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In developing a material for a load-bearing application, attention inevitably falls on the resistance of
the material to the growth of a crack, characterized by toughness under monotonic load, and by
threshold under cyclic load. Many methods have been discovered to enhance toughness, but they do
not enhance threshold. For example, stretch-induced crystallization and inorganic fillers have made
the toughness of natural rubber well above 10000 J/m2, but have left the threshold of natural rubber
around 50 J/m2. Here we describe a principle of stretchable and fatigue-resistant materials. To illustrate
the principle, we embed unidirectional fibers of a soft and stretchable material in a matrix of a much
softer andmuchmore stretchable material, and adhere the fibers and the matrix by sparse and covalent
interlinks. When the composite is cut with a crack and subject to a load, the soft matrix shears readily
and delocalizes the high stretch of a fiber over a long segment. A threshold of 1290 J/m2 is reached,
below which the composite does not suffer any mode of failure (fiber break, kink crack, or matrix
fracture). The principle of stretchable and fatigue-resistant materials is applicable to various materials,
layouts, and methods of fabrication, opening an enormous design space for general applications.
Introduction
Stretchable materials—elastomers, hydrogels, organogels, and
ionogels, along with their hybrids—are fundamental to numer-
ous and far-reaching applications. Examples include tissue repair
[1], drug delivery [2], soft robots [3,4], ionotronics [5–7], bioelec-
tronics [8–10], synthetic biology [11], skin-attached and
implanted devices [12], as well as wearable and washable active
textiles [13,14]. In a load-bearing application, a material must
resist the growth of a crack, characterized by toughness C under
monotonic load, and threshold Cth under cyclic load [15]. We
plot representative data on the toughness–threshold chart
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(Fig. 1). The diagonal of the chart represents materials having
equal toughness and threshold. This ideal behavior approxi-
mately describes materials that do not have potent tougheners,
such as ceramics: they are brittle but fatigue-resistant. Most
load-carrying materials—plastics, metals, elastomers, hydro-
gels—have potent natural or engineered tougheners, and fall
much below the diagonal: these materials are tough but
fatigue-prone. For these tough materials, the threshold is typi-
cally lower than the toughness by one to two orders of magni-
tude. A salient example is natural rubber, which has toughness
above 10000 J/m2, but threshold around 50 J/m2 [16].

A stretchable material undergoes large and reversible deforma-
tion by the entropic elasticity of a covalent polymer network. A
conflict exists in developing such a stretchable material: the
7
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FIGURE 2

Principle of stretchable and fatigue-resistant materials. (a) Undeformed
state. Unidirectional fibers of a soft and stretchable material are embedded
in a matrix of much softer and much more stretchable material. The fibers
adhere to the matrix through sparse and covalent interlinks. The composite
is cut with a crack using a razor blade. A small piece of the matrix is marked
by a red square. (b) Deformed state. When an applied force stretches the
composite, the matrix shears greatly, deforms the red square into a
parallelogram, blunts the crack, and delocalizes the high stretch of a fiber
over a long segment. Strong fiber–matrix adhesion prevents sliding and
separation.

FIGURE 1

The threshold-toughness chart approximately locates various classes of
materials. The chart is constructed using recently obtained data of
hydrogels: PAAm [17,18], PAAm/PVA [19], PAAm/Ca-Alginate [20], PAAm/
PAMPS [21], and PVA [22,23], along with data of established load-bearing
materials (elastomers, plastics, metals, and ceramics) [24]. The composite of
this work achieves a threshold about 1300 J/m2 and a toughness about
4000 J/m2.
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covalent polymer network cannot achieve both high crack resis-
tance and high elastic modulus. As the number of monomer
units per chain, n, increases, the toughness and threshold
increase C � Cth � n1/2, but the elastic modulus decreases, l � n�1

[16]. Consequently, pure single-network materials rarely fit for
load-bearing applications. Methods have been developed to
enhance toughness under monotonic load by introducing sacri-
ficial bonds (i.e., tougheners), such as covalent networks of short
polymer chains [25,26], noncovalent complexes [27], and inor-
ganic fillers [28,29]. These tougheners, however, do not change
the scaling for the threshold, Cth � n1/2 [16,20,21,30]. A recent
study has uncovered that double-network hydrogels achieve
threshold of hundreds of J/m2 [21]. The short-chain network
greatly improves strength and stiffness, allowing the long-
chain network to have an extraordinarily large value of n, and
thereby increasing the threshold. In separate recent studies, poly-
vinyl alcohol hydrogels form crystalline domains, exhibit flaw
insensitivity [31], and achieve threshold about 1000 J/m2

[22,23]. This approach, however, is limited to special materials.
We have recently described a principle of stretchable and

tough materials without using sacrificial bonds [32]. In that work
we reconciled the conflict between toughness and hysteresis,
achieving both high toughness and low hysteresis. The principle
requires that the fibers should be stiffer than the matrix; and the
interface adhesion between fibers and the matrix should be
strong. This work focuses on the fatigue resistance of materials.
We demonstrate that the above principle is also critical for
enhancing fatigue resistance of materials. Beyond that, high
resistance to shear deformation of matrix and large feature size
are necessary as well. To illustrate the principle, we embed unidi-
rectional fibers of a soft and stretchable material in a matrix of
8

much softer and much more stretchable material, and adhere
the fibers and the matrix by sparse and covalent interlinks
(Fig. 2). Both materials are elastic, with low hysteresis. When
the composite is cut with a crack by a razor blade and subject
to a cyclic load, the soft matrix shears greatly and delocalizes
the high stretch of a fiber over a long segment. Consequently,
the composite requires more energy to grow the crack than a
homogeneous material. In the limit when the matrix vanishes,
all fibers share the load, and the rest of the composite is com-
pletely unaffected by the razor-cut crack. In practice, of course,
a matrix is needed to bind the fibers into a solid material.

The principle breaks the conflict between crack resistance and
elastic modulus. The fibers and matrix have different polymer
chain lengths, and can be made of dissimilar polymers. The
matrix has a polymer network of long chains, and therefore
has low modulus and high threshold. The matrix does not carry
much load, and sustains large shear deformation at the tip of the
precut crack, without growing a kink crack. Each fiber has a poly-
mer network of short chains, and therefore has high modulus
and low threshold. Because the soft matrix deconcentrates stress
in the fiber, the threshold of the composite can be much higher



FIGURE 3

Snapshots of a crack in a composite subject to cyclic load of stretch of
amplitude 1.725 and energy release rate of amplitude 1290 J/m2. The
undeformed composite has a crack cut by a razor blade. The long edges of
the composite are clamped by rigid gripers. When the loading machine
moves the gripers cyclically, the crack extends slightly to the first fiber
ahead in several thousand cycles, and then stops without further extension
over 30000 cycles. The shape of the crack remains nearly unchanged
between the last two snapshots.
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than that of the fiber. The sparse and covalent fiber–matrix inter-
links prevent debonding and sliding, and yet allow the compos-
ite to be stretchable.

Composites of materials of high modulus contrast and strong
interface adhesion have long been developed. Examples include
glass or carbon fibers in epoxy matrices [33], strong threads in
elastomers [34], brick–mortar materials [35], strong fibers and
mats in hydrogels [36,37], and heterogeneous adhesives [38].
These materials, however, are not stretchable. Composites have
been made of patterned hard material in a soft matrix [39,40].
Such a material can also be stretchable and fatigue-resistant. Here
we focus on composites made of all stretchable materials.
Results and discussion
The principle of stretchable and fatigue-resistant materials is gen-
eral, applicable to various materials, layouts, and methods of fab-
rication, so long as the constituents fulfill the basic requirements
outlined above. We demonstrate the principle by embedding
fibers of a polydimethylsiloxane (PDMS) elastomer into a matrix
of a polyacrylamide (PAAm) hydrogel. We choose these materials
mainly because they fulfill the basic requirements and are easy to
fabricate in our laboratory, letting us test ideas with convenience.
See Experimental section for details about fabrication. The shear
modulus of the elastomer (401.35 kPa) is about two orders of
magnitude higher than the shear modulus of the hydrogel
(2.73 kPa). The elastomer ruptures at a stretch about 2, and the
hydrogel ruptures at a stretch about 10. We adhere the fibers
and the matrix by sparse covalent interlinks, so that the adhesion
is strong, but does not lower stretchability of the fibers. The elas-
tomer is hydrophobic, and does not absorb water from the
hydrogel, so that the two materials in contact are stable. The
fibers have the width of 2.5 mm and the spacing of 3.75 mm.
The thicknesses of the fibers and the composites are 0.5 mm
and 1.1 mm, respectively, giving a fiber-content of 20.3% by
weight.

We prepare a long rectangular composite, clamp the long
edges using long grippers, cut the composite with a crack using
a razor blade, and subject the composite to cyclic stretch of a pre-
scribed amplitude km (Fig. 3). See Experimental section for detail.
Because the composite has near perfect elasticity except for a
region around the crack tip, the amplitude of stretch gives the
amplitude of energy release rate, G. The composite with a precut
crack survives over 30000 cycles of load with the amplitude of
energy release rate of 1290 J/m2. By comparison, the toughness
is 365 J/m2 for the elastomer, 1142 J/m2 for the hydrogel, and
4136 J/m2 for the composite. The precut crack propagates
slightly before meeting the first fiber in front in several thousand
cycles, then stops and keeps a stable shape in the rest of cycles.

We also stretch the elastomer, hydrogel, and composite with
no precut crack over 20000 cycles. The stress–stretch loops and
the dissipated energy per unit volume in each cycle of the three
materials change somewhat in initial cycles, but are stable subse-
quently (Fig. 4).

Subject to a cyclic load of sufficiently high amplitude, the
composite develops several modes of failure, including fiber
break, kink crack, and matrix fracture (Fig. 5). For a composite
with a matrix much softer and much more stretchable than the
fibers, fiber break occurs prior to the other modes of failure. We
subject samples of a composite to cyclic loads of various pre-
scribed amplitudes of energy release rate, and record the number
of cycles when each sample breaks a fiber. A fiber breaks in the
first cycle when a sample is under the energy release rate of
4441 J/m2 (Fig. 6a). The composite survives more cycles under
smaller amplitudes of energy release rate (Fig. 6b and c). If the
amplitude of energy release rate is further decreased, the compos-
ite can survive after tens of thousands of cycles without fiber
break (Fig. 6d and e).

We plot the amplitude of energy release rate against the num-
ber of cycles at the observation of a failure mode (Fig. 6f). By a
failure mode we mean a visible damage such as fiber break, kink
crack, and matrix fracture. Such a G–N curve characterizes the
behavior of a composite containing a precut crack in response
to cyclic loads. We define the toughness by the energy release
rate that causes a failure mode in the first cycle (N = 1). We define
the threshold by the amplitude of energy release rate below
which the composite remains stable for infinite number of
cycles. Ideally, many samples should be cycled at each amplitude
of energy release rate to ascertain failure statistics, and should be
tested over infinite number of cycles at small amplitude of energy
9



FIGURE 4

Cyclic stress–stretch curves for samples with no precut cracks: (a) hydrogel, (b) elastomer, and (c) composite. (d) Dissipated energy per unit volume as a
function of the number of cycles. Each data point represents the mean of 3 experimental results. The error bars represent standard deviation.
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release rate to locate the threshold. In practice, one can stretch a
material only by a finite number of cycles. If the G–N curve
approaches an asymptote as the number of cycles increases, the
asymptote defines the threshold. The concept is analogous to
the endurance limit of the stress-cycle (S–N) curve. Characteriz-
ing the fatigue behavior of a material takes a long time, and some
compromise is inevitable. To illustrate the method of G–N curve,
here we test a total of sixteen samples. No damage is observed
when the composite is stretched for 30000 cycles with amplitude
of energy release rate of 1290 J/m2. We take this value as an esti-
mate of the threshold of the composite. Note that the slight
propagation of crack before meeting the first fiber in front is
allowed in defining the fatigue threshold of the composite, as
it will be stopped by the fiber and barely affects the load-
bearing capacity and integrity of the composite. Also note that
no crack propagation is allowed in defining the fatigue threshold
of homogeneous materials. Nevertheless, such difference is neg-
ligible so far as the load-carrying capacity is concerned, and it is
reasonable to compare the fatigue threshold of the composite
and other homogeneous materials in Fig. 1.

The thresholds of hydrogels and elastomers have been exten-
sively studied. The threshold of hydrogel is between 4.19 J/m2

[17] and 418 J/m2 [21], depending on the water content and
crosslink density. The threshold of hydrogel used in this work
is within this range. The threshold of most elastomers is in the
range of 50–100 J/m2 [24]. The measured threshold of the
10
composite is 1290 J/m2, which is one order higher than the
threshold of its constituent materials. As noted in the Introduc-
tion of the paper, an elastic modulus–threshold conflict exists
in single-network elastomers and single-network hydrogels. The
hydrogels of high threshold have small elastic modulus, and can-
not carry much load. The composites resolve this elastic modu-
lus–threshold conflict, and have both high elastic modulus and
high threshold.

The composite fails by forming a kink crack when the matrix
is not so stretchable. We make a composite with a matrix of a
PAAm hydrogel of much less stretchability (1.56 of the sample
with a precut crack), and then observe the composite under the
cyclic load of the amplitude of energy release rate of 1290 J/m2

(Fig. 7). The precut crack propagates obviously in the first cycle
until meets the first fiber ahead. A kink crack initiates in 6414
cycles. The kink crack grows in the rest of cycles and the matrix
also fails near a gripper. Meanwhile, another kink crack initiates
and propagates in the rest of cycles.

For composite with highly stretchable matrix, kink crack also
forms as the feature size of the composite reduces (Fig. 8). We
increase the number of fibers and decrease the width of fibers,
but keep the fiber-content unchanged (20.3 wt%). Under the
same amplitude of energy release rate of 1290 J/m2, the precut
crack propagates slowly until it meets the first fiber ahead in
6432 cycles. A kink crack initiates in 10317 cycles and propagates
upward in the rest of cycles. The smaller feature size leads to



FIGURE 5

Schematics of three modes of failure observed in the composites.

Video 3.
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larger shear deformation of the matrix near the crack tip even
under the same applied energy release rate.

A composite fails by a matrix fracture when the matrix-fiber
adhesion is weak. We prepare two groups of composites. In one
group, the elastomer and the hydrogel form covalent interlinks.
In the other group, the elastomer and the hydrogel contact by
noncovalent interaction. The two groups show different stress–
stretch curves (Fig. 9a and b). The toughness of the composites
with strong interface adhesion is about fourfold of that with
weak interface adhesion (Fig. 9c).

The precut crack can propagate easily at a relatively small
stretch (about 1.59) in a neat hydrogel of less stretchability
(Video 1). Similarly, for a composite with weak fiber–matrix
adhesion, the precut crack keeps propagating, while the fibers
remain intact, leading to a critical stretch (about 1.65) similar
to that of the neat hydrogel (Video 2). On the contrary, for the
composite with strong matrix-fiber adhesion, the growth of the
precut crack is prohibited by the fibers, leading to obvious
increase of the critical stretch (about 2.05. Video 3).
Video 1.

Video 2.
We have demonstrated a principle of stretchable and fatigue-
resistant materials through elastomer–hydrogel composite. Here
we show some theoretical understandings to discuss the essential
mechanics responsible for the enhancement of threshold. For an
extreme case of the composite when the matrix vanishes, like a
rope with many threads, all the fibers (threads) share the applied
load, the existence of a crack has no effect on the remaining
fibers. There is no stress concentration in the fibers, and the fati-
gue threshold of the composite is limited by the endurance limit
of fiber material and fiber length, i.e., Cth ¼ WeL, where We is the
endurance energy density of the constituent material of fibers, L
is the length of fibers. This should be applicable to all materials.
For metals, the endurance stress limit is at the order of 100 MPa
[41,42] and their modulus is at the order of 100 GPa, giving the
endurance energy density at the order of 105 J/m3, a fiber length
of 1 cm leads to a fatigue threshold of 1000 J/m2. Much longer
fibers will increase the fatigue threshold dramatically. In engi-
neering, steel wire ropes can bear the weight of a bridge under
fluctuating loads over many years. For materials of small feature
size, like micro-truss materials [43], it is well known the endur-
ance limit of material increases as the fiber diameter decreases.
The material may also have large fatigue threshold.

In most cases, a matrix is needed to bind the fibers into a solid
material. As long as the matrix is much softer than the fibers, a
crack in matrix will not cause severe stress concentration in the
fibers and affects their endurance. Unconfined matrix damage,
like kink crack and matrix fracture, will limit the threshold of
composites. Strong interface adhesion between the fibers and
matrix prevents the matrix fracture. Kink crack is limited by
the endurance to large shear deformation of matrix. Unconfined
11
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matrix damage may be governed by the toughness of matrix [31]
or flaw sensitivity of matrix [44], which is unclear at present and
remains to be explored.
FIGURE 7

Fatigue behavior of a composite when the matrix is not so stretchable. The
composite forms a kink crack and matrix rupture at the boundary after
about 6000 cycles under an amplitude of energy release rate of 1290 J/m2.

12
Concluding remarks
Stretchable and fatigue-resistant materials are important for
many applications. Most existing toughening methods enhance
toughness under monotonic loads, but not the threshold under
cyclic loads. We demonstrate a principle of stretchable and
fatigue-resistant materials. The principle requires that (i) the
matrix should be much softer than the fibers, (ii) the interface
adhesion between the fibers and matrix should be strong, (iii)
the matrix should be resistant to large shear deformation, and
(iv) the feature size should be large enough. These requirements
enhance threshold, below which a composite survives cyclic
FIGURE 6

The number of cycles to fail a composite tested at various amplitudes of
energy release rate. Each sample is cut with a crack using a razor blade. (a) A
sample fails by fiber break in the first cycle at an energy release rate of
4441 J/m2. (b and c) As the amplitude of energy release rate reduces, the
number of cycles at the observation of failure increases. (d and e) When the
amplitude of energy release rate is sufficiently low, no damage is observed
when the experiments are terminated. (f) The G–N curve of the composite.
Each dot records the number of cycles at a prescribed amplitude of energy
release rate. Each arrow records a sample that survives a certain number of
cycles of stretch at a prescribed amplitude of energy release rate, without
any modes of failure. The solid line is a guide to the eye.

3



FIGURE 9

Effects of fiber–matrix adhesion. Nominal stress–stretch curves for hydrogel
and composites with weak and strong interface adhesion of (a) notched
samples and (b) unnotched samples. The stars represent the rupture. The
thicknesses of fibers and the composites are 0.5 mm and 3.05 mm,
respectively. The fibers have the width of 1 mm and the spacing of
2.5 mm, giving a fiber-content of 7.35 wt%. Hydrogels have same size as the
composites. (c) Toughness of the hydrogels and the composites with weak
and strong interface adhesion. The data represents the mean of 3
experimental results. The error bars represent standard deviation.

FIGURE 8

Fatigue behavior of a composite with small feature size. A kink crack forms
after about 10000 cycles under an amplitude of energy release rate of
1290 J/m2.
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loads without suffering any mode of failure (fiber break, kink
crack, or matrix fracture).

We have demonstrated the principle using a specific pair of
stretchable materials (an elastomer and a hydrogel), a specific
layout (unidirectional fibers in a matrix), and a specific method
of fabrication (See Experimental section). But the principle is
general. Other stretchable materials, layouts, and methods of fab-
rication can also achieve high fatigue threshold, with additional
attributes desired in applications. Elastomer–hydrogel compos-
ites can store and transport small molecules and ions, and can
be used for drug delivery and ionotronics. Hydrogel-hydrogel
composites can have large water content and large range of stiff-
ness. Hydrogel-tissue composites can be used in tissue regenera-
tion. The principle of fatigue-resistant materials does not
require specific layouts of the two constituents of large stiffness
contrast. A composite of unidirectional fibers is anisotropic and
resists crack in one direction. A laminate of multidirectional
fibers is approximately isotropic in plane and resists cracks in
many in-plane directions. A composite of three-dimensional
fiber networks can be isotropic in macro-scale and resists crack
in all directions. Methods of fabrication include fiber spin [45],
extrusion print [46], and stereolithography [47]. Both hydrogel
and elastomer are compatible with these methods. One can
choose the most suitable fabrication on demand. The art of adhe-
sion has undergone transformative advances in recent years,
enabling—in principle—tough and stretchable adhesion
between any pair of stretchable materials [48]. The diversity in
materials, layouts, and methods of fabrication provide an enor-
mous design space to develop stretchable and fatigue-resistant
materials. It is hoped that this class of materials will enable
new technologies where pre-longed cyclic loads prevail, such as
cartilage replacements and artificial heart valves in healthcare
and soft robots and wearable devices in engineering.
13



FIGURE 10

Fabrication of elastomer–hydrogel composites and measurement of mechanical properties.
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Experimental section
Synthesis of PAAm hydrogels
Acrylamide (AAm; Sigma-Aldrich, A8887) was dissolved in dis-
tilled water (Poland Spring) to form an aqueous solution of the
monomer. Two concentrations were selected, with 30% and
12.45% AAm by weight. N,N0-Methylenebisacrylamide (MBAA;
Sigma-Aldrich, M7279) was dissolved in distilled water to form
a solution with nominal concentration of 0.1 M MBAA as cross-
14
linker. 2-Hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone
(I2959; Sigma-Aldrich, 410896) was dissolved in ethyl alcohol
(Sigma-Aldrich, 459844) to form a solution with nominal con-
centration of 0.1 M I2959 as photoinitiator. The hydrogel precur-
sor was made by mixing the monomer, crosslinker, and
photoinitiator. To make a less stretchable hydrogel, we added
9.6 lL crosslinker and 4.8 lL photoinitiator into every 1 g of
the AAm solution (30 wt%). To make a highly stretchable
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hydrogel, we added 4 lL crosslinker and 1.5 lL photoinitiator
into every 1 g of the AAm solution (12.45 wt%). Then the precur-
sor was poured into a mold made of laser-cut acrylic and covered
by a glass sheet with thickness of 6.25 mm (McMaster-Carr).
Thereafter, the mold was placed under an ultraviolet lamp
(15 W 365 nm; UVP XX-15L, 7 cm distance between sample
and lamp) for 1 h for polymerization. We kept the hydrogels in
the sealed mold for 12 h at room temperature for exhausting
monomers and initiator before tests.

Synthesis of PDMS
The precursor of PDMS was made by mixing the base and the
curing agent of Sylgard 184 (Dow Corning) at 10:1 weight ratio
with 1% v/w of red airbrush color (Createx). The mixed precursor
was poured into a mold made of acrylic. The precursor was then
degassed by a vacuum pump for 30 min for the air bubbles to
float out. Subsequently, the mold and the precursor were covered
with an acrylic sheet and placed at 65 �C in an oven (VWR,
Model No. 1330GM) for 12 h. The thickness of as-prepared
PDMS membrane is 0.5 mm.

Preparation of PDMS fibers
The as-prepared PDMS membrane was fixed on a graph paper
and cut by a paper cutter (Fig. 10a). The nominal width of the
fibers is 1 mm for composites of small feature size or 2.5 mm
for composites of large feature size. For making composites, the
prepared PDMS fibers were aligned uniformly, and each end of
them were bonded between two polycarbonate sheets by silicone
sealants (3 M) to form a fiber-scaffold. The fiber-scaffold was kept
at room temperature for 24 h to cure the silicone sealants.

Synthesis of elastomer–hydrogel composites
We realized tough and stretchable fiber–matrix adhesion by
forming sparse and covalent interlinks using a photoinitiator
(benzophenone) [49]. The fiber scaffolds were cleaned with ethyl
alcohol and dried with pressured air. Then, the scaffold was
immersed into benzophenone (Sigma-Aldrich, B9300) solution
(10 wt% in Ethyl alcohol) for 2 min at room temperature. There-
after, the scaffold was washed with ethyl alcohol and dried with
pressured air. To make composites with weak interface adhesion,
the scaffolds were just cleaned with ethyl alcohol and dried with
pressured air without benzophenone treatment. The scaffold was
fixed into a mold made of acrylic. The hydrogel precursor was
poured into the mold. The fibers were soaked by the precursor.
Then, the mold and the precursor were covered with a glass sheet
and placed under the ultraviolet lamp for 1 h for polymerization
(Fig. 10a). We kept the composites in the sealed mold for 12 h at
room temperature.

Mechanical tests
Each sample of the hydrogel, elastomer, and composite was
glued between two gripers (Fig. 10). In the undeformed state,
the sample had width of a0 = 100 mm, and length between two
gripers of L0 = 20 mm. The thicknesses of elastomers, hydrogels,
and composites were 0.5 mm, 1.5 mm, and 1.1 mm, respectively,
unless otherwise specified. During the tests, the samples were
loaded by a mechanical testing machine (Instron model 5966)
with a load cell of 100 N or 10 kN. The experimental process
was recorded by a digital camera (Canon EOS 70D).

We used monotonic load for measuring the critical stretch,
shear modulus, and toughness of stretchable materials
(Fig. 10b). Three groups of samples were prepared to get the
mean value and scatter of the measured mechanical properties.
Each group had two identical samples. The notched sample with
a 30 mm precut crack was used to measure the critical stretch, kc,
while the unnotched sample was used to measure the stress–
stretch curve. The nominal stress, s, is defined as the applied
force divided by the cross-sectional area in the undeformed state.
The stretch, k, is defined as the current length between two grip-
pers divided by the initial length. The stretch rate was 0.02 s�1.
The shear modulus, l, is determined by the initial slop of the
stress–stretch curve, and the toughness is calculated as

C ¼ W kcð ÞL0, where W kcð Þ ¼ R kc
1 sdk. It is noted that the failure

mode of elastomer–hydrogel composites with strong interface
adhesion is fiber break regardless of whether there is a precut
crack. In principle, the critical stretch measured by the notched
samples, kcn, is the same as that measured by the unnotched sam-
ples, kcu, which is also same as the stretchability of fibers. We
choose the minimum of kcn and kcu as the measured critical
stretch in the present experiments.

We use cyclic loading for measuring the fatigue behaviors of
stretchable materials (Fig. 10c). During the test, the minimum
stretch per unit cycle is controlled as 1. The amplitude of stretch,
km, depends on the applied energy release rate. The energy
release rate was calculated from the stress–stretch curves of
unnotched samples of first cycle, as G ¼ W kmð ÞL0, where

W kmð Þ ¼ R km
1 sdk. The loading–unloading frequency is controlled

roughly as 0.5 Hz. We recorded the force–displacement curves of
the unnotched samples over cycles to evaluate their fatigue dam-
age. While we measured the crack growth or failures of the
notched samples over cycles to evaluate their fatigue fracture.
During the tests, we used an acrylic chamber to minimize dehy-
dration of hydrogels and elastomer–hydrogel composites. We
controlled the relative humidity between 88% and 90% through
a humidifier and a humidity controller (Zoo Med). All the sam-
ples of hydrogels and composites were weighed before and after
the tests, and the weight change did not exceed 5%. The
mechanical properties of the elastomer–hydrogel composites
are represented by the properties on the direction parallel to
fibers, and the interface adhesion is strong enough unless other-
wise specified.
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