTG universal testing machine (MTS810,
Germany) and a 1000NS column pressure sensor (Dexton Sensing System Engineering Co., Ltd.,
Shenzhen, China), compression and low-cycle fatigue tests were performed on cylindrical water gel
samples (sample size: 20 mm diameter x 20 mm height). The fabricated cylindrical hydrogel is
depicted in Figure 2(d).To remove excess surface moisture, the water gel samples were placed on a
sterile bench and gently wiped with a tissue until the surface was dry before being compressed under
unconstrained conditions. Compression was performed at a rate of 30 mm/min and a compression
amount equal to 50% of the sample height. Each group of samples was subjected to 2000 cycles of
compression. Stress-strain and low-cycle fatigue curves were recorded for each compression cycle.
The compression modulus was determined from the initial slope of the stress-strain curve. The elastic
modulus was the average value of three independent test samples of the same kind. After 2000 cycles
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of compression for each of the six different water gel samples, the surface dust was washed off with
deionized water, and the samples were placed in deionized water for 48 h. Then, each group was
melted and recast, mixed and heated in a water bath for 2 hours, and poured into a
polytetrafluoroethylene (PTFE) cylindrical mold with a diameter of 20 mm, a height of 30 mm, and a
thickness of 2 mm. The mold was sealed with transparent glass plates (5i02) and placed in a freezer
at -38°C for 12 hours. The mold was then thawed at room temperature for 12 hours and subjected to
the same F-T method for five repetitions. The recast PVA/GC/BMF water gel was immersed in
deionized water for at least 1 week to remove impurities. After the gel reached swelling equilibrium,
the same compression and low-cycle fatigue tests were performed on the six different BMF-
containing water gel samples, each subjected to 2000 cycles of compression. The compression
modulus was measured in the ran ge of 5%-15% compression rate, and stress-strain curves were
plotted for different numbers of cyclic loads.

@ (b) ' ©

(d

\

(g (h)

Figure 2. (a) Bending test of 5.0wt% BMF/PVA/GC strip hydrogel (b) Bending test of 5.0wt%
BMEF/PVA/GC strip hydrogel (c) Torsion test of 5.0wt% BMF/PVA/GC strip hydrogel (d) Tensile test
of 5.0wt% BMF/PVA/GC column hydrogel (e-f) 5.0wt% BMF/PVA/GC gel (g) The prepared 0.0wt%
BMF/PVA/GC cylindrical hydrogel (h) The prepared 5.0wt% BMF/PVA/GC cylindrical hydrogel (i)
Mechanical compression test of hydrogel.

2.4.2. Scanning electron microscopy and infrared spectroscopy testing

The cross-sections of PVA/GC/BMF hydrogels with different concentrations (0wt%, 0.5wt%,
1.5wt%) were treated with sputter coating and imaged using a high-resolution field emission
scanning electron microscope (Nova-Nano450, Germany) at an acceleration voltage of 5 kV.
Additionally, the infrared spectra of PVA/GC/BMF hydrogels with different concentrations (Owt%,
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1.5wt%, 2.5wt%, and 3.5wt%) were obtained using an infrared spectrometer (Bruker ALPHA,
Germany) with a resolution of 4 cm-1 and a scanning range of 4000-500 cm, and the spectra were
collected by averaging 16 scans.

2.5. Results and Discussion

2.5.1. Design strategy and structural characteristics of hydrogel

The first flexible network of PVA chains and GC molecules was formed through hydrogen
bonding, while the second rigid network was created by the entanglement of BMF chains and PVA
chains via hydrogen bonding. Based on the chemical properties of BMF, PVA, and GC, it is
hypothesized that hydrogen bonding occurs between GC and PVA chains, as each GC molecule
contains three free hydroxyl groups, and each PVA chain has free hydrogen atoms. In addition, when
BMF is combined with PVA and GC, physical cross-linking via hydrogen bonding occurs between
the free hydrogen atoms on PVA chains and the hydroxyl groups on BMF molecules, forming
intermolecular hydrogen bonds.

To confirm this hypothesis, we first conducted infrared spectroscopy tests on PVA/GC
hydrogels with different GC contents (Owt%, 5wt%, and 30wt%) before adding BMF, as shown in
Figure 3 (a); According to Figure 3 (a), we observed that a prominent absorption peak at 3386-3400
cm! in the functional group region (4000 cm™-1500 cm) signifies the occurrence of hydroxyl group
stretching vibrations within the molecule. Furthermore, the presence of a broad peak at this region
indicates the formation of crosslinks and intermolecular hydrogen bonding between PVA and GC.
Remarkably, the peak values at 0.0wt% GC/PVA, 5.0wt% GC/PVA, and 30.0wt% GC/PVA were
measured as 3385 cm, 3387 cm™, and 3399 cm!, respectively. These results demonstrate that as the
mass fraction of GC increases, the peak value of the broad peak progressively increases, leading to a
stronger intensity of the absorption peak and a gradual rise in the number of intermolecular
hydrogen bonds formed; The absorption peak observed at 2947-2967 cm indicates the anti-
symmetric saturated stretching vibrations of the C-H bonds within the CHz groups after crosslinking
between PVA and GC. Additionally, the weak absorption peak at 2105-2190 cm™ suggests irregular
vibrations of intermolecular carbon-carbon double bonds. Moreover, the strong absorption peak
observed at 1645-1649 cm’ indicates the stretching vibrations of carbon-carbon double bonds
associated with the presence of alkenes.

;c 331785
—— 0.0wt% GC/PVA 339955 3387.33 I ——0.0% BMF/PVA/GC 337936

- 7 1414. — 1.5 IPVAIGC
— 5.0wt% GC/PVA 93 ;i"j’ gg/ﬂ?;:’:/:;f*g f \
—2.5% C
|
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Figure 3. (a) Different GC content infrared spectroscopy testing (b) Different BMF content infrared
spectroscopy testing (f) 0.5wt% BMF/PVA/GC surface SEM image.

Meanwhile, we investigated the incorporation of different quality grades of BMF into PVA/GC
hydrogels, as shown in Figure 3 (b); According to Figure 3 (b), in the functional group region (4000
cm?-1500 cm?), a strong absorption peak was observed at 3318-3409 cm, indicating the stretching
vibrations of the hydroxyl groups within the molecule. Interestingly, within the same range, a broad
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peak was observed for 0.0 wt% BMF/PVA/GC and 1.5 wt% BMF/PVA/GC, while sharp peaks were
observed for 2.5 wt% BMEF/PVA/GC and 3.5 wt% BMF/PVA/GC. This phenomenon can be attributed
to the presence of four free hydroxyl groups (-OH) in each BMF molecule (CsH10Os)n. As the BMF
content increases, the free hydrogen ions within the molecule combine with the free hydroxyl groups,
resulting in the formation of intermolecular hydrogen bonds. Consequently, an increased amount of
BMF leads to a decrease in the quantity of free hydrogen ions outside the molecule and an increase
in the number of free hydroxyl groups. Therefore, the increase in free hydroxyl groups is responsible
for the transition from a broad peak to sharp peaks. Furthermore, within this range, the peak values
were measured at 3317 cm-!, 3379 cm, 3406 cml, and 3408 cm! for 0.0 wt% BMF/GC/PVA, 1.5 wt%
BMEF/GC/PVA, 2.5 wt% BMF/GC/PVA, and 3.5 wt% BMF/GC/PVA, respectively. These findings
indicate that as the mass fraction of BMF increases, the intensity of the absorption peak also increases,
suggesting the formation of a greater number of intermolecular hydrogen bonds between BMF and
PVA. The absorption peak observed at 2942-2945 cm can be attributed to the stretching vibrations
of the C-H bonds within the molecule. Additionally, the weak absorption peak at 2102-2106 cm!
suggests irregular vibrations of intermolecular carbon-carbon double bonds. Furthermore, the strong
absorption peak observed at 1642-1646 cm? indicates the stretching vibrations of carbon-carbon
double bonds associated with the presenceloflalkenes.In addition, SEM images of the cross-sections
of three different BMF-containing hydrogels are shown in Figure 4(a)-(c). We observed that in the
cross-section of the Owt% BMF hydrogel, the PVA chain structure was arranged in an orderly and
parallel manner. With the addition of BMF, the PVA chain structure was combined with the BMF
chain structure, and the cross -section- al structure gradually changed from an orderly and parallel
arrangement to an unordered chain structure. This indicated that entanglement occurred between
the molecular chains and the fusion of multiple molecules.

(a) (b) ()

(d) (@)

Figure 4. (a) Owt% BMF/PVA/GC SEM image (b) 0.5wt% BMF/PVA/GC SEM image (c) 1.5wt%
BMF/PVA/GC SEM image (d) 0.0wt% BMF/PVA/GC surface SEM image (e) 0.5wt% BME/PVA/GC
surface SEM image.

Furthermore, Figure 4(d) presents the SEM image of the surface of the BMF hydrogel with 0.0
wt%, while Figure 4(e) illustrates the SEM image of the surface of the BMF hydrogel with 1.5 wt%.
By comparing these two images, it is evident that the addition of a small amount of BMF has no
significant impact on the surface morphology of the hydrogel. The hydrogel surface exhibits no
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noticeable protrusions or distinct bright or dark regions, indicating that the incorporation of a small
amount of BMF enhances the mechanical performance of the hydrogel without compromising its
surface smoothness.

In summary, our comparative analysis of two distinct types of hydrogels and seven different
infrared spectroscopy curves provides evidence that both PVA with GC and PVA with BMF are
crosslinked through hydrogen bonding, thereby confirming our hypothesis. Furthermore, SEM
testing confirms that the addition of BMF enables the formation of a compact internal structure within
the hydrogel, while maintaining the smoothness of the hydrogel surface.

2.5.2. Mechanical property test of hydrogel

To investigate the anti-fatigue performance of hydrogels, we conducted 2000 cycles of
compression tests on each type of hydrogel without any interruption. Stress-strain curves were
obtained at the 1st, 500th, 1000th, 1500th, and 2000th cycles(Figure 5(a)-(f)), After the first cycle, the
hysteresis height and elastic modulus of the hydrogels decreased with increasing cycle number. The
trend of decreasing hydrogel toughness stabilized after multiple cycles. The possible reason is that
the internal network structure of the hydrogel is partially damaged during cyclic loading, and energy
dissipation is due to the elasticity of the covalently cross-linked hydrogel network and the
reversibility of the dynamic hydrogen bonds within the hydrogel. After removing the strain, the
covalently cross-linked network contracts elastically, and the hydrogen bonds, as sacrificial bonds,
reform, which helps to partially recover the hydrogel network.
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Figure 5. (a) 0.0wt% BMF/PVA/GC low cycle fatigue test (b) 0.5wt% BMF/PVA/GC low cycle fatigue
test (c) 1.5wt% BMF/PVA/GC low cycle fatigue test (d) 2.5wt% BMF/PVA/GC low cycle fatigue test
(e) 3.5wt% BMF/PVA/GC low cycle fatigue test (f) 5.0wt% BMF/PVA/GC low cycle fatigue test.

We found that compared with the cyclic loading curves of other gels, all types of hydrogels
exhibited significant hysteresis and energy dissipation. The energy dissipation of Owt%
BMEF/PVA/GC decreased with increasing cycle number(Figure 7(f)). The reason for this phenomenon
may be that the hydrogen bonds between PVA and GC are damaged under high strain, and this
interaction cannot be immediately restored before the subsequent cycles, leading to a small amount
of energy consumption and a gap between each cycle's loading curve. For Owt% BMF hydrogel,
except for the maximum stress (~44.3 kPa) and elastic modulus (~30.3 kPa) (Figure 7(a) and(b)), which
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were the minimum values, the cyclic loading curves of the gel without BMF almost overlapped for
each cycle(Figure 5(a)), indicating that the energy dissipation of the gel without BMF was less. The
flexible network formed by Owt% BMF/PVA/GC gel had limited effectiveness in dissipating energy.
As BMF was added, the area under the cyclic loading curve gradually increased, indicating that the
energy dissipation ability of the hydrogel was significantly enhanced.

Compared with the stress loading curves of PVA/GC gel(Figure 6(f)), the cyclic loading curves
of BMF-containing hydrogel showed obvious hysteresis at higher strain rates, indicating that energy
dissipation occurred during cyclic loading. The reason for energy dissipation may be that the
hydrogen bonds between the two long chain molecules, PVA and BMF, in the gel undergo strong
interaction, and hydrogen bonds at the crosslinking points break to absorb external energy during
large deformation. Additionally, after each cycle, the hydrogel containing BMF returned to its
original state and was not crushed, possibly because the hydrogen bonds that were cross-linked
between the polymer matrix and BMF were damaged and broken under high strain, and the
interactions between hydrogen bonds could not be immediately restored before the subsequent
cycles, leading to the consumption of energy within the hydrogel.
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Figure 6. (a) Low cycle fatigue test at 0.0wt% BMF/PVA/GC after recasting (b) Low cycle fatigue test
at 0.5wt% BMEF/PVA/GC after recasting (c) Low cycle fatigue test at 1.5wt% BMEF/PVA/GC after
recasting (d) Low cycle fatigue test at 2.5wt% BMF/PVA/GC after recasting (e) Low cycle fatigue test
at 3.5wt% BMF/PVA/GC after recasting (f) Low cycle fatigue test at 5.0wt% BMF/PVA/GC after

recasting.

Under the same strain conditions, the compressive strength and Young's modulus of water gel
increase as the content of BMF increases (Figure 7(e)). The highest compressive strength was observed
in 5.0wt% BMF/PVA/GC hydrogel. At 50% strain, the compressive stress of 5.0wt% BMF/PVA/GC
hydrogel (~118.0 kPa) was 2.7 times higher than that of PVA/GC hydrogel (~44.3 kPa), indicating that
BMF effectively enhances the mechanical strength of PVA/GC hydrogel. Furthermore, the Young's
modulus of 5.0wt% BMF/PVA/GC hydrogel (~78.1 kPa) was 2.6 times higher than that of PVA/GC
hydrogel (~30.3 kPa) and 2.0 times higher than that of 0.5wt% BME/PVA/GC hydrogel (~37.7 kPa),
indicating that BMF plays a key role in enhancing the gel network structure of PVA/GC.

Moreover, with the increase of BMF content, the improvement of gel mechanical properties is
accompanied by the stabilization of the gel internal structure. The cyclic loading curves from 0% to
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5% become smoother, and the strong interaction between BMF and PV A long-chain molecules plays
a crucial role in making the stress-strain curve of the hydrogel more uniform and enhancing the
mechanical properties. The SEM of 1.5wt% BMEF/PVA/GC hydrogel shows an irregular linear
network structure (Figure 4(c)). This is due to the hydrogen bonding between the free hydroxyl group
of BMF and the free hydrogen ion of the PVA chain molecule, which acts as a physical cross-linking
point in the double-network hydrogel, intertwining and integrating the long chains of BMF and PVA
to achieve a compact and stable internal network, avoiding the instability and collapse of pore
structures caused by the sublimation of water molecules inside the gel during the freeze-thaw
process.

Compared with the initial gel mechanical properties, we found that the curves of 0%
BME/PVA/GC and 0.5wt% BMF/PVA/GC exhibit large fluctuations (Figure 7(a)-(b)).
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Figure 7. (a) Hydrogel Young's Modulus Histogram (b) Hydrogel Maximum Pressure Stress
Histogram (c) Hydrogel Toughness Diagram (d) Hydrogel Young's Modulus Comparison Diagram
(e) Hydrogel Young's Modulus Histogram after Recasting (f) 0.0wt% BMF/PVA/GC Hydrogel Energy
Dissipation Variation Diagram.

The reason for the fluctuation of these curves is that when the BMF content is low, GC in the
hydrogel makes the PVA molecular chain structure loose, acting as a dispersant, resulting in a
relatively loose gel structure. Meanwhile, during the freeze-thaw process of gel remolding, water
molecules inside the gel absorb heat during the process of transitioning from low temperature to
room temperature, causing some water molecules to sublimate and creating pores within the gel,
leading to an unstable and non-uniform internal structure of the gel and causing fluctuations in the
cyclic loading curve. This indicates that the mechanical properties of the gel significantly decrease
without the addition of BMF, and the recyclability of the 0% BMF hydrogel is weak since it fractures
after 418 cycles of compression (Figure 7(a)).

Furthermore, In this study, we observed that the recast hydrogel still exhibits energy dissipation
characteristics during cyclic loading. The breaking of hydrogen bonds and energy absorption during
cyclic loading ensure the smooth progress of energy dissipation. Although the elastic modulus and
maximum compressive stress of the recast hydrogel are reduced compared to those of the same type
of hydrogel before recasting (Figure 7(c)), the elastic modulus and maximum compressive stress of
the recast water-based hydrogel still increase with the increase of BMF content (Figure 7(e)). As BMF
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is continuously added, the maximum compressive stress of the recast hydrogel gradually increases.
The maximum compressive stress of 5.0wt% BMF/PVA/GC (~221.8 kPa) is 12.7 times that of Owt%
BMEF/PVA/GC water-based hydrogel (~17.5 kPa) and 7.4 times that of 0.5wt% BMF/PVA/GC water-
based hydrogel (~30.0 kPa). This indicates that with the increase of BMF, the water-based hydrogel
can withstand higher stress and have a larger elastic modulus, suggesting that BMF plays a crucial
role in improving the mechanical properties of PVA/GC water-based hydrogel. These results indicate
that BMF plays a critical role in enhancing the mechanical properties of the PVA/GC hydrogel,
allowing it to withstand higher stress and exhibit larger elastic modulus. Furthermore, the results
suggest that the BMF/PVA/GC hydrogel has excellent cyclic utilization and reusability properties.
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Figure 8. The variation of Young's modulus and BMF mass fraction.

Moreover, based on the aforementioned analysis, we have observed a linear relationship
between the mass fraction of BMF in the PVA/GC/BMF hydrogel and the corresponding Young's
modulus. Specifically, as the mass fraction of BMF increases, the mechanical performance of the
PVA/GC/BMF hydrogel becomes stronger, as indicated by a higher value of Young's modulus.
Building upon these findings, we compared the mass fractions of BMF in different hydrogels with
their respective Young's modulus values and performed a fitting analysis. The resulting linear curve
equation is given as follows:

y =9087.08411x + 32281.31776

Here, y represents the magnitude of Young's modulus of the PVA/GC/BMF hydrogel in units of
pascals (Pa), and x denotes the numerical value of the mass fraction of BMF in the hydrogel, measured
in weight percentage (wt%). The fitting results were calculated with precision up to five decimal
places.

3. Conclusions

In summary, we have developed a novel PVA/GC/BMF hydrogel with excellent mechanical
properties and fatigue resistance through hydrogen-bonded crosslinking. Infrared spectroscopy and
SEM analysis confirmed the hydrogen bonding interactions between PVA, GC, and BMF, where PVA
and GC formed the first layer of flexible network through physical crosslinking, while PVA and BMF
formed the second layer of rigid network through physical crosslinking. Low-cycle fatigue
experiments demonstrated that the mechanical properties of the hydrogel can be quantitatively
controlled by adjusting the mass fraction of BMF. Furthermore, the internally damaged
PVA/GC/BMF hydrogel after 2000 cycles of compression could be reshaped and reused. Repeating
the compression for an additional 2000 cycles on the reshaped PVA/GC/BMF hydrogel revealed that
it retained certain mechanical properties and fatigue resistance, highlighting the value of such
physically crosslinked DN hydrogels for cyclic applications.
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Additionally, the mass fraction of BMF in the PVA/GC/BMF hydrogel exhibited a linear
relationship with its mechanical properties, providing a controllable means to tailor the hydrogel's
mechanical performance and achieve desired effects. The hydrogel demonstrated fatigue resistance
and, notably, it not only retained its shape after repeated utilization but also could be recycled by
melting and recasting under pressure, presenting a novel approach for secondary utilization of
hydrogels.
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