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ABSTRACT

Hydrogels composed of amorphous polymer networks are widely used as soft and stretchable
components in diverse devices and machines. However, existing amorphous hydrogels are susceptible
to fatigue fracture. Here, we propose that amorphous hydrogels with dynamic covalent bonds can
resist fatigue fracture, so long as the dynamics of bond recovery is faster than the rate of deformation.
We examine this hypothesis by performing fatigue tests for polyacrylamide hydrogels crosslinked by
covalent C-C bonds and by dynamic covalent siloxane bonds, using N, N’-methylenebis-acrylamide
(MBAA) and silanes as the crosslinkers, respectively. Experiments show that the fatigue threshold of
MBAA-crosslinked hydrogels is 12.7 J/m?, much lower than the toughness, 70.2 J/m?, and comparable
to the Lake-Thomas prediction, 11.17 J/m?, while the silane-crosslinked hydrogels achieve a fatigue
threshold of 68.7 J/m?, surprisingly close to the toughness, 86.2 J/m?, which is reported for the
first time in hydrogels with dynamic covalent bonds. We trace the violation of the Lake-Thomas
mechanism to the dynamic nature of siloxane bonds. We carry out self-healing tests, self-recovery
tests, and fatigue tests for silane-crosslinked hydrogels with different pH values to examine the bond
dynamics. We discuss the importance of dynamic covalent bonds in synthesizing fatigue-free hydrogels
by constructing a fatigue threshold-toughness Ashby plot. The current work suggests that dynamic
covalent bonds pave alternative avenues towards anti-fatigue soft materials with amorphous polymer
networks.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The study of the fatigue of hydrogel is nascent [18]. Immedi-
ately after the initiation [19], intensive efforts have been devoted

Hydrogels are aggregations of polymer networks and water.
Owing to the unique combination of superior properties, hydro-
gels have found tremendous applications in biomedicine and en-
gineering, encompassing drug delivery [1], tissue repairing [2-4],
wound dressing [5-8], medical implants [9], soft machines [10],
soft robotics [11] and ionotronics [12-14].

In many engineering practices, mechanical robustness of a
hydrogel is the prerequisite. Particularly, hydrogels are often re-
quired to sustain prolonged cyclic loads. Whereas various strong
and tough hydrogels have been developed over the past two
decades [15-17], most of them are prone to fatigue by degrading
mechanical properties or undergoing fatigue fracture [18]. The
issue of fatigue greatly impedes the practical applications of
hydrogels.
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to investigating the fatigue behaviors of various kinds of hydro-
gels [20-32]. Meanwhile, the uncovered underlying mechanics
has facilitated the design and synthesis of tough and fatigue-
resistant hydrogels, such as multi-length-scale hierarchical hy-
drogels [25-29] and composite hydrogels with mitigated stress
concentration [30,31]. Despite these exhilarating hydrogels with
deliberately architected structures, most hydrogels commonly
used in the laboratories worldwide are generally synthesized in
more facile manners and composed entirely of amorphous poly-
mer networks. Amorphous polymer networks, as revealed by Lake
and Thomas [33], suffer fatigue fracture: the fatigue threshold,
that is the minimal energy needed to extend a crack by unit area,
is equal to the total bond energy stored in the polymer chains ly-
ing across the crack plane, independent of the background energy
dissipation. Existing amorphous hydrogels, either single-network
or double-network, are reported to be subjected to the same
molecular disease without exception [18-23]. Fatigue fracture is
plausibly inherent for amorphous hydrogels.

Here we propose that anti-fatigue hydrogels can be achieved
with amorphous polymer networks. Without losing generality,
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we assume an amorphous covalent polymer network, in which
covalent bonds link monomer units into polymer chains and
crosslink polymer chains into a network. Fatigue fracture eventu-
ally results from the catastrophic proliferation of network dam-
age, which stems from bond breaking at a crosslink or at a
certain bond along a polymer chain. Whereas most cleavages of
covalent bonds are irreversible, some covalent bonds are strong
yet reversible, e.g. siloxane bonds and disulfide bonds [34]. For an
amorphous polymer network consisting of such dynamic covalent
bonds, the accumulation or even initiation of damage may be
prohibited under certain rate of deformation. With these consid-
erations in mind, we hypothesize that amorphous hydrogels with
dynamic covalent bonds can resist fatigue fracture, so long as the
dynamics of bond recovery is faster than the rate of deformation.
We examine this hypothesis by investigating and comparing the
fatigue behaviors of polyacrylamide hydrogels crosslinked by two
types of crosslinkers: irreversible covalent C-C bonds using N,
N’-methylenebis-acrylamide (MBAA) and reversible dynamic co-
valent siloxane bonds using silanes. Fatigue fracture tests show
that the MBAA-crosslinked hydrogels achieve a fatigue thresh-
old of 12.7 J/m?, comparable to the Lake-Thomas prediction of
11.17 J/m? and much lower than the toughness 70.2 J/m?, while
the silane-crosslinked hydrogels achieve a fatigue threshold of
68.7 ]/m?, surprisingly close to the toughness 86.2 J/m?. We probe
the violation of the Lake-Thomas prediction by examining the dy-
namics of siloxane bonds through self-healing tests, self-recovery
tests, and fatigue tests for silane-crosslinked hydrogels with dif-
ferent pH values. Siloxane bond showcases a potent method to
realize amorphous hydrogels of fatigue threshold comparable to
toughness. With the abundant chemistry of dynamic bonds, it is
expected that more anti-fatigue amorphous hydrogels and other
amorphous polymer networks will be designed and synthesized.

2. Proposed mechanism of anti-fatigue

For simplicity, consider a single-network hydrogel of amor-
phous covalent polymer network. Any rate-dependent processes
of viscoelasticity (such as friction between polymer chains or
between polymer chains and solvent) or poroelasticity will be ne-
glected. As illustrated in Fig. 1, when a sample of amorphous co-
valent polymer network containing a crack of length c is loaded,
the crack tip concentrates stress and a dissipation zone forms in
the vicinity of the crack tip. The polymer chains in the dissipation
zone deform more and thus carry more load than the polymer
chains in other regions of the sample. When the bond along a
polymer chain or at a crosslink is about to break, the associated
polymer chains are stretched taut (in red). Upon bond breaking,
the stretched polymer chains relax and dissipate all strain energy
stored in the entire chains. The amount of energy dissipated
depends on the strength of the broken bonds. As a result, en-
tropic polymer chains are molecular-scale elastic dissipaters [35].
Provided an adequately strong elastic backbone, if the bonds
along the polymer chain or at the crosslink are reversible, the
ruptured polymer network in the fracture process zone can regain
its original state statistically after unloading as a result of bond
reformation. The sample will behave the same as a pristine one
if the reformation of bonds is complete before the next loading.
In this sense, the polymer network is anti-fatigue.

3. Selection of materials

To validate our hypothesis, we select the widely used poly-
acrylamide (PAAm) hydrogel as a model system. In synthesiz-
ing PAAm hydrogels, we use two types of crosslinkers: N, N’'-
methylenebisacrylamide (MBAA) and silane coupling agent (3-
(trimethoxysilyl) propyl methacrylate, TMSPMA). Specifically, the
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Fig. 1. Anti-fatigue mechanism of an amorphous polymer network with re-
versible covalent bonds. When an amorphous polymer network containing a
crack of length c is loaded, the crack tip concentrates stress, causing the break
of either the crosslinks or certain polymer chains within the fracture process
zone to dissipate energy. The broken bonds reform after unloading, and the
network is anti-fatigue so long as the reforming processes complete before the
subsequent loading. The black lines represent stress-free polymer chains, and
the red lines represent tightly stretched polymer chains. The solid blue circles
represent crosslinks. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

pH value of silane-crosslinked hydrogel is tuned to be 2.8 to
facilitate the kinetics of silane condensation [36]. MBAA leads
to a PAAm network of irreversible covalent crosslinks (Fig. 2a),
while TMSPMA leads to a PAAm network of reversible covalent
crosslinks (Fig. 2b). In principle, the crosslink resulting from the
condensation of two silanol groups is equivalent to the crosslink
of one MBAA molecule [37]. Nevertheless, the free radical poly-
merization and crosslinking of PAAm chains are proceeded ran-
domly, resulting in the deviation from the ideal prediction. For
reasonable comparison, in experiments, we adjust the amount
of crosslinker while keeping other ingredients of the two hydro-
gels identical, such that, under affine deformation, the nominal
stresses in the two types of hydrogels are nearly the same, even
under fatigue loads. After optimizations following this principle,
we set the weight ratios of MBAA and TMSPMA with respect
to monomer as 0.0026 and 0.037, respectively. We measure the
nominal stress—stretch curves of the two types of hydrogels by
cyclic pure shear tests (Fig. 2c & d). The stress-stretch curves of
the two hydrogels are close to each other in the first loading cycle.
In subsequent cycles, the MBAA-crosslinked hydrogel exhibits a
slight softening phenomenon and reaches a steady state after
100 cycles, while the silane-crosslinked hydrogel exhibits more
obvious softening and reaches a steady state after 1000 cycles,
aside from the non-recoverable deformation. Regardless of this
difference, the mechanical properties and responses (e.g. shear
modulus and peak stress) of the two hydrogels at their steady
states become even closer to each other.

4. Fatigue damage tests

In general, fatigue is studied through two types of tests:
fatigue damage test using unnotched samples and fatigue fracture
test using notched samples [24]. We first characterize the fatigue
damage properties of the two hydrogels using pure shear test
(Fig. 3a). Fig. 3b exemplifies a sample elongated to a stretch of
A = 1.6. We collect the evolution of nominal stress-stretch
curves of MBAA-crosslinked PAAm hydrogel (Fig. 3c) and silane-
crosslinked PAAm hydrogel (Fig. 3d) over cycles. MBAA-
crosslinked hydrogels exhibit nearly elastic behaviors with tiny
hysteresis, while silane-crosslinked hydrogels undergo a slight
shakedown (namely the stress becomes smaller compared to that
of pristine sample at the same stretch) and exhibit obvious hys-
teresis. The slight shakedown might be ascribed to the inevitable
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Fig. 2. Schematics of two types of PAAm hydrogels and their nominal stress-stretch curves. (a) MBAA-crosslinked PAAm hydrogel. (b) Silane-crosslinked PAAm
hydrogel. Nominal stress-stretch curves for (c) MBAA-crosslinked hydrogel at 1st and 100th cycles, and (d) silane-crosslinked hydrogel (pH = 2.8) at 1st and 1000th

cycles.

scission of polymer chains due to network imperfection [38].
Besides, the dynamic breaking and reforming of siloxane bonds
might facilitate the rearrangement of the conformation of the
polymer network to alleviate stress. On the other hand, the
finite hysteresis is persistent, implying the existence of reversible
energy dissipation. Since the MBAA-crosslinked hydrogel has neg-
ligible hysteresis, we ascribe the persistent hysteresis of silane-
crosslinked hydrogel to the dynamic breaking and reforming of
siloxane bonds.

To characterize and compare the fatigue damage of the two
types of hydrogels more quantitatively, we extract the shear
modulus and peak stress as functions of the number of cycles
from the nominal stress—stretch curves. According to the neo-
Hookean model [39], under pure shear configuration, the nominal
stress o is related to the stretch A as

o =uh—1/2%), (1)

where u is the shear modulus and considered as an invariant.
By fitting the experimental data, the shear modulus at each cycle
is obtained and plotted against the number of cycles (Fig. 3e).
After slight initial declines, the shear moduli of both hydro-
gels remain unchanged over cycles and, more importantly, con-
verge to the same values. Similar tendency is observed for the
peak stress (Fig. 3f). Thus, both MBAA-crosslinked PAAm hydrogel
and silane-crosslinked PAAm hydrogel are resistant to fatigue
damage.

5. Fatigue fracture tests

We next perform fatigue fracture tests to measure the fatigue
threshold. An edge notch of 20 mm is precut along the center
line of each sample (Fig. 4a). A sample is taken to be free of
fatigue fracture if no noticeable crack propagation is detected
after 30000 cycles. The crack growth Ac as a function of the
number of cycle N is plotted for MBAA-crosslinked hydrogel in
Fig. 4b and silane-crosslinked hydrogel in Fig. 4c. After an initial
fluctuation, the crack extension reaches a steady state, where Ac

increases with the number of cycles approximately in a linear
manner. For the pure shear configuration, the applied stretch A
relates to the energy release rate G as [40]

G=W ) ho, (2)

where hg is the height of sample measured in the undeformed
state, and W (1) is the elastic strain energy per unit volume
and calculated as W (1) = f])‘ o())dXr, where the corresponding
nominal stress-stretch curve measured on an unnotched sample
(e.g., from the fatigue damage test) is used for the integration.
When the sample fractures at the first cycle, the test gives the
toughness, or fracture energy, of the hydrogel. The toughness is
70.2 J/m? for the MBAA-crosslinked hydrogel and is 86.2 J/m? for
the silane-crosslinked hydrogel.

By fitting the crack growth Ac to a linear function of N in
the steady state, crack extension per cycle dc/dN versus energy
release rate G can be obtained (Fig. 4d). dc/dN is zero at a
relatively low G. Above a certain critical G, dc/dN increases with
G. We conduct linear regression to the data beyond the critical
point and set the interception with the G axis as the fatigue
threshold, I, below which the crack does not propagate. The
fatigue threshold is 68.7 J/m? for silane-crosslinked hydrogel (pH
= 2.8) and is 12.7 J/m? for MBAA-crosslinked hydrogel. For the
MBAA-crosslinked hydrogel, no crack extension is observed after
30000 cycles at G = 12.7 J/m? (Fig. 5a), whereas the crack grows
by 30.8 mm after 15000 cycles at G = 24.5 J/m? (Fig. 5b). For
the silane-crosslinked hydrogel, no crack extension is observed
after 30000 cycles at G = 68.7 ]J/m? (Fig. 5c), whereas the
crack propagates slightly at G = 75.3 J/m? (Fig. 5d). The fatigue
threshold of silane-crosslinked hydrogel is surprisingly close to
the toughness and is much higher than that of MBAA-crosslinked
hydrogel.

Following the Lake-Thomas model [33], the fatigue threshold
of a covalently crosslinked, amorphous, single-network hydrogel
can be estimated by

Iy = ¢pbULVn, (3)
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Fig. 3. Fatigue damage characterizations. (a) Schematic of fatigue damage test. (b) Digital image of a stretched silane-crosslinked hydrogel sample at A = 1.6. Cyclic
nominal stress-stretch curves for (c) MBAA-crosslinked and (d) silane-crosslinked (pH = 2.8) PAAm hydrogels. (e) Shear modulus, and (f) peak stress as a function

of the number of cycles.

where ¢, is the volume fraction of the polymer in the hydrogel,
b is the number of C-C bonds per unit volume of polymer, U is
the chemical energy of a single C-C bond, I is the length of repeat
unit, and n is the number of repeat unit between two crosslinks.
n can be calculated by

n = Naam/N, (4)

where ngan, is the number of monomers per unit volume of poly-
mer, and N is the number of chains per unit volume of polymer.
Whereas N can be calculated theoretically, here we estimate the
value of N based on experimental measurements. Recall that the
shear modulus p of hydrogel can be determined as [41]

= ¢,>NKT, (5)

where kT is the absolute temperature in unit of energy. Our recipe
gives ¢, = 20.5%. Other parameters are taken as b ~ ngm =

9.32 x 107/m3, U = 3.3 x 10719, 1 &~ b™1/3 = 4.75 x 10~ 'm,
and kT = 4.11 x 1072!]. Once the shear modulus of hydrogel
is determined from the nominal stress—stretch curve, the fatigue
threshold of hydrogel can be obtained by solving Eqs. (3)-(5). For
the MBAA-crosslinked hydrogel, Iy, is estimated as 11.17 J/m?,
comparable to the experimental result, 12.7 J/m?. However, for
the silane-crosslinked hydrogel, Iy, is estimated as 11.01 J/m?,
much lower than the experimental result, 68.7 J/m?. For the
first time, we report the violation of the Lake-Thomas picture in
covalently crosslinked, amorphous, single-network hydrogels.

6. Anti-fatigue mechanism of silane-crosslinked hydrogel
The agreement between the measured and the Lake-Thomas

predicted fatigue thresholds of the MBAA-crosslinked PAAm hy-
drogel has been appreciated before [18]. However, what causes
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Fig. 5. Snapshots showing the crack propagation during fatigue fracture tests. Precut MBAA-crosslinked PAAm hydrogels at various numbers of cycle under applied
energy release rate of (a) 12.7 J/m? and (b) 24.5 J/m?. Precut silane-crosslinked PAAm hydrogels (pH = 2.8) at various numbers of cycle under applied energy release

rate of (c) 68.7 J/m? and (d) 75.3 J/m?.

the large discrepancy in the measured fatigue threshold of the
silane-crosslinked PAAm hydrogel from the Lake-Thomas predic-
tion? Since the two types of hydrogels have identical compo-
sitions except the crosslinks and have near-identical mechani-
cal responses under affine deformation, we attribute the break-
down of the Lake-Thomas mechanism in the silane-crosslinked

hydrogel to the dynamic nature of siloxane bonds. The mech-
anism is proposed as following. As schematized in Fig. 6a, the
chemical bonds in both backbones and crosslinks of a MBAA-
crosslinked PAAm hydrogel are C-C bonds, which do not reform
after break. By contrast, the chemical bonds at crosslinks in a
silane-crosslinked PAAm hydrogel are Si-O-Si bonds (Fig. 6b).
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The breaking of Si-O-Si bonds is reversible, following Si-O-Si +
H,0 = 2Si-OH. When a precut MBAA-crosslinked PAAm hydrogel
is loaded, the crack opens, and a fracture process zone emerges in
front of the crack tip (Fig. 6¢). Within the fracture process zone,
irreversible chain scission occurs and the crack extends once all
polymer chains in front of the crack tip break. New crack tip forms
subsequently and the above process repeats until the ultimate
fracture of the sample. When a silane-crosslinked PAAm hydrogel
containing an edge crack is loaded, the Si-O-Si bonds within
the fracture process zone break to dissipate energy (Fig. 6d).
However, the Si-O-Si bonds can reform fast adequately after
unloading, such that the network within the fracture process zone
heals and regains load-carrying capability before the subsequent
loading. The breaking and reforming of Si-O-Si bonds ensue
periodically to resist crack propagation.

7. Self-healing and self-recovery tests

Our proposed mechanism is based on the postulate that the
siloxane bonds are reversible within the time scale of each load-
ing cycle. To verify the reversibility of siloxane bonds, we con-
duct self-healing and self-recovery tests for the silane-crosslinked
PAAm hydrogel (pH = 2.8). For self-healing test, we prepare
rectangular samples, with sizes of 50 mm in length, 10 mm in
width and 3 mm in thickness, cut each sample into two pieces
and attach the freshly cut surfaces with each other seamlessly
afterwards. For a healing time of 4 hours, the healed sample can

sustain a tensile stretch of A = 1.33 before fracture (Fig. 7a),
whereas the sample without healing cannot even sustain its own
weight. The uniaxial nominal stress-stretch curves of samples
with different healing times are shown in Fig. 7b. The maximum
stretch to rupture and strength of healed samples increase with
healing time, but are much lower than those of pristine samples.
This is not surprising since cutting breaks not only the siloxane
bonds, but also the C-C bonds, which account for the majority of
broken bonds yet cannot heal. We plot the heal efficiency, defined
as the peak stress of the healed sample divided by that of the
pristine sample, and the shear modulus against the healing time
(Fig. 7¢). The healing efficiency increases with the healing time
then plateaus and maximizes at ~40%. Interestingly, for different
healing times tested in our experiments, the shear moduli of all
healed samples are very close to that of pristine sample. The
reason is that the shear modulus is a macroscopic parameter,
mainly determined by the polymer chains in the bulk through
the entropic elasticity. Such bulk property is barely affected by
the cut as long as the healed surface, which is in series with the
remaining bulk, is strong enough to bear a finite load.

We characterize the self-recovery behaviors of silane-
crosslinked hydrogel under fatigue damage conditions using pure
shear specimens. Certain degree of shakedown sets in Fig. 7d.
After recovery, the nominal stress-stretch curve (purple curve
in Fig. 7d) almost coincides with that in the first cycle (black
curve in Fig. 7d), implying a near-perfect recovery. Put together,
self-healing and self-recovery tests confirm the reversibility of
siloxane bonds.
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8. Fatigue of silane-crosslinked hydrogels with different pH
values

Our hypothesis also entails that the dynamics of siloxane
bonds is faster than the rate of deformation. To test the validity of
this assumption, we synthesize silane-crosslinked hydrogels with
different pH values and investigate their fatigue behaviors. The
kinetics of silane condensation process is known to be sensitive
to pH, with the lowest condensation rate occurring around pH =
4 [36,37]. So far we have been using a pH value of 2.8. Now we
prepare hydrogels with pH = 4.1 and conduct fatigue fracture
tests to measure the fatigue threshold (Fig. 8a). Fig. 8b shows
that no crack extension is observed after 30000 cycles at G =
41.07 J/m?, while the crack grows slightly after 30000 cycles at
G = 59.86 ]J/m?. The dc/dN versus G data are collected in Fig. 4d
(green color). The fatigue threshold (50.1 J/m?) is lower than
the fracture toughness (84.6 J/m?), but is still much higher than
the Lake-Thomas prediction. Comparing the silane-crosslinked
hydrogels with pH = 2.8 and pH = 4.1, the two hydrogels
possess comparable toughness but different fatigue thresholds
(68.7 J/m? vs 50.1 J/m?), where the threshold at pH = 2.8 is
considerably higher than the fatigue threshold at pH = 4.1. Indeed,
the hydrogel with slower silane condensation rate has lower
fatigue threshold, consistent with our assumption: in the case
of pH = 4.1, less crosslinks in the fracture process zone are
able to completely heal within the time scale of one loading
cycle thus dissipating less energy and less resisting crack growth.

Similarly, in the self-healing test, the hydrogel with pH = 4.1
exhibits increasing healing efficiency but mostly constant shear
modulus with healing time (Fig. 8c). In the self-recovery test, the
hydrogel restores mechanical properties after 1 hour (Fig. 8d).
These results further suggest that anti-fatigue behavior depends
on the dynamics of siloxane bonds.

9. Fatigue threshold-toughness Ashby plot

In many engineering applications, hydrogels need to bear
prolonged cyclic loads or deformation. In developing hydrogels
for such scenarios, both toughness, the resistance to crack growth
under monotonic load, and fatigue threshold, the resistance to
crack growth under cyclic load, are of central importance.
Whereas many methods have been developed to enhance the
toughness of hydrogels [15-17], they fail in or do not suit for
enhancing the fatigue threshold of amorphous hydrogels. We
collect the toughness and fatigue threshold of various hydrogels
from recent literatures and plot them in the fatigue threshold-
toughness Ashby plot (Fig. 9). The diagonal dash line represents
equivalent toughness and fatigue threshold of a hydrogel, which
is called fatigue-free. A fatigue-free hydrogel typically does not
have potent energy dissipation. Notably, the silane-crosslinked
PAAm hydrogels synthesized in this work (solid brown hexagons),
especially the hydrogels with pH = 2.8, locate very close to
the diagonal. Most existing hydrogels are fatigue-prone, with the
fatigue threshold much lower than the toughness, occupying the
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Fig. 8. Fatigue fracture, self-healing and self-recovery tests of silane-crosslinked PAAm hydrogel with pH = 4.1. (a) Crack growth as a function of the number of cycles
at different energy release rates. The corresponding dc/dN vs G curve is plotted in Fig. 4d (green color). (b) The propagation of crack under applied energy release
rate of 41.07 J/m? and 59.86 J/m?. (c) Nominal stress—stretch curves of pristine and healed samples with different healing times. (d) Cyclic nominal stress-stretch
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points represent the measurements in this work.

bottom-right region of the plot. The MBAA-crosslinked PAAm
hydrogels as studied in this work (solid red circle), are fatigue-
prone. Some other hydrogels such as hydrogel composites, are
also almost fatigue-free, benefiting from their heterogeneous
structures [23,30]. Above the diagonal, the fatigue threshold is
higher than the toughness, implying that the materials do not
fatigue but are even toughened over cyclic loads. Hydrogels of
such behaviors are called fatigue-toughening. A salient example
is human muscle. Whereas recent attempts have been taken in
hydrogels to mimic this fatigue behavior of muscles via mechan-
ical training [25,42], such a fascinating feature remains largely
inaccessible for most synthetic hydrogels.

10. Discussions

For a MBAA-crosslinked PAAm hydrogel, the polymer net-
work inevitably consists of polymer chains of distributed chain
lengths [35]. The short chains will break before the long chains
under deformation. The short chains are tougheners. Since the
scission of short chains is irreversible, the fatigue threshold is
lower than the toughness by one to two orders of magnitude.
For a silane-crosslinked PAAm hydrogel, the distribution of chain
length also exists, but the scission of crosslink is reversible, such
that the fatigue threshold is comparable to the toughness. The
remaining smaller difference between the fatigue threshold and
the toughness might be caused by the distributed irreversible
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chain scissions of C-C bonds. In addition, bond exchange is highly
possible during the breaking and reforming of siloxane bonds in
the fracture process zone: the two silanol groups resulting from
the dissociation of a siloxane bond may condensate with other
adjacent silanol groups resulting from the dissociation of other
siloxane bonds. Due to the large local tensile stretch, the effective
polymer chain length between the newly formed crosslinks may
increase to alleviate the tensile stress in the reconstructed poly-
mer network. This reconstruction of polymer network generates
a “soft” zone in front of the crack tip to shield crack propagation.
A similar shielding effect has recently been reported to resist fa-
tigue crack propagation in thermoplastic polyurethanes, although
the reorganization at crack tip results in the reinforcement of
local polymer network [43].

The dissociation and reassociation of siloxane bonds will reach
a state of dynamic equilibrium after many cycles of loads. How-
ever, the applied tensile stress will favor the dissociation of
siloxane bonds by lowering the energy barrier for bond dissoci-
ation [44]. Under a load, dissociation overwhelms condensation
to engender excessive silanol groups. Such stress-assist dissoci-
ation of siloxane bonds has long been noted especially in the
presence of water molecules, e.g. in the fatigue of glass [45], and
has been recently reported in the crack extension of a silicone
network subjected to a static load [46]. Under cyclic loads, it is
possible that the backbone polymer matrix springs back when the
material is unloaded in each cycle, to facilitate the condensation
between nearby silanol groups to heal the crosslinks.

The bulk of silane-crosslinked PAAm hydrogel has low hys-
teresis, and the stretch in the bulk polymer network is much
lower than the local stretch near the crack tip. Therefore, the
enhancement of fatigue threshold is mainly contributed from
the processes inside the fracture process zone. Such near-crack
strengthening effect has been recently recognized in highly en-
tangled elastomeric polymer networks [47,48]. Whereas we have
applied a relatively high macroscopic strain rate, 6 s~!, and the
strain rate at crack tip is even higher, we conjecture that the
condensation Kinetics of silanes were always faster than the rate
of deformation, as suggested by our experimental results.

11. Conclusion

In summary, we report that anti-fatigue amorphous hydrogels
can be achieved based on dynamic covalent bonds by taking
a silane-crosslinked PAAm hydrogel as an example. The silane-
crosslinked hydrogel (pH = 2.8) possesses a fatigue threshold
of 68.7 J/m?, abnormally close to the toughness, 86.2 J/m?, and
much higher than the Lake-Thomas prediction, 11.01 J/m?. The
violation of Lake-Thomas picture is attributed to the dynamics of
siloxane bonds, which is supported by the results of self-healing
and self-recovery tests of the hydrogels, as well as the same char-
acterizations of a hydrogel with a different pH. Dynamic covalent
bonds provide a potent mechanism to design and synthesize
anti-fatigue amorphous polymer networks.

12. Experimental section
Materials

All chemicals were purchased and used without further pu-
rification. We purchased from Aladdin the following substances:
monomer acrylamide (AAm, A108465), crosslinker N,
N’-Methylenebis (acrylamide) (MBAA, M128783), crosslinker 3-
(Trimethoxysilyl) propyl methacrylate (TMSPMA, S111153), and
initiator «-ketoglutaric acid (K105571).
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Synthesis of silane-crosslinked PAAm hydrogel

Acrylamide powders (28.432 g) were first dissolved in deion-
ized (DI) water (100 mL), then 1 mL TMSPMA and 4 mL «-
ketoglutaric acid (0.1 mol L=!) were added to form the hydrogel
precursor. The pH value of the precursor was measured as 2.8. The
precursor was poured into a reaction mold, made of two parallel
glass sheets (20 x 20 mm [2]) with an intervening silicone spacer
(3 mm thick). The mold was positioned under an ultraviolet
(UV) lamp (15 W 365 nm; UVP XX-15BLB) for 12 hours. After
curing, the sample was stored in an oven at 65 °C for 12 hours
to allow the silanes to condensate completely. The sample was
stored in a plastic bag to prevent dehydration before tests. For
the silane-crosslinked PAAm hydrogel with pH = 4.1, the synthetic
procedure is same as before except that 0.1184 g sodium hydrox-
ide (NaOH) and 1.21 g glacial acetic acid (CH3COOH) were added
for forming the hydrogel precursor. The pH value of as-prepared
precursor was measured as 4.1.

Synthesis of MBAA-crosslinked PAAm hydrogel

Acrylamide powders (28.432 g) were first dissolved in DI
water (100 mL), and then 4.8 mL MBAA (0.1 mol L™') and 4 mL
a-ketoglutaric acid (0.1 mol L~!) were added. The precursor was
poured into a reaction mold, made of two parallel glass sheets
(20 x 20 mm [2]) with an intervening silicone spacer (3 mm
thick), followed by illuminating UV light for 2 hours.

Mechanical characterizations

To characterize the fatigue damage properties of hydrogels,
unnotched pure shear specimens (70 x 10 x 3 mm [3]) were
used. Samples were glued to rigid clamps (acrylate plates) at the
top and bottom, and then fixed onto a mechanical test machine
(Instron 5966, 100 N load cell). We programmed a displacement-
controlled triangular loading profile with maximum stretch A =
1.65 and a constant speed of 15 mm/s. The maximum stretch 1.65
is close to the rupture stretch and is large enough to calculate
the energy release rate in fatigue fracture test. The tests were
carried out in ambient air at room temperature and the duration
of each test was less than 20 min. The weight loss of all samples
is measured to be less than 2% after the test.

To characterize the fatigue fracture properties of hydrogels,
pure shear specimens (70 x 10 x 3 mm [3]) with a 20 mm-long
edge crack were used. The tests were conducted using a dynamic
and fatigue testing system (Instron ElectroPuls E3000, 250 N
load cell). A digital camera (Canon, EOS 6D Mark II) was used
to record the evolution of crack propagation. We programmed a
displacement-controlled loading profile with a constant speed of
60 mm/s. To prevent the dehydration of hydrogels, the specimens
were sealed in a customized chamber which is connected to a
humidifier. The weight loss of all samples was measured to be
less than 2% after the test.

Self-healing and self-recovery tests

To characterize the self-healing behaviors of silane-crosslinked
PAAm  hydrogel, rectangle samples with size of
10 x 50 x 3 mm [3] were prepared and stored in plastic bag
to prevent dehydration of hydrogels before test. Each sample
was cut into two pieces, each had a length of 25 mm, and
then attached with each other seamlessly. After being stored for
0 hours, 2 hours, 4 hours, 6 hours, 8 hours, the healed speci-
mens were subjected to tensile test to obtain their stress-stretch
curves. The samples with 0 hours healing time are the samples
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without healing. The tests were performed using a mechanical
test machine with a constant tensile speed of 3 mm/s.

To characterize the self-recovery behaviors of silane-
crosslinked PAAm  hydrogel, pure shear specimens
(70 x 10 x 3 mm [3]) without precut crack were used. Samples
were consecutively stretched and released from A = 1to A = 1.7
for 1000 cycles with a displacement-controlled triangular loading
profile with a constant speed of 15 mm/s. After the 1000th
loading cycle, samples were sealed in plastic bags for recovery for
1 hour. Afterwards, the recovered sample was subjected to one
more loading cycle. Nominal stress—stretch curve of 1001th cycle
is recorded and compared to the that of 1st and 1000th cycles.
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