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Hydrogels are wet and soft materials with rubber-like properties. The excellent biocompatibility and stimuli-
responsiveness have made hydrogels excellent candidates in the field of materials science. However, most
of the hydrogels are extremely soft (modulus of approximately 0.1 MPa) as compared to rubber materials;
this greatly limits their application in the field of material engineering. In this study, an Al®**-reinforced
carboxymethyl cellulose/polyacrylic acid hydrogel was first synthesized by a facile, visible-light-triggered,
one-pot polymerization method. Subsequently, the as-prepared hydrogel reinforced by
evaporation-swelling (E-S) treatment to obtain a hydrogel (HM-Gel) with a 10-fold higher elastic
modulus. This hydrogel exhibits a tensile strength of 1.26-1.74 MPa and an elastic modulus of 0.59-
1.94 MPa. Moreover, the HM-Gel, with an excellent vibration absorption ability, can find applications in
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Introduction

Hydrogels are engineering materials with a high water
content and exhibit a three-dimensional network structure.*?
Due to their inherently excellent biocompatibility and
stimuli-responsiveness, hydrogels have been applied in the
field of tissue engineering.>” In recent years, hydrogels
incorporating effective energy dissipation mechanisms or
presenting distinctive structures exhibit remarkable overall
mechanical properties (tensile strength of 0.2-10 MPa; frac-
ture elongation of 100-6000%, and toughness of
100-15 000 ] m~>).° These hydrogels, which exhibit similar
properties to conventional rubbers, are excellent candidates
for vibration control materials in tissue engineering.” The
vibration absorption material must have sufficient rigidity (to
reduce the amplitude during vibration); therefore, this
material must have a high modulus (e.g., cartilage, a natural
vibration absorption material, has a modulus greater than
1 MPa).* However, the modulus of most hydrogels is of the
order of 0.1 MPa,>"* which greatly limits their use as a vibra-
tion absorption material.

In recent years, researchers have developed a number of
high-modulus hydrogels through novel design concepts and
special structures.' Gong et al. have designed an oppositely
charged polyelectrolyte PMPTC/PNaSS hydrogel.”” In the
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the field of industrial engineering and bioengineering.

preparation process, a uniformly dispersed polyelectrolyte
hydrogel was obtained by a two-step polymerization reaction.
The resulting hydrogel was dialyzed to ensure that the ionic
bonds in the hydrogel were sufficiently strong. The highest
modulus of the PMPTC/PNasSS hydrogel can reach 7.9 MPa. In
addition, Lin et al. improved a dual-crosslinked hydrogel
consisting of covalent and ionic bonds.*® In this hydrogel, the
initial PAM-PAA network was synthesized using a covalent
cross-linker, and then, the coordination bonds were formed
after immersing the single network hydrogel in a highly
concentrated Fe®* solution. The modulus of the PAM/PAA
hydrogel can reach 3.5 MPa. Moreover, optimization of the
network structure in the as-prepared hydrogel is an effective
way to increase the modulus. For instance, increasing the
crystallinity of the polymer chains within the hydrogel by the
addition of a salt or base solution at high concentration can
enhance the modulus of the hydrogel. Thus, the modulus of
the PAM-CS hydrogel can reach 0.3-0.4 MPa through crystal-
lization enhancement; however, the use of a strong base may
cause potential problems in applications.** Therefore, it is
a big challenge to produce a hydrogel with high modulus
through a convenient, efficient, and green synthesis method.
Most hydrogels contain a variety of complex hydrogen bond
networks across polymer chains; these hydrogen bond inter-
actions between polymer chains can be leveraged to achieve
a reconstruction of the hydrogel network to improve the
modulus of the hydrogel.

In our previous study, we prepared a carboxymethyl
cellulose/polyacrylic acid hydrogel with excellent mechanical
properties (tensile strength of 0.85 MPa, fracture elongation of
700%, and modulus of 0.18 MPa) by a facile, visible-light-
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triggered, one-pot polymerization method."”® Herein,
a aluminum ion cross-linked hydrogel (Gel) was synthesized by
the same method, and then, the as-prepared Gel was reinforced
via the evaporation-swelling method (E-S method) to obtain the
high-modulus hydrogels (HM-Gel), with a tensile strength of
1.26-1.74 MPa and an elastic modulus of 0.59-1.94 MPa. In
addition, both Gel and HM-Gel exhibited improved damping
performance due to the presence of aluminum ion as a rein-
forcement cross-linking site; thus, the applicability of the
hydrogel as a vibration control material is greatly improved.
This E-S method provides a way for increasing the modulus of
many reported hydrogels and can broaden their application as
a vibration control material.

Materials and methods
Materials

Carboxymethyl cellulose sodium salt (CMC, EP), acrylic acid
(AA, EP), ceric ammonium nitrate ((NH,),Ce(NO3),, CAN, GR),
and aluminium(m) chloride hexahydrate (AlCl;-6H,0, GR)
were purchased from Nacalai Tesque, Inc. All chemical
reagents were used as received. Distilled water was used in all
experiments.

Sample preparation

The HM-Gels were prepared via two steps consisting of visible-
light-triggered  polymerization and evaporation-swelling.
Briefly, 40 mg of CAN, 3.60 g of AA, and 10.0 mL of distilled
water were added to a vial stepwise and mixed under magnetic
stirring in an ice bath. Subsequently, 0.40 g of CMC was slowly
added to the mixture under vigorous magnetic stirring. The
precursor hydrogel was stably dispersed for 40 min under
vigorous stirring. A range of concentrations of AICl;-6H,0
(0-1.5 mol%, AI’** to AA) was added to a series of vials, and the
mixtures were stirred for 20 min. The viscous precursor
hydrogels were transferred to transparent glass molds and
covered with glass plates. Finally, the glass molds were
immersed in water at 20 °C and placed 20 cm below a visible
light source (LS-M210, Sumita) for 5 min. The prepared car-
boxymethyl cellulose/polyacrylic acid hydrogels were named
Gel-X, where X denoted the AI** concentration (mol%) relative
to that of monomer (AA). The obtained Gels were placed in a dry
oven and evaporated at various temperatures for 24 h (for 25 °C,
the hydrogel was evaporated at room temperature for 3 days).
The dried Gels were immersed in distilled water for 50 h to
obtain a swelling equilibrium. The swollen hydrogels at equi-
librium with a high modulus were named HM-Gel. Unless
otherwise specified, all hydrogels were evaporated in air
at 60 °C.

Characterization

The phase transition time of the hydrogels was determined by
dynamic mechanical analysis (DMA, RSA-G2, TA Instrument,
New Castle, DE, USA). The improved experimental set-up is
shown below:
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We used a stress relaxation modulus program for the hydrogel
gelation time tests using a disc model at 25 °C, 1 Hz, and 1%
strain. The program and light were turned on at the same time.

The uniaxial elongation properties were measured using the
JIS K6251 (a Japanese industrial rubber) as a standard via
a universal testing machine (Instron 3300 series, 50 N load cell,
Instron Co., Ltd., Canton, America); the procedure for the
measurements was as follows: hydrogels were cut in a dumbbell
shape with a 75 mm length ({), 25 mm gauge length (I,), 4 mm
width (w), and 2 mm height (%), and tests were conducted at
a cross-head speed of 500 mm min . The compression prop-
erties were measured using the same universal testing machine
at a cross-head speed of 1 mm min~". Hydrogels were cut in
a disc shape with 9 mm diameter and 2 mm height.

The storage modulus and loss modulus of the hydrogel
specimens were measured as a function of frequency using
dynamic mechanical analysis (DMA, RSA-G2, TA Instrument).
Hydrogels were cut into a disc shape with 9 mm diameter and
2 mm height. Before measurements, an axial force of 0.981 N
was applied on the specimens. The frequency sweeping exper-
iments were performed under a constant strain amplitude (1%)
in the frequency range from 100 to 0.1 Hz.

For the cyclic tensile tests, loading-unloading measure-
ments were performed using the same universal testing
machine at a constant velocity of 100 mm min . The Gels were
cut into pieces with the following size: 60 mm length (J), 10 mm
width (w), 2 mm height (%), and 30 mm gauge length (I,). The
samples were covered with oil to prevent water evaporation.
Tensile stress (o) was calculated as ¢ = F/wh, where F is the load.

Swelling experiments were performed by immersing the Gels
and dried-Gels in conical flasks filled with distilled water. The
flasks were placed in a temperature-controlled bath at 25 °C for
50 hours. The swelling ratio (Q,,) was calculated by the
following equation:

Qm = W%/ Wa

where Wj is the weight of the swollen hydrogel and W, is the
weight of the as-prepared Gels. For the swelling experiment, all
samples were measured 3 times.

The changes of the CMC crystalline network structure in Gel
and HM-Gel were investigated using an optical microscope

This journal is © The Royal Society of Chemistry 2017
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(Eclipse model ME 600D, Nikon, Japan). The thin hydrogel films
were obtained by shock-freezing using a microtome (RM2145,
Leica Microsystems, Japan). The length, width, and thickness of
the hydrogel films were 15 mm, 2 mm, and 200 pm, respectively.
Differential thermal analysis (DTA) of the samples was per-
formed using a TG instrument (DTG-60, Shimadzu Co., Ltd.,
Kyoto, Japan) at a scan rate of 10 °C min ' from room
temperature to 400 °C under a N, atmosphere (flow rate of
50 mL min~"). Samples of 4-6 mg were placed in aluminum
crucibles using an empty aluminum crucible as a reference.
To fully understand the changes in the internal network, we
estimated the effective network chain density (N) based on the
cyclic stress-strain curves of HM-Gel (dried in air at 60 °C),
according to the following equation reported in the literature:

7= NRT[a — (1/)?]

where 7 is the force per unit of unstrained cross-sectional area, R
and T are the gas constant and absolute temperature, respec-
tively, and a t value at elongation of « = 2 (strain 100%) is used
in the calculation.

For the experiments evaluating the damping performance,
a commercially available test tube mixer was used as the
vibration source; the vibration machine was equipped with
a hydrogel vibration damper, a support plate, and a force
sensor. The sampling frequency was set at 20 points per second.

All the hydrogel performance tests were performed at room
temperature.

Results and discussion
Visible-light intensity for hydrogel formation

Light as an efficient and easily acquired trigger has been
extensively used for radical-initiated polymerization."” Visible
light, which is safe, low cost, and easy to use, is favored in
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synthetic polymerization applications.'® In our previous study,
visible light was found to be an efficient trigger for the synthesis
of cellulose-containing hydrogels.™ In this polymerization, ceric
ions attack the glucopyranose units to form a CMC-cerium
complex. Then, Ce*" ions are reduced to Ce*" within the
complex, and a free radical and aldehyde are obtained by the
rupture of the carbon 2 and 3 bonds of the glucopyranose unit.*
Finally, the free radical initiates the monomer polymerization
and a network is formed through end-group termination of the
active polymer chains (Scheme 1). This polymerization can even
be performed under sunlight, and the gelation process is
completed within only 1 minute (Fig. 1, inset). To study the
effect of light intensity on hydrogel performance, a metal halide
lamp (LS-M210, Sumita) was selected as a stable visible light
source. The luminous emittance is proportional to the output
energy. Fig. S11 shows that the luminous emittance was in the
range of 58-215 kLux depending on the output energy (from
25% to 100%). Since the generated radicals are highly depen-
dent on the induction of visible light, the gelation time is closely
related to the visible light intensity. The pseudo relaxation
modulus showed that the hydrogel precursors from the viscous
state to the just-formed solid state require 68 s, 30 s, 20 s, and
22 s at the visible light output energy of 25%, 50%, 75%, and
100%, respectively (Fig. 1). This suggests that high light inten-
sity helps to shorten the gelation time, but higher light intensity
has a limited effect on the gelation time. Moreover, the visible
light intensity greatly affects the mechanical properties of the
hydrogel. At a lower output energy (25%), the tensile strength,
fracture elongation, and elastic modulus of Gel-1.0 were
0.59 MPa, 640%, and 0.096 MPa, respectively. When a higher
output energy of 50%, 75%, and 100% was applied, the tensile
strength and elastic modulus of Gel-1.0 clearly improved
(Fig. S2t). However, the fracture elongation slightly decreased
with the increasing output energy.
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Proposed mechanism for the formation of the hydrogel under visible light and the reinforced process by the evaporation-swelling
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Fig. 1 Effect of various light intensities on the time of hydrogel state
transformation: pseudo relaxation modulus—time curves of Gel-1.0.
The inset is Gel-1.0 before and after polymerization under sun light.

Improvement of mechanical properties

To improve the mechanical performance of hydrogels,
researchers have intensively investigated different reinforced
networks including double networks,® topological networks,*
polyampholyte based networks,” hydrogen bond cross-linked
networks,* or ionic cross-linked networks.” Among them, the
ionic cross-linking is one of the most deeply investigated. Metal
cations play an important role in hydrogels containing anionic
polymer chains as they can form coordination bonds with the
negatively charged polymer chains to increase the cross-linking
density of hydrogels.>**® When an external loading is applied,
these coordination bonds act as reversible sacrificial bonds and
rupture to dissipate the applied energy. An improvement in
tensile strength, elastic modulus, and fracture elongation was
observed by adding 0.1 mol% AI** (Fig. 2). However, the
mechanical properties of the hydrogels tend to remain stable with
the addition of more than 0.5 mol% AI**; in particular, within the
500% elongation, the stress—strain curves of Gel-0.5, Gel-1.0, and
Gel-1.5 were almost coinciding. This phenomenon indicates that
an excess of AI’* concentration has little effect on the mechanical
properties of the hydrogel since most of the carboxyl groups in the
PAA chain are maintain in the acid form (-COOH).
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Fig. 2 Stress—strain curves of Gels with various A" contents.
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Fig. 3 (a) Stress—strain curves of Gel-0.5, HM-Gel-0.5, (dried in air at
60 °C, red line; and evaporated in vacuum at 60 °C, blue line); (b)
stress—strain curves of HM-Gel-0.5 obtained at various evaporation
temperatures, the water content of the swollen hydrogel at equilib-
rium is as indicated; (c) stress—strain curves of HM-Gels (dried in
vacuum) with various A*" contents; (d) elastic modulus of the HM-
Gels calculated from the derivative of the stress—strain curves in (c).

The hydrogels prepared by visible-light-triggered polymeri-
zation possessed remarkable mechanical properties (e.g., Gel-
0.5, tensile strength of 0.66 MPa, strain of 550%, and elastic
modulus of 0.106 MPa). However, Gel-0.5, as well as many re-
ported hydrogels,*** showed a lower elastic modulus as
compared to some synthetic hydrogels (e.g., polyelectrolyte
hydrogels)®® or natural tissues (e.g., cartilage).?®** In this study,
we applied the evaporation-swelling (E-S) method on the as-
prepared Gel to achieve an approximately 10-fold increase in
the elastic modulus of the hydrogel (Scheme 1). The mechanical
properties of the as-prepared Gel underwent fundamental
changes as a result of the restructuring of the hydrogel internal
network. Fig. 3a shows that the E-S method-treated Gel
(HM-Gel-0.5, air) reaches a high tensile strength and elastic
modulus of 1.50 MPa and 0.96 MPa, respectively, which are 2.27
and 9 times higher than those of Gel-0.5. When the evaporation
operation was conducted in vacuum, the HM-Gel-0.5 (vacuum)
exhibited tensile strength (1.78 MPa) and elastic modulus
(1.29 MPa) that were 2.70 and 12.2 times higher than those of
Gel-0.5, respectively (Fig. 3a). Apparently, the HM-Gels dried in
vacuum displayed a higher tensile strength and elastic modulus
than the HM-Gels dried in air, whereas a lower fracture elon-
gation was found in the HM-Gels dried in vacuum. (Table S1%).

As shown in Fig. 3b, the evaporation temperature is a deci-
sive factor for the mechanical performance of HM-Gels. When
the evaporation proceeds at room temperature, the tensile
strength and elastic modulus of HM-Gel-0.5 were only 1.24-fold
and 1.83-fold, respectively, as compared to those of Gel-0.5. The
tensile strength and elastic modulus of HM-Gel-0.5 dramatically
increased with the increasing evaporation temperature,
whereas the fracture elongation gradually decreased. This
indicates that the evaporation temperature during the
evaporation-swelling process is critical for the reconstruction of

This journal is © The Royal Society of Chemistry 2017
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an internal network of the hydrogel. However, when Gel-0.5 was
evaporated at 100 °C for 24 h, the degeneration of the CMC
network resulted in a substantial impairment of the mechanical
properties. In addition, the evaporation temperature in the E-S
method has a substantial effect on the water content of the
hydrogel after the swelling equilibrium is reached. The water
content of the hydrogel decreased from 83.3 wt% to 66.5 wt% as
the evaporation temperature increased (Fig. 3b, inset labels).

Although the concentration of AI** has a limited effect on the
mechanical properties of the as-prepared hydrogels, it is noted
that the mechanical properties of HM-Gels can be greatly
changed via the introduction of AI*". The tensile strength
increased to about 1.70 MPa upon increasing the AI’* content
from 0.1 mol% to 1.0 mol%, whereas the fracture elongation
gradually decreased. However, a higher AI** content (1.5 mol%)
could reduce the comprehensive mechanical properties of the
HM-Gel (Fig. 3c). The elastic modulus was calculated from the
derivative of the stress-strain curves of the HM-Gels. At a strain
of 30%, the elastic modulus of HM-Gels was in the range of
1.11-1.45 MPa, depending on the AI’* content, which was
higher than 0.91 MPa of HM-Gel without the reinforced cross-
linking site (AI**). The elastic modulus of HM-Gel-1.0 was as
high as 1.92 MPa at a strain of 60% (Fig. 3d). The results indi-
cate that an increase in Al*" content can improve the tensile
strength and elastic modulus of the hydrogels, whereas the
fracture elongation first increased and then decreased.
However, the addition of excess AI*" reduces the mechanical
properties of the hydrogel.

Both Gel and HM-Gel, like most tough hydrogels, are capable
of withstanding large compressive stress.* Fig. 4 shows that the
compressive stress of Gel-0.5 and HM-Gel-0.5 can reach
17.1 MPa and 28.8 MPa, respectively, at a compressive strain of
90%. HM-Gel-0.5 exhibited a higher compressive stress than
other reported hydrogels under the same strain condition.”***
In the present study, the compressive modulus of HM-Gel-0.5
was always several times that of Gel-0.5, which should also be
attributed to the recombination of the internal network struc-
ture of the hydrogel during the evaporation-swelling process.
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Fig. 4 Compressive stress—strain curves of Gel-0.5 and HM-Gel-0.5
(the calculated compressive modulus is shown in the inset in the
figure).
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Internal structure evolution

The conventional method for studying a hydrogel structure is to
freeze-dry the hydrogel and then observe the pore structure of
the hydrogel by an SEM.*® Although the basic skeleton structure
of the hydrogel after freeze-drying is retained, its fine structure
changes (e.g. the hydrogel changes from transparent to white).
To investigate the actual changes occurring in the internal
network of the hydrogel during the evaporation-swelling
process, thin films (200 pm) of these two kinds of hydrogel
(Gel and HM-Gel) were obtained by shock-frozen section and
observed using a polarized optical microscope in the wet state.
In this hydrogel, some of the CMC are present in the aggregated
state (crystalline cellulose) rather than completely in the form of
molecules. Therefore, although the hydrogel is transparent, the
internal network is heterogeneous. Due to the polarization
property of crystalline cellulose,® we observed that a large
amount of CMC was present in the form of crystals in the
hydrogel (Fig. 5). In the as-prepared Gel (Fig. 5a), in addition to
undissolved CMC chains exhibiting polarization property (black
regions), the isolated CMC molecules involved in the polymer-
ization reaction were not polarized (light-colored regions); this
indicated that this CMC fraction was present in the non-
crystalline form in the hydrogel. After the as-prepared Gel was
treated through the E-S method (Fig. 5b), the edges of the
crystalline CMC became irregular and many shadows (crystal-
line) filled in the light-colored regions as compared to the image
shown in Fig. 5a. This indicated that the CMC crystal
morphology and crystallinity had undergone tremendous
changes. The images show that the E-S method greatly changes
the hydrogel internal network of the hydrogel and increases the
network's cross-linking density. The FT-IR spectra (Fig. S37)

Heat flow (a.u.)

-/,,A" * R L Ty T B

Fig. 5 (a and b) Images of Gel-0.5 and HM-Gel-0.5 films in the wet
state under polarized light. The images are in negative mode for easy
viewing; (c) effect of AI** content on the DTA curves of HM-Gels.
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showed that the absorption peaks of -COO-H in HM-Gel-0.5
were much stronger than those of PAA at 3000-3600 cm™ ",
indicating both PAA chains and CMC chains were involved in
this reinforcement crystallization. In addition, the attenuation
of the absorption peak of 1240 cm™* (-CO-OH) suggested that
part of the carboxyl group and aluminum ion form more stable
coordination compounds during this treatment process.

On the other hand, although the coordination bond could
enhance the mechanical properties of the HM-Gel, the crystal-
linity of the HM-Gel was reduced. For example, an excessively
high content of aluminum ions (as in HM-Gel-1.5) resulted in
a very low crystallinity (the secondary crystallization region at
only 75-130 °C), which led to a decrease in mechanical prop-
erties (Fig. 5c). The calculated effective network chain density
(N) definitely confirmed that with the increase of AI** from 0 to
1 mol%, the N increased from 82 mol m > to 130 mol m 3,
whereas the excessively high amount of AI** led to the decrease
of the N (Fig. S47).** Therefore, by adjusting the content of
aluminum ions to control the crystallinity of the HM-Gel, the
required mechanical properties can be achieved.

Swelling property

Hydrogels, as soft and wet materials, consist of a cross-linked
network and plenty of water (50-90%) and have been
commonly used in aqueous environments.***” The swelling
behavior of hydrogels is very important for their practical
applications.?® The swelling ratio (Q,,) of Gels decreased from
6.37 to 2.57 with the increase of AI** content. In sharp contrast,
the Q, of HM-Gels slightly changed from 1.22 to 0.97 in the
same composition (Fig. 6). This large difference in the swelling
ratios indicates that the crystallization induced by the E-S
method severely hinders the swelling of the hydrophilic poly-
mer network in distilled water.

Viscoelasticity of the hydrogels

In Fig. 7, the storage modulus E’ and tan ¢ are shown for the as-
prepared Gels and HM-Gels as functions of frequency at a strain
of 1.0%. The E' of all hydrogels increased as the frequency
increased. Gel-0.5 had a higher E' than Gel-0 in the

—=— Gel

6 —o—HM--Gel 1
_ 4 ]
()]
3
[
o 21 ]

0- 4

0.0 05 10 15
AICI, « 6H,0(mol%)

Fig. 6 Equilibrium swelling ratio (Q,) of the Gels and HM-Gels with
various A** contents.
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experimental frequency range; this suggested that the newly
formed cross-linking site could increase the cross-linking
network density by introducing AI**.*®* The enhanced effect of
AP*" also occurred in HM-Gel, and the AE' (F'geo.5 — E Gelo, and
E'uim-Gero.s — E'rm-gero) increased from 100 kPa of Gel to more
than 200 kPa of HM-Gel at the frequency of 0.1-100 Hz. These
results confirm that the ions generated more coordination
compounds, which increased the density of the cross-linked
network during the evaporation-swelling process. The E' of
the hydrogels with the same components (ie., Gel-0 and
HM-Gel-0 and Gel-0.5 and HM-Gel-0.5) were also different
before and after the evaporation-swelling treatment. The
increased E' indicates that the hydrogen bond recombination
inside the hydrogel not only changes the structure of the cross-
linked network, but also increases the cross-linking density of
the network. The damping factor (tan 6) is determined by the
storage modulus and loss modulus ratio.*® Unlike the storage
modulus, the tan ¢ value of hydrogels with the same composi-
tion was reduced before and after treatment via the E-S method;
this may be because the increased cross-linking density limited
the movement of partial polymer chains. The tan ¢ value of all
hydrogels showed a clear critical frequency at approximately
25 Hz (Fig. 7b and S51) and increased rapidly as the frequency
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=
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Fig. 7 Dynamic mechanical analysis of the hydrogels: (a) storage
modulus (E') and (b) damping factor (tan é) of Gel-0, HM-Gel-0, Gel-
0.5, and HM-Gel-0.5.
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increased; this indicated that the energy dissipation caused by
intermolecular friction was proportional to the frequency. For
the hydrogel without AI’*, the tan 6 value of HM-Gel-0 was
significantly lower than that of Gel-0 after evaporation-swelling
treatment. However, with the introduction of a certain amount
of AI*" into the hydrogel, the decrease in tan ¢ value of the
hydrogel containing AI** before and after the evaporation-
swelling treatment was significantly smaller than that of the
aluminum-free hydrogel. Interestingly, the tan ¢ of Gel-0.5 and
HM-Gel-0.5 had another critical frequency (approximately
1 Hz); this phenomenon could also be observed in the hydrogel
with a higher AI** content (over 0.5 mol% AI**, Fig. S5t). This
change in the frequency response may be due to the rupture of
ionic bonds within the hydrogel containing AI**. Therefore, the
damping characteristic of hydrogels contributes to their
potential application in the field of vibration absorption.

Cyclic mechanical property

The HM-Gel exhibited excellent tensile and compressive proper-
ties during successive cyclic process. Fig. 8a shows that the
HM-Gel-0.5 has basic stable stress-time curves. However, it
should be noted that the maximum stress for HM-Gel-0.5 slightly
decreased from 0.56 MPa at an initial time and then trended to
remain unchanged at 0.50 MPa. This may be due to the fact that
during the stretching process, the hydrogel network obtained by
free radical polymerization generally undergoes rupture and
sliding of the polymer chains as well as rupture of ionic and
hydrogen bonds, according to a previous study.* In addition, the
slight sliding between the hydrogel and the fixture also contrib-
utes to decreasing the maximum stress.*” After the stretched
hydrogel was stored at room temperature for 24 hours in a sealed
and humid environment, the sample exhibited very similar
stress-time curves to the previous curves. The similarity between
the curves indicated that the ionic and hydrogen bonds in the Gel
were substantially healed.** The only non-coincident part was the
curve of the first loading process, confirming that the irreversible
rupture and permanent sliding of the partial polymer chains only
occurred during the first stretching process.*® Fig. 8b shows the
cyclic compression curves obtained after 10 successive tests at
various strains. At a lower strain (less than 25%), the compression
loading-unloading curves were always consistent; this indicated
that the internal network structure of HM-Gel-0.5 was retained.
However, as the compressive strain increases, the network
structure of HM-Gel-0.5 changes. At a strain of 50% and 70%, the
curves of the second cycle were inconsistent with those of the first
cycle; this suggested that a large deformation may cause irre-
versible damage to the network structure. At a strain of 25%,
50%, and 70% (from the second cycle), the hydrogels displayed
a stable hysteresis energy dissipation, which resulted from the
rupture of ionic and hydrogen bonds and the friction between
polymer chains. Thus, the HM-Gel is a suitable candidate for
vibration absorption materials.

Vibration absorption of the hydrogel

To verify the actual vibration absorption effect of the hydrogel,
we tested the vibrational absorption of the hydrogel (HM-Gel-
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Fig. 8 (a) Cyclic stress—time curves of HM-Gel-0.5 obtained after 10

tests at a strain of 60%, and the same operation was performed after
24 h; (b) cyclic compression curves of HM-Gel-0.5 obtained after 10
tests at various strains.

0.5) using the commercial test tube mixer (Present Mixer
2013, remove the spring bracket, Fig. 9). The test tube mixer was
vigorously vibrated on a metal plate and submitted to a large
displacement without any cushioning (Movie S1t). When the
test tube mixer was placed on the hydrogel, the machine was
able to operate stably on the hydrogel after it experienced
a partial initial displacement (caused by resonance). Thus, the
hydrogel was able to efficiently absorb the vibration and stabi-
lize the test tube mixer (Movie S21). The detected vibration
forces of Gel and HM-Gel were 1.4 N and 0.6 N, respectively,
which were lower than the vibration force of the machine
without a vibration damper (8.5 N). In a vibration absorption
material, stiffness is an important performance index, and
a high stiffness can improve the material's vibration absorption
performance.®**
The stiffness is defined as

F
k= =
5
or
AE
k= 22
I
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Fig. 9 Comparison of the vibration absorption effect obtained with
different vibration dampers in free mode.

where F is the force on the body, 6 is the displacement along the
force, A is the cross-sectional area, E is the elastic modulus, and
[ is the length of the element.

For the specific case of an unconstrained uniaxial tension or
compression, the elastic modulus can be thought of as
a measure of the stiffness of a structure. Thus, the high-
modulus hydrogel (HM-Gel-0.5, with an elastic modulus of
approximately 1 MPa), obtained by the E-S method, can with-
stand a greater load under the unit strain than the low-modulus
hydrogel (Gel-0.5, with an elastic modulus of approximately
0.1 MPa) and showed a better vibration absorption performance
(Fig. 9). Of course, the metal spring bracket displayed the best
vibration absorption.

Conclusions

In summary, we first synthesized a hydrogel (Gel) with good
mechanical properties via a visible-light-trigger polymerization.
To increase the modulus of the hydrogel, such that this can be
applied as vibration absorption material, we leveraged the
hydrogen bonds in the hydrogel to induce a CMC crystallization
to alter the network structure within the hydrogel via the E-S
method. The obtained optimal HM-Gel possessed an excellent
mechanical properties with tensile strength and elastic
modulus of 1.55 MPa and 1.02 MPa, respectively. Furthermore,
different evaporation temperatures and the added various
aluminum ion concentration have an extremely important
effect on the tensile strength, modulus, and swelling ratio of the
hydrogel. The coordination bonds formed by aluminum ions
and anionic polymers increased the damping in the hydrogel
during vibration, thus improving the vibration absorption
performance of the hydrogel. In addition, HM-Gel-0.5 exhibited
stable mechanical properties in both the cyclic tensile and
compression tests. The preliminary application experiment
shows that the high-modulus hydrogel has a better vibration
absorption effect than the low-modulus hydrogel. We hope that
this design concept can enhance the modulus of more hydro-
gels containing hydrogen bonds, such that these hydrogels can
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be used not only as machinery vibration absorbers but also as
biological vibration absorbers (for example: articular cartilage).
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