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ABSTRACT: Many biological hydrogels are mechanically robust to bear quasi-static ~ Biolegical hydrogel
and impact loads. In contrast, the mechanical properties of synthetic hydrogels against
impact loads remain substantially unexplored, albeit their mechanical robustness under
quasi-static loads has been extensively developed. Here, we report on the design and
synthesis of strong, tough, and impact-resistant hydrogel composites by reinforcing Ca-
alginate/polyacrylamide hydrogels with glass fabrics and conferring strong interfaces
between the hydrogel matrix and the fibers. The fabric enables high elastic modulus, the
hydrogel matrix enables large dissipation, and the strong interfaces enable efficient load
transfer for synergistic strengthening and toughening, which is manifested by digital
image correlation analyses. Under quasi-static loads, the hydrogel composite exhibits an
elastic modulus of 35 MPa and a toughness of 206.7 kJ/m?. Under impact loads, a piece | = Chondrocyie
of 7.7 g sample bears the impact of energy of 7.4 J and resists more than 100 cycles of
consecutive impact of 600 mJ. As a proof-of-concept, a hydrogel composite as a
safeguard to protect fragile glasses from impact is demonstrated. Because impact
phenomena are universal, it is expected that the study on the impact of hydrogels will draw increasing attention.
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B INTRODUCTION

Hydrogels are three-dimensional polymer networks infiltrated
with a large amount of water. In this sense, many tissues of
animals and plants are hydrogels. Despite the high water
content, many biological hydrogels are mechanically robust
and impact-resistant that they are endurant over various loads
under both quasi-static and impact conditions. For instance,
human cartilages possess an elastic modulus on the order of
10—100 MPa and toughness on the order of 1000 J/m*'~* and

Impact loads are pervasive in practice. For example, walking,
jumping, and running repeatedly exert dynamic compressions
on articular cartilages, and incidental collisions such as tumbles
impose strikes on tissues. Investigating the impact responses of
hydrogels promises broad applications, ranging from predicting
the penetration pressure of skin by a hypodermic needle for
injection administration,”””' to the assessment of tissue
damage caused by incidents,”** or chronic disease like the

. . o 24
progression of osteoarthritis under consecutive impacts.

cushion the human body by sustaining millions of cycles of
impacts throughout the lifespan.

The exceptional mechanical performances of biological
hydrogels have long been the inspiration for synthetic
hydrogels.”* Over the past two decades, significant progress
has been made in synthesizing strong and tough hydrogels,
with salient examples encompassing double-network hydro-
gels,*® nanocomposite hydrogels,” topological hydrogels,"’
polyampholyte hydrogels,"" supramolecular hydrogels,"” and
composite hydrogels.'”'* The improvements in the mechanical
properties of hydrogels have enabled numerous applications
previously inaccessible such as tough tissue adhesives,'> next-
generation regenerative medicines,'® soft machines,'” iono-
tronics,'® and bioelectronics.'”” However, existing studies
mainly focus on the mechanical properties of hydrogels
under quasi-static loads, and deficient attention has been
paid to their impact responses.
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Albeit the impact responses of biological tissues have been
intensively evaluated,” %’ the examinations of the behaviors of
synthetic hydrogels subjected to impact are relatively
scarce.’’™*> More importantly, the synthetic hydrogels
impacted so far are mostly fragile that the hydrogel may
shatter into fragments after impact,”® which is adverse for
postanalysis. Because many applications of synthetic hydrogels,
such as tissue-mimicking phantoms* and protective fabrics,”
are readily encountered impact loads, synthesizing hydrogels

that are strong and tough under not only quasi-static but also
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Figure 1. Bioinspired design and synthesis of a strong, tough, and impact-resistant hydrogel composite. (a) Cartilage, which consists mainly of a
chondrocyte interpenetrated and collagen fiber bundles reinforced matrix of proteoglycan, is tough and impact-resistant. (b) Schematic showing a

fiber-reinforced tough hydrogel composite resists impact.

impact loads and probing their impact responses are of great
practical importance yet remain elusive.

In this work, we report the design and synthesis of a
cartilage-inspired strong, tough, and impact-resistant hydrogel
composite and assess its impact performances using low-speed
impact. We reinforce the tough Ca-alginate/polyacrylamide
(PAAm) hydrogel matrix with a woven fabric of glass fibers
and covalently weld the interfaces between the glass fibers and
the hydrogel matrix. The hydrogel composite exhibits
remarkable mechanical performances under both quasi-static
and impact loads, which is attributed to the efficient load
transfer as manifested by digital image correlations (DICs).
Moreover, the application of the hydrogel composite as a
safeguard to protect fragile glasses from impact is demon-
strated. Because impact phenomena are universal, it is expected
that the study on the impact of hydrogels, an important but
largely untilled area in the field, will draw increasing attention.

B EXPERIMENTAL SECTION

Synthesis of the Ca-Alginate/PAAm Hydrogel. A two-step
method is used to synthesize the Ca-alginate/PAAm hydrogels.*® In
the first step, sodium alginate (Na-alginate) polymers and acrylamide
(AAm) grains (the weight ratio of alginate to acrylamide is 1:8) are
dissolved in deionized water. The crosslinking agent (N,N’-
methylenebisacrylamide, MBAA) and photoinitiator (a-ketoglutaric
acid), of molar ratio 0.04 and 0.1 mol%, respectively, relative to
acrylamide monomer, are subsequently added to obtain the Na-
alginate/PAAm hydrogel precursor. Then the precursor is transferred
into a mold and exposed to ultraviolet light for 2 h to generate the Na-
alginate/PAAm hydrogels. In the second step, the Na-alginate/PAAm
hydrogels are soaked in a 0.3 M CaCl, solution for 3 h. During the
soaking, Ca”* ions diffuse in and Na* ions diffuse out of the hydrogel
network thereby ion exchange. Ca®* ions interact with the carboxyl
groups on different alginate chains through electrostatic interactions
and crosslink the alginate network to form a double-network Ca-
alginate/PAAm hydrogel. Note that both the amounts of calcium ions
and MBAA have been revealed to profoundly affect the mechanical
properties of the Ca-alginate/PAAm hydrogel through the cross-
linking densities of the alginate network and the PAAm network,
respectively,” and the optimized version has been utilized here
without further optimizations.>®

Synthesis of the Fiber-Reinforced Ca-Alginate/PAAmM
Hydrogel Composite. For the hydrogel composite with a strong
interface between the glass fiber and the hydrogel matrix, the surfaces
of glass fabrics are engrafted with vinyl silanes (Figure S2). Two
grams of 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) is
dissolved in 98 g acetic acid solution (pH = 3.5) to prepare a silane
solution. The glass fabric is treated with plasma for 20 min and then
immediately immersed in the silane solution at room temperature for
2 h. During the submersion, the TMSPMA molecules hydrolyze and
anchor onto the surfaces of glass fibers covalently through silane
condensation.®® Then the modified glass fabric is fastened in the
middle of the mold followed by the infusion of the Na-alginate/PAAm

hydrogel precursor. After ultraviolet illumination for 6 h, the fiber-
reinforced Na-alginate/PAAm hydrogel composite is obtained. The
vinyl groups of the anchored TMSPMA molecules can participate in
the polymerization of the PAAm chain such that the cured Na-
alginate/PAAm hydrogel is covalently adhered to the glass fabric.
Thereafter, the fiber-reinforced Na-alginate/PAAm hydrogel compo-
site is soaked in a 0.3 M CaCl, solution for 3 h to form the fiber-
reinforced Ca-alginate/PAAm hydrogel composite. For comparison,
the fiber-reinforced Ca-alginate/PAAm hydrogel composite without
silane modification is also synthesized and characterized.

Other details regarding the synthetic process, scanning electron
microscopy, tensile and tearing tests, pull-out tests of single bundle of
fibers, impact tests, and cyclic loading tests are supplied in the
Supporting Information.

B RESULTS AND DISCUSSION

Design and Synthesis of the Hydrogel Composite.
The design of the hydrogel composite is inspired by the
articular cartilage, a strong, resilient, and tough tissue that
provides a covering for the bones to withstand impact loads
(Figure 1a). Structurally, the articular cartilage consists mainly
of a polymer matrix of proteoglycan, interpenetrated with
chondrocytes and collagen assemblages,””*® which are woven
together by collagen to form a fibrous network.”” The stiff
rodlike collagen assemblages, of elastic modulus of ~1 GPa,”’
provide high tensile strength, the matrix of supermolecules
provides high toughness, and the strong interfacial bonding
enables efficient load transfer (collagen-proteoglycan inter-
actions),”” rendering marvelous impact resistance for the
articular cartilage. Analogously, a strong, tough, and impact-
resistant hydrogel composite contains a tough matrix, strong
fibers, and robust interfaces in-between, which mimic the
functions but not the anatomy of the constituents of articular
cartilage. The resulting hydrogel composite is capable of
resisting impact (Figure 1b).

The design principle of the hydrogel composite generally
applies to material systems of various chemistries. For example,
the hydrogel matrix can be a double-network hydrogel,*”*' a
polyampholyte hydrogel,*”** or a hydrogel/elastomer hy-
brid,** and the reinforcements can be stainless steel wires,*
glass fabric,"? plastic,Arl or elastomer fibers.**® Here, we
illustrate the principle by using the tough Ca-alginate/PAAm
hydrogel as the matrix and a woven glass fabric as the
reinforcement. The hydrogel matrix contains two inter-
penetrating networks: an alginate network ionically crosslinked
by Ca’" ions through electrostatic interactions and a PAAm
network covalently crosslinked by MBAA.” Upon deformation,
the PAAm network deforms and maintains the overall
integrity, meanwhile transmitting high stress into the bulk,
causing the alginate-calcium complex over a large volume to
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Figure 2. Hydrogel composite characterization. (a) Schematic of the hydrogel composite, consisting of a layer of glass fabric interpenetrated with
the Ca-alginate/PAAm hydrogel. The PAAm chains are covalently anchored onto the surface of glass fibers via siloxane bonds. (b) Scanning
electron microscopy image of the interglass fiber bundles which are filled with the polymer matrix of the hydrogel. The top-right schematic
indicates the arrangement of the glass fibers.
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Figure 3. Quasi-static mechanical characterization. (a) Uniaxial tensile stress—strain curves at a velocity of 30 mm/min. (b) Load—displacement
curves of the tearing test at 30 mm/min. (c) Tearing energy of various materials. The insets show the images of the Ca-alginate/PAAm hydrogel
(1), glass fabric (II), and hydrogel composite (III) during the test.

break and dissipate enormous energy. The synergy between composite are ~10 and ~90%, giving an elastic modulus of 43
the two networks contributes to an extraordinarily high MPa, according to the mixing rule,”” which satisfactorily agrees
fracture toughness on the order of 10* J/m2.” The glass fabric, with the experiment. By contrast, the elastic modulus and
of thickness 0.22 mm and volume fraction of ~10%, contains tensile strength of the hydrogel composite without treatment,
orthogonally woven glass bundles, each composed of tens of 14 ~23 and ~ 1.4 MPa (Figure S3), are much smaller, signifying
um-diameter glass fibers (Figure Sla), and is topologically the role of strong interfaces between the fibers and the matrix
entangled with the Ca-alginate/PAAm hydrogel matrix (Figure in the mechanical properties of the hydrogel composite.

2a). In addition to the topological entanglement, we further We carry out tearing tests to measure tearing energy (Figure
strengthen the interfaces between the glass fibers and the 3b) and obtain the values of 3.5+0.2 kJ/m? $8.4 +5.2 kJ/m?,

hydrogel matrix by chemically anchoring the PAAm chains and 206.7 +7.6 kJ/m” for the Ca-alginate/PAAm hydrogel,
onto the surface of glass fibers, by engrafting vinyl silane glass fabric, and hydrogel composite (Figure 3c). Notably, the

molecules on the glass fiber through silane condensation toughness of the hydrogel composite is much higher than
(Figure S2). As a result, the glass fibers and the hydrogel those of the parent materials and their sum. This is because the
matrix are tightly welded at the interface (Figure S1b). tearing energy is predominated by two factors: the size of the
Hereafter, we will refer to the hydrogel composite containing energy dissipation zone and the density of energy dissipa-
strong interfaces between the matrix and the glass fibers tion."”* For the hydrogel composite, the density of energy
obtained with TMSPMA treatment as the hydrogel composite dissipation is related to the energy dissipation of both
with treatment, and that with weak interfaces obtained without components, and the size of the energy dissipation zone is
TMSPMA treatment as the hydrogel composite without related to the force transfer length. On the one hand, the Ca-
treatment. The interstitial spaces of the bundles (as indicated alginate/PAAm hydrogel provides an energy-dissipative matrix.
by the white arrows) as well as between neighboring bundles On the other hand, given strong interfaces between
are filled by the polymers of hydrogel and the glass fabric components, the size of the energy dissipation zone (lgp)
becomes cohesive (Figure 2b). scales with the square root of the fiber/matrix modulus
Quasi-Static Mechanical Characterization. We first ratio, % I ~ [ Eqe . where Egy.. is the modulus of the
characterize the quasi-static properties of hydrogels. The Ca- Ghydrogel
alginate/PAAm hydrogel, glass fabric, and hydrogel composite fabric and Gyygroge is the shear modulus of the matrix. The
possess elastic moduli of 47 kPa, 429 MPa, and 35 MPa and fabric/matrix modulus ratio reaches ~3 X 10% resulting in a
strengths of 240 kPa, 168 MPa, and 2.40 MPa, respectively, large size of energy dissipation zone. Put together, the strong
measured from uniaxial tension (Figure 3a). The volume interface exerts a synergistic toughening mechanism to achieve
fractions of the glass fabric and hydrogel matrix in the hydrogel high toughness."’
33799 https://doi.org/10.1021/acsami.2c07133
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Figure 4. Pull-out tests. (a) Load—displacement curves at different loading velocities as indicated. (b) Peak pull-out force (Fpeak) versus load

velocity. (c) Peak energy absorption ( Upeak) versus load velocity.
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Figure S. DIC images of pull-out tests. The samples (a) without treatment and (b) with treatment. The undeformed-state strain field corresponds
to the zero-force state (A), and the deformed-state strain field corresponds to the hollow point of the load—displacement curve. &,, represents the

shear strain.

To further ascertain the significance of a strong interface in
the mechanical properties, we perform the fiber pull-out tests
for hydrogel composites with/without treatment. As shown in
Figure S4a, a single bundle of glass fibers is intercalated into
the hydrogel matrix and pulled out. Five stages can be
identified from the load—displacement curve: the initial state
(A) where both the force and displacement are zero, the
maximum force state (B) where the pull force peaks, the
incipient debond state (C) where the catastrophic fracture of
the hydrogel matrix surrounding the glass fiber ensues and a
debond sets in, the steady debond state (D) where the debond
advances under a constant force, and the complete debond
state (E) where the fiber is pulled out completely. Indeed, the
five stages proceed sequentially in the samples without
treatment (Figure S4b) and with treatment (Figure S4c).
The displacements of the samples with treatment at stages B,
C, and D are much larger than those of the samples without
treatment, by comparing the positions of the red, purple, and
green circles in the two sets of snapshots. Worthwhile
mentioning is that the occurrence of catastrophic fracture of
the hydrogel matrix in the samples without treatment is earlier
than that with treatment (Movie S1). Consequently, the peak
force Fj, and the corresponding displacement D, without
treatment are smaller than those with treatment. For instance,
Fpea and Dy are ~6.8 N and ~4 mm for the samples without

33800

treatment and are ~14.6 N and ~6 mm for the samples with
treatment, respectively, under a loading velocity of 30 mm/min
(Figure 4a). Because the Ca-alginate/PAAm hydrogel is
viscoelastic, we vary loading velocity and measure the load—
displacement curves (Figures 4a and SSb—S5f). Within the
range of loading velocity explored, the peak force increases
with loading velocity, and the peak force at 3 mm/min for the
samples with treatment is still larger than the peak force at 30
mm/min for those without treatment (Figure 4b). The D, of
the samples with treatment shows no dependence on loading
velocity and are larger than that of the samples without
treatment (Figure SSg). Considering that the hydrogel matrix
is damaged after the peak force, only the performances before
the peak force are concerned. We evaluate the maximum
energy absorption as U, = f (I))“““dex. The tendency of U, is
expectedly similar to that of F,., (Figure 4c), with ~14 m] for
the samples without treatment and ~48 m] for those with
treatment. After pull-out, the trace of the samples without
treatment is narrower and smoother (Figure SSh) as compared
to the samples with treatment (Figure SS5i). For direct
visualization, we use the DIC technique to map the shear
strain field during the test. The undeformed and maximum
detectable deformed state of the hydrogel composites without
treatment (Figure Sa) and with treatment (Figure Sb) are
compared. When loaded to the maximum detectable deformed
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Figure 7. 3D-DIC images showing the evolution of the Von-Mises strain field under an impact velocity of 5.5 m/s for the Ca-alginate/PAAm
hydrogel. The displacement along the Z-axis is 32 mm for the Ca-alginate/PAAm hydrogel at t = 7.0 ms.

Figure 8. 3D-DIC images showing the evolution of the Von-Mises strain field under an impact velocity of 5.5 m/s for the hydrogel composite. The
displacement along the Z-axis is 14 mm for the hydrogel composite at t = 4.2 ms.

state (the hollow point of the load—displacement curve), the
size of the energy dissipation zone and the corresponding
energy absorption are ~5.5 mm and 11.6 mJ and ~6.3 mm and
39.0 mJ for the samples without and with treatment,
respectively. Although the sizes of the energy dissipation
zone are similar, the corresponding energy absorption of the
samples with treatment is exceedingly higher due to the
efficient load transfer during deformation.

Impact Performances of Hydrogels. We then character-
ize the impact performances of hydrogels. We design and
manufacture an apparatus for the falling ball (33.4 g steel ball)
impact test (Figure S6). Subject to an impact of velocity of 2
m/s, the single-network PAAm hydrogel undergoes large
deformation and fractures (Movie S2). The double-network
Ca-alginate/PAAm hydrogel does not fracture, but it also
undergoes large deformation with a 34 mm maximum
displacement, measured as the distance from the lowest
point, where the ball momentarily comes to rest, to the initial

33801

point when the ball first touches the sample. The maximum
displacement increases with the impact velocity (Figure S7a)
and the minimum perforation velocity for the Ca-alginate/
PAAm hydrogel is about 6 m/s (Movie S3). The
corresponding critical specific energy absorption is ~177 J/
kg, comparable to that of the steel plate, ~110 J/kg' but
lower than that of human skin, ~2000 J/kg,*> by one order of
magnitude. After impact, the Ca-alginate/PAAm hydrogels
exhibit pronounced residual displacements, measured as the
distance from the lowest point after impact to the initial point,
and increases with the impact velocity as well. The large
deformation of Ca-alginate/PAAm hydrogels is caused by their
low elastic modulus. Under the same conditions, the hydrogel
composite displays a much smaller maximum displacement
(Movie S4), negligible residual displacement (Figure S7b), and
imperceptible damage (Figure S8). The maximum and residual
displacements against impact velocity are plotted in Figure
6a,b. At an impact velocity of 5.5 m/s, the maximum and
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Figure 9. Cyclic impact characterization. (a) H,uyimem versus cycle of impact. At least three samples are tested. The insets show the maximum
displacement for the Ca-alginate/PAAm hydrogel (I) and hydrogel composite (II) at various impact cycles as indicated. An incipient crack appears
upon the 15th cycle for the Ca-alginate/PAAm hydrogel, while no observable damage is detected for the hydrogel composite upon the 102nd cycle.
(b) Specific energy absorption versus the cycle of impact. Inset A: the ball hits the sample at v;. Inset B: the ball rebounds to the same height as

inset A at v,.

Glass fabric
[(CIREVEE))

Figure 10. Applications. The photographs of (a) glass fabric, (b) Ca-alginate/PAAm hydrogel, and (c) hydrogel composite as protective materials

under impact. The insets show the states of the glasses after impact.

residual displacements are 69 and 11 mm for the Ca-alginate/
PAAm hydrogel and are 11 mm (a reduction of 84%) and 4
mm for the hydrogel composite. At 6 m/s, the hydrogel
composite displaces by 14 mm, while the Ca-alginate/PAAm
hydrogel fractures.

To scrutinize the deformation during impact, we use the 3D-
DIC technique to map the full-field strain for the Ca-alginate/
PAAm hydrogel (Movie SS) and hydrogel composite (Movie
S6). The images showing the evolution of the Von-Mises strain
field are presented in Figures 7 and 8. Before impact, the strain
is zero all over the samples. Upon impact (t = 0.2 ms), the
deformation of the Ca-alginate/PAAm hydrogel is exception-
ally localized within a radius of ~10 mm. At t = 7.0 ms when
the Ca-alginate/PAAm hydrogel is displaced by 32 mm, which
is the limit of 3D-DIC speckle recognition, the strain
distribution is still nonuniform. In contrast, the deformation
rapidly spreads from the impact point to the vicinity in the
hydrogel composite at t = 0.2 ms and pervades the entire
sample at t = 4.2 ms when the hydrogel composite is
maximumly displaced, intimating that the hydrogel composite
absorbs energy effectively by invoking global deformation, a
merit enabled by the efficient load transfer. Because the glass
fibers are pulled against the hydrogel matrix during impact, the
efficient load transfer is owing to the strong interfaces between
the glass fibers and the hydrogel matrix.

Many applications such as artificial cartilages require
hydrogels to withstand recurring impacts. We carry out cyclic
impacts with a fixed impact velocity of 6 m/s, corresponding to
an impact energy of 600 mJ, for the Ca-alginate/PAAm
hydrogel (Movie S7) and hydrogel composite (Movie S8).
The maximum and residual displacement of the Ca-alginate/
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PAAm hydrogel gradually increase with the number of cycles
and a crack appears upon the 15th impact (Figures S9), while
the hydrogel composite remains intact after 102 cycles of
impact (Figure S10) without significant changes. In particular,
the Ca-alginate/PAAm hydrogel increases its maximum
displacement from 48 to 65 mm before rupture, while the
hydrogel composite holds a smaller maximum displacement by
70% (Figure 9a). The specific energy absorption, a pivotal
factor to characterize impact resistance”” and defined as the
kinetic energy loss of the steel ball divided by the mass of the
sample, as a function of the number of cycle is plotted in
Figure 9b. Surprisingly, the hydrogel composite absorbs a
comparable amount of energy with the fresh Ca-alginate/
PAAm hydrogel but with much smaller deformation. As the
number of cycles increases, the hydrogel composite preserves
its energy absorption while the Ca-alginate/PAAm hydrogel
deteriorates dramatically. To showcase the potential applica-
tions, as a proof-of-concept, we use the hydrogel composite as
a safeguard to protect fragile glasses from impact. As
schematized in Figure Slla, a piece of glass, 80 mm X 80
mm in area and 3 mm in thickness, is shielded between two
layers of 2 mm-thick protective materials and then subjected to
the impact of a 122.8-g impactor at 6 m/s. Markedly, the glass
with the hydrogel composite maintains integrity while the
glasses with the constituent materials as well as other common
cushioning materials, such as foam and polymethyl meth-
acrylate (PMMA) sheets, shatter into fragments after the
impact (Figures 10a—c, S11b and Sllc).

We note that the hydrogel composite absorbs comparable
energy with the Ca-alginate/PAAm hydrogel but with much
smaller deformation and further maintains stability over cyclic
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impact, which is abnormal because the matrix is the fatigue-
prone Ca-alginate/PAAm hydrogel.”* We interpret such a
result as follows. When the samples are impacted to the
maximum displacement, their momentary strains can be
simplified to tensile strains (Figure S12), of ~150 and ~20%
for the Ca-alginate/PAAm hydrogel and hydrogel composite.
We conduct cyclic tensions to the corresponding strains
(Figure S13) and obtain the volumetric density of energy
dissipation of ~2.5 X 10* J/ m? for Ca-alginate/PAAm hydrogel
and ~1.6 X 10° J/m? for the hydrogel composite. We also
measure the energy dissipation of glass fabric by loading it to
the same stress of the hydrogel composite and obtain the value
of ~1.5 X 10° J/m’. Resulting from the synergistic
toughening,” the energy dissipation of the hydrogel composite
is much greater than the sum of the two constituents. On the
other hand, the magnitude of stress will escalate and the Ca-
alginate/PAAm matrix may become more and more elastic as
the strain rate increases. We implement 100 cycles of load and
unload with increasing strain rate (Figure S14). Although the
energy dissipation drops acutely, it plateaus after 10 cycles and
the stabilized value increases with the strain rate. Linear
extrapolation engenders a stabilized energy dissipation on the
order of 10°J/m? at 232 s™', which is the maximum strain rate
detected at an impact velocity of 5.5 m/s (Figure S15). As for
the molecular scale dissipation mechanism, we charge upon the
ionic crosslinks of the alginate network and the siloxane bonds
between the PAAm network and glass fibers (Figure S16). The
unzipping of Ca*" ions from alginate chains is disastrous under
large deformation, but rapid local rezipping may become
possible under small deformation.”*> The siloxane bonds are
reversible in the presence of water.*™>® As such, it is possible
that the ionic crosslinks and siloxane bonds break to dissipate
energy and reform to regain the energy dissipation capability
repeatedly, and a dynamic equilibrium is attained between the
dynamics of bonds and the cyclic impact so that the impact
performances of the hydrogel composite stabilize.

Recall that the hydrogel composite includes a tough
hydrogel matrix, a stiff glass fabric, and a strong interface.
First, we exclude the confounding effects of the neat fabric by
impacting it at a velocity of 6 m/s. Both the maximum and
residual displacement gradually increase under cyclic impact,
and the braided structure is impaired after the fourth impact
(Figure S17). The glass fabric by itself is not impact-resistant.
Second, for a piece of fiber-reinforced PAAm hydrogel, fracture
of the hydrogel matrix occurs at the first impact of 6 m/s
(Movie S9), implying that a tough matrix is imperative for an
impact-resistant hydrogel composite. Third, under the impact
of an impactor of 412.6 g and a velocity of 6 m/s (Movie S10),
the hydrogel composite without treatment exhibits larger
maximum and residual displacements and fractures with the
glass fibers being pulled out, while the hydrogel composite
with treatment remains integral (Figure S18), implying that its
critical specific energy absorption is higher than 961 ]/kg.
Mechanical interlocking alone is not adequate for superb
impact resistance and again the role of strong interface is
verified. Therefore, a strong, tough, and impact-resistant
hydrogel composite dictates a tough matrix, a stiff reinforce-
ment, and a strong interface.

B CONCLUSIONS

In summary, we report a hydrogel composite that is strong and
tough under both quasi-static and impact loads, by integrating
the Ca-alginate/PAAm hydrogel with a glass fabric. We

identify three key factors for the marvelous mechanical
performances: a tough hydrogel matrix, a stiff reinforcement,
and a strong interface and conduct both quasi-static and
impact tests to show the marked performances of the resulting
hydrogel composite. We envision that the studies of hydrogels
under impact loads will gain increasing attention in light of the
universality of impact loads.
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