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Abstract
It is particularly desirable to fabricate highly tough hydrogels with excellent self-recoverable properties for applications where
high stress is required. In this work, we prepared a tough, fast self-recoverable nanocomposite hydrogel by chemical cross-linking
of acrylamide (AM) monomers with vinyl-modified silica nanoparticles (VSNPs), combined with physical cross-linking of
polyvinyl alcohol (PVA). The uniaxial tensile test showed that the nanocomposite hydrogel has excellent mechanical properties.
The maximum elongation at break was as high as 666%, and the tensile strength was as high as 1.68 MPa. Cyclic loading-
unloading tests revealed the excellent self-healing properties of the nanocomposite hydrogel. It is worth noting that the nano-
composite hydrogel exhibited higher strength after two loading-unloading cycles, due to the orientation of the PVA when
stretched. In addition, the effects of PVA, VSNPs, and AM concentrations, and the number of PVA freeze-thaw cycles and
freezing duration on the mechanical properties of the hydrogels were investigated in detail.
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Introduction

Polymeric hydrogels are three-dimensional networks, which
are attractive in diverse fields, i.e., drug delivery [1, 2], tissue
engineering [3], and actuators [4], owing to their promising
biocompatibility and stimuli-responsiveness endowed by the
network components. In many cases, however, the scope of
applications is largely constrained due to the unsatisfactory
mechanical strength. To address the shortcomings, represen-
tative methods including double network gels [5–9], topolog-
ical gels [10], nanocomposite gels [11–14], and hybrid gels
[15, 16] have been developed either by optimizing the net-
work structures or by introducing a multifunctional cross-link-
er. These hydrogels exhibited excellent mechanical properties,

such as high toughness and high deformability, when com-
pared with traditional hydrogels [17–22].

In nanocomposite gels, for example, the gels are
formed by initiating polymerization from the clay surface,
and the flexible polymer chains on the surface were not
restricted and thus exhibited superior elongation and good
recovery. In addition to the laminated nanomaterials, i.e.,
clay [23–25], montmorillonite [26], graphene oxide
[27–29], nanoparticles [30] were also employed as rein-
forcement. In this regard, Xie group developed a method
to prepare tough nanocomposite hydrogels, by initiating
polymerization of acrylamide (AM) monomers on the sur-
face of vinyl hybrid silica nanoparticles (VSNP) [31]. The
intermolecular hydrogen bonding in polyacrylamide
(PAM) chains and the VSNP transfer center collaborative-
ly contributed to the good mechanical performance of the
VSNP hydrogel. The tensile strength was 73–313 kPa
with elongation at break of 1210–3420%. Further investi-
gation to include ferric ion-mediated ionic interactions
between poly(acrylic) acid (PAA) polymer chains in
PAA/VSNP hydrogel can reach tensile strength of
860 kPa [32]. Nevertheless, the strength is still unsatisfac-
tory in cases where high s t rength is requi red .
Furthermore, the biocompatibility is a requisite when the
hydrogel is used in bio-related areas.
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Polyvinyl alcohol (PVA) represents a type of a non-
toxic, environmentally friendly, biodegradable, and
water-soluble polymer, which is very suitable for the
preparation of hydrogel by a simple process [33–39].
In some cases, physical method, i.e., freeze-thaw cycle,
was preferred to cross-linked PVA hydrogels [40–43].
Ice crystal forms in the PVA solution when freezing,
expelling PVA to phase-separate and promoting forming
concentrated domains of PVA. After thawing these ag-
gregated PVA, domains are free to form hydrogen bonds
and crystals, and physically cross-linked gel is formed
[44]. Based on freeze-thaw method, PVA-incorporated
DN hydrogels showed high strength and functionality
when combined with functional constituents [45–48].
Therefore, it is anticipated that the mechanical strength
could be enhanced if PVA was incorporated into the
nanocomposite system, by the freeze-thaw-induced
physical cross-linking.

In this work, a tough PVA/Si/AM hydrogel with good
recovery was reported which was prepared using VSNPs
as multivalent covalent cross-linking agents and PVA hy-
drogen bonding and crystals as physical cross-linkers. The
mechanical properties of the hydrogels were investigated
by regulating the AM monomer, PVA, VSNPs concentra-
tions, and the number of freeze-thaw cycles and freeze
duration. The morphologies of the hydrogels were ob-
served to show the topological variations when PVA ex-
perienced freeze-thaw cycle, with the aim to elucidate the
microstructure evolution of the hydrogel. The loading-
unloading tests were conducted to evaluate the energy
dissipation of the PVA/Si/AM gels.

Experimental

Materials

Polyvinyl alcohol (PVA, with degree of polymerization of
1700 and alcoholysis degree 99%) was purchased from
Changchun Chemical Co., Ltd. Acrylamide (AM), ammoni-
um persulfate (APS), and N,N′-methylenebis-acrylamide
(BIS) were purchased from Sinopharm Chemical Reagent,
China. Vinyltriethoxysilane was purchased from Acros. All
the reagents were used as received.

Preparation of PVA/PAM hydrogels cross-linked
by vinyl-modified silica nanoparticles

Synthesis of VSNPs The vinyl hybrid silica nanoparticles were
synthesized according to the literature [31, 32]. Typically,
3.8 g vinyltriethoxysilane was added into 30 g de-ionized
water under vigorous stirring until the oil-like droplets
completely disappeared. A transparent dispersion of vinyl-
modified silica nanoparticles (VSNPs) was obtained after
about 12 h.

Fabrication of nanocomposite hydrogels Nanocomposite
hydrogels were prepared via a two-step method.
Typically, 10 wt.% PVA aqueous solution was prepared
by dissolving 10 g PVA into 90 g deionized water at
90 °C under stirring. The mixture solution was cooled
to room temperature. Afterwards, 4 g AM and 5 mL
1.5 wt.% diluted aqueous VSNPs dispersion (weight
percent with respect to AM) were added into 10 mL
10 wt.% PVA aqueous solution under vigorous stirring
until the components were completely mixed. Then,
22 mg APS was added into the above solution and
stirred for 30 min. Finally, the solution was transferred
into a mold. The radical polymerization occurred at
60 °C for 6 h. In this step, a VSNPs cross-linked hy-
drogel was formed. Secondly, the VSNPs cross-linked
hydrogel was frozen at − 20 °C for 6 h and then thawed
at room temperature. The resulting hydrogel was then
removed from the mold. A secondary network cross-
linked due to the crystallization of PVA was formed
under lower temperature. The general procedure used
to prepare dual cross-linking hydrogels is illustrated in
Fig. 1. The final products were denoted as PVAx-Siy-
AMz, where x referred to the concentration of PVA
aqueous solution, y referred to the weight percent of
VSNPs relative to the weight of AM monomer, and z
represented the weight of AM monomer. For compari-
son, the hydrogel cross-linked by chemical cross-linker
was also prepared, which was denoted as PVAx-BISy-
AMz. The detailed sample composition and preparation
condition is shown in Table 1 as below.

Characterization The internal network structures of the
hydrogels were characterized by scanning electron

Fig. 1 The size of the dumbbell-
shaped hydrogel sample for ten-
sile and hysteresis tests
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microscopy (SEM) (QUANTA FEG 250). Prior to the
observation, the samples for SEM analysis were
pretreated by freeze-drying technique. The tensile and
hysteresis measurements of the hydrogels were conduct-
ed by using a TA.XT Plus texture analyzer (Stable
Micro Systems, UK). The samples were cut into dumb-
bell shape, length 250 mm, width 4 mm, and gauge
length 75 mm (shown in Fig. 1). The thickness of the
hydrogel was measured using a caliper. Both ends of
the dumbbell-shaped sample were connected to the
clamps with the lower clamp fixed. The upper clamp
was pulled by the load cell at a constant velocity of
60 mm min−1 at room temperature, by which the
stress–strain curve was recorded and the experimental
data was further analyzed. In a hysteresis measurement,
a dumbbell-shaped sample was first elongated to a
predetermined maximum stretch and then unloaded to
zero force at a constant velocity of 60 mm min−1. The
dissipated energy for each cycle, ΔU, is defined as the

area of hysteresis loop encompassed by the loading
−unloading curve:

ΔU ¼ ∫loadingσdε−∫unloadingσdε ð1Þ

Results and discussion

Synthesis and structure of the nanocomposite
interpenetrating PVA-Si-AM hydrogels

For preparing nanocomposite PVA-Si-AM hydrogels, VSNPs
we re f i r s t l y syn the s i z ed by the hyd ro ly s i s o f
vinyltriethoxysilane via a sol-gel process. The vinyl-
functionalized silica particles were then polymerized together
with AM, in the presence of PVA, to form a VSNPs-cross-
linked PVA-Si-AM nanocomposite network. The PAM poly-
mer chains were covalently cross-linked by the VSNPs with

Table 1 Sample composition of
PVA-Si-AM hydrogels Sample PVA

(wt.%)
VSNPs
(wt.%)

AM
(g)

BIS
(g)

Freeze-thaw
cycles

Freeze duration
(h)

PVA10-Si0.5-AM2 10 0.5 2 0 1 6

PVA10-Si1-AM2 10 1.0 2 0 1 6

PVA10-Si1.5-AM2 10 1.5 2 0 1 6

PVA10-Si2-AM2 10 2.0 2 0 1 6

PVA8-Si1.5-AM2 8 1.5 2 0 1 6

PVA12-Si1.5-AM2 12 1.5 2 0 1 6

PVA15-Si1.5-AM2 15 1.5 2 0 1 6

PVA18-Si1.5-AM2 18 1.5 2 0 1 6

PVA18-Si1.5-AM3 18 1.5 3 0 1 6

PVA18-Si1.5-AM4 18 1.5 4 0 1 6

PVA18-Si1.5-AM4-0 h 18 1.5 4 0 1 0

PVA18-Si1.5-AM4-2 h 18 1.5 4 0 1 2

PVA18-Si1.5-AM4-4 h 18 1.5 4 0 1 4

PVA18-Si1.5-AM4-2FC 18 1.5 4 0 2 6

PVA18-BIS1.5-AM4 18 0 4 1.5 1 6

Scheme 1 Schematic preparation process of nanocomposite interpenetrating hydrogel
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PVA chains interpenetrating in the network. Afterwards, a
freeze-thaw cycle was conducted to form a secondary physical
cross-linking induced by the crystallization of PVA in the
process (Scheme 1). There are two types of cross-linking in
the hydrogel: one is the strong covalent bonding between
PAM chains and VSNPs, and the other is the physical cross-
linker induced by hydrogen bonding in both PAM chains and
PAM chains and hydroxyl groups on PVA, as well as PVA
microcrystals. Combining the dual nanocomposite and phys-
ical cross-linking, the hydrogel exhibited following advan-
tages: (1) VSNPs could strengthen the hydrogel by dissipating
energy and homogenize the PAM network under large strain;
(2) the physical cross-linking formed by hydrogen bonding,
both in PAM chains and PAM chains and hydroxyl groups on
PVA, and microcrystals in PVA provide sacrificial bonds dur-
ing stretching, which could dynamically rearrange to dissipate
energy and recover rapidly; (3) the crystallized PVA chains
tend to orient during stretching which would produce higher
strength after loading-unloading cycles.

The nanocomposite interpenetrating hydrogel exhibited a
typical porous morphology as shown in Fig. 2a. Hierarchical
porous structure can be observed for the hydrogel after one
freeze-thaw cycle. The network was characterized by the
pores of 10~20 μm interconnected by the smaller pores of
0.7~1 μm. The as-prepared nanocomposite hydrogel without
freeze-thaw cycle displayed a diverse morphology (Fig. 2b).
The network was composed of micropores of 3~10 μm and
nanopores with pore size of about 500 nm. In other words, the
microstructure of the hydrogel without experiencing freeze-
thaw cycle was at a smaller size level. As reported previously
[49], the LDH/PAM NC hydrogels with a network at both
micro- and nanometer (less than 500 nm) scales showed a high
tensibility. The current work indicated a different trend, that is,
the network with a nanoscale microstructure showed a lower
strength (discussed in the following sections). It seems that the
hydrogel after freeze-thaw cycle underwent a Bgrow-up and
rearrange^ process. To be specific, ice crystal formed in the
PVA18-Si1.5-AM4 hydrogel when freezing, expelling PVA to
phase-separate and promoting the formation of concentrated
domains of PVA. After thawing these aggregated PVA do-
mains are free to form hydrogen bonds and crystals, and phys-
ical cross-linker was formed. The PVA chains in the network

existed as a more aggregated and ordered form, which con-
nected with each other and constituted a network with larger
pore size. The Bgrow-up^ process was supposed to form a
more stable network, enabling the hydrogel to display higher
strength. A PVA18-BIS1.5-AM4 hydrogel was also prepared,
in which VSNPs cross-linker was replaced by the BIS chem-
ical cross-linker, and the SEM image was illustrated in Fig. 2c.
The BIS-cross-linked hydrogel exhibited a similar microstruc-
ture to that of the VSNPs-cross-linked one, with a hierarchy of
porous morphology. The analogy in morphology was proba-
bly due to the reason that the VSNPs and BIS cross-linkers are
chemical in nature, and the polymerization occurred in a sim-
ilar way, which would produce similar microstructures of the
hydrogels.

Mechanical properties of the PVA-Si-AM hydrogels

Taking advantage of the nanocomposite and physical network
architecture, the as-prepared hydrogel cross-linked by VSNPs
outperformed the BIS-cross-linked counterpart. For example,
PVA18-BIS1.5-AM4 was merely 1.05MPa in tensile strength
at the strain of 208%. In contrast, PVA18-Si1.5-AM4 sample
showed a tensile stress of 1.62 MPa, which was 1.5 times

Fig. 2 SEM images of the
PVA18-Si1.5-AM4 hydrogel a
with one freeze-thaw cycle, b no
freeze-thaw cycle, c PVA18-
BIS1.5-AM4 hydrogel with one
freeze-thaw cycle

Fig. 3 Tensile stress-strain curve of PVA18-Si1.5-AM4 and PVA18-
BIS1.5-AM4. Inset shows the PVA18-Si1.5-AM4 hydrogel can lift a steel
block of ~ 1.5 kg in weight
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higher than that of PVA18-BIS1.5-AM4, and the correspond-
ing strain was 625%, also 3 times higher than that of PVA18-
BIS1.5-AM4 (Fig. 3). The VSNPs-cross-linked gel could sus-
tain a steel block of ~ 1.5 kg in weight, exhibiting its excellent
toughness (Fig. 3 inset). The results demonstrated the superi-
ority of VSNPs as a cross-linker, which could dissipate energy
more effectively when being stretched and exhibited more
pronounced tensile performance.

For PVA-Si-AM hydrogels, further investigation was per-
formed to study the effect of the concentrations of VSNPs,
PVA, and AM on tensile mechanical properties of the PVA-Si-
AM hydrogels as shown in Figs. 4, 5, and 6. Tensile stress-
strain curve and tensile strength of the PVA-Si-AM hydrogels
with varying VSNPs contents were presented in Fig. 4. The
VSNPs concentration was determined relative to the weight of
AM monomer to be 0.5, 1, 1.5, and 2 wt%, respectively. The
hydrogel with 0.5 wt% VSNPs was 0.449 MPa in tensile
strength (Fig. 4a) with a 476% stain (Fig. 4b). The strength
went up with further increase of the VSNPs content, and an
optimized strength was obtained when the concentration was
1.5 wt%. The strain was 511% at this content. When the

VSNPs weight percent was raised to 2 wt%, the tensile
strength was lowered to be 0.282 MPa with a 383% strain.
The VSNPs concentration exerted a twofold influence on the
tensile strength both as a cross-linker and nano-reinforcement.
On the one hand, the vinyl groups in VSNPs acted as a chem-
ical cross-linker to cross-link the PAM polymer chains. More
cross-linkers tended to produce a network with a higher cross-
linking density and strengthened the hydrogel. On the other
hand, the nanoparticles can serve as reinforcement which dis-
sipated energy when stretching. At higher weight ratio, i.e.,
2 wt%, the nanoparticles may aggregate to a certain extent and
the strengthening role abated greatly, which resulted in a weak
hydrogel.

Keeping the VSNPs concentration to be 1.5 wt% and AM
to be 2 g, the PVA amount was optimized and the results were
presented in Fig. 5. When PVA concentration was varied be-
tween 8, 10, 12, 15, and 18 wt%, the tensile strength showed a
continuing increase from 0.392 to as high as 1.63 MPa (Fig.
5a).Meanwhile, the hydrogel with 18 wt% PVA incorporation
exhibited a higher 600% strain (Fig. 5b), demonstrating its
superior toughness. Microcrystals would form in PVA when

Fig. 4 a Tensile strength and b stress-strain curve of the PVA10-Si-AM2 hydrogels with varying VSNPs contents

Fig. 5 a Tensile strength and b tensile stress-strain curve of the PVA-Si1.5-AM2 hydrogels with varying PVA concentrations
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PVA18-Si1.5-AM2 was freezing, expelling PVA to phase-
separate and promoting forming concentrated domains of
PVA. After thawing the aggregated PVA domains are free to
form hydrogen bonds and crystals, and physical cross-linker is
thus produced. On the other hand, the hydrogen bonding in
both PAM chains and PAM chains and hydroxyl groups on
PVA also served as physical cross-linkers. The physical cross-
linker served as sacrificial bonds during stretching, which
could dynamically rearrange to dissipate energy to produce a
tough hydrogel.

For PVA18-Si1.5-AM gels, further investigation was per-
formed to study the effect of AM monomer content on the
tensile mechanical properties. As shown in Fig. 6, the AM
concentration had a less significant influence on the tensile
properties with the tensile strength of 1.40~1.67 MPa for the
three samples, i.e., with AM content of 2 g, 3 g, and 4 g,
respectively. The overall trend is that the tensile strength in-
creased with when the AM content went up and then fell down
with the further increasing AM. The reason may be that when
the AM content reached a threshold value, the PAM chains
was enough to construct the network and form the hydrogen
bonding. The tensile strength cannot be further elevated pure-
ly by raising the AM content. Instead, an overdose of AMmay
cause the unevenness of the network and the decline of the
strength.

The influences of the number of freeze-thaw cycles and the
freeze duration of PVA-Si-AM were also studied as presented
in Fig. 7. PVA18-Si1.5-AM4 gel without experiencing freeze-
thaw cycle had tensile strength of only 0.574 MPa, while the
sample with one freeze-thaw cycle had a much higher tensile
strength of 1.67 MPa (Fig. 7). The enhanced network of PVA
with crystalline microdomains should be responsible for the
improvement. By subjecting the gel to two cycles of freezing/
thawing procedure, however, the tensile strength (1.69 MPa)
did not vary much. Moreover, the duration time exerted a
lesser influence on the tensile properties of the gel. And the
gels with different freeze-thaw duration, i.e., 2, 4 or 6 h,

presented a tensile strength of 1.92, 1.71, and 1.88 MPa.
The reason may be that the PVA/Si/AM hydrogel with phys-
ical and nanocomposite architecture was endowed with a sta-
ble architecture, in which PVA polymer chains interpen-
etrating in the VSNPs-cross-linked network with less flexibil-
ity. Varying the freeze-thaw cycle numbers or duration can
hardly produce a notable effect on the inner structure and the
mechanical properties of the gel.

Toughness, self-recovery, and draw-induced
toughening of PVA-Si-AM gel

Toughness of hydrogels usually offers remarkable dissipa-
tion of energy, which is of great importance to be practical
application [50]. In view of this, cyclic tensile loading-
unloading tests were carried out to evaluate the energy
dissipation as shown in Figs. 8, 9, and 10, which could
be calculated from the strain hysteresis curves. The

Fig. 6 Tensile stress-strain curve a and b tensile strength of the PVA18-Si1.5-AM hydrogels with varying AM weights

Fig. 7 Tensile stress-strain curve of PVA18-Si1.5-AM4 hydrogel with
different freeze duration and freeze-thaw cycles
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pronounced hysteresis in Fig. 8a suggested that PVA18-
Si1.5-AM gels could effectively dissipate energy, and the
hysteresis loop become bigger at higher AM content. A
quantified data for the fracture energy of the PVA18-
Si1.5-AM gels with increasing AM concentrations was
illustrated in Fig. 8b. At a 200% strain, PVA18-Si1.5-
AM2, PVA18-Si1.5-AM3, and PVA18-Si1.5-AM4 indi-
cated a dissipated energy of 0.408, 1.14, and 1.09 MJ/
m3, respectively. The data supported the trend of the ten-
sile strength shown in Fig. 6, demonstrating the superior
energy capacity of PVA18-Si1.5-AM4.

PVA18-Si1.5-AM4 hydrogels showed good self-recovery
and draw-induced toughening. After 30 min of resting, the
dissipated energy of the gels restored from 1.05 to 1.06 MJ/
m3 after the second cycle (Fig. 9b). This could probably be
ascribed to the physically reversible cross-linking in the net-
work, which could be reformed when the external force was
withdrawn. It is interesting to find that the tensile strength and
dissipated energy of the gel increased after the loading-
unloading cycles. As depicted in Fig. 8a, the tensile stress
went up from 0.65 to 0.73 MPa after the first cycle. And the
corresponding dissipated energy was 1.05 and 1.06 MJ/m3,

respectively (Fig. 9b). When the gel was subject to the third
tensile cycle 30 min later, the tensile strength was further
raised to 0.92 MPa, and the dissipated energy of 1.18 MJ/m3

was obtained. The draw-induced toughening of the gels was
probably related to the draw orientation of PVA, which fre-
quently occurred in polymer chains when being stretched. In
the process, PVA chain extension and molecular orientation
would take place along the stretching direction, and the ori-
ented polymer chains can be stabilized in the unloading pro-
cess. The tensile strength was thus be elevated after loading-
unloading process.

The gel indicated a time-dependent self-recovery phenom-
enon. Figure 10 showed the loading-unloading curves of
PVA18-Si1.5-AM4 gel when being conducted loading-
unloading cycling tests at 100, 200, and 300% strains without
rest. Obvious strain relaxation can be observed after the sec-
ond and third cycling tests. And the gel became softened and
weakened with the increasing loading-unloading cycles. In
other words, the self-recovery of the gel was time-dependent.
It can be explained as follows: substantial physical cross-
linkers in the network were cracked after being stretched.
When being stretched immediately, it is too soon for the gel

Fig. 8 a Loading-unloading tests of the PVA18-Si1.5-AM hydrogels under 200% strain, b the calculated dissipated energy of PVA18-Si1.5-AM
hydrogels under 200% strain

Fig. 9 a Three successive loading−unloading cycling test of PVA18-Si1.5-AM4 hydrogel at a strain of 200% with 30 min resting between two tests, b
the time-dependent recovery of dissipated energy of PVA18-Si1.5-AM4 hydrogel
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to restore the bonding, resulting in the obvious stress relaxa-
tion of the gel.

Toughening mechanism of the nanocomposite
interpenetrating gels

Obviously, the nanocomposite interpenetrating gels showed
superior mechanical properties, particularly toughness and
self-recovery, and draw-induced strengthening phenomenon.
The remarkable enhancement of the gels could be explained in

terms of their unique network structure and effective strength-
ening mechanism as shown in Scheme 2. In the relaxed state,
the polymer chains in the nanocomposite interpenetrating gels
were supposed to adopt random coil conformations. The net-
work was linked through the VSNPs covalent cross-linking,
hydrogen bonding and PVAmicrocrystals (Scheme 2a). Upon
stretching, the energy was dispersed through the network by
the uncoiling of the polymer chains and the aid of the VSNPs.
With the further increase of tension force, it was difficult to
unentangle the chains, and the energy was dissipated through
the fracture of the reversible physical cross-links. Meanwhile,
PVA polymer chains exhibited draw-induce orientation along
the external force direction in the process (Scheme 2b). The
physical interactions could reform and resulted in a more ho-
mogenized network. The dynamic nature of the physical in-
teraction endowed the gels with good self-recovery property.
The PVA orientation was maintained to a great extent after the
external force was withdrawn, which gave rise to a draw-
induced toughening of the gel (Scheme 2c) when the gel
was subjected to the second and third loading-unloading
cycles.

Conclusions

In summary, we report a feasible method to construct nano-
composite interpenetrating hydrogels with VSNPs as nano-
cross-linkers and PVA hydrogen bonding andmicrocrystalline

Fig. 10 Loading-unloading cycling tests of PVA18-Si1.5-AM4 hydrogel
at different strains

Scheme 2 Schematic illustration of the structural change and the toughening mechanism of the nanocomposite interpenetrating cross-linking gel when
stretching
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as physical cross-linkers formed by simple freeze-thaw post-
treatment. Aided by the nano-reinforcement and the physical
cross-linker, the gels possessed high tensile strength, high
toughness, and good self-recovery. The outstanding me-
chanical properties of the nanocomposite interpen-
etrating hydrogels originated from synergetic interac-
tions of physical cross-linkings and VSNPs nano-net-
work, wherein the disruption of physical cross-linkings
effectively dissipated energy while the VSNPs homoge-
nized the network during deformation process. Notably,
reversible reorganization and draw orientation of PVA
physical networks empowered the nanocomposite inter-
penetrating hydrogels rapid self-recovery and draw-
induced toughening abilities.
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