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Tough hydrogels of many chemical compositions are being discovered, and are opening
new applications in medicine and engineering. To aid this rapid and worldwide develop-
ment, it is urgent to study these hydrogels at the interface between mechanics and chem-
istry. A tough hydrogel often deforms inelastically over a large volume of the sample used
in a fracture experiment. The rheology of the hydrogel depends on chemistry, and is usu-
ally complex, which complicates the crack behavior. This paper studies a hydrogel that has
two interpenetrating networks: a polyacrylamide network of covalent crosslinks, and an
alginate network of ionic (calcium) crosslinks. When the hydrogel is stretched, the poly-
acrylamide network remains intact, but the alginate network partially unzips. We tear a
thin layer of the hydrogel at speed v and measure the energy release rate G. The v-G
curve depends on the thickness of the hydrogel for thin hydrogels, and is independent of
the thickness of the hydrogel for thick hydrogels. The energy release rate approaches a
threshold, below which the tear speed vanishes. The threshold depends on the concen-
tration of calcium. The threshold may also depend on the thickness when the thickness
is comparable to the size of inelastic zone. The threshold determined by slow tear differs
from the threshold determined by cyclic fatigue. We discuss these experimental findings
in terms of the mechanics of tear and the chemistry of the hydrogel.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels are molecular aggregates of polymers and water. Most tissues of animals and plants are hydrogels. Whereas
the biological hydrogels date back to the beginning of life on Earth, synthetic hydrogels are relatively new materials. The first
family of synthetic hydrogels was described in a patent granted in 1961 (Wichterle and Lim, 1961). In principle, synthetic
hydrogels can mimic biological tissues—chemically, mechanically, and electrically—to arbitrary degree of fidelity. From the
very beginning the inventors recognized the potential of synthetic hydrogels for biological use (Wichterle and Lim, 1960).
Worldwide development of hydrogels followed immediately and has been vibrant since. Familiar consumer products of
hydrogels include contact lenses (Calé and Khutoryanskiy, 2015) and superabsorbent diapers (Masuda, 1994). Medical ap-
plications include drug delivery (Li and Mooney, 2016), wound dressing (Li et al., 2017a), and tissue repair (Zhang and
Khademhosseini, 2017). Potential non-medical applications of hydrogels have also emerged recently. Many hydrogels are
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stretchable, transparent, ionic conductors (Keplinger et al., 2013). A large number of potential non-medical applications be-
long to ionotronics, devices that function on the basis of both mobile ions and mobile electrons (Yang and Suo, 2018).
Examples include artificial muscles (Acome et al., 2018; Kellaris et al., 2018; Keplinger et al., 2013; Li et al., 2017b), 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), artificial
eels (Schroeder et al., 2017), 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 soft robots (Yuk et al., 2017), water matrix composites (Huang et al., 2017; Illeperuma
et al.,, 2014; Lin et al., 2014), optical fibers (Choi et al., 2015; Guo et al.,, 2016), chemical sensors (Qin et al., 2018; Sun et al,,
2018), and fire-retarding blankets (Illeperuma et al., 2016).

In the invention of Wichterle and Lim (1961), each hydrogel aggregates a large amount of water and a sparse polymer
network. Within the hydrogel, water molecules act as a liquid of low viscosity, changing neighbors constantly, and trans-
mitting force negligibly. The sparse polymer network acts as an entropic spring, having covalent crosslinks, and transmitting
force over long distances. Such a single-network hydrogel has a simple rheology: near-perfect elasticity of a large limiting
stretch. (In this paper we neglect the migration of water in the hydrogel.) The near-perfect elasticity makes the hydrogel
brittle; for example, the fracture energy of a polyacrylamide hydrogel is ~100]/m? (Sun et al., 2012), much lower than the
fracture energies of biological tissues such as cartilage and ligament (~1000]/m?2), or the fracture energies of engineering
materials such as natural rubber (~10,000]/m?2). A brittle hydrogel is flaw-sensitive—that is, the hydrogel has a large limiting
stretch when containing small flaws, but ruptures at a small stretch when containing a large flaw (Chen et al., 2017).

Gong et al. (2003) discovered a synthetic hydrogel as tough as cartilage. This discovery has launched the worldwide
development of tough hydrogels of many chemical compositions (Creton, 2017; Du et al., 2014; Gong, 2010; Haque et al.,
2012a,b; Hu et al.,, 2015; Jeon et al., 2016; Sun et al., 2012; Sun et al., 2013; Yang et al., 2013, 2016b; Zhang et al., 2015;
Zhang and Khademhosseini, 2017; Zhao, 2014). In the discovery of Gong et al. (2003), the tough hydrogel has two polymer
networks, one being more stretchable than the other. The two polymer networks interpenetrate, in topological entanglement.
Both networks must break when a crack extends in the hydrogel. More significantly, the more stretchable network transmits
the intense stress from the front of the crack into the bulk of the hydrogel. Away from the crack front, the more stretchable
network remains intact, but the less stretchable network ruptures in many places. The damage is distributed over a large
volume of the hydrogel, and dissipates a great amount of energy.

As tough hydrogels and their applications are being developed rapidly worldwide, it is urgent to study these hydrogels
at the interface between mechanics and chemistry. A double-network hydrogel achieves high toughness through the syn-
ergy of two processes: the decohesion of the more stretchable network at the front of the crack, and the dissipation of
the less stretchable network in the bulk of the hydrogel. The mechanics of this decohesion-dissipation synergy is reminis-
cent of toughening mechanisms in other materials, including metals, plastics, ceramics, and composites (e.g., Evans, 1990).
The chemistry of the synergy, however, is distinct in each class of materials. In the double-network hydrogel, we call the
more stretchable network the primary network, and the less stretchable network a toughener. By a toughener we mean a
constituent of a hydrogel that can cause pronounced inelasticity (e.g., viscosity, plasticity, and distributed damage). A large
variety of tougheners have led to hydrogels of complex rheology, which in turn have led to observable effects in fracture.
Examples include rate-dependent fracture (Baumberger et al., 2006a,b; Baumberger and Ronsin, 2009, 2010; Lefranc and
Bouchaud, 2014; Seitz et al., 2009; Sun et al., 2017; Tanaka et al., 2000, 2005), creep fracture (Karobi et al., 2016), delayed
fracture (Bonn et al., 1998; Tang et al., 2017; Wang and Hong, 2012), and fatigue fracture (Bai et al., 2018, 2017; Tang et al.,
2017; Zhang et al.,, 2018a; Zhang et al., 2018b,c). Despite recent attempts (Long and Hui, 2015, 2016; Mao and Anand, 2018;
Noselli et al., 2016; Qi et al., 2018; Yu et al., 2018; Zhang et al., 2015), hydrogels of complex rheology are inadequately stud-
ied to link the mechanics of fracture to the chemistry of hydrogels. In particular, in a fracture experiment, when a large
volume in the sample deforms inelastically, the measured fracture energy is no longer a material constant, but depends
on the type of specimen and the speed of crack. For further background, see our recent review on fatigue of hydrogels
(Bai et al., 2019).

This paper uses a polyacrylamide-calcium-alginate (PAAm-Ca-alginate) hydrogel as a model material to study the effect
of rheology on fracture under the conditions of both small-scale and large-scale inelasticity. The hydrogel has two interpen-
etrating networks: a polyacrylamide network of covalent crosslinks, and an alginate network of ionic (calcium) crosslinks.
When the hydrogel is stretched, the polyacrylamide network remains intact, but the alginate network partially unzips. A
stress relaxation test shows that the calcium-crosslinked alginate hydrogel exhibits solid-like rheology. We tear a thin layer
of the PAAm-Ca-alginate hydrogel at speed v and measure the tear force. Tear is a convenient experimental setup to study
time-dependent rupture of a hydrogel of complex rheology. The hydrogel is attached with two inextensible backing layers,
which guide the crack to extend along the midline of the hydrogel, and localize the active deformation in a region scaled
by the thickness of the hydrogel. The active region of deformation travels at the tear speed. Furthermore, the measured
tear force gives the energy release rate G, independent of the rheology of the hydrogel. The v-G curve depends on both the
thickness of the hydrogel and the concentration of calcium. The energy release rate approaches a threshold, below which
the tear speed vanishes. The threshold depends on the concentration of calcium. The threshold may also depend on the
thickness when the thickness is comparable to the size of inelastic zone. The threshold determined by slow tear differs
from the threshold determined by cyclic fatigue. We interpret these experimental findings in terms of the mechanics of tear
and the chemistry of the hydrogel.
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Fig. 1. Experimental setups. (a) The stress relaxation test. (b) The tear test.

2. Experimental section
2.1. Preparation of hydrogels

We purchased from Sigma Aldrich the following chemicals: acrylamide (AAm, A8887), N,N’-methylenebis(acrylamide)
(MBAA, M7279), N,N,N',N'-tetramethylethylenediamine (TEMED, T7024), ammonium persulfate (APS, A9164), and calcium
sulfate dihydrate (CaSO4-2H,0, C3771). We purchased sodium alginate (Manugel GMB) from FMC Biopolymer. All chemicals
were received and used without further purification.

To prepare the PAAm-Ca-alginate hydrogel, we dissolved AAm powders of 40.54 g and sodium alginate powders of 6.76 g
in 300mL deionized water to form an aqueous solution. We then added MBAA, TEMED, APS and CaSO4-2H,0 in quantities
of 0.0012, 0.0025, 0.0042 and 0.022 times the weight of AAm in sequence. The solution was completely mixed, degassed
and injected into acrylic molds of 40 mm width, 90 mm length and variable thickness, and covered with an acrylic plate.
The samples were then stored at room temperature for more than 18 h for complete polymerization. To study the effect of
sample thickness, we prepared samples with thickness of 0.4 mm, 0.7 mm, 1.0 mm, 1.5 mm and 3.0 mm, measured after the
polymerization.

To prepare the ionically crosslinked Ca-alginate hydrogel, we dissolved sodium alginate powders of 6.76¢g in 300 mL
deionized water to form an aqueous solution. We then added CaSO4-2H,0 of 0.9g, the same amount as used in preparing
the PAAm-Ca-alginate hydrogel above (0.022 times the weight of AAm). The solution was completely mixed, degassed and
injected into cylindrical acrylic molds of 6 mm height and 3 cm diameter, covered with an acrylic plate. The samples were
stored at room temperature for more than 18 h for complete polymerization.

To study the effect of calcium in the PAAm-Ca-alginate hydrogel, we modified the amount of CaSO4-2H,0 in the so-
lution. We synthesized three types of PAAm-alginate hydrogels, and named them 0-Ca, 1-Ca and 2-Ca. The 0-Ca hydrogel
corresponds to no CaSO4-2H,0 added to the solution, the 1-Ca hydrogel corresponds to 0.9 g CaSO4-2H,0 (0.022 times the
weight of AAm), and the 2-Ca hydrogel corresponds to 1.8 g CaS04-2H,0 (0.044 times the weight of AAm).

2.2. Stress relaxation test

The prepared Ca-alginate hydrogel cylinder was compressed with a force gauge (HF-50N, M&A Instrument, Inc.) at a
fixed compressive strain of 20% (Fig. 1a). The hydrogel and the force gauge were firmly mounted on a homemade acrylic
mold. The hydrogel and the attaching end of the force gauge were completely immersed in silicone oil to avoid dehydration.
Negligible buoyance force was observed by the force gauge. The whole setup was kept undisturbed for 12 days, with the
compressive force measured every day. The nominal stress is defined by the compressive force divided by the area of the
Ca-alginate hydrogel in the undeformed state.
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2.3. Tear test

Each sample of the PAAm-Ca-alginate hydrogel was 40 mm in width and 90 mm in length. We glued inextensible backing
layers (clear polyester film, McMaster-Carr), of thickness 100 um, width 20 mm and length 90 mm, on the top and bottom
surfaces of the hydrogel (grey area in Fig. 1b) using the Krazy glue. We cut each backing layer to form a long rectangular
shape, and covered half of each surface of the sample, with no observable gap between the long edges of the backing layers.
Afterwards, we used razor blades to cut an initial crack of 20 mm along the midline of the hydrogel, forming two arms of
20mm width and 20 mm length. The two arms were then fixed by the grips of a tensile testing machine (Instron 5966)
with a 10N load cell. During tear, the machine maintained a constant loading speed and recorded the force (Fig. 1b). In
experiments, we did not observe any significant difference in the force-displacement curve when attaching stiff backing
layers on both sides of the sample, although we did not systematically study the effect of different ways of applying the
backing layers.

To prevent dehydration of the hydrogel during a test with low loading speed (<0.1 mm/s), a humidity chamber was
made to cover the entire sample and the grips. The humidity chamber was home-made with acrylic sheets, equipped with
a commercial humidifier and a humidity control system (Zoo med, HygroTherm Humidity and Temperature Controller). The
relative humidity in the chamber was maintained at above 95%. All the samples were weighed before and after the test, and
no more than 5% weight was lost.

3. Tougheners of solid-like or liquid-like rheology

Emphasis of this work will be placed on the near-threshold behavior, as the tear speed approaches zero. To this end,
we need to know the long-time stress-relaxation behavior of the hydrogel. The hydrogel has two interpenetrating polymer
networks, one being more stretchable than the other. As noted before, we call the more stretchable network the primary
network, and call the less stretchable network the toughener. In a rheological model, the primary network and the toughener
are in parallel, representing the interpenetrating topology of the two networks (Fig. 2a).

We represent the primary network by a spring. Because the primary network has covalent crosslinks, the hydrogel be-
haves like an elastomer, and has a limiting stretch. The limiting stretch also prevails at the crack front in the hydrogel. By
contrast, a metal or an uncrosslinked plastic can flow by arbitrarily large strain, so long as the deformation does not cause
instability, such as necking or voiding.

We classify the toughener into two types (Fig. 2b). The toughener is a polymer network crosslinked by sacrificial bonds.
Under a constant strain, a liquid-like toughener, represented by a spring in series with a dashpot, cannot sustain any force as
time approaches infinity, corresponding to complete dissociation of the sacrificial bonds. A solid-like toughener, represented
by a spring in parallel with a dashpot, sustains a finite force as time approaches infinity, corresponding to incomplete dis-
sociation of the sacrificial bonds.

The model material chosen for this study is the polyacrylamide-calcium-alginate (PAAm-Ca-alginate) hydrogel discovered
by Sun et al. (2012). In this hydrogel, the primary network is the covalently crosslinked PAAm, and the toughener is the
ionically crosslinked Ca-alginate (Fig. 3). A PAAm hydrogel has a fracture toughness of about 100J/m2. A Ca-alginate hydro-
gel has a fracture toughness of about 10]/m?2. Both hydrogels are brittle compared to natural rubber, but combining them
together creates the tough hydrogel with fracture toughness over 10,000]/m? (Li et al., 2014; Sun et al.,, 2012). The PAAm-
Ca-alginate hydrogel is as stretchable as the PAAm hydrogel and as stiff as the Ca-alginate hydrogel. Since its creation, the
hydrogel has been actively studied and developed for applications including soft robots (Yuk et al., 2017), tough adhesives
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Fig. 2. Rheological models of a tough hydrogel. (a) The primary network is represented by an elastic spring. The toughener is represented by an elastic
spring with a dashpot. (b) Stress relaxation of solid-like and liquid-like tougheners.
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Fig. 3. Molecular picture of a PAAm-Ca-alginate hydrogel.

(Li et al., 2017a), and drug delivery systems (Liu et al., 2017). The PAAm-Ca-alginate hydrogels suffer fatigue damage and
fatigue fracture under cyclic loads (Bai et al., 2017). The cyclic loads cause the progressive unzipping of the Ca-alginate ionic
bonds, and the corresponding reduction of the elastic modulus and toughness over thousands of cycles. Such process is ir-
reversible at room temperature (Sun et al., 2012). Slow crack growth of the PAAm-Ca-alginate hydrogel, however, is studied
in the present paper for the first time.

We now focus on the rheology of the toughener, the Ca-alginate. The calcium ions and the alginate chains form ionic
bonds in the form of the “egg-box” structure, with the bond energy on the order of kT (Braccini and Pérez, 2001; Sikorski
et al., 2007), where KT is the temperature in the unit of energy. This ionic bond is weaker than the covalent bond forming the
PAAm network or the alginate chains by two orders of magnitude. Such a weak bond makes the Ca-alginate network unzip
under a relatively small force over a long enough time, leading to pronounced inelasticity (Mao et al., 2017; Zhao et al.,
2010). Stress relaxation of the pure Ca-alginate hydrogel has been conducted (Mitchell and Blanshard, 1976; Zhao et al.,
2010). However, it is yet unclear whether the Ca-alginate network is liquid-like or solid-like, due to the known degradation
of Ca-alginate induced by ion exchange or bacteria (Bajpai and Sharma, 2004; Hashimoto et al., 2005) in the aqueous testing
environment such as phosphate-buffered saline (PBS). The degradation may have damaged the network over the relaxation
test before the mechanically induced unzipping takes place.

To examine the rheology of the Ca-alginate network of the current composition, we conducted our own stress relaxation
test by applying a compressive strain of 20% to a Ca-alginate hydrogel immersed in silicone oil, in order to prevent any
solvent or ion exchange. The stress level was about 6.5 kPa at the beginning, gradually decreased to about 2 kPa, and almost
reached a plateau after about 12 days (Fig. 4). The significant reduction of stress level indicates the slow unzipping of Ca-
alginate ionic bonds. The finite plateau over a long time indicates the solid-like behavior of the Ca-alginate toughener. This
result indicates that, although each ionic bond is weak, the large number of ionic bonds can still lead to a solid-like network.

In a double-network hydrogel, the primary network and the toughener interact. Examples of interactions include bonds
between matching functional groups and entanglements between polymer chains of the two networks. In the PAAm-Ca-
alginate hydrogel, the PAAm network and Ca-alginate network interpenetrate in topological entanglement, but no appre-
ciable bonds form between the two networks. When the hydrogel is stretched, the PAAm remains intact, and the alginate
network partially break by unzipping the ionic crosslinks.

Ca-alginate hydrogel
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Fig. 4. Stress relaxation of the Ca-alginate hydrogel.
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4. Mechanics of tear

Fracture of a material of complex rheology is commonly studied using experiments of slow crack growth. Experimental
setups include tear (Gent and Lai, 1994; Greensmith and Thomas, 1955; Mullins, 1959; Sun et al., 2017), peel (Gent and
Lai, 1994; Gent and Hamed, 1977; Gent et al., 1969; Tanaka et al., 2000, 2005, 2016), and pure shear (Baumberger et al.,
2006a,b; Baumberger and Ronsin, 2009; Seitz et al., 2009). We choose tear to study time-dependent fracture of a hydrogel
of complex rheology for several reasons. First, the tear speed is set by the loading machine. Because the hydrogel is attached
with two inextensible backing layers, in steady state, the tear speed v is half of the speed at which the layers are pulled by
the loading machine. Consequently, we do not need to measure the tear speed by videotaping the tear front.

Second, the energy release rate of tear is easily measured. The inextensible backing layers suppress deformation in the
hydrogel far away from the crack front, so that the energy release rate is

G = 2F/h. (1)

where F is the tear force, and h is the thickness of the hydrogel. Incidentally, this expression is also valid for peel, where h
is replaced by the width of the hydrogel.

Third, the tear path is well guided by the inextensible backing layers for hydrogel of any thickness. Consequently, we can
vary the thickness of the hydrogel over a large range to study the effect of thickness. By contrast, precutting a crack in a
sample for peel requires the crack front to stay well in the mid-plane of the hydrogel, which is challenging in practice when
the thickness of the hydrogel becomes sub-millimeter scale. Also, peel path often runs along, or near, the interface between
the hydrogel and a backing layer.

Fourth, the inextensible backing layers localize active deformation of the hydrogel in a region around the tear front. We
make the length and width of the hydrogel much larger than the thickness of the hydrogel, so that the thickness of the
hydrogel, h, is the only relevant length characteristic of the sample. This region of active deformation, approximately of
volume h3, travels at the tear speed. The hydrogel ahead and behind this active region does not deform. Consequently, at a
tear speed v, the time of active deformation of each material particle is estimated by

t ~ h/v. (2)

This time of active deformation is independent of the rheology of the hydrogel, and is the same for all material particles
going through deformation.

Previously reported tear tests on elastomers (ASTM D624-00, 2012; Gent and Lai, 1994; Greensmith and Thomas, 1955;
Mullins, 1959; Rivlin and Thomas, 1953) and hydrogels (Sun et al., 2013, 2017) did not use backing layers. Here we use
the backing layers to localize the active deformation in a volume scaled by h3, so that the thickness is the only length
scale characterizing the size of the specimen. By changing the thickness, we readily differentiate small-scale and large-scale
inelasticity. We study the effect of the thickness relative to the size of the inelastic zone. Besides, the backing layers also
enable the tear of very soft materials. The backing layer may modify the stress field near the tear front; we have not studied
the difference between tears with and without backing layers.

We prescribe the tear speed v by a loading machine, record the tear force F by a force sensor, and plot the experimental
data as a v-G curve (Fig. 5a). The energy release rate approaches a threshold Gy, below which the tear speed vanishes. The
existence of the threshold is guaranteed by the primary network: a finite force is needed to break the covalent network no
matter how much time the force pulls the primary network.

We hypothesize that the threshold of a tough hydrogel depends on whether the toughener is liquid-like or solid-like.
For a tough hydrogel with a liquid-like toughener, the threshold only depends on the primary network, since the liquid-
like toughener will be stress-relaxed after some time and will not contribute to the bridging of the crack extending at
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Fig. 5. (a) Schematic v-G curves of hydrogels with the same primary network, but solid-like and liquid-like tougheners. (b) At a constant tear speed, the
energy release rate increases with thickness, and reaches a plateau when the thickness is sufficiently large.
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Fig. 6. Mechanics of tear. (a) The complete loading-unloading process of a material particle. The time of the loading-unloading process is estimated by
t ~ h/v. (b) A schematic plot indicating that the length r(v) increases with the tear speed v. When h > r(v), energy dissipation takes place within a region
of size r(v). When h < r(v), energy dissipation takes place in the entire region of active deformation, of the size scaled by the thickness of hydrogel, h.

a vanishingly low speed. For a tough hydrogel with a solid-like toughener, however, the threshold depends on both the
primary network and the toughener, since the solid-like toughener will bear load no matter how slow the crack extends.
As a result, with the same primary network, a hydrogel with a solid-like toughener has a higher threshold than a hydrogel
with a liquid-like toughener.

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. At a constant tear speed, the energy release rate increases with the
thickness, and reaches a plateau when the thickness is sufficiently large (Fig. 5b). For a thick sample, the inelastic zone
is small compared to the thickness h, small-scale inelasticity prevails, and the energy release rate G does not depend on
the thickness h. For a thin sample, the inelastic zone is large compared to the thickness h, large-scale inelasticity prevails,
and the energy release rate G increases with the thickness h. In peeling 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). Similar behavior is expected for tear when the backing
layers restrict the zone of active deformation.

As the machine tears the hydrogel, a material particle in the hydrogel undergoes a loading-unloading process (Fig. 6a).
Initially, the material particle is far ahead the tear front, and is undeformed (Point A). The material particle deforms as
it approaches the tear front, within a distance about h (Point B). Finally, the material particle moves far behind the tear
front, and does not deform further (Point C). The time of this entire loading-unloading process is estimated by t ~ h/v.
For complete relaxation of the toughener, it is required that the time of active deformation, t ~ h/v, exceeds the relaxation
time of the toughener, 7. In the current study, the largest thickness used is h=3.0mm, and the lowest tear speed applied
is v=0.5 um/s, so that the longest time of active deformation is estimated by t ~ 6000s ~ 1.7 h, two orders of magnitude
smaller than the relaxation time of Ca-alginate, t ~12 days. Therefore, all the current tear tests do not fully relax the Ca-
alginate toughener. To obtain the threshold Gy, we conduct linear regression on the three experimental data points of lowest
tear speed in each individual v-G curve. Such a way of extrapolation is similar to the extrapolation of thresholds from v-G
curves of rubbers, where the lowest measurable crack speed is still far above the speed required for complete viscoelastic
relaxation in most cases (Gent and Lai, 1994; Greensmith and Thomas, 1955; Mullins, 1959).

At the threshold Gy, where the tear speed is vanishingly low, the material can be considered as rate-independent. Let Wy
be the work of rupture of the material tested in vanishingly low stretching rate. That is, W is the area under the stress-
stretch curve of a sample containing no crack, measured at vanishingly low stretching rate, up to rupture. A material length
emerges:

ro = Go/Wp. (3)

This length was defined for rate-independent materials (Chen et al., 2017). Here we adopt this definition for a material
tested at vanishingly low rate. For an ideal elastomer network, this length is estimated to be on the order of the end-to-end
distance of a polymer chain in the undeformed elastomer network, ry ~ a/n, where a is the length of each monomer unit
in the polymer chain, and n is the number of monomer units in the polymer chain (Chen et al., 2017). Using representative
numbers for a polyacrylamide hydrogel, a ~ 0.5nm, n ~ 1000 (Bai et al., 2018), we estimate ry ~ 16 nm. Real hydrogels,
however, have imperfect networks, often leading to much larger length rg.

When the thickness of the hydrogel is much larger than the material length, h>> ry, following Chen et al. (2017), we
expect that the threshold is independent of the thickness of the hydrogel. In our experiments, the thinnest hydrogel is
h=0.4mm. Indeed, our experimental data will confirm that the threshold is independent of the thickness for low concen-
trations of calcium, but is dependent of the thickness for high concentrations of calcium.

At a finite tear speed v, the measured energy release rate is a function of the prescribed tear speed, G(v). Because time-
dependent dissipation from the toughener contributes to the energy release rate, G(v) > Gg. For a thick hydrogel, the in-
elastic zone around the tear front is small compared to the thickness of the hydrogel. Under this condition of small-scale
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inelasticity, the size of the inelastic zone is a function of the tear speed, which we denote by r(v). We expect that the v-G
curve is independent of the thickness of the hydrogel when the thickness is above the size of the inelastic zone, h > r(v).
By definition, r(0) = rg. Furthermore, the length r(v) increases with the tear speed v, and it will exceed the thickness of
the hydrogel h when v is large enough or h is small enough. When h < r(v), energy dissipation takes place in the entire
region of active deformation, of the size scaled by the thickness of hydrogel, h (Fig. 6b). In tear without backing layers, the
active deformation in the sample is not localized in a volume scaled with h3. In this case, the conditions for small-scale and
large-scale inelasticity cannot be determined by simply comparing r(v) and h.

5. The effect of thickness on tear

We prepare hydrogel samples of 0.4, 0.7, 1.0, 1.5 and 3.0 mm thickness. The composition of hydrogel is fixed to the 1-
Ca condition (CaS0,4-2H,0 of 0.022 times the weight of AAm). During tear, the force F is recorded as a function of the
displacement prescribed by the loading machine (Fig. 7). The curve has a transient state at the beginning that is poorly
repeatable, followed by a steady state corresponding to a plateau of the curve. We conduct tear over a large range of tear
speed from 0.5 pm/s to 10 mmy/s. In all cases of different thickness, the force at the steady state increases with the tear
speed, consistent with the large rate-dependent hysteresis of the Ca-alginate toughener.

The tear speed v is prescribed by the loading machine at the arms of the sample. The tear front has its own local
dynamics, and may or may not advance in a steady state. In our experiment, the measured force-displacement curves jump
up and down when the prescribed tear speed v is large, but remain relatively smooth at the plateau when v is small.
When the prescribed tear speed is large, the hydrogel undergoes periodic large stretch and sudden rupture at the tear
front, accompanied by slight debonding of the backing layers near the tear front, slight twist of the sample arms, and slight
vibration of the sample (Fig. 8a, Movie 1). When the prescribed tear speed is small, the hydrogel remains highly stretched at
the tear front, but no large sudden rupture occurs (Fig. 8b). In all experiments, the crack path is well guided by the backing
layers (Fig. 8c and d). The unsteady stop-jump behavior in the tear experiment is reminiscent of the stick-slip behavior in a
sliding experiment. The stick-slip crack growth has been studied in tear and peel of elastomers (ASTM D624-00, 2012; Gent
and Pulford, 1984; Greensmith and Thomas, 1955; Maugis, 1985; Mullins, 1959; Veith, 1965). The stick-slip crack growth has
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Fig. 7. Representative force-displacement curves from tearing the hydrogels of varied thickness of (a) 0.4 mm, (b) 0.7 mm, (c) 1.5mm and (d) 3.0 mm. The
composition of hydrogel is fixed to the 1-Ca condition (CaS04-2H,0 of 0.022 times the weight of AAm).
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Fig. 8. Photos of tear. (a) h=3.0mm, v=2mm/s. The hydrogel undergoes periodic large stretch and sudden rupture at the tear front. (b) h=3.0 mm,
v=0.5 pm/s. The hydrogel remains highly stretched at the tear front and advances in a steady state. No large sudden rupture is observed. (c) A sample of
hydrogel before tear, a precut crack is made from the left. (d) A sample of hydrogel after tear. The crack is well guided by the backing layers.

also been studied in peel of hydrogels (Tanaka et al., 2000, 2016). Here we do not study the stick-slip dynamics, and simply
use the average tear force to calculate the energy release rate G.

We record the v-G curves with v ranging from 0.5 pmy/s to 10 mmy/s, for thickness h=0.4, 0.7, 1.0, 1.5 and 3.0 mm (Fig. 9a).
At a high tear speed, the energy release rate greatly increases with h from 0.4, 0.7, 1.0 to 1.5 mm, but keeps almost iden-
tical between 1.5 and 3.0 mm. For example, when v=10mm/s, the energy release rate is about 1500]/m? for h=0.4mm,
2000]/m? for h=0.7 mm, and 4000]/m? for h=15mm and 3.0mm. At a low tear speed, however, all the four v-G curves
approach almost the same threshold of around 200]/m?. For the 1-Ca hydrogel, the energy release rate G depends on the
tear speed and sample thickness, but the threshold Gy depends negligibly on the thickness.

The observed lower energy release rate with the decreasing sample thickness can be of great importance to thin films
or coatings of tough hydrogels. Thin films of hydrogels have found broad applications, including soft robots (Acome et al.,
2018; Kellaris et al., 2018), artificial skins (Sun et al.,, 2014; Yuk et al., 2016), medical devices (Parada et al., 2017), living
responsive devices (Liu et al., 2018), and chemical sensors (Qin et al., 2018; Sun et al., 2018). Hydrogels become less tough
when thickness is small. The v—-G curves show that the measured energy release rate of PAAm-Ca-alginate decreases from
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Fig. 9. (a) The v-G curves of PAAm-Ca-alginate hydrogels with composition fixed to the 1-Ca condition under five thicknesses. The solid lines are guiding
lines for the experimental data. (b) The energy release rate G depends negligibly on the thickness h at a tear speed of 0.5 um/s. At higher tear speeds, G
increases with h from 0.4 mm, 0.7 mm, 1.0 mm to 1.5 mm, but reaches a plateau from 1.5 mm to 3.0 mm.
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~2500]/m? to ~700]/m? as the thickness is reduced from 1.5mm to 400 um, even when the tear speed is relatively high.
The energy release rate approaches the threshold as the tear speed and hydrogel thickness reduce.

We now use the experimental data to estimate the size of inelastic zone, r(v), under the condition of small-scale inelas-
ticity. We plot the energy release rate G as a function of h at different tear speed v (Fig. 9b). When v=0.5 pm/s, G is nearly
identical over the full range of h under study. This indicates that r(0.5 pm/s) is smaller than 0.4 mm. When v > 0.5 pm/s,
G increases with h from 0.4 to 1.0mm, but reaches a plateau between h=15mm and h=3.0mm, indicating that r(v >
0.5 pmy/s) stays in the range between 1.0 mm and 1.5 mm. As a result, the upper/lower bounds of r(v) are estimated to be

r(v) < 0.4mm v=0.5umy/s (4)
1.0mm<r(@) <1.5mm v=05um/s’

A similar dependence of G upon the thickness has been observed in peel of adhesive joints (Gent and Hamed, 1977).
6. The effect of toughener on tear

To study the effect of the Ca-alginate toughener, we fixed the sample thickness to be h=1.5mm, and synthesized PAAm-
alginate hydrogels with the CaSO4-2H,0 amount of 0, 0.022, and 0.044 times the weight of AAm, denoted as the 0-Ca, 1-Ca
and 2-Ca hydrogels. We recorded the force-displacement curves (Fig. 10) and the v-G curves (Fig. 11a). For the 0-Ca hydrogel,
the alginate chains are uncrosslinked, only interpenetrating the PAAm network. The measured G is low at all tear speeds,
and shows little dependence on v compared to the cases of 1-Ca and 2-Ca hydrogels. For the 1-Ca and 2-Ca hydrogels, the
energy release rate increases with more calcium added. To illustrate, at v=0.01m/s, the measured energy release rate is
about 250]/m? for the 0-Ca hydrogel, 4500]/m? for the 1-Ca hydrogel, and 10,000]/m?2 for the 2-Ca hydrogel.

We relate the threshold to the solid-like rheology of the Ca-alginate network. When the tear speed is close to zero,
the fully relaxed component cannot contribute to the tear force, but the rate-independent component can. For the 0-Ca
hydrogel, the uncrosslinked alginate is liquid-like, making negligible contribution to the threshold. Consequently, the mea-
sured value Gp|g_c, = 59]/m? is entirely due to the PAAm network. For the 1-Ca and the 2-Ca hydrogels, the thresholds are
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Fig. 10. Representative force-displacement curves of PAAm-alginate hydrogels with different amounts of calcium, the same thickness h = 1.5 mm. (a) 0-Ca:
no calcium. (b) 1-Ca: CaSO4-2H,0 of 0.022 times the weight of AAm. (c) 2-Ca: CaSO4-2H,0 of 0.044 times the weight of AAm.
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Fig. 11. (a) v-G curves of PAAm-Ca-alginate hydrogels with h=1.5mm and different amounts of calcium. The threshold G, is calculated to be 59, 173 and
952]/m? for the 0-Ca, 1-Ca and 2-Ca hydrogel, respectively. (b) v-G curves of PAAm-Ca-alginate hydrogels with fixed composition of 2-Ca and different
thicknesses. The threshold Gy is calculated to be 446, 830 and 952]/m? for h=0.4, 0.7, and 1.5 mm, respectively. In each curve of (a) and (b), the threshold
is calculated by linear regression of the three smallest data points.
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Goli_ca = 173]/m? and Ggyly_c, = 952]/m?2. Because the PAAm networks in the three hydrogels are identical, the increase
in the threshold is due to the presence of Ca-alginate. The increase in the threshold, however, does not come from the scis-
sion of alginate chains, but from unzipping of calcium bonds over a finite volume surrounding the tear front. Even at the
vanishingly low tear speed, the unrelaxed Ca-alginate network can still undergo hysteresis as material particles undergo the
loading-unloading process.

For the 2-Ca hydrogels, even at the threshold with vanishingly low tear speed, the solid-like Ca-alginate network am-
plifies the inelastic zone so large to be comparable to the thickness. Consequently, large-scale inelasticity prevails at the
threshold. The threshold G is 446, 830 and 952 ]/m? for h=0.4, 0.7, and 1.5 mm, respectively (Fig. 11b).

7. Discussion

The condition of large-scale inelasticity complicates the definition of energy release rate in most experimental setups.
Rather, the extension of a crack in a material of complex rheology can be analyzed by the cohesive zone model, where
the “cohesion” of the material at the crack front is represented by a traction-displacement model, and the dissipation in
the bulk is represented by a rheological model (Needleman, 1987; Schapery, 1975; Tvergaard and Hutchinson, 1992). This
approach has recently been adopted in the study of hydrogels (Baumberger et al., 2006b; Lefranc and Bouchaud, 2014; Long
and Hui, 2015, 2016; Noselli et al., 2016; Qi et al., 2018; Yu et al., 2018; Zhang et al., 2015).

In the literature on elastomers, efforts have long been made to study the “decohesion”—the scission of the polymer net-
work at the crack front—by conducting experiments that minimize the dissipation from the bulk (Lake and Thomas, 1967).
Such experiments include fatigue fracture and slow crack. Fatigue fracture is conducted under cyclic loads (Lake and Thomas,
1967; Thomas, 1958), where the crack extension per cycle dc/dN in a pre-cut sample is measured as a function of the energy
release rate G. The threshold for fatigue fracture is the finite G value when dc/dN approaches zero. Slow crack is conducted
under monotonic loads (Gent and Lai, 1994; Greensmith and Thomas, 1955; Mullins, 1959), where the crack speed v is a
function of the energy release rate G. The threshold for slow crack is the finite G value when the crack speed approaches
zero.

Studies on the “decohesion” of hydrogels have also started. Zhang et al. (2015) measured the fracture energy of a
polyacrylamide-calcium-alginate hydrogel by first prescribing a large pre-stretch to unzip the ionic crosslinks of the alginate
network, and then measuring the fracture energy. Fatigue fracture has been recently tested for hydrogels including polyacry-
lamide (PAAm) (Tang et al., 2017; Zhang et al., 2018a), polyacrylamide-calcium-alginate (PAAm-Ca-alginate) (Bai et al., 2017;
Zhang et al., 2018b), polyacrylamide-poly(2-acrylamido-2-methylpropane sulfonic acid) (PAAm-PAMPS) (Zhang et al., 2018c),
and polyacrylamide-poly(vinyl alcohol) (PAAm-PVA) (Bai et al., 2018). The threshold for fatigue fracture depends on the pri-
mary network (e.g., the polyacrylamide network), but negligibly on the toughener, either solid-like (Zhang et al., 2018b) or
liquid-like (Bai et al., 2018). Slow crack has been conducted for non-covalently crosslinked hydrogels such as gelatin and
Ca-alginate (Baumberger et al., 2006b; Baumberger and Ronsin, 2009). The threshold for slow crack of these hydrogels cor-
responds to the breaking of the noncovalent crosslinks. Slow crack has also been conducted for hydrogels with stronger
ionic crosslinks (Sun et al., 2017) or covalent crosslinks (Tanaka et al., 2000, 2005; Yang et al., 2018), but has been focused
on the toughening mechanism above the threshold, instead of the threshold itself.

In the literature, it has been unclear whether the fatigue-crack threshold and the slow-crack threshold are identical. There
has been no direct comparison of the two thresholds. Our own experimental data indicate that they are not identical. The
fatigue-crack threshold of a PAAm-Ca-alginate hydrogel with identical composition of the PAAm network used in this paper
has been measured in our previous work (Bai et al., 2017). The measured fatigue-crack threshold of the PAAm-Ca-alginate
hydrogel is close to the slow-crack threshold of the 0-Ca hydrogel in the current paper. That is, the Ca-alginate contributes
negligibly to the fatigue-crack threshold, but contributes substantially to the slow-crack threshold. The comparison between
the thresholds measured under these different conditions calls for future investigation.

8. Conclusion

Tough hydrogels of various compositions exhibit complex rheology, which complicates the link between the mechanics of
fracture and the chemistry of hydrogels. In this paper, we study PAAm-Ca-alginate hydrogels by tear, where the tear speed
and the energy release rate are readily determined, independent of the rheology of the hydrogels. The energy release rate
G decreases as the tear speed v decreases, and reaches a threshold when the tear speed vanishes. The v-G curve depends
on both the thickness of the hydrogel and the concentration of calcium. The thickness-dependence reflects the condition of
large-scale inelasticity. The threshold depends on the concentration of calcium. The threshold may or may not depend on
the thickness, depending on the thickness relative to the size of the inelastic zone. A stress relaxation test shows that the
Ca-alginate network exhibits solid-like rheology. We find that Ca-alginate contributes substantially to slow-crack threshold,
but negligibly to fatigue-crack threshold. It is hoped that tear of other tough hydrogels will soon be studied and compared
with fatigue fracture of these hydrogels.
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