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A B S T R A C T

Hydrogels have been developed since the 1960s for applications in personal care, medicine, and engineering.
Evidence has accumulated that hydrogels under prolonged loads suffer fatigue. Symptoms include change in
properties, as well as nucleation and growth of cracks. This article is the first review on the fatigue of hydrogels.
Emphasis is placed on the chemistry of fatigue—concepts and experiments that link symptoms of fatigue to
processes of molecules. Symptoms of fatigue are characterized by testing samples with and without precut
cracks, subject to prolonged static and cyclic loads. We describe the use of energy release rate for samples with
precut cracks, under the conditions of large-scale inelasticity, for hydrogels of complex rheology. Highlighted are
three experimental setups: pure shear, tear, and peel, where energy release rate is readily obtained for materials
of arbitrary rheology. We describe chemistries of bonds and topologies of networks. Noncovalent bonds and
some covalent bonds are reversible: they reform after breaking under relevant conditions. Most covalent bonds
are irreversible. Each topology of networks is a way to connect reversible and irreversible bonds. We review
experimental data of hydrogels of five representative topologies of networks. We compare the Lake-Thomas
threshold, the cyclic-fatigue threshold, and the static-fatigue threshold. Fatigue is a molecular disease. All
symptoms of fatigue originate from one fundamental cause: molecular units of a hydrogel change neighbors
under prolonged loads. Fatigue correlates with rheology, according to which we distinguish poroelastic fatigue,
viscoelastic fatigue, and elastic-plastic fatigue. Many hydrogels have sacrificial bonds that act as tougheners. We
distinguish tougheners of two types according to their stress-relaxation behavior under a prolonged static
stretch. A liquid-like toughener relaxes to zero stress, and increases neither static-fatigue threshold nor cyclic-
fatigue threshold. A solid-like toughener relaxes to a nonzero stress, increases static-fatigue threshold, but does
not increase cyclic-fatigue threshold. We outline a strategy to create hydrogels of high endurance. Because of the
molecular diversity among hydrogels, the chemistry of fatigue holds the key to the discovery of hydrogels of
properties previously unimagined. It is hoped that this review helps to connect chemists and mechanicians.

1. Introduction

A hydrogel is an aggregate of water and polymers, and usually
contains more water than polymers. This review focuses on hydrogels in
which polymers form three-dimensional networks. The widespread use
of hydrogels is appealing for many reasons. In a hydrogel, the polymer
network is sparse, and the spacing between polymer chains is much
larger than the size of a water molecule. Water retains its molecular
properties, dissolving many other molecules and transporting them.
Many polymers can form hydrogels and carry various functional
groups. This diversity in chemistry enables hydrogels of a broad range
of properties. Most tissues of plants and animals are hydrogels.
Synthetic hydrogels can mimic living tissues to high degree of fidelity.
Many hydrogels derive from environmentally friendly sources and are
biodegradable. For example, alginates are extracted from seaweeds,

which are abundant in the oceans throughout the world (Draget, 2009).
Synthetic hydrogels have been developed since the 1960s (Buwalda

et al., 2014). As the property space spans and applications proliferate,
hydrogels—like all materials—will be used under conditions that push
their limits. In particular, many applications require hydrogels to sus-
tain prolonged static and cyclic loads. For example, hydrogels are re-
quired to sustain prolonged deformation in artificial tissues, move re-
peatedly in robotic arms, stretch repeatedly in artificial skins, and
oscillate in loudspeakers. Evidence has accumulated that prolonged
loads cause hydrogels to fatigue. Symptoms include change in proper-
ties, as well as nucleation and growth of cracks.
Fatigue is a molecular disease. All symptoms of fatigue originate

from one fundamental cause: molecular units of a hydrogel change
neighbors under prolonged loads. Symptoms of fatigue vary with che-
mistries of bonds and topologies of networks. Some bonds are strong
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(e.g., 3× 10−19 J for a C-C bond), but others are weak (e.g.,
3× 10−21 J for a specific ionic bond). By a topology of networks we
mean an arrangement of various bonds to link monomer units into
polymer chains, and to crosslink polymer chains into polymer networks.
A common topology is a single network of covalent bonds. Another
topology is a primary network of covalent bonds interpenetrating with
a secondary network of sacrificial bonds. Whereas a hydrogel of a single
polymer network formed by C-C bonds exhibits near-perfect elasticity, a
hydrogel having sacrificial bonds exhibits pronounced hysteresis.
Under a monotonic load, a double-network hydrogel resists the growth
of a crack by dissipating energy through two mechanisms: scission of
primary polymer networks on the plane of the crack, and breaking of
sacrificial bonds in the bulk of the hydrogel. The sacrificial bonds act as
a toughener. The sacrificial bonds amplify toughness, but make tough
hydrogels susceptible to fatigue. The fatigue of hydrogels is a new lens
to view molecular processes.
After fatigue, some hydrogels can heal under certain conditions, but

others cannot (Taylor and in het Panhuis, 2016; Wei et al., 2014). Heal
is also a molecular process. When a hydrogel is subject to a load or a
condition for heal, some broken bonds can reform, but others cannot.
The former are called reversible or dynamic bonds, and the latter irre-
versible or static bonds. Most noncovalent bonds and some covalent
bonds are reversible. Most covalent bonds are irreversible. Reversible
bonds are prerequisite for a hydrogel to heal after distributed damage
or growth of a crack. Notably, reversible bonds may prevent fatigue
damage in a sample without precut cracks, but do not prevent fatigue
crack growth in a sample with precut crack (Bai et al., 2018c).
Fatigue has been studied exhaustively in all established load-

bearing materials, including metals, ceramics, plastics, elastomers, and
composites (Evans and Wiederhorn, 1974; Fleck et al., 1994; Mars and
Fatemi, 2004; Ritchie, 1988; Suresh, 1998). By comparison, the study of
the fatigue of hydrogels is recent and scanty. The first report on crack
growth in a hydrogel under static load was reported by Tanaka et al.
(2000). The first report on crack growth in a hydrogel under cyclic
loads has only appeared recently (Tang et al., 2017). The lack of in-
terest may be interesting in materials sociology in the past, but is in-
excusable now, given the intense development of tough hydrogels
(Tang et al., 2017). It is urgent to span the scope of the study to enable
new applications of hydrogels, as well as discovery of fatigue-resistant
(i.e., endurant) hydrogels. Here we review the fatigue of hydrogels. The
mechanical behavior of hydrogels resembles that of elastomers in many
ways. We recommend a collateral reading of two reviews on the fatigue
of elastomers (Mars and Fatemi, 2002, 2004). Fracture of elastomers
and gels under monotonic loads is a vibrant field of study; recent re-
views include Lake (2003), Gong (2010), Zhao (2014), Creton and
Ciccotti (2016), Long and Hui (2015, 2016), and Creton (2017).
This article is the first review on the fatigue of hydrogels. Emphasis

is placed on the chemistry of fatigue—experiments and concepts that
link symptoms of fatigue to processes of molecules. Because the subject
is young, we view the literature in its entirety, of hydrogels of various
chemistries of bonds and topologies of networks, tested using samples
with and without precut cracks, subject to prolonged static and cyclic
loads. Section 2 sets the stage by briefly describing hydrogels and their
applications. We then describe the symptoms of fatigue under pro-
longed static and cyclic loads, as well as the efficacy of heal (Section 3),
characterized by testing samples without precut cracks (Section 4) and
with precut cracks (Section 5). We discuss the use of energy release rate
in the presence of inelasticity. For materials of any type of rheology,
energy release rate can be readily obtained for pure shear, tear, and
peel. Tear and peel have additional advantage because active de-
formation is localized in a zone scaled by the thickness of the sample.
We then describe two aspects of chemistry of profound significance to
fatigue: chemistries of bonds (Section 6), and topologies of networks
(Section 7). Section 8 reviews experimental data of hydrogels of five
representative topologies of networks. We then recall and extend the
Lake-Thomas model (Section 9), and compare the model to the

experimentally measured cyclic-fatigue threshold (Section 10) and
static-fatigue threshold (Section 11). Sacrificial bonds can be either
reversible or irreversible. We find another useful way to classify
tougheners. Under a constant stretch for a long time, a toughener that
relaxes to zero stress is called liquid-like, whereas a toughener that
relaxes to a nonzero stress is called solid-like. All irreversible bonds and
most reversible bonds are solid-like. Liquid-like tougheners increase
neither cyclic-fatigue threshold nor static-fatigue threshold. Solid-like
tougheners do not increase cyclic-fatigue threshold, but increase static-
fatigue threshold. Fatigue correlates with rheology, according to which
we distinguish poroelastic fatigue (Section 12), viscoelastic fatigue
(Section 13), and elastic-plastic fatigue (Section 14). Viscoelastic fa-
tigue and elastic-plastic fatigue have been widely studied in metals,
plastics, and elastomers, and they need be adapted to gels. Poroelastic
fatigue is specific to gels, and its study is nascent. Near the static-fatigue
threshold, the crack speed approaches a material-specific value, which
we call relaxation speed. We propose theoretical estimates of the re-
laxation speed, and compare them to experimental measurements. We
outline a strategy to create endurant hydrogels of high toughness and
low hysteresis (Section 15). The study of the chemistry of fatigue is
urgent: it holds a key to applications previously unimagined through
the discovery of tough and endurant hydrogels (Section 16).

2. Hydrogels and their applications

Compared to metals, ceramics, elastomers, and plastics, synthetic
hydrogels are relatively new materials, first developed systematically
by Wichterle and Lim (1960, 1961). In each synthetic hydrogel de-
scribed in the initial invention, covalent bonds link monomer units into
polymer chains, and crosslink the polymer chains into a single sparse
network. Weak bonds between the network and water molecules, as
well as the entropy of mixing, aggregate the network and water mole-
cules into a condensed phase. The mixture of covalent bonds and weak
bonds enables the hydrogel to exhibit hybrid behavior of solid and li-
quid. The polymer network acts as an entropic spring, whereas water
molecules and monomer units of the network change neighbors con-
stantly, transmit force negligibly, and act like a liquid. Because water
has low viscosity, the hydrogel exhibits near-perfect elasticity, with low
hysteresis.
Such a single-network hydrogel is highly stretchable, but has low

toughness. Toughness is also called fracture energy or tear energy, and
is defined as the energy dissipated when a crack extends a unit area.
The toughness is about 1–10 J/m2 for tofu and Jell-O, about 100 J/m2

for polyacrylamide hydrogels, about 1000 J/m2 for cartilage, and above
10,000 J/m2 for natural rubber. The toughness as defined by the critical
stress intensity factor is rarely used in hydrogels and elastomers, be-
cause the concept of stress intensity factor is limited to small de-
formation and linear elasticity. In this review, we will use toughness in
the unit of energy per unit area exclusively.
Gong et al. (2003) discovered a tough hydrogel of two inter-

penetrating networks, one being more stretchable than the other. At a
crack front, the more stretchable network bridges the crack, transmits
stress to the bulk of the hydrogel, and breaks the less stretchable net-
work in many sites. The hydrogel achieves high toughness by dis-
sipating energy through the synergy of two mechanisms: the scission of
the more stretchable network on the crack plane, and the breaking of
the less stretchable network in the bulk of the hydrogel. The less
stretchable network is a carrier of sacrificial bonds, and acts as a
toughener. This discovery has instigated the worldwide search for
tougheners. Examples include a network of less stretchable networks
crosslinked by covalent bonds (Gong et al., 2003), by hydrogen bonds
(Tang et al., 2010), by hydrophobic interaction (Haque et al., 2011), by
dipole-dipole interaction (Bai et al., 2011), by ionic bonds (Sun et al.,
2012), and by host-guest interaction (Li et al., 2015). The development
has led to hydrogels as tough as natural rubber; see reviews (Chen et al.,
2016a; Creton, 2017; Gong, 2010; Peak et al., 2013; Zhang and
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Khademhosseini, 2017; Zhao, 2014).
Synthetic hydrogels have found diverse applications. Familiar con-

sumer products include contact lenses (Caló and Khutoryanskiy, 2015)
and superabsorbent diapers (Masuda, 1994). Hydrogels have trans-
formed many areas of medicine (Caló and Khutoryanskiy, 2015;
Hoffman, 2012; Peppas et al., 2006; Slaughter et al., 2009). Examples
include drug delivery (Hoare and Kohane, 2008; Li and Mooney, 2016),
wound dressing (Li et al., 2017a), tissue repair and replacement (Haque
et al., 2012b; Lee and Mooney, 2001). A nascent field of applications,
called hydrogel bioelectronics or hydrogel neural interfaces, uses hy-
drogels to link neurons and computers (Sheng et al., 2019; Yuk et al.,
2019).
Potential non-medical applications of hydrogels have also emerged

recently. Calvert (2009) has envisioned strong hydrogels for soft ma-
chines. Many hydrogels are stretchable, transparent, ionic conductors
(Keplinger et al., 2013). They enable ionotronics, devices that function
on the basis of both mobile ions and mobile electrons (Yang and Suo,
2018). This family of devices is also called stretchable ionics (Lee et al.,
2018). Examples include transparent loudspeakers (Keplinger et al.,
2013), transparent membranes for active noise cancelation (Rothemund
et al., 2018), artificial muscles (Acome et al., 2018; Kellaris et al.,
2018), artificial skins (Lei et al., 2017; Sarwar et al., 2017; Sun et al.,
2014), artificial axons (Le Floch et al., 2017; Yang et al., 2015), arti-
ficial eels (Schroeder et al., 2017), artificial fish (Li et al., 2017b),
touchpads (Kim et al., 2016), triboelectric generators (Parida et al.,
2017; Pu et al., 2017; Xu et al., 2017), liquid crystal devices (Yang
et al., 2017), and ionotronic luminescent devices (Larson et al., 2016;
Yang et al., 2016a). Other applications include optical fibers (Choi
et al., 2015; Guo et al., 2016) and chemical sensors (Qin et al., 2018;
Sun et al., 2018). Large scale uses of hydrogels have been proposed,
such as pipeline maintenance in food and beverage manufacturing and
retardants for wildland fire (Yu et al., 2016).
Tough hydrogels have been explored in applications such as anti-

fouling coating for ships (Murosaki et al., 2009), tissue replacement
(Haque et al., 2012b), vibration isolation (Yang et al., 2013), fire-re-
tarding blankets (Illeperuma et al., 2016), wound dressing (Li et al.,
2017a), drug delivery (Liu et al., 2017a), coating of medical devices
(Parada et al., 2017), soft robots (Coyle et al., 2018; Yuk et al., 2017),
stretchable living responsive devices (Liu et al., 2017b, 2017c), and
adhesives and sealants for living tissues (Li et al., 2017a).
Many applications require that hydrogels be integrated with other

materials through attaching (Keplinger et al., 2013; Liao et al., 2017),
casting (Hu et al., 2017; Liu et al., 2018a; Tian et al., 2018; Yuk et al.,
2016b), coating (Le Floch et al., 2017; Parada et al., 2017; Qin et al.,
2018; Sun et al., 2018), and printing (Gladman et al., 2016;
Haghiashtiani et al., 2018; Hong et al., 2015; Robinson et al., 2015;
Tian et al., 2017). The abundance of water in hydrogels causes a par-
ticular challenge: water molecules in the hydrogels transmit negligible
loads, so that hydrogels usually adhere poorly with other materials
(Rose et al., 2013; Tang et al., 2016). Commercial glues based on cy-
anoacrylate have long been used to glue hydrogels and tissues (García
Cerdá et al., 2015). Cyanoacrylate monomers polymerize in situ and
form a glass phase, in topological entanglement with the polymer
networks of hydrogels (Chen et al., 2018). The glass phase may con-
strain the deformation of the hydrogels. Furthermore, cyanoacrylate is
cytotoxic, and in situ polymerization limits methods of integration of
hydrogel and other materials. Developing new methods of adhesion
between hydrogels and other materials is urgent.
Yuk et al. (2016a, 2016b) discovered that a hydrogel strongly ad-

here to another material if the polymer network in the hydrogel forms
strong bonds with the other material, and that the adhesion is further
amplified if sacrificial bonds in the bulk of the hydrogel break before
the scission of the primary polymer network. Methods have been de-
veloped to adhere hydrogels to stiff solids (Wirthl et al., 2017; Yuk
et al., 2016a), elastomers (Liu et al., 2018b; Wirthl et al., 2017; Yang
et al., 2018b; Yuk et al., 2016a), and living tissues (Li et al., 2017a).

Many of these new methods achieve both strong and stretchable ad-
hesion. The adhesion energy is comparable to the toughness of the
hydrogel, and the adhesion does not limit stretchability. The new de-
velopment of hydrogel adhesion may adhere chemistry and mechanics
in new ways; see online discussion (Liu, 2018).
Yang et al. (2018b) have initiated the study of the molecular to-

pology of adhesion. Two polymer networks can be stitched together
through topological entanglement with a third polymer network
formed in situ. Strong adhesion is achieved without requiring any
functional groups in the two preexisting polymer networks. The third
network acts like a suture at the molecular level. Various topologies of
adhesion greatly proliferate the methods of strong adhesion, and enable
additional functions to adhesion (Yang et al., 2018a). Such a functional
adhesion is illustrated by the recent discovery of photodetachable ad-
hesion (Gao et al., 2018). Peel from strong adhesion is hard and
sometimes painful. Topological adhesion enables both strong and easy
detachment. The latter is triggered, on-demand, through an exposure to
a light of a certain frequency range. This photodetachable adhesion has
been demonstrated for hydrogels, elastomers, inorganic solids, and
living tissues.
The development of strong adhesion between hydrogels and other

materials has just opened an enormous field of opportunities.
Composites have been developed by integrating hydrogels with other
materials, such as plastics (Agrawal et al., 2013; Guo et al., 2017; He
et al., 2016; Liao et al., 2013; Lin et al., 2014a; Xu et al., 2018), metals
(Illeperuma et al., 2014), glass (Huang et al., 2017), and elastomers
(Visser et al., 2015; Xiang et al., 2019). Such a water matrix composite
has three main constituents: water molecules, one or more sparse
polymer networks, and some other material in the form of fibers or
sheets. The water molecules dissolve ions and small molecules and
transport them, the sparse polymer networks retain the water molecules
and bind the fibers and sheets, and the fibers and sheets carry much of
mechanical loads. This division of labors—mass transport and load
bearing—among dissimilar materials will greatly span the applications
of hydrogels. The mechanical behavior of these composites depends on
the adhesion between the sparse polymer networks and the fibers and
sheets.
Hydrogels have been tested to function under unusual conditions.

Hydrogels can retain water in the open air when they dissolve hygro-
scopic salts (Bai et al., 2014), or are coated with hydrophobic elasto-
mers (Sun et al., 2014; Yang et al., 2018a; Yuk et al., 2016b). Hygro-
scopic salts and hydrophobic elastomers in combination enable
hydrogels to be washable and wearable conductors for active textiles
(Le Floch et al., 2017). Hydrogels containing specific salts can remain
soft at temperatures far below 0 °C (Bai et al., 2014; Morelle et al.,
2018). Hydrogels coated with hydrophobic elastomers can sustain
temperatures above 100 °C without boiling (Liu et al., 2018b). It is
possible to develop conductive hydrogel textiles that one can wear,
wash, and iron.

3. Symptoms of fatigue and efficacy of heal

The word fatigue has been used to describe many symptoms ob-
served in materials under prolonged loads. Symptoms of fatigue vary
with profiles of the prolonged loads (i.e., loads as functions of time).
Two idealized profiles of loads are commonly used to characterize fa-
tigue: static loads and cyclic loads. Fatigue under prolonged static loads
is called static fatigue (Table 1), and fatigue under prolonged cyclic
loads is called cyclic fatigue (Table 2). A testing machine can prescribe
either stretch or stress as a function of time. This section assumes that
the testing machine prescribes stretch as a function of time. One can
similarly test fatigue by prescribing stress as a function of time.
Fatigue may refer to the degradation of properties (e.g., modulus,

toughness, conductivity, and swelling ratio). The degradation of prop-
erties is associated with distributed damage, may or may not cause the
material to fracture, and is commonly studied using samples with no
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precut crack. Distributed damage under prolonged loads is called fatigue
damage.
Fatigue may also refer to the nucleation and growth of cracks in

hydrogels. The nucleation of cracks is commonly studied using samples
with no precut cracks, whereas the growth of cracks is commonly stu-
died using samples with precut cracks. Fracture under prolonged loads
is called fatigue fracture. When a crack is observed to grow under pro-
longed load, the growth is called fatigue crack growth.
When a sample without precut crack is subject to a prolonged static

stretch, the stress may relax over time (Table 1). This symptom is called
stress relaxation. The material is called liquid-like if the stress relaxes to
zero after a long time, and is called solid-like if the stress relaxes to a
finite level after a long time. Before the stress is fully relaxed, however,
the sample may fracture. As the magnitude of the static stretch reduces,
the time to fracture increases. This symptom is called static fatigue
fracture. Other names include delayed fracture, subcritical fracture,
stress-relaxation fracture, and stress corrosion. The last two names are
specific to mechanisms of fracture. If the load is small and the time is
short, the sample does not fracture, but its properties may change with
time due to distributed damage. This symptom is called static fatigue
damage.
After a hydrogel is subject to a period of prolonged load, one may

remove the load, and heal the hydrogel for some time under conditions
such as a compressive stress, an elevated temperature, an exposure of
light of certain frequencies, and an immersion in a solution. A hydrogel
may even heal at room temperature for some time, subject to no other
stimuli. Healing a hydrogel is analogous to healing a thermoplastic,
annealing a metal, or sintering a ceramic. Of course, the range of
temperature accessible to a hydrogel is more limited than many other

materials. Nonetheless hydrogels are particularly amenable to heal for
several reasons. Like life itself, a hydrogel has abundant water, which
mediates many molecular processes. Water in hydrogels also transports
molecules from external solutions, so that one may design “drugs” to
heal hydrogels. Many hydrogels are transparent, so that light can be a
stimulus for heal. The efficacy of heal is characterized by subject the
sample to another period of prolonged load.
When a sample with a precut crack is subject to a static stretch, the

crack may extend as a function of time, at a speed much below the
speed of sound in the material. This symptom is called static fatigue
crack growth. Depending on the time-dependent process, this symptom
may be called viscoelastic, poroelastic, or stress-corrosion crack growth.
The speed of the crack is a function of the energy release rate. A hy-
drogel with a precut crack under a static stretch exhibits a threshold
and a toughness. The crack does not grow when the energy release rate
is below the threshold, and grows rapidly when the energy release
approaches the toughness. After a period of crack growth, the sample
may be allowed to heal for a period of time. The efficacy of heal is
characterized by subjecting the sample to another period of prolonged
static stretch, and measure the re-growth of the crack as a function of
time.
When a sample without precut crack is subject to a cyclic stretch,

the sample may fracture after some cycles (Table 2). As the amplitude
of the cyclic stretch reduces, the number of cycles to fracture increases.
This symptom is called cyclic fatigue fracture. The sample may not
fracture if the stretch is small or the number of cycles is low, but its
properties may change with cycles. This symptom is called cyclic fatigue
damage. After a period of prolonged cyclic stretch, one can subject the
sample to a condition to heal, and then characterize the efficacy of heal

Table 1
Static fatigue and heal.
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by testing the sample under another period of prolonged cyclic stretch.
When a sample with a precut crack is subject to a cyclic stretch, the

crack may extend as a function of the number of cycles. This symptom is
called cyclic fatigue crack growth. The crack growth per cycle is a func-
tion of the amplitude of energy release rate. A hydrogel with a precut
crack under a cyclic stretch also exhibits a threshold and a toughness.
The crack does not grow when the amplitude of energy release rate is
below the threshold, and grows rapidly when the amplitude of energy
release approaches the toughness. One can similarly try to heal the
sample and characterize the efficacy of heal.

4. Samples without precut crack under prolonged static and cyclic
loads

This section summarizes tests using samples without precut cracks,
under five types of loading profiles: monotonic stretch, constant stretch,
constant stress, cyclic stretch, and heal. In such a test, the stress and
stretch are taken to be homogeneous in the sample. Uniaxial tensile test
is often conducted if the hydrogel is tough enough to be fixed to the
testing machine. Alternatively, uniaxial compression test is conducted,
and the hydrogel is made slippery enough between the stiff plates to
avoid lateral constraint. Another common experimental setup uses a
hydrogel of a rectangular shape, with the thickness much smaller than
the height, and the height much smaller than the length. The sample is
rigidly clamped along the length, and pulled in the direction of the
height. The rigid clamps suppress the deformation in the direction of

length, except for the edges of the sample. The setup is called the “pure
shear test”. This name and its justification have caused pointless con-
fusion, but no other name is commonly used.
Water can migrate in a hydrogel. The hydrogel can lose water to the

environment, or gain water from the environment. One can ascertain
the loss or gain of water by weighing the sample before and after the
mechanical test. For a thin sample tested over a long time in the open
air, the loss or gain of water will affect the stress-stretch curve. One
should enclose the sample in a humidity-controlled chamber (Tang
et al., 2017), or in a bath of oil or water (Illeperuma et al., 2013). The
migration of water is negligible if the hydrogel is homogenized during
preparation, and if the time of the test is much smaller than the time of
migration of water in the hydrogel. The latter is estimated by L2/D,
where L is a representative length of the sample, and D is the effective
diffusivity of water in hydrogels. The relevant length of a sample with
no precut crack is the smallest dimension of the sample (e.g., the
thickness of the sample). The effective diffusivity of water in hydrogels
can be measured, for example, using indentation (Hu et al., 2010).
Taking representative values, L=10−3m and D=10−10m2/s, we
estimate the time of diffusion as 104 s.
Under a hydrostatic state of stress, the elastic modulus of a hydrogel

is comparable to that of polymers and water, on the order of GPa. This
bulk modulus is much larger than the shear modulus and applied stress,
both on the order of 10–100 kPa. When the migration of water in the
hydrogel is negligible, the hydrogel is taken to be incompressible, like
an elastomer.

Table 2
Cyclic fatigue and heal.
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4.1. Monotonic stretch test

In this test, the testing machine prescribes a displacement to a
sample of a material. Because hydrogels are soft materials, the com-
pliance of testing machines is negligible. One grip of the machine re-
mains stationary, and the other grip moves at a prescribed velocity. The
stretch is defined by the length of the sample in a deformed state di-
vided by the length of the sample in the undeformed state. The rate of
stretch is defined by the velocity of moving grip divided by the length of
the sample in the undeformed state. A sensor records the force acting on
the sample. The nominal stress is defined by the force in a deformed
state divided by the cross-sectional area of the sample in the un-
deformed state.
The initial slope of the stress-stretch curve measures the elastic

modulus of the material. In a uniaxial tensile or compressive monotonic
stretch, the initial slope of the stress-stretch curve measures Young's
modulus, which is three times the shear modulus for an incompressible
material. In a pure shear test, the initial slope of the stress-stretch curve
is four times the shear modulus for an incompressible material.
Beyond the initial linear region of small deformation, the stress-

stretch curve is nonlinear. The slope of the curve changes with the
stretch, and becomes steep when the hydrogel approaches its limiting
stretch. This stretch-stiffening is due to the finite length of the polymer
chains. The area under the stress-stretch curve is the work applied by
the testing machine to a unit volume of the sample. When the stress-
stretch curve is measured till the sample ruptures, the stress defines the
strength, the stretch defines the stretchability, and the work defines the
work of fracture. For samples of a given material, the measured strength,
stretchability and work of fracture often scatter considerably, likely due
to imperfections of samples or testing conditions. For example, stress
concentration often causes a sample to fracture at its end in a uniaxial
tensile test. If the stress concentration is reduced by making the sample
of dog bone shape, or tying knots instead of gripping the sample at the
two ends, or rolling the sample to a rigid rod in a pure shear test, the
measured strength, stretchability and work of fracture will increase
(Chen et al., 2017; Pharr et al., 2012). For materials with the flaw-
sensitivity length larger than, say, 0.1 mm, these procedures can elim-
inate stress concentration, and lead to small scatter in the measured
strength, stretchability, and work of fracture (Chen et al., 2017). In such
a case, these quantities are material properties.
The stress-stretch curve may depend on the loading rate. Such rate-

dependence, for example, may come from the breaking of the sacrificial
bonds, which may or may not reform. Necking has been observed in
some tough hydrogels under uniaxial tension (Gong, 2010; Gong et al.,
2003; Hu et al., 2015; Na et al., 2006).

4.2. Constant stretch test

In this test, the testing machine rapidly deforms a sample, and then
holds the displacement constant in subsequent time. Meanwhile the
force sensor records the stress as a function of time. The stress rises
quickly, then drops over time, and eventually approaches either zero or
a constant stress. The constant stretch test is also called the stress re-
laxation test. If the stress approaches a nonzero level, the hydrogel is
said to be solid-like. If the stress approaches zero, the hydrogel is said to
be liquid-like. The characteristic time for the relaxation is called the
relaxation time. A hydrogel containing a covalently crosslinked
polymer network is solid-like. A hydrogel only has a network cross-
linked by physical associations can be either solid-like or liquid like,
depending on whether the physical associations can sustain finite force
under prolonged load.
A sample with or without precut crack may sustain a constant

stretch for a period of time, but then fracture all of a sudden (Bonn
et al., 1998). The mechanism of this delayed fracture for most hydrogels
remains inconclusive (Tang et al., 2017). Culprits include pullout of
chains in a hydrogels of polymer chains in physical entanglement

(Baumberger et al., 2006b), time-dependent migration of solvent
(Tanaka et al., 2016; Wang and Hong, 2012), and progressive damage
of the network (Karobi et al., 2016). In hard materials such as metals
and ceramics, delayed fracture is often caused by chemical reaction at
crack fronts, and the rate of reaction is possibly assisted by the high
stress (Evans and Wiederhorn, 1974; Lawn and Wilshaw, 1993; Wei,
2010). Similar phenomenon occurs in natural rubber, where abundant
carbon double bonds are prone to the chemical attack of oxygen and
ozone (Lake, 2003). Stress corrosion has not been reported for hydro-
gels.

4.3. Constant stress test

In this test, the stress is held constant, and the stretch is recorded
with time. The constant stress test is called the creep test. Subject to a
constant stress, a solid-like hydrogel approaches a nonzero stretch, but
a liquid-like hydrogel deforms indefinitely. Of course, the hydrogel may
suffer delayed fracture, also called creep fracture.

4.4. Cyclic stretch test

Cyclic stretch is extensively used to measure the stress-stretch hys-
teresis. The hysteresis is small for nearly elastic hydrogels, such as
polyacrylamide, but is large and usually rate-dependent for hydrogels
with tougheners. A hydrogel without precut crack suffers fatigue frac-
ture under cyclic stretch. A sample is subject to a cyclic stress of am-
plitude s, and the test records the number of cycles to fracture, N. The
data, called the s-N curves, scatter greatly even when the tests are
carefully conducted. This scatter is due to uncontrolled flaws in dif-
ferent samples of the material. Indeed, the s-N curves may as well be
called s-N clouds.
Cyclic fatigue damage measures the irreversible change of material

property over cycles in a material without precut crack. In the cyclic
stress-stretch curves, a steady state is commonly observed after many
cycles, where the curves do not change anymore. This steady state may
result from the complete damage of the irreversible sacrificial bonds
from the toughener, or the continuous breaking and reforming of re-
versible bonds.

4.5. Heal test

To test the efficacy of the heal of distributed damage, properties
such as elastic modulus, stress-stretch hysteresis, and fracture stress are
compared between tests conducted before and after the healing period.
To test the efficacy of the heal of a crack, the fatigue crack growth is
measured again and is compared to that measured in the initial loading.
Both damage-healing and crack-healing experiments for many mate-
rials date back to antiquity. Quantitative crack-healing experiments
were first conducted in mica (Obreimoff, 1930), and have been con-
ducted extensively in developing the wafer-bonding technology (Gösele
and Tong, 1998).

5. Samples with precut crack under prolonged static and cyclic
loads

In a hard material (a metal, a ceramic, or a plastic), a crack grows
typically when small deformation prevails in the main part of the
sample, where linear elasticity applies. By contrast, in a soft material (a
hydrogel or an elastomer), a crack typically grows when large de-
formation prevails in the main part of the body, where nonlinear
elasticity applies. For elastomers, the use of samples with precut cracks
was initiated by Rivlin and Thomas (1953) to study crack growth under
monotonic loads, by Thomas (1958) to study crack growth under cyclic
loads, and by Mullins (1959) to study crack growth under static loads.
The practice introduced by these classic papers has remained the same
since, and has been adopted in the study of crack growth in hydrogels.
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The two papers that initiated the study of cyclic and static fatigue crack
growth in elastomers predate the corresponding literature on metals.
The three classic papers, along with other papers by them and their
colleagues at British Rubber Producers’ Research Association, deserve
close reading. The remainder of this section describes the practice of
using samples with precut crack, as well as the theoretical underpinning
that was obscure in the classic papers, but has since become prominent.

5.1. Energy release rate

The deformation in the sample with a precut crack is in-
homogeneous and concentrates at the front of the crack. Because the
precut crack is typically much longer than any crack-like imperfections
in the sample, the fracture typically initiates from the precut crack.
Fracture is a process of inelasticity, accompanied by the scission of
polymer chains, as well as possibly the breaking and reforming of sa-
crificial bonds. Indeed, inelasticity is inherent in fracture of all mate-
rials: “elastic fracture” never happens and is a misleading phrase.
In defining the energy release rate, however, we ignore the presence

of inelasticity, regard the entire sample with a precut crack as an elastic
body, all the way to the crack front (Fig. 1). Denote the elastic energy of
the body by U. The area of the crack, A, is measured when the body is in
the undeformed state. The body is subject to an applied force F and
displacement Δ. When the displacement changes by dΔ, the applied
force does work FdΔ. The elastic energy of the body in the deformed
state is a function of the displacement and the crack area,U A( , ), and
is the area under the force displacement curve when the area of crack is
fixed. The energy release rate G is defined by the equation

= +F U G Ad d d . Thus, =F U A( , )/ and =G U A A( , )/ .
The energy release rate has the unit of energy per unit area.
The energy release rate is a loading parameter, not a material

property. In defining G, we picture two bodies identical in every other
way, except for a slight difference in the areas of the precut cracks when
the bodies are in the undeformed states, A and A . Both cracks are
precut using, say, a razor blade. When the bodies are loaded, the precut
cracks do not grow. The energy release rate is

=G U A U A A A[ ( , ") ( , )]/( " ). The energy release rate is fully

determined by the elastic boundary value problems associated with the
two bodies, and requires no information of fracture.

5.2. Toughness

By contrast, the toughness Γ is a material property that measures the
energy dissipation associated with the growth of a crack. That is, Γ is
defined by the equation = +F U Ad d d . By this definition, the ap-
plied work is the sum of the change in the elastic energy and the dis-
sipated energy. The toughness Γ also has the unit of energy per unit
area. When a sample of a precut crack is subject to a monotonic force F,
the loading parameter G increases with the applied load, and the front
of the crack blunts, but the crack does not extend if the applied force is
small. When the applied force reaches a critical value, the crack grows,
and the loading parameter G reaches the material property Γ.
The definition of G and Γ are nearly identical except for the meaning

of the phrase “the change in crack area dA”. In defining G, the change in
the crack area, dA, refers to samples of precut cracks of different areas,
and the cracks do not grow under the applied load. In defining Γ, the
change in the crack area, dA, is the growth of the crack under the ap-
plied load.
Rivlin and Thomas (1953) noted that their measured toughness of

rubber was much larger than the surface energy of rubber. The
toughness is on the order of 105 J/m2, whereas the surface energy is on
the order of 10−2 J/m2. The reason for this large difference was obscure
in the original paper, but has since come to light. Toughness and surface
energy are unrelated quantities. Toughness measures the dissipation of
energy due to the scission of the polymer chains on the crack plane and
the inelastic deformation off the crack plane. Surface energy measures
the bonds between monomer units, and is the same as the surface en-
ergy of an uncrosslinked polymer liquid. Surface energy has nothing to
do with the scission of the polymer chains or the inelastic deformation
of the rubber.
Rivlin and Thomas (1953) measured the toughness of a rubber using

specimens of several types: a long sheet with a short crack in the center,
a long sheet with a short crack at one edge, a tear specimen with a long
crack, and a pure shear specimen with a long crack. All these specimens

Fig. 1. A body has a crack of area Ameasured in the undeformed state. The body is subject to an applied force F and displacement Δ. The elastic energy of the body in
the deformed state is a function of the displacement and the crack area, U A( , ).
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gave a similar value of toughness. Their experiments established that
toughness is a material property, independent of the types of specimens
used to measure it. We now know that this specimen-independent
toughness results from the concentration of deformation at the front of
the crack. The following line of arguments parallels that for metals
(Hutchinson, 1983; Rice, 1968). Also see a review on the measurement
and interpretation of toughness of hydrogels (Long and Hui, 2016).

5.3. Elasticity around a crack front

The deformation of a body is described by a map x(X), where X is
the coordinate of a material particle when the body is in the un-
deformed state, and x is the coordinate of the same material particle
when the body is in the deformed state. Define the deformation gra-
dient by =F x XX( )/iK i K . The elasticity of every material particle of
the body is characterized by the Helmholtz function per unit volume,W
(F). Here we list the deformation gradient as the independent variable,
and assume that the temperature is held constant. The tensor of nom-
inal stress relates to the deformation gradient as =s W FF( )/iK iK . In
the absence of any body force, the nominal stress satisfies the equation
of equilibrium, =s X/ 0iK K . These equations, along with the boundary
conditions, determine the elastic field in the body. These equations
have no length scale.
Now consider a semi-infinite crack in an infinite body, and assume

that the body is elastic everywhere, all the way to the front of the crack.
The boundary conditions also have no length scale. Regard the energy
release rate G as the loading parameter of the boundary value problem.
Recall thatW has the unit of energy per unit volume, and G has the unit
of energy per unit area. Let R be the distance of a material particle from
the crack front, measured when the body is in the undeformed state.
Because the boundary value problem has no length scale, dimensional
considerations dictate that the elastic field should scale as W∼G/R,
with the pre-factor independent of R, but dependent on the polar angle.
See a review of crack-front fields in materials modeled with specific

Helmholtz functions (Long and Hui, 2015).

5.4. Inelasticity around a crack front

The elastic field W G R/ is singular as R approaches the crack
front, and must break down near the crack front. Assume that in-
elasticity occurs when W exceeds some representative value WI.
Consequently, for a semi-infinite crack in an infinite body, the size of
the inelastic zone scales as G W/ I. Outside the inelastic zone, the mate-
rial is elastic, with the stress-stretch relation derived from the
Helmholtz function W(F).
Now consider a sample of a finite size (Fig. 2). When inelasticity is

localized around the crack front, in a zone small compared to the size of
the sample, with the remaining part of the sample being elastic, the
sample is said to be under a condition of small-scale inelasticity. When
small-scale inelasticity prevails, an annulus exists, its internal radius
being larger than the inelastic zone size G W/ I, and its external radius
being smaller than the sample size. Within this annulus, the elastic field
W G R/ is valid. This elastic field is the same for a body of the same
material (i.e., characterized by the same Helmholtz functionW(F)), but
of different shapes. The load applied on the external boundary of the
body communicates to the fracture process at the crack front through
the elastic field in the annulus, with G as the only messenger. This
annulus is called the G-annulus. Consequently, the condition of small-
scale inelasticity ensures that the energy release G is a single loading
parameter. This fact explains why the toughness Γ is a material property
independent of types of specimens.
Large-scale inelasticity prevails when major portion of the sample

undergoes inelastic deformation. In a tough hydrogel, despite large-
scale inelasticity, toughness determined using samples of various sizes
and geometries is about the same (Sun et al., 2012). This experimental
fact is likely due to the practice that the toughness is determined near
the onset of the crack growth, before the growth of the crack forms a
steady-state wake, so that much of the sample only experiences loading,

Fig. 2. When small-scale inelasticity prevails, a G-
annulus exists, with the internal radius being larger
than the inelastic zone size G/WI, and the external
radius being smaller than the sample size. Within the
annulus, the elastic field W∼G/R is valid. The ex-
ternal load communicates with the inelastic zone
through a single messenger, G.
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without unloading. Under such a condition the inelastic stress-stretch
relation may be approximately expressed by an energy function, in the
same spirit of the deformation theory of plasticity. Similar in-
dependence of sample size and shape has long been established in the
fracture of metals under the conditions of large-scale plasticity (Begley
and Landes, 1972; Landes and Begley, 1972).

5.5. Flaw sensitivity

A polyacrylamide hydrogel can be stretched several times its ori-
ginal length, but ruptures at a small stretch when the sample is precut
with a crack of length exceeding a few millimeters. This flaw sensitivity
happens to all materials, but the flaw size that begins to knock down
stretchability appreciably is material specific, from nanometers for si-
lica, to centimeters for ductile steel.
The flaw-sensitivity length can be estimated from the scaling of the

elastic fieldW G R/ (Chen et al., 2017). LetWf be the work of fracture
measured using a “perfect sample” containing no cracks, and Γ be the
toughness measured using a sample with a long precut crack. The ratio
Γ/Wf defines a length, called the flaw-sensitivity length, which is a
material property. When the precut crack in a sample is short compared
to the flaw-sensitivity length, the crack has negligible effect on the
stretchability of the sample. When the precut crack is long compared to
the flaw sensitivity length, the crack reduces the stretchability of the
sample. This reduction is estimated by W(λf)∼ Γ/a, where a is the
length of the crack, λf is the stretch that ruptures the sample with the
precut crack, and W(λf) is the area under the stress-stretch curve up to
fracture. For silica, the flaw-sensitivity length is on the order of nan-
ometer, and the “perfect samples” can only be prepared under special
conditions, such as ultra-thin fibers. For many elastomers and hydro-
gels, the flaw-sensitivity length is larger than 0.1mm, and samples
prepared with some care measure the work of fracture with relatively
small scatter.
Flaw-sensitivity lengths for representative materials are plotted in

the diagram of toughness and work of fracture (Fig. 3) (Chen et al.,
2017). The representative values of a polyacrylamide hydrogel are Γ
∼102 J/m2, Wf ∼105 J/m3, and Γ/Wf = 10−3m. By contrast, re-
presentative values for a tough hydrogel are Γ ∼104 J/m2, Wf ∼105 J/
m3, and Γ/Wf = 0.1m. Such a large flaw-sensitivity length makes the
tough hydrogel flaw-insensitive in most applications. Some authors call
the quantity Wf toughness. This designation is ill advised: of all mate-
rials surveyed, silica glass has the highest work of fracture Wf (Fig. 3).
To design hydrogels that resist fatigue fracture for samples with no

precut cracks, we should estimate the flaw-sensitivity length under
prolonged loads. Under static loads, Γ0 corresponds to the static-fatigue
threshold, and Wf is the work of fracture measured in a sample without

precut crack at a vanishingly low loading rate. Under cyclic loads, Γ0
corresponds to the cyclic-fatigue threshold, and Wf is the work of
fracture measured in a sample without precut crack after a large
number of loading cycles to break all the bonds in the toughener. A
hydrogel is flaw-insensitive under static or cyclic loads if the size of any
crack-like defect in the hydrogel is smaller than the flaw-sensitivity
length. No work has been reported on the study of short cracks in hy-
drogels under prolonged loads. These brief comments are inadequate
for this significant topic, but may serve as a reminder to instigate ser-
ious work.
Kim et al. (2018) have studied the growth of a liquid phase in an

elastomeric gel. A liquid drop grows by rupturing the network of the
gel. When the size of the liquid drop is small compared to the flaw-
sensitivity length of the gel, the scission of polymer chains is not lo-
calized, but distributed around the entire liquid/gel interface. Dis-
tributed scission may have also occurred around the vapor bubbles in a
deep-fried hydrogel (Liu et al., 2018b). By contrast, a worm burrows in
a brittle hydrogel by wedging a sharp crack (Dorgan et al., 2005).
As noted in Section 2, the monomers of cyanoacrylate adhere two

pieces of hydrogels by polymerization into a glassy polymer network, in
topological entanglement with the networks of the two hydrogels (Chen
et al., 2018). When the adhered hydrogels are stretched in a direction in
the plane of the interface, the glass phase ruptures, which causes the
hydrogels to rupture if the glass phase is thick. However, if the glass
phase takes the form of drops small compared to the flaw-sensitivity
length of the hydrogels, the adhered hydrogels are highly stretchable
without damage. The glass drops function as staples.

5.6. Monotonic load

For samples containing precut cracks subject to a monotonic load,
the interpretation of experimental data is simplified for materials of
time-independent stress-stretch behavior. In a pure shear test, the en-
ergy release rate in a precut sample is G=HW(λ), where W(λ) is the
elastic energy density of the uncut sample (i.e., the area under stress-
stretch curve of an uncut sample stretched from 1 to λ), and H is the
height of the sample in the undeformed state (Rivlin and Thomas,
1953).
Toughness of a hydrogel can be determined by using two samples of

the hydrogel, one without precut crack, and the other with a precut
crack (Sun et al., 2012). The sample without precut crack is used to
measure the stress-stretch curve without fracture, and the area under
the stress stretch curve determines the function W(λ) (Fig. 4a). The
sample with a precut crack is stretched to fracture, and the critical
stretch λcr is recorded (Fig. 4b). The toughness of the hydrogel is given
by Γ=HW(λcr).
Alternatively, one determines the toughness of a hydrogel using a

single sample with a precut crack (Bernardi et al., 2018). If the sample
is sufficiently long, the presence of the crack affects the stress-stretch
curve negligibly, so that the sample itself can be used to determine the
function W(λ) up to λcr.
In peel (Fig. 5a) or tear (Fig. 5b), the sample is often attached with

two inextensible backing layers, which suppress the deformation far
away from the crack front (Gent and Lai, 1994). When the loading
machine prescribes a displacement to the arms of the sample, a force
sensor records the applied force F as a function of displacement
(Fig. 5c). When the force is small, the crack does not extend but blunts.
As the force increases, the crack blunts further. At some level of the
force, the crack extends by the scission of polymer chains. Upon further
loading, the crack may grow into a steady state, and the force may
reach a plateau. In the steady state, the extension of the crack is half of
the displacement prescribed by the loading machine to one arm relative
to the other, and the energy release rate is G=2F/w for peel, and
G=2F/h for tear, where w is the width and h is the thickness of the
sample. In the steady state, the plateau force F gives the toughness
Γ= 2F/w for peel and Γ= 2F/h for tear. For a hydrogel of time-

Fig. 3. A diagram of toughness Γ and work of fracture Wf, along with the flaw-
sensitivity length Γ/Wf (Chen et al., 2017).
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independent stress-stretch behavior, the measured force-displacement
curve negligibly depends on the loading speed.
Because the thickness of the sample can be readily adjusted over a

large range in peel and tear, the two experimental setups can be used to
probe the scale of inelasticity (Bai et al., 2018a). The toughness is
measured as a function of the thickness of the sample (Fig. 6). For a
thick sample, the inelastic zone is small compared to the thickness h,
small-scale inelasticity prevails, and the toughness Γ does not depend
on the thickness h. For a thin sample, the inelastic zone is large com-
pared to the thickness h, large-scale inelasticity prevails, and the
toughness Γ increases with the thickness h. In materials like elastomers,
plastics and metals, the dependence of peel force on thickness has long
been observed experimentally (Gent and Hamed, 1977) and analyzed
theoretically (Kim and Aravas, 1988; Wei and Hutchinson, 1998).
The three experimental setups—pure shear, peel, and tear—allow

cracks to run over long distance, in a steady state. However, the steady
state may be unstable, and gives way to jerky crack extension (Gent and
Pulford, 1984; Kolvin et al., 2017; Tanaka et al., 2000, 2016). The crack
path may also deviate from a straight line and form branches
(Baumberger and Ronsin, 2010; Gent et al., 2003; Livne et al., 2005;
Papadopoulos et al., 2008). Fingering instabilities have been observed
in peel of elastomers and hydrogels (Shull et al., 2000; Yuk et al.,
2016a). When a crack runs in a steady state, the energy release rate is
well defined for the three experimental setups. When instability occurs,
it is still a good practice to report the peel/tear force-displacement
curve, with loading speed specified.

5.7. Static fatigue crack growth

Static fatigue crack growth is a common way to study hydrogels of
complex rheology. Such an experiment records the crack speed v as a
function of the energy release rate G (Table 1). When the crack runs
rapidly, the energy release rate approaches the toughness, Γ. When the
crack speed vanishes, the energy release rate approaches the threshold.

The threshold is the toughness of the hydrogel after the rate-dependent
inelasticity is completely relaxed. For example, a polyacrylamide-cal-
cium-alginate hydrogel has large rate-dependent inelasticity from the
calcium-alginate network. The energy release rate is ∼4000 J/m2 at a
crack speed of 10mm/s, and is ∼200 J/m2 at a crack speed of 1 μm/s
(Bai et al., 2018a).
Static fatigue crack growth can be characterized using the pure

shear test. For a hydrogel of complex rheology, when a precut sample is
held at a constant stretch λ for a long time, the materials far ahead and
far behind the crack front are fully relaxed, and can be modeled as an
elastic material. The crack speed v can be recorded using a video
camera. When the extension of the crack reaches a steady state, the
crack speed is constant independent of time. Recall the equation that

Fig. 5. (a) Peel. (b) Tear. (c) Force-displacement curve.

Fig. 6. The measured toughness is thickness-dependent under the condition of
large-scale inelasticity, but is thickness-independent under the condition of
small-scale inelasticity.

Fig. 4. Pure shear. (a) A sample without a precut crack is used to measure the stress-stretch curve and the energy density as a function of stretch,W(λ). (b) A sample
with a precut crack is used to measure the critical stretch for fracture, λcr.
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defines the energy release rate: = +F U G Ad d d . In the steady state,
the clamps are held fixed, so that =d 0. Furthermore,

=U HW Ad ( )d , whereW(λ) is the area under the stress-stretch curve
of a sample without precut crack, measured in a pure shear test, at a
low enough loading rate to allow stress relaxation. The energy release
rate is G(λ)=HW(λ). The v-G curve is measured by conducting ex-
periments by holding the applied stretch λ at different values.
Even when the crack extends at a low speed, the material is inelastic

around the crack front. If the inelastic zone is small compared to the
height of the sample, small-scale inelasticity prevails, and the v-G curve
is independent of the height of the specimen. When the loading speed is
not small enough, or the specimen is not high enough, large-scale in-
elasticity prevails. So long as the specimen is fully relaxed far ahead and
far behind the crack front, energy release rate is still given by
G(λ)=HW(λ). Under large-scale inelasticity, the v-G curve depends on
the height of the sample. For pure shear, to ensure that the sample far
ahead the crack front is fully relaxed, the sample needs to be held at a
fixed stretch for a long enough time.
By comparison, peel and tear have some advantages in studying

static fatigue crack growth in hydrogels of complex rheology (Bai et al.,
2018a). Take tear for example (Fig. 7a). When the tear front extends in
the steady state, the speed of the tear front is half of the speed pre-
scribed by the loading machine on one arm relative to the other.
Consequently, there is no need to videotape the tear front. Once again
recall the equation that defines the energy release rate:

= +F U G Ad d d . In the steady state, the zone of active deformation
travels at the crack speed, so that the elastic energy in the sample re-
mains invariant, dU=0. Furthermore, the change in the crack area
relates to the displacement prescribed by the loading machine as

=A hd ( /2)d . Consequently, the energy release rate relates to the tear
force by G=2F/h. This expression holds at any tear speed, and is in-
dependent of the rheology of the hydrogel. During tear, a material
particle undergoes a history of load and unload. The active deformation
is localized around the tear front, in a volume scales with h3. A material
particle is initially far ahead the crack front, and is undeformed (Point
A). The material particle deforms as it approaches the crack front,
within a distance about h (Point B). Finally, the material particle moves
far behind the crack front, and does not deform further (Point C). When
the crack extends at velocity v, the time of active deformation is esti-
mated by t≈ h/v (Fig. 7b). When the time of active deformation is
small compared to the relaxation time of the hydrogel, the tear speed is
high, and the energy release rate is above the threshold. When the time
of active deformation is large compared to the relaxation time of the
hydrogel, the tear speed is low, and the energy release rate approaches
the threshold.
Both peel and tear require a precut crack to be made before the test.

For peel, the precut crack is required to stay well in the mid-plane of the
sample, which is challenging in practice if the thickness of the sample
becomes sub-millimeter scale. For tear, the precut crack is easily per-
formed for any thickness of sample.

5.8. Cyclic fatigue crack growth

Cyclic fatigue crack growth in hydrogels can be characterized using
pure shear. A precut sample is subject to cyclic stretch of a prescribed
amplitude λ0, while the extension of the crack is videotaped. A steady
state is often observed after many cycles, when the extension of crack is
linear in the number of cycles. The crack extension per cycle in the
steady state is a function of the amplitude of the energy release rate.
The crack extension per cycle increases steeply when the energy release
rate approaches the toughness, and approaches zero when the energy
release rate approaches the threshold (Table 2).
For an inelastic hydrogel, the energy release rate is calculated as

follows. Because the period of each cycle is relatively short, on the
order of a second, the breaking of most sacrificial bonds in the tough-
ener is irreversible. Such bond breaking progresses cycle by cycle, and
the stress-stretch curve keeps changing until it reaches a steady state
(Fig. 8). This progressive damage over many cycles is called shakedown
(Bai et al., 2017). Since the toughener is significantly damaged in the
steady state after many cycles, the stress-stretch hysteresis is relatively
small, and the hydrogel can be assumed as elastic. The energy release
rate is well defined in the steady state, G=HW(λ0), where W is the
area of the stress-stretch curve in the steady state (Bai et al., 2017).
The stress-stretch curve of the uncut sample may still exhibit a small

hysteresis in the steady state. In the literature of cyclic fatigue crack
growth in elastomers, to calculate W(λ0), some authors integrated the
loading part of the curve (Thomas, 1958), while others integrated the
unloading part of the curve (Gent and Lai, 1994; Gent, 2012). Indeed,
the hysteresis loop becomes relatively small in the steady state, and the
difference induced by the two ways of calculation becomes even smaller
as the crack extension per cycle approaches zero.
Cyclic fatigue crack growth in elastomers has been characterized by

tear (Thomas, 1958) and peel (Baumard et al., 2012). In such a test,
loading and unloading are prescribed by a constant velocity, and each
cycle is controlled with a constant peak force. The crack growth per
cycle can be calculated as the distance between two consecutive force
peaks in the force-displacement curve recorded by the machine. The
energy release rate is calculated using the same equations for tear and
peel, with the peak force replacing the plateau force. The experimental
data are evaluated after thousands of cycles, so that the fatigue crack
growth has reached the steady state. So far, no work has reported on
cyclic fatigue crack growth in hydrogels by peel or tear. It is significant
to conduct cyclic peel and tear experiments, and compare them to the
cyclic pure-shear experiments. This comparison is urgent for hydrogels
of complex rheology.

6. Chemistries of bonds

In hydrogels, various bonds link monomer units into polymer

Fig. 7. In tear, active deformation is localized around the tear front in a volume
scales as h3. (a) Points A, B, and C represent material particles in the sample. (b)
The loading and unloading history of a material particle during a tear test. The
time of active deformation is estimated by h/v.

Fig. 8. For cyclic fatigue crack growth using a pure shear test, the energy re-
lease rate in the steady state is calculated using the area under the stress-stretch
curve of the uncut sample in the steady state (Bai et al., 2017). The amplitude of
the cyclic stretch is λ0.
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Table 3
Representative chemistries of reversible bonds.
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chains, and crosslink the polymer chains to polymer networks. Common
bonds in hydrogels include covalent bonds, ionic bonds, hydrogen
bonds, hydrophobic interaction, dipole-dipole interaction, and host-
guest interaction (Table 3). So far as the mechanical behavior is con-
cerned, the main characteristics of the bonds are their strengths, as well
as their reversibility under the conditions of load and heal.
All bonds can reform after breaking under suitable conditions, such

as long time, elevated temperature, proper pH, presence of an enzyme,
and light of specific wavelength. Some covalent bonds and many non-
covalent bonds are reversible under conditions applicable to hydrogels
under load or heal. Reversible bonds have enabled the healing of hy-
drogels after distributed damage and growth of cracks (Picchioni and
Muljana, 2018; Taylor and in het Panhuis, 2016; Wei et al., 2014). To
limit the scope of this review, we regard a bond as irreversible if its
reformation requires conditions beyond useful time and temperature
for hydrogels, and will not consider the effect of any other stimuli.

6.1. Covalent bonds

Most hydrogels are composed of covalent bonds such as C-C and C-O
bonds. Examples include polyacrylamide, polyethylene glycol, and poly
(N-isopropylacrylamide). These bonds are irreversible. Once broken in
distributed damage or crack growth, these bonds do not reform.
Hydrogels formed by dynamic covalent bonds are able to heal after
breaking in a time scale ranging from seconds to hours. Examples in-
clude disulfide bonds (Deng et al., 2012), imine bonds (Zhang et al.,
2011), acylhydrazone bonds (Deng et al., 2012, 2010), phenylboronate
ester complexations (Roberts et al., 2007), and bonds formed by Diel-
s–Alder reactions (Wei et al., 2013). Hydrogels composed of acylhy-
drazone bonds can heal the crack within 24–48 h (Deng et al., 2012).
Extran-poly(ethylene glycol) hydrogels can heal the crack after 7 h at
37 °C (Wei et al., 2013).

6.2. Ionic bonds

Ionic bonds are formed by the electrostatic interaction between ions
of positive and negative charges. For example, alginate chains form
ionic bonds with divalent calcium ions (Braccini and Pérez, 2001; Lee
and Mooney, 2012), as well as other multivalent ions (Yang et al.,
2013). Once broken in a hydrogel under cyclic fatigue damage, the
bond is almost irreversible even after one day at room temperature.
However, if the hydrogel is rest at a temperature of 60 °C for one day,
the stress-stretch curve heals to more than 50% of its initial level (Sun
et al., 2012). On the other hand, when forming a calcium-alginate hy-
drogel, the calcium ions are able to replace the sodium ions in the so-
dium-alginate chains within hours at room temperature. This difference
in the kinetics of reaction has not been studied.
Enhancing the intermolecular interaction between ionic bonds can

promote the reversibility. Ferric ions and carboxylic acid can form
strong Fe3+-COO- coordination complex. A hydrogel without precut
crack formed by such complex is able to heal more than 90% of its
initial mechanical property within hours without heating following the
initial cyclic loads (Chen et al., 2016b; Lin et al., 2015). Mixing posi-
tively charged trimethylammonium and negatively charged sulfonate
into two different polymer chains can lead to random formation of ionic
bonds of different strength, and the stress-stretch curve almost com-
pletely heals after 30min at room temperature (Luo et al., 2015; Sun
et al., 2013). Other examples of ionic bonds include electrostatic in-
teraction between chitosan chains and poly(acrylic acid) chains
(Chavasit and Torres, 1990)

6.3. Hydrogen bonds

Hydrogen bonds are created between a more electronegative func-
tional group and an adjacent functional group bearing a lone pair of
electrons. A single hydrogen bond is usually weak. However, a densely

and well-packed group of hydrogen bonds can significantly amplify the
bond strength. Examples include hydrogen bonds between hydroxyl
groups on polyvinyl alcohol (Li et al., 2014b) and cellulose (Wang et al.,
2017b), amine groups and hydroxyl groups on chitosan chains (Yang
et al., 2016b), and dimethylamide groups and methacrylic acid groups
(Hu et al., 2015). Because a large amount of functional groups parti-
cipate in forming the hydrogen bonds, the healing from fatigue damage
of such a hydrogel may be relatively easier. The healing time from fa-
tigue damage is usually about 1–4 h at room temperature.

6.4. Hydrophobic interaction

In an aqueous solution, hydrophobic molecules aggregate and form
weak interaction. When hydrophobic molecules are linked to hydro-
philic polymer chains, two or more polymer chains tend to from in-
teraction at the hydrophobic sites. Typical hydrophobic moieties are
alkyl chains with length of 12 and 22 carbon atoms. The healing time of
a hydrogel formed by these chains from fatigue damage is about 60min
at room temperature (Tuncaboylu et al., 2013). Combination of hy-
drogen bonds and hydrophobic interaction gives rise to even faster
healing. A hydrogel formed by a crosslinker of an acrylic head, a hy-
drophobic alkyl spacer connected by carbamate, and a 2-ureido-4-
pyrimidone tail has a healing time from fatigue damage as short as
1–2min at room temperature (Jeon et al., 2016).

6.5. Dipole–dipole interaction and host-guest interaction

Dipole–dipole interaction and host-guest interaction are less
common compared to the other bonds, possibly because they require
uncommon matching functional groups. Strong dipole-dipole interac-
tion is observed between nitrile groups (Bai et al., 2011; Jia et al., 2017;
Wang et al., 2017a). Host-guest interaction can be established through
phenylalanine and cucurbit[8] (Li et al., 2015; Wu et al., 2017), cy-
clodextrins and adamantan (Kakuta et al., 2013), and cyclodextrins and
ferrocene (Nakahata et al., 2011).

7. Topologies of networks

Irreversible bonds can be relatively strong, but do not reform after
breaking (e.g., C-C bonds). Reversible bonds are typically weak, and
may reform after breaking (e.g., some ionic bonds). By a topology of
networks we mean an arrangement of bonds of various types to link
monomer units into polymer chains, and crosslink the polymer chains
into polymer networks. The difference in the topologies of networks
causes difference in the symptoms of fatigue. We next describe several
representative topologies of networks.
A hydrogel of a single network crosslinked by irreversible bonds

exhibits near-perfect elasticity before the bonds break (Fig. 9a). A
sample without precut crack keeps stress-stretch curves nearly un-
changed after many cycles of load. A sample with precut crack does
suffer fatigue crack growth under prolonged static and cyclic loads.
Because the crack extends by the scission of the irreversible network,
the hydrogel after fatigue crack growth does not heal to its original
state. Because the topology of the bonds of such a hydrogel is the same
as that in a ceramic, the mechanical behavior of such a hydrogel is
ceramic-like, even though stretch of the hydrogel is much larger than
the ceramic.
A hydrogel of a single network crosslinked by reversible bonds ex-

hibits viscoelasticity (without yield stress) or viscoplasticity (with yield
stress) (Fig. 9b). In such a hydrogel, monomer units link into polymer
chains by irreversible bonds (e.g., C-C covalent bonds), but polymer
chains crosslink into a network by reversible bonds. Provided the intra-
chain irreversible bonds are much stronger than the inter-chain re-
versible bonds, when the hydrogel is subject to a load, the polymer
chains do not break, but the network changes connectivity by breaking
and reforming the reversible bonds. A sample without precut crack will
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suffer fatigue damage, but damage may recover, even though the
sample may suffer permanent change in shape. A sample with a precut
crack may or may not suffer fatigue crack growth, depending on whe-
ther the material can concentrate stress at crack front. Honey does not
suffer crack growth at ordinary loading rate, but silly putty does. Be-
cause the topology of the bonds of such a hydrogel is the same as that in
a metal, the mechanical behavior of such a hydrogel is metal-like, even
though stretch of the hydrogel is much larger than the metal.
In a double-network hydrogel, each network is crosslinked by irre-

versible bonds, the two networks are in topologically entanglement and
need not have inter-network bonds, and one network is more stretch-
able than the other (Fig. 9c). Subject to prolonged static and cyclic
loads, a sample with no precut crack exhibits near-perfect elasticity
when the amplitude of stretch is small. At a larger amplitude of stretch,
one network breaks in many sites, but the other network remains intact.
The damage will not heal. A sample with precut crack suffers fatigue
crack growth under prolonged static and cyclic loads. The cyclic fatigue
threshold is below static fatigue threshold, and both thresholds are
below the toughness. After fatigue crack growth, the hydrogel cannot
heal to its original state. Such a double-network hydrogel is reminiscent
of a ceramic-ceramic composite.
Next consider a hydrogel of two networks, one being crosslinked by

irreversible bonds, and the other being crosslinked by reversible bonds
(Fig. 9d). The two networks are in topological entanglement and need
not have inter-network bonds. Subject to prolonged static and cyclic
loads, a sample with no precut crack suffers fatigue damage, which may
heal. The static network provides elasticity, which may retain the shape
of the sample after the heal. A sample with precut cracks suffer both
static and cyclic fatigue crack growth. After fatigue crack growth, the
hydrogel cannot heal to its original state. Such a double-network hy-
drogel is reminiscent of a metal-ceramic composite.

Then consider a hydrogel of a single network, but with two types of
reversible bonds of different strengths (Fig. 9e). Subject to prolonged
static and cyclic loads, a sample with no precut crack suffers fatigue
damage. The hydrogel may recover its properties, but may not recover
its shape. A sample with precut cracks suffer both static and cyclic fa-
tigue crack growth. After fatigue crack growth, the hydrogel may heal
to its original state. The behavior is expected to be similar if the hy-
drogel has multiple species of polymer chains, crosslinked in various
ways by dynamic bonds of various strengths. Such a hydrogel is re-
miniscent of a metal-metal composite.
In the next section, we review experimental data for hydrogels of

the above five topologies. As yet another example, a hydrogel can be
formed by an irreversible single network, in topological entanglement
with particles of hydrogels of irreversible bonds (Hu et al., 2012a,
2012b) (Fig. 9f). This topology leads to similar mechanical behavior of
the double-network hydrogel (Fig. 9c), but gives considerable flexibility
in casting, coating, and printing. Many other topologies of networks are
conceivable, but their effects on mechanical behavior and manu-
facturing are not well explored.

8. Data of five representative hydrogels

The five hydrogels represent different topologies of networks
(Fig. 9a–e): polyacrylamide (a single-network hydrogel crosslinked by
irreversible bonds), calcium-alginate (a single-network hydrogel cross-
linked by reversible bonds), polyacrylamide-poly(2-acrylamido-2-me-
thylpropane sulfonic acid) (a double-network hydrogel crosslinked by
irreversible bonds), polyacrylamide-calcium-alginate (a double-net-
work hydrogel crosslinked by irreversible and reversible bonds), and
polyampholytes (a single-network hydrogel with two types of reversible
bonds of different strengths).

Fig. 9. Representative topologies of networks. (a) A hydrogel of a single network crosslinked by irreversible bonds. (b) A hydrogel of a single network crosslinked by
reversible bonds. (c) A hydrogel of double networks crosslinked by irreversible bonds. (d) A hydrogel of two networks, one being crosslinked by irreversible bonds,
and the other being crosslinked by reversible bonds. (e) A hydrogel of a single network, with two types of reversible bonds of different strengths. (f) A hydrogel of a
single network crosslinked by irreversible bonds, in topological entanglement with particles of hydrogels crosslinked by irreversible bonds.
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8.1. Polyacrylamide

A polyacrylamide (PAAm) hydrogel has a single polymer network of
irreversible crosslinks (Fig. 10a). Because water has low viscosity and
the PAAm network is sparse, the PAAm hydrogel has near-perfect
elasticity. PAAm hydrogels are readily synthesized at many research
laboratories using radical polymerization. PAAm hydrogels are used in
water treatment, oil recovery, agriculture, medicine (Caulfield et al.,
2002), as well as in most recently developed ionotronic devices (Lee
et al., 2018; Yang and Suo, 2018). Many of these devices directly
benefit from the high water content, high stretchability, elasticity, and
transparency of PAAm hydrogels. Many tough hydrogels use PAAm as
the primary network. The chemical and physical properties of PAAm
hydrogels have been extensively characterized, including kinetics of
polymerization (Candau et al., 1985; Gelfi and Righetti, 1981a, b;
Tobita and Hamielec, 1990), long-time stability (Caulfield et al., 2002;
Cheng, 2004; Smith et al., 1997), thermodynamics of mixing (Day and
Robb, 1981; Hochberg et al., 1979), large deformation and swelling
(Cai and Suo, 2012; Li et al., 2012), fracture (Foegeding et al., 1994;
Livne et al., 2010; Tanaka et al., 2000; Zhang et al., 2005), and phase
separation (Sato et al., 2015). All these facts together make PAAm an
excellent model material for the study of the mechanical behavior of
hydrogels, just like silica for the study of the mechanical behavior of
glass and ceramics (Griffith, 1921; Orowan, 1944; Wiederhorn and
Bolz, 1970), and copper for the study of the mechanical behavior of
metals (Basinski et al., 1980; Katagiri et al., 1977; Thompson et al.,
1956).
The modulus, stretchability, and toughness of PAAm hydrogels

depend on the polymer chain length, which can be controlled by the
amount of the crosslinkers N,N′-Methylenebis(acrylamide) (MBAA)
(Fig. 10b&c). For a PAAm hydrogel synthesized with 1.9M of the
monomer acrylamide, adding 0.2 wt% of MBAA relative to acrylamide
makes a stretchable but brittle hydrogel. The hydrogel has a Young's
modulus of 9.3 kPa, can be stretched to four times its initial length
before fracture, and has a toughness of 38.2 ± 3.4 J/m2. With 0.06 wt
% of MBAA, the hydrogel becomes much more stretchable and tougher.
The hydrogel has a Young's modulus of 6.7 kPa, can be stretched over
15 times its initial length without fracture, and has a toughness of
449 ± 26 J/m2.
As noted before, the effective diffusivity of water in hydrogels can

be measured using indentation (Hu et al., 2010). The indenter is pressed
onto the hydrogel to a prescribed depth and then held over a long time.
The depth of indentation is large enough so that the measured relaxa-
tion is limited by poroelasticity (Hu and Suo, 2012). A force sensor
records the force on the indenter as a function of time, F(t). The force
has an initial value of F(0), decreases with time t, and reaches a plateau
F(∞) after a long time. Different indentation depths lead to different
force-relaxation curves (Fig. 10d). The curves are then plotted using a
normalized force (F(t) − F(∞))/(F(0) − F(∞)) and a normalized
loading time t/a2, where a is the indentation depth of the experiment.
In this way, all the curves collapse onto one curve. The time scale of
viscoelastic relaxation is assumed to be independent of the indentation
depth, whereas the time scale of poroelastic relaxation is proportional
to the square of the length scale a. This collapse of data indicates that
the relaxation of hydrogel is due to poroelasticity, not viscoelasticity.
The effective diffusivity of PAAm is on the order of D∼10−10m2/s

Fig. 10. Mechanical characterization of PAAm hydrogels. (a) The molecular structure of a PAAm hydrogel. (b) The stress-stretch curve of the hydrogel depends on
the amount of crosslinkers MBAA added in the precursor. Each experiment is terminated when the sample ruptures. (c) The toughness of the hydrogel depends on the
amount of crosslinkers. (d) Stress-relaxation of a PAAm hydrogel under an indenter (Kalcioglu et al., 2012). (b) and (c) are plotted from a collection of data from (Bai
et al., 2018b; Yang et al., 2018a), and unpublished data from Zhengjin Wang. Each data point in (c) represents an average measurement of three samples.
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(Kalcioglu et al., 2012). The time needed to homogenize a material over
a length scale 1mm is 104 s. For comparison, the viscoelastic relaxation
time of polyacrylamide chains has been measured to be typically less
than 1 s (Heemskerk et al., 1984; Pavesi and Rigamonti, 1995; Tian
et al., 2018; Weiss and Silberberg, 1977).
Whereas PAAm hydrogels without precut cracks exhibit near-per-

fect elasticity, PAAm hydrogels with precut cracks do suffer both static
and cyclic crack growth. The study of static fatigue crack growth in
hydrogels was initiated by Tanaka et al. (2000), using PAAm hydrogels
and the peel test. The v-G curve depends on the concentration of the
crosslinker. As the concentration of the crosslinker reduces, the length
of PAAm chains increase, and the energy release rate increases for a
constant crack speed. The v-G curve is also expected to depend on the
volume fraction of polymer in the hydrogel, but this dependence has
not been reported. For a PAAm hydrogel, with 0.06 wt% of MBAA re-
lative to acrylamide, and with the volume fraction of polymer at 10.7%,
the energy release rate is about 350 J/m2 at a high speed of 10mm/s,
and approaches about 200 J/m2 at a low speed of 1 μm/s (Fig. 11a)
(Yang et al., 2018b).
Delayed fracture has been observed using PAAm hydrogels with

precut cracks (Tang et al., 2017). The delay time, i.e. the period be-
tween the start of loading and fracture, is longer under lower energy
release rate (Fig. 11b). When the energy release rate is below a
threshold, denoted as the threshold for delayed fracture, the crack does
not grow within the observable time window of the experiment.
Under cyclic loads, samples of PAAm hydrogels without precut

cracks exhibit near perfect elasticity, free from cyclic fatigue damage.
The stress-stretch curves exhibit little hysteresis, and change negligibly
after thousands of loading cycles (Fig. 12a) (Bai et al., 2017).
The study of cyclic fatigue crack growth in hydrogels was initiated

by Tang et al. (2017), using PAAm hydrogels and the pure shear test.
The cyclic-fatigue threshold increases with the volume fraction of
polymer (Zhang et al., 2018a). The threshold is also expected to in-
crease with length of polymer chains, but no experimental data is re-
ported.
For the same PAAm hydrogel, the cyclic-fatigue threshold is lower

than the delayed-fracture threshold (Tang et al., 2017). The relation
between the two thresholds is still under study. Both the static and
cyclic fatigue of PAAm indicate that PAAm hydrogels contain some
kind of mechanism of energy dissipation, despite low hysteresis in the
stress-stretch curves of samples without precut cracks. A likely me-
chanism is poroelasticity (Section 12).

8.2. Calcium-alginate

Alginate hydrogels are broadly used in medical applications such as
drug delivery, tissue engineering, and cell transplantation (Augst et al.,
2006; Lee and Mooney, 2012; Li and Mooney, 2016; Rowley et al.,
1999). Sodium-alginate dissolves in water as a polyelectrolyte, with
mobile ions (Na+), along with mobile alginate chains containing fixed
charges (carboxyl group COO−). By contrast, a calcium-alginate (Ca-
alginate) hydrogel consists of alginate polymer chains crosslinked by
Ca2+ ions (Fig. 13a). Ca-alginate hydrogels have elastic modulus
∼10–100 kPa (Fig. 13b), and toughness ∼10 J/m2 (Fig. 13c) (Sun
et al., 2012).
In Ca-alginate hydrogels, the alginate chains and Ca2+ ions form

“egg box”-like interactions, with the energy of ionic bonds on the order
of kT, where kT is the temperature in the unit of energy (Braccini and
Pérez, 2001; Fang et al., 2007; Sikorski et al., 2007). Such ionic bond is
two orders of magnitude weaker compared to the covalent bond
forming alginate chains. As a result, the ionic bond is reversible at
elevated temperature (Sun et al., 2012). Subject to a constant com-
pressive strain, Ca-alginate relaxes to zero stress when the hydrogel is
compressed in the phosphate-buffered saline (PBS) solution (Fig. 13d)
(Zhao et al., 2010), but relaxes to a finite stress when the hydrogel is
compressed in the silicone oil (Fig. 13e) (Bai et al., 2018a). Such a
difference may result from the known degradation of Ca-alginate net-
work in PBS due to ion exchange or bacteria (Bajpai and Sharma, 2004;
Hashimoto et al., 2005), which may have damaged the Ca-alginate
network over the long time.
Because of the relatively weak ionic bonds forming the crosslinks,

the fracture of the Ca-alginate hydrogel results from the unzipping of
the ionic bonds and pullout of the alginate chains. The energy release
rate for crack propagation depends on the crack speed (Fig. 14a)
(Baumberger and Ronsin, 2009). The threshold for static fatigue crack
growth in Ca-alginate is only a few J/m2. In comparison, the threshold
of a crack growing in PAAm is 10–100 J/m2, where the fracture is due
to the scission of polymer chains.
The mechanical behavior of Ca-alginate hydrogels under many cy-

cles of loading has not been reported. Considerable stress-stretch hys-
teresis has been observed during an initial loading cycle with a stretch
amplitude of 1.2 (Fig. 14b) (Sun et al., 2012).
Static fatigue fracture and crack growth have been studied in other

physical hydrogels with networks crosslinked by reversible bonds.
Examples include agar hydrogels (Bonn et al., 1998; Lefranc and

Fig. 11. Static fatigue of samples of PAAm hydrogels with precut cracks. (a) Static fatigue crack growth in PAAm. Data replotted from (Yang et al., 2018b). (b)
Delayed fracture in PAAm (Tang et al., 2017). The two sets of data in (a) and (b) use PAAm hydrogels prepared under different conditions, and should not be
compared.
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Bouchaud, 2014), and gelatin hydrogels (Baumberger et al., 2006a,
2006b; Leocmach et al., 2014; Naassaoui et al., 2018). Cyclic fatigue
crack growth in any physical gel has not been reported. Such a study
would provide an excellent contrast with that for a chemical gel like
polyacrylamide. A physical gel is metal-like, and a chemical gel is
ceramic-like.

8.3. Polyacrylamide-poly(2-acrylamido-2-methylpropane sulfonic acid)

The polyacrylamide-poly(2-acrylamido-2-methylpropane sulfonic
acid) (PAAm-PAMPS) hydrogel is the first double-network hydrogel
that exhibits high toughness (Gong et al., 2003). The hydrogel consists
of a more stretchable PAAm network and a less stretchable PAMPS
network, with the two networks interpenetrating in topological en-
tanglement (Fig. 15a). When the hydrogel is subject to a uniaxial tensile
stretch, the stress-stretch curve shows a yielding point, accompanied by
a necking phenomenon observed in the hydrogel (Fig. 15b) (Gong,
2010; Na et al., 2006; Nakajima et al., 2013; Yu et al., 2009). In Region
(i) of the stress-stretch curve, as the hydrogel is stretched, the PAAm
network remains nearly intact, but the PAMPS network breaks pro-
gressively. The deformation is homogeneous with no strain localization.
The stress increases with the stretch. In Region (ii), the accumulated
damage of the PAMPS network leads to a yielding point in the stress-
stretch curve. A portion of the hydrogel sample forms a neck. A sub-
sequent plateau in the stress-stretch curve is observed, just like ideal
plasticity in metal. The necking zone in the sample gradually develops
with the increase of stretch over the plateau. In Region (iii), the PAMPS
network has broken extensively, the elasticity of the PAAm network
dominates, the hydrogel sample regains a homogeneous deformation,
and the stress starts to increase again.
The toughness of the PAAm-PAMPS hydrogel is higher when the

crosslink density of the PAAm network decreases, similar to the PAAm
hydrogel. On the other hand, if the crosslink density of PAAm in the
double-network hydrogel is too low to form a homogeneous and well-
crosslinked network, the toughness will decrease again (Fig. 15c)
(Gong, 2010; Nakajima et al., 2009).
Because both networks are covalently crosslinked, the PAAm-

PAMPS hydrogels are less susceptible to static fatigue than PAAM-cal-
cium-alginate hydrogels. For a PAAm-PAMPS hydrogel of a particular
composition, the energy release rate is about 600 J/m2 at a crack speed
of 103mm/min, and about 200 J/m2 at 10−1mm/min (Fig. 16a)
(Tanaka et al., 2005; Yu et al., 2009).

The scission of the covalent PAMPS network is completely irrever-
sible. As a result, an uncut PAAm-PAMPS hydrogel severely suffers
cyclic fatigue damage under cyclic loads. The stress-stretch curve has
pronounced hysteresis during the first cycle of loading, but almost no
hysteresis in the following loading cycles (Fig. 16b&c) (Webber et al.,
2007; Zhang et al., 2018b). The hydrogel does not recover its me-
chanical property even after one week staying in the unstressed state
(Fig. 16b). The stress-stretch curve in the second loading cycle follows
the unloading curve of the initial cycle, but behaves as a fresh material
once exceeding the maximum stretch in the first cycle. Such observa-
tion is denoted as the Mullins effect (Mullins, 1948, 1969; Webber
et al., 2007). The hysteresis and the stress level keeps decreasing over
thousands of loading cycles before reaching a steady state (Fig. 16c).
This phenomenon is called shakedown (Bai et al., 2017), and has been
observed in other hydrogels (Bai et al., 2011, 2018c). A precut PAAm-
PAMPS hydrogel suffers cyclic fatigue crack growth. The threshold can
reach over 400 J/m2 (Fig. 16d) when the crosslink density of the PAAm
network is low. This is the highest cyclic-fatigue threshold among hy-
drogels reported so far, but still much lower than the toughness
(∼4000 J/m2) of the hydrogel.
Although the toughness of a PAAm-PAMPS hydrogel is often lower

than many other hydrogel systems due to the finite dissipation from the
covalently crosslinked PAMPS toughener, it has potential advantage in
specific applications. Both networks in the PAAm-PAMPS hydrogel are
covalently crosslinked, inert and stable, making the hydrogel stable in
biological environment, such as being implanted in a living body
(Haque et al., 2012b; Nonoyama et al., 2016). The PAAm-PAMPS hy-
drogel can be a good candidate for development of hydrogel biological
applications that require both robustness of load bearing and stability
in biological environment.

8.4. Polyacrylamide-calcium-alginate

In a polyacrylamide-calcium-alginate (PAAm-Ca-alginate) hydrogel,
PAAm forms a network of covalent crosslinks, Ca-alginate forms a
network of ionic crosslinks, and the two networks interpenetrate in
topological entanglement (Fig. 17a). Sun et al. (2012) discovered that
the hydrogel can be stretched more than 20 times its initial length, and
has toughness above 8000 J/m2. Further improvements have increased
the toughness of PAAm-Ca-alginate hydrogels beyond 10,000 J/m2 (Li
et al., 2014a). The hydrogel has been developed for applications in-
cluding soft robots (Yuk et al., 2017), tough adhesives (Li et al., 2017a),

Fig. 12. (a) Samples of PAAm hydrogels without precut cracks do not suffer cyclic fatigue damage and have small stress-stretch hysteresis (Bai et al., 2017). (b)
Samples of PAAm hydrogels with precut cracks suffer cyclic fatigue fracture. The cyclic fatigue crack growth depends on the intrinsic variables of the hydrogel, such
as the water content (Zhang et al., 2018a).
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and drug delivery systems (Liu et al., 2017a).
Upon stretching, the long-chain PAAm network provides elasticity

and ensures high stretchability, while the Ca-alginate network unzip
through its ionic crosslinks and dissipate energy. The stress-stretch
curves depend on the proportions of the two networks (Fig. 17b). When
a precut PAAm-Ca-alginate hydrogel is stretched, the PAAm network
bridges the crack front, while the Ca-alginate network unzips in a large
volume surrounding the crack front. The synergy of the two processes
leads to large energy dissipation. The toughness peaks when the
amount of alginate is neither too low nor too high (Fig. 17c).
Because of the rate-dependent unzipping of Ca-alginate, the PAAm-

Ca-alginate hydrogel is also rate-dependent (Lu et al., 2016; Mao et al.,
2017; Xin et al., 2015). The elastic response of the stress-stretch curves
after relaxation is identical under a range of loading rate (Fig. 17d&e),

but does not coincide with the stress-stretch curve directly measured at
a lower loading rate (Fig. 17e). Such an over-drop of the relaxed elastic
response has been modeled as the viscoelastic Mullins effect of PAAm-
Ca-alginate hydrogels (Lu et al., 2016).
Static fatigue crack growth is pronounced in PAAm-Ca-alginate

hydrogels (Fig. 18) (Bai et al., 2018a). At a high crack speed, the un-
zipping of Ca-alginate dissipates a large amount of energy and toughens
the hydrogel. For the hydrogel with a specific composition and thick-
ness, the energy release rate is over 4000 J/m2 at a crack speed of
0.01m/s, but only about 200 J/m2 at a crack speed of 1 μm/s (Fig. 18a).
The large amount of unzipping Ca-alginate induces large-scale in-
elasticity. The inelastic zone grows with increasing crack speed. Such
rate-dependent inelastic zone can be probed by testing samples of
identical composition but different thicknesses, as discussed before

Fig. 13. Mechanical characterization of Ca-alginate hydrogels. (a) The molecular structure of the Ca-alginate hydrogel. (b) The stress-stretch curve depends on the
ratio between Ca2+ ions and alginate chains (Sun et al., 2012). (c) The toughness depends on the ratio between Ca2+ ions and alginate chains (Sun et al., 2012). (d)
Stress relaxation of the Ca-alginate hydrogel (blue) and the covalently crosslinked alginate hydrogel (red) immersed in PBS (Zhao et al., 2010). (e) Stress relaxation of
the Ca-alginate hydrogel immersed in silicone oil (Bai et al., 2018a). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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(Section 5.6, Fig. 6). In the tear test, at a tear speed of 0.5 μm/s, the
energy release rate depends negligibly on the thickness (Fig. 18b), in-
dicating the condition of small-scale inelasticity, and the size of the
inelastic zone is smaller than the smallest thickness tested, 0.4 mm. At
tear speeds higher than 0.5 μm/s, the energy release rate increases with
the thickness from 0.4mm, 0.7mm, 1.0mm–1.5mm, but reaches a
plateau from 1.5mm to 3.0mm, indicating that small-scale inelasticity
only holds for the thickness of 1.5 mm and 3.0mm. Under the condition
of small-scale inelasticity, the size of the inelastic zone at these speeds is
between 1.0mm and 1.5mm.
The solid-like Ca-alginate network at low speed still toughens the

static-fatigue threshold. For PAAm-alginate hydrogels with the same

PAAm-alginate, but different concentrations of calcium, 0 (0-Ca), 2.2 wt
% of AAm (1-Ca) and 4.4 wt% of AAm (2-Ca), the threshold is 59, 173,
and 952 J/m2, respectively (Fig. 18c).
Under cyclic loads, an uncut PAAm-Ca-alginate hydrogel suffers

cyclic fatigue damage (Bai et al., 2017; Sun et al., 2012). The dis-
sociation of Ca-alginate ionic bonds is almost irreversible at room
temperature, but is reversible at elevated temperature. The stress-
stretch hysteresis decreases drastically in the second loading cycle even
if the hydrogel stays unstressed for one day at room temperature
(Fig. 19a), but the hydrogel substantially heals from fatigue damage at
an elevated temperature (Fig. 19b) (Sun et al., 2012). The large re-
duction of hysteresis indicates that the majority of sacrificial bonds

Fig. 14. Static and cyclic fatigue of Ca-alginate hydrogels. (a) Static fatigue crack growth of the Ca-alginate hydrogel (Baumberger and Ronsin, 2009). The different
curves correspond to different alginate/water weight fractions. (b) Cyclic hysteresis of the Ca-alginate hydrogel, together with the PAAm hydrogel and the hybrid
hydrogel of the two networks (Sun et al., 2012).

Fig. 15. Mechanical characterization of PAAm-PAMPS hydrogels. (a) The molecular structure of the PAAm-PAMPS hydrogel. (b) The stress-stretch curve shows a
yielding point (Nakajima et al., 2013). (c) The toughness is a function of the crosslinking density of the PAAm network (Nakajima et al., 2009).
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already break after the initial loading. The hysteresis is rate-dependent
as expected from Ca-alginate dissociation (Fig. 19c) (Mao et al., 2017).
Shakedown of the stress-stretch curve is observed under thousands of
cycles of loads (Fig. 19d) (Bai et al., 2017).
A precut PAAm-Ca-alginate hydrogel suffers cyclic fatigue crack

growth under cyclic loads (Bai et al., 2017). Under a constant amplitude
of cyclic stretch, the crack extension per cycle is steep at the beginning,
but becomes smaller when reaching the steady state (Fig. 19e). Due to
the cyclic fatigue damage in the hydrogel, the energy release rate cor-
responding to the fixed stretch amplitude is large at the beginning, but
decreases with cycles. For a relatively brittle type of PAAm-Ca-alginate
hydrogel with toughness of about 1500 J/m2, the threshold is 53 J/m2

(Fig. 19f).
In addition to PAAm-Ca-alginate hydrogels, many hydrogels have

been developed to heal using networks of irreversible bonds and
tougheners of reversible bonds. The reversible tougheners include
networks crosslinked by hydrogen bonds (Hu et al., 2015; Liu and Li,
2016; Yang et al., 2016b), hydrophobic interaction (Haque et al., 2011,
2012a; Jeon et al., 2016; Tuncaboylu et al., 2013), dipole-dipole in-
teraction (Bai et al., 2011), and ionic bonds (Chen et al., 2016b; Du
et al., 2014; Lin et al., 2015; Liu and Li, 2016; You et al., 2016). In these

hydrogels, the properties such as modulus, strength, area of hysteresis
loop, and toughness typically reduce by 10%–50% immediately fol-
lowing an initial loading. Most of these hydrogels can completely heal
from cyclic fatigue damage and recover their properties at room tem-
perature. The time of complete heal ranges from a few minutes to al-
most a day, depending on the type of reversible bonds. For example,
creating well-organized and densely-packed hydrogen bonds among
multiple polymer chains can improve the inter-chain interaction, and
lead to a heal time of 1–4 h at room temperature (Hu et al., 2015; Yang
et al., 2016b). Linking hydrophobic moieties to hydrophilic chains also
improves the inter-chain interaction, and the heal time is about
60min at room temperature (Haque et al., 2011, 2012a; Tuncaboylu
et al., 2013). Compared to calcium ions, ferric ions can form stronger
coordination with alginate or poly(acrylic acid), and the heal time is
about 20min at room temperature (Chen et al., 2016b; Lin et al., 2015).
A combination of hydrogen bonds and hydrophobic interaction gives
rise to even shorter heal time of 1–2min at room temperature (Jeon
et al., 2016).
Bai et al. (2018c) have studied both cyclic fatigue crack growth and

cyclic fatigue damage in a hydrogel with PAAm network and uncrosslinked
polyvinyl alcohol (PVA) chains. The PVA chains interact with themselves

Fig. 16. Static and cyclic fatigue of PAAm-PAMPS hydrogels. (a) Static fatigue crack growth (Yu et al., 2009). (b) The hydrogel shows significant stress-stretch
hysteresis during the first loading, but shows almost no hysteresis in the following loading (Webber et al., 2007). Mullins effect is observed in the hydrogel. The
hydrogel cannot recover its material property at all, even after one week staying in the undeformed state. (c) Cyclic fatigue damage of the PAAm-PAMPS hydrogel.
The hydrogel reaches a steady state with negligible hysteresis after thousands of cycles (Zhang et al., 2018b). (d) The cyclic-fatigue threshold can reach over 400 J/
m2, higher than any other hydrogels reported so far, but still much lower than the toughness of the hydrogel (∼4000 J/m2) (Zhang et al., 2018b).
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and with PAAm chains through hydrogen bonds. When a sample with no
precut crack is tested under cyclic loads, the hydrogel heals from cyclic
fatigue damage completely after 3min staying in the unstressed state.
When a sample with precut crack is tested under cyclic load, the crack
extends cycle by cycle, and the hydrogel cannot heal from cyclic fatigue
crack growth afterwards. That is, the hydrogel does not suffer cyclic fatigue
damage given some time of heal, but does suffer cyclic fatigue crack
growth. Because the crack extends by the scission of the irreversible net-
work, the cracked hydrogel cannot heal to the original state.

8.5. Polyampholytes

A polyampholyte chain contains dissimilar charged monomer units
(Zurick and Bernards, 2013). A polyampholyte hydrogel is synthesized
by random copolymerization of two kinds of oppositely charged
monomers. The effective energy of an ionic group in the hydrogel is a

collection of many individual ionic pairs that are chemically identical.
The ionic groups have a wide distribution of strength in the hydrogel,
where the stronger ionic groups build a solid-like network, and the
weaker ionic groups act as a toughener (Fig. 20a) (Sun et al., 2013). The
bond energy of each ionic pair may be much lower than that of a C-C
covalent bond, but the energy of an ionic group as a sum can be built up
and tuned by the concentrations of ionic pairs, as well as the combi-
nations of different pairs. Such combinations bestow the polyampholyte
hydrogel high stiffness, strength, toughness, as well as efficacy for heal
(Sun et al., 2017a). The complex mechanical behavior of a poly-
ampholyte hydrogel reflects its complex molecular topologies.
The solid-like strong ionic groups ensure that the hydrogel has a

high strength of MPa, while the easily reversible weak ionic groups
make the stress-stretch curve rate-dependent (Fig. 20b). The toughness
can reach as high as thousands of J/m2, increasing with the fraction of
polymers in the hydrogel (Fig. 20c) (Sun et al., 2013). The toughening

Fig. 17. Mechanical characterization of PAAm-Ca-alginate hydrogels. (a) The molecular structure of the hydrogel. (b) The stress-stretch curve depends on the ratio
between the acrylamide and alginate (Sun et al., 2012). (c) The toughness depends on the ratio between the acrylamide and alginate (Sun et al., 2012). (d) Stress
relaxation of the hydrogel under different initial loading rate (Mao et al., 2017). (e) The elastic response of the stress-stretch curves after relaxation is lower than the
stress-stretch curve directly measured at a lower loading rate (Lu et al., 2016).
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results from energy dissipation of the multiscale structure formed by
the polymer chains and the ionic groups in a polyampholyte hydrogel
(Cui et al., 2018).
Static fatigue crack growth and creep fracture have been reported in

the polyampholyte hydrogel. The v-G curve above the threshold is
governed by the viscoplastic ionic dissociation, and has been studied
using the time-temperature superposition principle derived from elas-
tomers (Sun et al., 2017b). The energy release rate is about 200 J/m2 at
a crack speed of 10−6m/s (Fig. 21a). Under a constant stress of
0.1–1MPa, a polyampholyte hydrogel keeps elongating, and finally
fractures after several hours, denoted as the creep fracture (Fig. 21b)
(Karobi et al., 2016). The failure time of creep fracture inversely de-
pends on the loading stress (Fig. 21c).
The ionic groups in a polyampholyte hydrogel are reversible. The

polyampholyte hydrogel heals its crack after cutting. When a hydrogel
is cut to two pieces, attached together again, and allowed for 24 h of
healing, the hydrogel completely regains its original stress-stretch curve
(Ihsan et al., 2016). The polyampholyte hydrogel also heals from cyclic
fatigue damage (Fig. 22a) (Sun et al., 2013). Because of the rate-de-
pendent ionic dissociation, the stress-stretch hysteresis increases with
the strain rate (Fig. 22b). The hydrogel can almost recover its initial
stress-stretch curve after staying unloaded for 30min. The time scales
of the healing of uncut sample and the healing of completely cut sample
are dramatically different. The possible reason is that many strong ionic
groups do not break in an uncut hydrogel during cyclic loads, and still
provide elasticity to motivate the fast heal of the weak ionic groups.
When the hydrogel is cut into two pieces, these strong ionic groups
completely break, and their heal takes a much longer time.

Fig. 18. Static fatigue of PAAm-Ca-alginate hydrogels (Bai et al., 2018a). (a) The v-G curves of samples of different thickness. (b) The energy release rate G depends
negligibly on the thickness h at a tear speed of 0.5 μm/s. At higher tear speeds, G increases with h from 0.4mm, 0.7mm, 1.0mm–1.5mm, but reaches a plateau from
1.5mm to 3.0mm. (c) The threshold depends on the concentration of calcium.

Fig. 19. Cyclic fatigue of PAAm-Ca-alginate hydrogels. (a) The hydrogel cannot self-recover after an initial loading, even if being in the unstressed state for one day
at room temperature (Sun et al., 2012). (b) The hydrogel is able to partially self-recover if staying in the unstressed state for one day at an elevated temperature
(60 °C) (Sun et al., 2012). (c) The stress-stretch hysteresis is rate-dependent (Mao et al., 2017). (d) The hydrogel suffers cyclic fatigue damage. The stress-stretch
curve reaches a steady state after thousands of loading cycles, denoted as shakedown (Bai et al., 2017). (e) Because of shakedown, in a precut hydrogel under cyclic
stretch of constant amplitude, the crack growth per cycle is large at the initial cycles, and is smaller when reaching a steady state after thousands of cycles (Bai et al.,
2017). (f) A precut hydrogel suffers cyclic fatigue crack growth. The threshold is on the order of 10 J/m2, higher but close to the threshold in the PAAm hydrogel
itself (Bai et al., 2017).
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Fatigue damage, crack growth, and heal have also been studied in
hydrogels formed by oppositely charged homopolyelectrolytes (Luo
et al., 2015, 2016). Such a hydrogel only forms inter-chain ionic bonds,
whereas a polyampholyte hydrogel forms both inter- and intra-chain
ionic bonds.
Other than the cyclic fatigue damage and healing in a poly-

ampholyte hydrogel after one loading cycle, cyclic fatigue of poly-
ampholyte hydrogels over many cycles has not been reported. The
hydrogel has no covalently crosslinked network, which differs it from
all the other hydrogels reported so far in cyclic fatigue tests. The

hydrogel has a metal-like rheology, and is expected to still suffer crack
growth under cyclic loads. In principle, this hydrogel may heal to its
original state after fatigue crack growth.

9. The Lake-Thomas model and its extensions

9.1. The scaling of a truss-like model of elastomer

Lake and Thomas (1967) noted that the experimentally determined
cyclic-fatigue threshold of several elastomers is Γ0= 50 J/m2. These

Fig. 20. Mechanical characterization of polyampholyte hydrogels (Sun et al., 2013). (a) The molecular structure of the hydrogel. (b) The stress-stretch curve is rate-
dependent. The stress level is on the order of MPa. (c) The toughness can reach as high as thousands of J/m2, increasing with the fraction of polymers in the hydrogel.
Inset: a polarized microscope image of a polyampholyte hydrogel being torn, with the arrow indicating the crack front.

Fig. 21. Static fatigue of Polyampholyte hydrogels. (a) Static fatigue crack growth. Above the threshold, the static fatigue crack growth is governed by the visco-
plastic process (Sun et al., 2017b). (b) Under a constant stress, the stretch in the hydrogel keeps increasing, and leads to fracture of the entire sample after some time
(Karobi et al., 2016). (c) The failure time of the creep fracture inversely depends on the loading stress (Karobi et al., 2016).
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authors hypothesized that the vanishingly small crack extension per
cycle at the threshold no longer activates the inelastic deformation in
the bulk of the material, so that the threshold is entirely due to the
scission of the polymer chains lying across the crack plane (Fig. 23).
They further hypothesized that just before scission every covalent bond
along a polymer chain is stretched close to the covalent energy of the
bond, and the scission causes the chain to dissipate the energy of the
entire chain. In this Lake-Thomas model, the threshold is the bond
energy of a single layer of polymer chains, divided by the area of the
elastomer in the undeformed state. The bond energy per unit volume of
an elastomer is J/V, where J is the C-C bond energy, and V is the vo-
lume of each monomer unit. The thickness of a layer of chain in the
undeformed state is estimated by the equilibrium distance between the
two ends of the chain in the freely-jointed chain model, l n , where l is
the length of each monomer unit, and n is the number of monomer units
in a polymer chain. The Lake-Thomas model estimates the threshold of
an elastomer as = l n J V/0 , where α is a pre-factor of order unity.
The pre-factor α in the Lake-Thomas model is undetermined. The

main uncertainty comes from the estimate of the thickness of the layer
that dissipates energy. Why should we limit to a single layer of chains?
How about multiple layers of chains? How about the arrangement of
the chains, or chains of different lengths? A polymer chain does not
behave as the ideal model of a freely-jointed chain. To resolve these
issues will require a model of a crack in a more realistic network, si-
milar to a model of a crack in a stiff truss (Tankasala et al., 2015).
Indeed, the Lake-Thomas model is simply a scaling analysis of a truss-
like model. Of course, an elastomer network is a condensed phase, and
does not have open space between chains. Taking representative values,
V=10−28m3, J=3.3× 10−19 J, l=5×10−10m, and n=100, a
threshold 0 =50 J/m2 corresponds to α=3.

9.2. A gel as a solvent-filled truss

We now consider several extensions of the Lake-Thomas model to

gels. Let ϕ be the volume fraction of the polymer in the gel. If the
network is formed in a solvent, the equilibrium distance between two
ends of a chain is still l n . The bond energy per unit volume of the gel
reduces to ϕJ/V. Consequently, the threshold is estimated by

= l n J V/0 (Akagi et al., 2013).
Next consider a network formed in a dry state, which then imbibes

the solvent to form a gel. The equilibrium distance between the two
ends of a chain in the gel increases to l n1/3 , and the bond energy per
unit volume of the gel reduces to ϕJ/V. Consequently, the threshold is
estimated by = l n J V/0

2/3 (Ahagon and Gent, 1975; Mueller and
Knauss, 1971; Tang et al., 2017).
As yet another example, consider a network initially formed in a

solvent, with ϕ0 being the volume fraction of the polymer. The gel then
imbibes or loses solvent to form the final gel, with ϕ being the volume
fraction of the polymer. The equilibrium distance between the two ends
of a chain is l n in the initial gel, and is l n( / )0

1/3 in the final gel.
The bond energy per unit volume of the final gel is ϕJ/V. Consequently,
the threshold is estimated by = l n J V/0

2/3
0
1/3 .

The initial volume fraction of the polymer is tunable by the con-
centration of monomers in the precursor. The final volume fraction of
the polymer is tunable by swelling or drying the gel. The number of
monomers per polymer chain is tunable by the concentration of the
crosslinker. So long as Γ0 is measured as a function of each tunable
parameter, the validity of the Lake-Thomas model can be tested.
Next consider a hydrogel crosslinked by bonds that are weaker than

the bonds forming its polymer chains. Examples include a gelatin hy-
drogel crosslinked by hydrogen bonds, or a Ca-alginate hydrogel by
ionic bonds. Each crosslink typically involves a group of such weak
bonds. Still, the bond energy of a crosslink is typically smaller than that
of a C-C covalent bond. Just before a polymer chain breaks from a weak
crosslink, each monomer unit of the polymer chain is stretched to the
energy comparable to the bond energy of the crosslink, so that the Lake-
Thomas model still applies, with J interpreted as the bond energy of the
weak crosslink.
When the bond energy of the weak crosslink is much smaller than

that of the bond forming the polymer chain, we propose an alternative
modification of the Lake-Thomas model. A polymer chain is an entropic
spring. Right before the chain breaks from a weak crosslink, the force
pulling the chain equals the strength of the weak crosslink. For ex-
ample, we can model the polymer chain by a freely-jointed chain (Kuhn
and Grün, 1942; Rubinstein and Colby, 2003). The elastic energy per
monomer unit is = +J kT [ /tanh log( /sinh )], where kT is the
temperature in the unit of energy, β= fl/kT, l is the length of each
monomer unit, and f is the force needed to break the weak crosslink.
The Lake-Thomas model still applies, with J replaced by the above
expression.

Fig. 22. Cyclic fatigue damage of polyampholyte hydrogels. (a) The hydrogel without precut crack is able to heal its material property after 30min (Sun et al., 2013).
(b) The cyclic stress-stretch hysteresis is rate-dependent (Sun et al., 2017b).

Fig. 23. The Lake-Thomas model.
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9.3. Synergy of the primary network and sacrificial bonds

As described in Section 2, a hydrogel can achieve high toughness
through the synergy of two mechanisms of energy dissipation: the
scission of the primary network on the crack plane, and the breaking of
the sacrificial bonds in the bulk of the hydrogel. The synergy sets up a
boundary-value problem in continuum mechanics, i.e., the cohesive-
zone model or the crack-bridging model, analogous to that in metals
(Needleman, 1987; Tvergaard and Hutchinson, 1992), polymers (Du
et al., 2000; Hui et al., 2003; Schapery, 1975), ceramics (Evans, 1990;
McMeeking and Evans, 1982), and composites (Bao and Suo, 1992;
Marshall et al., 1985; Sørensen and Jacobsen, 2003). Such a model
represents crack bridging by a traction-separation relation, and back-
ground dissipation by a stress-strain relation in rheology. The same
model has been used to analyze tough hydrogels (Brown, 2007; Qi
et al., 2018; Tanaka, 2007; Zhang et al., 2015).
The thresholds for static and cyclic fatigue crack growth are often

called the intrinsic toughness. Zhang et al. (2015) measured the intrinsic
toughness of PAAm-Ca-alginate by pre-stretching a sample to large
deformation to unzip most of the Ca-alginate bonds, and measuring the
toughness afterwards. The notion of intrinsic toughness is used in
studying tough hydrogels (Creton, 2017; Creton and Ciccotti, 2016;
Long and Hui, 2016; Zhang et al., 2015; Zhao, 2014).
In the next two sections, we will review the experimental data on

the static and cyclic fatigue thresholds. In the literature, it has been
unclear whether the two thresholds measured under static and cyclic
loads are identical and corresponding to a single material constant. As
described in subsequent subsections, our own experimental data in-
dicate the two thresholds can differ greatly.

10. Cyclic-fatigue threshold

For PAAm hydrogels, the experimental data and theoretical pre-
diction of the cyclic-fatigue threshold agree well for hydrogels with
higher water content, but deviate for hydrogels with low water content
(Zhang et al., 2018a) (Fig. 24). For the composition of PAAm hydrogels
used in the experiments, the volume of each monomer unit is V=M/
(Aρ)= 1.0×10−28m3, where M is the molecular weight of acrylamide
(71.08 g/mole), ρ is the density of acrylamide (1.13 g/cm3), and A is the
Avogadro number (6.02×1023/mole). The length of the acrylamide
monomer is estimated by l= V1/3= 0.47 nm. The C-C bond energy is
J=3.3×10−19 J. The number of monomers between two crosslinks
can be estimated by n=1/(VN), where N is the number of chains per
unit volume of the dry polymer. Two ways of calculating N can be

adopted. In one way, N can be experimentally estimated through the
shear modulus =µ NkT1/3 , assuming the hydrogel follows the Gaus-
sian chain model (Cai and Suo, 2012). The calculated N varies greatly
with the water content, and an averaged value of N is taken for the
analysis. Alternatively, N can be calculated by assuming that all the
added crosslinkers have formed crosslinks, so that N=2ncl since each
crosslink connects two chains on average. The number of crosslinker
per unit volume of the dry polymer, ncl, is prescribed by experiments.
The calculated values of N from these two ways are close, and we take

=n 2175. The threshold was fitted to = l n J V/0
2/3 in the original

paper (Zhang et al., 2018a). This assumes that the network is formed in
the dry state and then swollen. Here we fit the experimental data using

= l n J V/0
2/3

0
1/3 , where = 12%0 corresponds to the volume

fraction of the polymer network when it is prepared. The fitting curve
remains the same, and gives the pre-factor α=1.8.
In addition, the Lake-Thomas model indicates that the threshold

increases with the polymer chain length. This dependence seems con-
sistent with the experimental observation, but no systematic experi-
mental characterization has been reported. Cyclic-fatigue thresholds
have also been measured for other hydrogels, including PAAm-Ca-al-
ginate (Bai et al., 2017; Zhang et al., 2019), PAAm-PAMPS (Zhang
et al., 2018b), and PAAm-polyvinyl alcohol (Bai et al., 2018c). The
measured cyclic-fatigue thresholds in all these hydrogels are found to
be close to the estimated values using the Lake-Thomas model. In all
cases, the cyclic-fatigue threshold is much smaller than the toughness of
the hydrogel, by one or two orders of magnitude.
A hypothesis has emerged recently that tougheners increase the

toughness of a hydrogel greatly, but contribute little to the cyclic-fa-
tigue threshold (Bai et al., 2018c). Cyclic fatigue crack growth has been
studied in hydrogels of two kinds, identical in all aspects except for
tougheners. A PAAm-polyvinyl alcohol hydrogel has liquid-like, un-
crosslinked polyvinyl alcohol chains as the toughener, resulting in a
toughness of 448 J/m2, much higher than the toughness of the PAAm
hydrogel without polyvinyl alcohol (71 J/m2). However, the cyclic-fa-
tigue thresholds of the two hydrogels, 8.4 and 9.5 J/m2, are nearly
identical (Fig. 25). This hypothesis is also ascertained in the PAAm-Ca-
alginate hydrogel (Zhang et al., 2019), where the large amount of ionic
bonds crosslinking the Ca-alginate network act as solid-like tougheners.
The toughness of the hydrogel is 3375 J/m2, while the cyclic-fatigue
threshold is 35 J/m2. For comparison, a PAAm-alginate hydrogel
identical in all other aspects but without calcium has a toughness of
169 J/m2 and a cyclic-fatigue threshold of 17 J/m2.
All the measurements of cyclic-fatigue threshold available so far are

conducted in hydrogels containing at least one covalent network of C-C
bonds (i.e., PAAm). Cyclic fatigue crack growth in hydrogels with no
covalent network has not been explored. A special group of them is the
self-healing hydrogel. By self-healing we mean the bonds of the polymer
network of a hydrogel are completely reversible after being fractured.
The reforming of bonds in a self-healing hydrogel often depends on the
magnitude and the speed of loading. As a result, a self-healing hydrogel
behaves as a non-Newtonian fluid or plastic liquid (Balmforth et al.,
2014; Barnes, 1999; Huang et al., 2016; Morelle et al., 2017). Most self-
healing hydrogels do not contain networks to provide strong elasticity,
so they hardly recover their original shape after a relatively large de-
formation, or subject to a static load for a long time.
Whether a self-healing hydrogel suffers cyclic fatigue crack growth

depends on the loading condition of the experiment. Take the poly-
ampholyte hydrogel as an example. The hydrogel completely heals its
crack if the two pieces of cracked materials are firmly attached and
stored in the unstretched state for 24 h (Ihsan et al., 2016). When a
sample of polyampholyte hydrogel with a precut crack is subject to
cyclic loads, if the period of each cycle is much longer than 24 h, the
hydrogel will not suffer cyclic fatigue crack growth, since the fractured
network has enough time to heal. In contrast, if the period is shorter
than 24 h, the hydrogel will still suffer cyclic fatigue crack growth.
In a pure shear test, to characterize the energy release rate related to

Fig. 24. The cyclic-fatigue threshold of PAAm hydrogels with different water
content. The first three points of experimental data (Zhang et al., 2018a) is
fitted using = l n J V/0

2/3
0
1/3 . The four data points correspond to PAAm

hydrogels of 96, 87, 78, and 69 wt% of water, from left to right.
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the cyclic fatigue crack growth, the cyclic stress-stretch curves of an
uncut sample are measured, and shakedown has been observed in most
hydrogels. Shakedown of the PAAm-Ca-alginate hydrogel takes thou-
sands of loading cycles (Fig. 19d). By comparison, shakedown of the
PAAm-PAMPS is swift, completed mostly in the first few cycles
(Fig. 16c). Shakedown of hydrogels has been analyzed using the phe-
nomenological model of viscoelastic Mullins effect (Wang et al.,
2018a). Such a large difference in the number of cycles to reach the
steady state calls for further study.

11. Static-fatigue threshold

Static-fatigue thresholds have been measured for non-covalently
crosslinked hydrogels such as gelatin and Ca-alginate (Baumberger
et al., 2006b; Baumberger and Ronsin, 2009). The energy dissipation
from pullout of polymer chains has no contribution to the threshold.
Rather, the threshold is determined by breaking the crosslinks of hy-
drogen bonds in the hydrogel network. Because the bond energy of
hydrogen bonds is much smaller than that of C-C covalent bonds in
these hydrogels, the static-fatigue threshold is on the order of 1 J/m2.
We can compare the threshold to our modified Lake-Thomas model

proposed in Section 9, with the J estimated from a freely-jointed chain.
The mesh size of the network is =l n m10 8 , the volume of each
monomer unit is V= l3= 2.7× 10−29m−3, and the bond energy of
the hydrogen bond is fl=1.6×10−20 J. At room temperature,
kT=4.2×10−21 J. Taking these together, and dropping the pre-fac-
tors in the Lake-Thomas model, we estimate the threshold to be
Γ0= 3.1 J/m2, which is close to the experimental value of (Baumberger
et al., 2006b), Γ0= 2.5 J/m2.
Static-fatigue thresholds have also been measured for PAAm-Ca-al-

ginate hydrogels (Bai et al., 2018a). While tougheners contribute little
to the cyclic-fatigue threshold, experiments show that they can con-
tribute greatly to the static-fatigue threshold (Bai et al., 2018a). To
explain this observation, here we summarize two hypotheses about the
static-fatigue threshold of a hydrogel with a primary solid-like network
and a toughener. First, a liquid-like toughener does not contribute to
the static-fatigue threshold. The threshold is estimated by the Lake-

Thomas model, determined by the primary network. Second, a solid-
like toughener amplifies the static-fatigue threshold. The threshold is
contributed by both the scission of the primary network and the rate-
independent dissipation of the toughener in the inelastic zone around
the crack front. If the size of such inelastic zone is comparable or larger
than the size of the sample, large-scale inelasticity will take place, and
the measured threshold will depend on the sample size.
To test the hypotheses, static-fatigue thresholds have been measured

for PAAm-Ca-alginate hydrogels identical in all aspects except for the
concentration of calcium (Bai et al., 2018a). The static-fatigue
threshold of a PAAm-alginate hydrogel with no calcium is 59 J/m2,
whereas the static-fatigue threshold is 173 and 952 J/m2, when the
concentration of calcium in the hydrogel increases (Fig. 18c).
The difference between the cyclic-fatigue threshold and static-fa-

tigue threshold of a hydrogel with solid-like tougheners is reminiscent
of the fatigue of rate-independent ductile metals, where the cyclic-fa-
tigue threshold is much smaller than the toughness – in this case the
static-fatigue threshold – of a ductile metal.
The cyclic-fatigue threshold and static-fatigue threshold, however,

are not distinguished in the study of elastomers. In the static-fatigue
crack growth of elastomers, the energy release rate is considered as the
Lake-Thomas threshold amplified by a factor due to viscoelasticity,
G=Γ0(1 + f(v, T)), where f(v, T) is a function of the crack speed v and
temperature T, and approaches zero as v approaches zero or T is high
enough (Bhowmick, 1988; de Gennes, 1996; Gent, 1996; Gent and
Schultz, 1972). Indeed, the measured static-fatigue thresholds of var-
ious rubbers are close to values predicted by the Lake-Thomas model,
and such expression has been extensively used in the literature of
fracture of soft materials (Creton, 2017; Creton and Ciccotti, 2016;
Knauss, 2015; Persson et al., 2005; Persson and Brener, 2005). The
large difference between the measured static-fatigue threshold and the
estimated Lake-Thomas threshold was observed and clarified for the
first time recently in hydrogels with solid-like tougheners (Bai et al.,
2018a).
In the study of fatigue of hydrogels with complex rheology, the

various compositions of hydrogels not only motivate the development
of theoretical models, but also challenge the good agreement between

Fig. 25. The cyclic-fatigue threshold of a PAAm-polyvinyl alcohol hydrogel negligibly depends on the polyvinyl alcohol (PVA) chains as tougheners (Bai et al.,
2018c).
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theoretical models and experimental observations. After all, a quanti-
tative agreement between theory and experiments is not common in
fatigue. Here we highlight one example of such study in hydrogels: the
static fatigue crack growth of gelatin hydrogels (Baumberger et al.,
2006b).
A gelatin hydrogel is crosslinked by the collagen triple helix formed

by hydrogen bonds (Fig. 26a) (Bigi et al., 2004; Higgs and Ross-
Murphy, 1990). To vary the composition of gelatin hydrogels, different
concentrations of glycerol are added to the hydrogel to modify the
viscosity of the solvent. Pure shear tests are conducted on hydrogels
immersed in solvent, to measure the v-G curves (Fig. 26b). The
thresholds are identical in all hydrogels with different viscosity, on the
order of 2.5 J/m2. Above the threshold, the energy release rate in-
creases linearly with the crack speed, and becomes larger when the
concentration of glycerol is higher.
A theoretical model is derived to capture the relationship between G

and v. The theory hypothesizes that the static-fatigue threshold is de-
termined by the breaking of hydrogen bonds that form the triple helix
crosslinks. Above the threshold, the crack growth is determined by the
pullout of polymer chains from the hydrogel matrix with water/glycerol
solvents. To show that the threshold is not induced by the scission of
polymer chains described in the original Lake-Thomas model, the au-
thor measures the threshold in experiments to be two orders of mag-
nitude smaller than that estimated by the scission of polymer chains.
The threshold G0 is estimated as G0∼ J/(lξ2)L, where l is the length of
each monomer unit as defined before, ξ is the average mesh size, J is the
bond energy of a hydrogen bond, and L is the length of a fully stretched
chain. The above estimation can be regarded as an alternative mod-
ification of the Lake-Thomas model.
Above the threshold, the energy release rate G is a function of crack

speed v, G(v)=G0 + (L/ξ)2ηv, where η is the viscosity. The experi-
mental results agree quantitatively well with the theoretical model.
Good agreement between theory and experiments has also been

found in the dissipation mechanism of static fatigue crack growth of
polyampholyte hydrogels above the threshold (Sun et al., 2017b).
All symptoms of fatigue originate from one fundamental cause:

molecular unites change neighbors when a material is subject to a
prolonged load. Fatigue correlates with rheology. In the following
sections, we discuss fatigue crack growth in materials of dissimilar
types of rheology.

12. Poroelastic fatigue crack growth

The PAAm and PAAm-PAMPS hydrogels only contain covalent
networks. Samples of these hydrogels with no precut cracks have rate-
insensitive stress-stretch curves. Yet samples with precut cracks show
the energy release rate changes with crack speed (Figs. 11a and 16a).
Also observed is the delayed growth of a crack in the PAAm hydrogel in
pure shear sample with a precut crack under a constant applied stretch
(Fig. 11b). Where does the time-dependent crack growth come from?
One time-dependent process in a hydrogel is the migration of water.

The migration of a fluid in an elastic network is described by the theory
of poroelasticity (Biot, 1941). Poroelasticity of hydrogels describes
concomitant migration of water and large elastic deformation of the
polymer network (Hong et al., 2008). Crack growth has long been
studied in poroelastic hard solids like rocks (Atkinson and Craster,
1991; Radi et al., 2002; Rice and Cleary, 1976). Wang and Hong (2012)
initiated the poroelastic theory of cracks in hydrogels. This theory has
been developed in recent years (Böger et al., 2017; Bouklas et al., 2015;
Hui et al., 2013; Mao and Anand, 2018; Noselli et al., 2016; Yu et al.,
2018). In the remainder of the section, we focus on aspects of the
poroelastic theory that can be related to the experiments of static fa-
tigue crack growth.

12.1. Swelling zone

We focus on an ideal experiment conducted in a chamber, with the
chemical potential of water vapor in the chamber set to the chemical
potential of water in the undeformed hydrogel. Subject a large sample
with a long crack to a static applied load. The large stretch near the
crack front reduces the local chemical potential of water, so that the
hydrogel at the crack front imbibes water from the surrounding hy-
drogel and from the vapor in the chamber, and becomes more swollen
than the hydrogel far away. Because the sample is large and the crack is
long, water only migrates near the crack front, in a zone small com-
pared to the size of the sample. We call this zone the swelling zone.
Outside the swelling zone, migration of water is negligible, and the
hydrogel is indistinguishable from an elastic solid. Swelling is a type of
inelasticity. Under the condition of small-scale swelling, the static load
is characterized by a static energy release rate G.
When the energy release rate does not exceed the threshold, G≤Γ0,

the hydrogel, the chamber, and the applied load can reach a state of

Fig. 26. Static fatigue crack growth of gelatin hydrogels. (a) The molecular picture of a gelatin hydrogel. (b) The G-V curves of gelatin hydrogels with the same
gelatin network but solvents of different viscosity (Baumberger et al., 2006b).
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thermodynamic equilibrium. In the state of equilibrium, the crack is
stationary, and the chemical potential of water is homogeneous ev-
erywhere in the hydrogel and in the chamber. However, the con-
centration of water and the deformation of the polymer network are
inhomogeneous in the hydrogel.
LetWf be the work of fracture (i.e., the area under the stress-stretch

curve measured from a sample with no precut crack, under a loading
rate low enough to allow the sample to swell, in equilibrium with the
chamber and the load). The ratio Γ0/Wf is the flaw-sensitivity length for
samples tested at low loading rate (Section 5.4). Here this length
characterizes the size of the swelling zone, in the state of equilibrium
when the energy release rate approaches the threshold, G → Γ0.
When the energy release rate exceeds the threshold, G > Γ0, but

remains static, the polymer chains break at the crack front. As the crack
grows, the hydrogel is out of thermodynamic equilibrium, and water
migrates. For a long crack in a large sample, subject to a static energy
release rate above the threshold, a steady state is approached. In the
steady state, the crack extends as a constant speed v. The field of the
concentration of water and the deformation of the polymer network
remains invariant in the frame moving at the crack speed. Let D be the
effective diffusivity of water in the hydrogel. The ratio D/v defines the
size of the swelling zone in a steady state. The higher the crack speed,
the smaller the swelling zone around the crack front.

12.2. Poroelastic relaxation speed

We propose a material-specific speed for crack growth in poroelastic
gels. When the energy release rate approaches the threshold from the
above, the crack speed is small, the steady state approaches the
threshold state of equilibrium, and the steadily moving swelling zone
approaches the equilibrium swelling zone, D/v∼Γ0/Wf. We now
identify a scale of speed, vR=D/(Γ0/Wf), which we call the poroelastic
relaxation speed. The relaxation speed is defined by three material
properties, and is therefore also a material property. When the crack
speed is small compared to the relaxation speed, the energy release rate
approaches the threshold, G → Γ0. When the crack speed is large
compared to the relaxation speed, the energy release rate significantly
exceeds the threshold, G > Γ0.
Taking representative values for PAAm, D=10−10m2/s,

Γ0= 102 J/m2, and Wf = 105 J/m3, we estimate the flaw-sensitivity
length to be Γ0/Wf = 10−3m, and the poroelastic relaxation speed to be
DWf/Γ0= 10−7m/s. This estimated relaxation speed is remarkably
close to the experimentally observed value (Fig. 11a). Similar relaxa-
tion speed is also observed for polyacrylamide-sodium-alginate, in
which alginate chains do not crosslink (Fig. 18c).
A hydrogel with a solid-like toughener has a longer flaw-sensitivity

length, and therefore a smaller relaxation speed. For such a hydrogel,
taking Γ0= 103 J/m2 and other values the same, we estimate the flaw-
sensitivity length to be Γ0/Wf = 10−2m, and the poroelastic relaxation
speed to be DWf/Γ0= 10−8m/s. This prediction agrees with the ex-
perimental observation of polyacrylamide-calcium-alginate hydrogels
(Fig. 18c).
The flaw-sensitivity length Γ0/Wf is the size of the swelling zone

under the condition of small-scale inelasticity. When the representative
length of the sample, such as the thickness h in peel or tear, is small
compare to Γ0/Wf, large-scale inelasticity takes place. The size of the
swelling zone scales with h, and the poroelastic relaxation speed be-
comes D/h.
If the rheology of a material is not well characterized, one may as

well extract the relaxation speed directly from the experimentally
measured v-G curve. It might be a good practice to plot (G− Γ0)/(Γ −
Γ0) as a function of the crack speed v, and define a relaxation speed vR
by setting G(vR) = (Γ+Γ0)/2. Of course, without other information the
v-G curve by itself will not determine if the time-dependent behavior
results from poroelasticity, or from some other time-dependent me-
chanism, such as viscoelasticity or reaction-assisted chain scission.

12.3. Static fatigue crack growth in a dry environment

Naassaoui et al. (2018) described a “poroelastic signature” in the
experiment of static fatigue crack growth in gelatin hydrogels. When a
gelatin hydrogel is immersed in water, the threshold is governed by
breaking of the crosslinks of hydrogen bonds, and the linear slope of v-G
curve is governed by the viscous pullout of polymer chains
(Baumberger et al., 2006b). When the gelatin hydrogel is tested in dry
air, an increase of energy release rate, ΔG(v), is observed, which is a
constant when the crack speed v is large, but becomes smaller when v
approaches zero. The authors hypothesized that, at high crack speed,
the energy dissipation associated with the internal water migration is
negligible in both the wet and dry environment, and the constant ΔG
corresponds to the energy to pull polymer chains from the hydrogel into
the dry air. The authors further hypothesized that, at low crack speed,
the reduction of ΔG(v) comes from the water migration from the bulk to
the crack front of the hydrogel. To support the second hypothesis, the
authors formulated a relaxation speed vR. Experimental data show that
ΔG(v) approaches a constant, ΔG(∞), when v > vR. The author further
plots 1 − ΔG(v)/ΔG(∞) as a function of v/vR. For gelatin hydrogels
with different weight fraction of gelatin and volume fraction of glycerol
as solvent, all the experimental data collapse onto a single curve. This
collapse supports the hypothesis that the reduction of ΔG(v) at low
crack speed results from water migration.

12.4. Effect of solvent exchange

Tanaka et al. (2016) peeled a polyacrylamide hydrogel while
pouring different types of solvents to the peel front. A hydrogel im-
mersed in water solvent will swell. A hydrogel immersed in an organic
good solvent, such as ethylene glycol and glycerol, will first de-swell
due to kinetics of diffusion, and then swell to equilibrium. A hydrogel
immersed in a poor solvent, such as ethanol, will de-swell to equili-
brium. Compared to the hydrogel peeled in air, the hydrogel peeled
with water poured to the peel front has similar energy release rate at a
high peel speed, but reduced energy release rate at a low peel speed.
When an organic good solvent is poured, the energy release rate is
larger than that measured in air at a high peel speed, but is not affected
by pouring the solvent at a low peel speed. When a poor solvent is
poured, the energy release rate is larger than that in air or in any other
solvent in the whole range of peel speed.

13. Viscoelastic fatigue crack growth

13.1. Viscoelastic relaxation speed

For a hydrogel with tougheners, in addition to poroelastic relaxa-
tion, viscoelastic relaxation also accompanies the static-fatigue crack
growth. We now define a relaxation speed associated with viscoelasti-
city. Consider a long crack in a large sample, subject to a static load for
a long time. Remote from the crack front, the material is fully relaxed,
and behaves like an elastic material. Consequently, the static load gives
a static energy release rate G.
When the energy release rate does not exceed the threshold, G≤Γ0,

the hydrogel can reach a state of thermodynamic equilibrium, in which,
the crack is stationary, and the hydrogel relaxes to an elastic field.
Again, the ratio Γ0/Wf defines the flaw-sensitivity length for samples
tested at a vanishingly low loading rate. Let τ be the viscoelastic re-
laxation time of the material measured under the relaxation test. These
material properties defines a scale of speed, Γ0/(Wfτ), which we call the
viscoelastic relaxation speed. When the crack speed is small compared to
this relaxation speed, the rate-dependent component of the toughener is
completely relaxed, and the energy release rate approaches the
threshold.
Viscoelastic fatigue crack growth has long been studied in elasto-

mers. For most rubbers, the threshold is Γ0≈ 50 J/m2, the work of
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fracture is Wf ≈ 109 J/m3 (Gent, 1996; Gent and Lai, 1994; Lake and
Thomas, 1967), and the relaxation time is on the order of 100 h,
τ≈3.6×105 s (Tobolsky et al., 1944). Putting them together, we es-
timate the viscoelastic relaxation speed to be Γ0/(Wfτ)≈ 10−13m/s.
Indeed, in the literature, the slope of v-G curves at a crack speed
v=10−7m/s is almost identical to the slope at a higher speed,
v=0.1m/s (Mullins, 1959). That is, the two crack speeds are both far
above the relaxation speed.
For a hydrogel with a solid-like toughener, such as a poly-

acrylamide-Ca-alginate, the flaw-sensitivity length is estimated as Γ0/
Wf = 10−2m, the relaxation time is estimated as τ=105 s, and the
viscoelastic relaxation speed is Γ0/(Wfτ)= 10−7m/s. This prediction
qualitatively agrees with the experimental observation (Fig. 18c). More
careful experiments are needed to separate the poroelastic and viscoe-
lastic relaxation speeds.

13.2. Viscoelastic vs. poroelastic relaxation

When a large sample of a polyacrylamide hydrogel is subject to a
homogeneous stress, the hydrogel exhibits near-perfect elasticity, with
a slight viscoelastic, over a time scale on the order of 1 s (Heemskerk
et al., 1984; Pavesi and Rigamonti, 1995; Weiss and Silberberg, 1977).
Assuming a length scale Γ0/Wf = 10−3m, we estimate the viscoelastic
relaxation speed to be 10−3m/s. Recall that the poroelastic relaxation
speed of the polyacrylamide hydrogel is estimated to be 10−7m/s
(Section 12.2). In a sample of polyacrylamide much larger than 10−3m,
the condition of small-scale inelasticity prevails, and the crack ap-
proaches the threshold when the crack speed is below 10−7m/s. In this
case, poroelasticity, not viscoelasticity, limits the rate to attain the
threshold state of equilibrium.
Under the condition of small-scale inelasticity, a comparison of the

viscoelastic relaxation speed (Γ0/Wf)/τ and the poroelastic relaxation
speed D/(Γ0/Wf) defines a dimensionless parameter: (Γ0/Wf)2/(Dτ).
When this parameter is small, viscoelasticity sets the relaxation speed to
approach the equilibrium state of static threshold. When this parameter
is large, poroelasticity sets the relaxation speed.

13.3. Large-scale inelasticity

In peel and tear, the thickness h of the hydrogel is readily changed
over a large range. When the flaw-sensitivity length Γ0/Wf is large
compared to the thickness of the hydrogel, the condition of large-scale
inelasticity prevails in the threshold state of equilibrium. The viscoe-
lastic relaxation speed becomes h/τ, and the poroelastic relaxation
speed becomes D/h. A comparison of the two relaxation speeds defines
a dimensionless parameter, h2/(Dτ). When this parameter is small,
viscoelasticity sets the relaxation speed to approach the equilibrium
state of static threshold. When this parameter is large, poroelasticity
sets the relaxation speed.

14. Elastic-plastic fatigue crack growth

At room temperature, over the time scale in most applications,
metals are well characterized by time-independent plasticity. So long as
stress-corrosion is suppressed, metals do not suffer static fatigue crack
growth, but suffer cyclic fatigue crack growth. The lack of time scale in
metal plasticity also explains another experimental fact: the crack
growth per cycle is independent of the frequency of the applied load.
All hydrogels have time-dependent rheology. Still, the large body of

literature on cyclic fatigue crack growth in metals offers insights. As
noted in Section 10, hydrogels with solid-like tougheners have cyclic-
fatigue thresholds close to the Lake-Thomas model. As noted in Section
11, hydrogels with solid-like tougheners have static-fatigue thresholds
far above the Lake-Thomas thresholds predicted on the basis of the
scission of the primary networks. The long-time, slow-crack behavior of
hydrogels with solid-like tougheners approaches that of a material of

time-independent plasticity. Qi et al. (2018) have analyzed toughness of
soft materials of time-independent hysteresis.

15. Endurant elastomers and gels

A principal aim for the study of fatigue is to create fatigue-resistant
(i.e., endurant) materials. The design should address all symptoms of
fatigue: change in properties, as well as nucleation and growth of
cracks, in samples with and without precut cracks, under prolonged
static and cyclic loads. An ideally endurant material should have two
characteristics. First, the material exhibits perfect elasticity: the stress-
stretch curve of a sample with no precut crack remains unchanged cycle
by cycle and has small hysteresis. Second, the material does not suffer
fatigue crack growth under prolonged loads: both the static and cyclic
fatigue thresholds coincide with the toughness.
For metals, plastics, and most elastomers, cyclic-fatigue thresholds

are much below toughnesses. All tough hydrogels exhibit large hys-
teresis and suffer fatigue crack growth. This low endurance is inherent
to the design of the tough hydrogels. They toughen by breaking sacri-
ficial bonds prior to the scission of primary networks. In using a tough
material under a prolonged load, a common practice is to minimize
hysteresis in large part of the material in normal operation of the ma-
terial, but maximize hysteresis to resist the growth of cracks at sites of
stress concentration. This practice can guide the design of materials (Lin
et al., 2014b).
Glasses and ceramics are endurant materials, provided that stress

corrosion is suppressed. The perfect elasticity, however, makes these
materials brittle. A polyacrylamide hydrogel is close to the ideal of an
endurant material. The polyacrylamide hydrogel exhibits near-perfect
elasticity: the stress-stretch curve of a polyacrylamide hydrogel with no
precut crack is stable cycle by cycle (Fig. 12a). The polyacrylamide
hydrogel does suffer fatigue crack growth under prolonged loads, but
the threshold is not too much below the toughness (Fig. 11a). The
polyacrylamide hydrogel can even achieve respectable toughness, well
above 100 J/m2 (Fig. 10c), but this toughness results from using a
polymer network of long chains, following the Lake-Thomas model. A
hydrogel of network of long chains has large stretchability, but low
elastic modulus (Fig. 10b).
The conflict between the elastic modulus and the Lake-Thomas

threshold is well understood. The shear modulus of a polymer network
is μ= kT/(nV), whereas the threshold is = l n J V/0 . As the number
of monomer units per polymer chain, n, increases, the shear modulus
reduces, and the threshold increases. This conflict limits the applica-
tions of the single-network of elastomers and gels.
Wang et al. (2018b) and Xiang et al. (2019) have demonstrated a

principle of endurant elastomers and hydrogels. The principle is illu-
strated with a composite of a matrix of compliant (long-chain) network
and fibers of a stiff (short-chain) network (Fig. 27). The matrix and the
fibers are both elastic, have high modulus contrast, and strongly ad-
here. Because the constituents are elastic and adhere strongly, when the
composite with no precut crack is subject to cyclic load, the stress-
stretch curve has low hysteresis and is stable cycle by cycle. Because the
fibers are much stiffer than the matrix, when the composite with a
precut crack is subject to a stretch along the direction of fibers, the soft
matrix shears greatly at the crack front, and spreads large stress over a
long segment of each fiber. When a fiber ruptures, all the elastic energy
stored in the highly stretched segment is released.
This principle of stress de-concentration, of course, operates in all

composites of high modulus contrast and strong adhesion. Familiar
examples include fiber-reinforced polymers and thread-reinforced
elastomers. A three-dimensional lattice of a material in a matrix of a
much softer material will resist cracks in all directions. The composites
can be self-assembled by phase separation. The fibers can also be re-
placed by aligned bundles of polymer chains at the molecular level (Bai
et al., 2019).
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16. Concluding remarks

This paper reviews the fatigue of hydrogels, characterized by testing
samples with and without precut cracks, under prolonged static and
cyclic loads. Fatigue is a molecular disease. Various fatigue tests pro-
vide lenses to view molecular processes of inelasticity. Symptoms of
fatigue and efficacy of heal vary with chemistries of bonds and topol-
ogies of networks. We review experimental data of hydrogels of five
representative topologies of networks. Reversible bonds may prevent
fatigue damage in samples without precut cracks, but do not prevent
fatigue crack growth in samples with precut cracks. A liquid-like
toughener increases neither static-fatigue threshold nor cyclic-fatigue
threshold. A solid-like toughener increases static-fatigue threshold, but
does not increase cyclic-fatigue threshold. Near the static-fatigue
threshold, the crack speed approaches a material property, which we
call the relaxation speed. We give theoretical estimates of the relaxation
speed due to poroelasticity and viscoelasticity, under conditions of
small-scale and large-scale inelasticity. For a polyacrylamide hydrogel,
we show that the experimentally measured relaxation speed agrees with
the poroelastic relaxation speed, not the viscoelastic relaxation speed.
Poroelastic fatigue is a new type of fatigue, and is specific to gels. The
polyacrylamide hydrogel is an excellent model material to study por-
oelastic fatigue of hydrogels. We outline a strategy to create hydrogels
of high endurance. The chemistry of fatigue holds the key to the dis-
covery of hydrogels of properties previously unimagined.
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