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Abstract

As swollen polymer networks in water, hydrogels are usually brittle. However, hydrogels with
high toughness play critical roles in many plant and animal tissues as well as in diverse
engineering applications. Here we review the intrinsic mechanisms of a wide variety of tough
hydrogels developed over past few decades. We show that tough hydrogels generally possess
mechanisms to dissipate substantial mechanical energy but still maintain high elasticity under
deformation. The integrations and interactions of different mechanisms for dissipating energy and
maintaining elasticity are essential to the design of tough hydrogels. A matrix that combines
various mechanisms is constructed for the first time to guide the design of next-generation tough
hydrogels. We further highlight that a particularly promising strategy for the design is to
implement multiple mechanisms across multiple length scales into nano-, micro-, meso-, and
macro-structures of hydrogels.
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1. Introduction

As aggregations of polymer networks and water, hydrogels are abundant in plant and animal
tissues, with examples ranging from xylems and phloems to muscles and cartilages.! 2
Owning to their unique integration of solid and liquid properties, hydrogels are also
extensively explored and widely used in diverse applications such as contact lenses, wound
dressings, cosmetics, absorbents in waste managements, media for electrophoresis, scaffolds
for tissue engineering, vehicles for drug delivery, coatings for medical devices, extracellular
matrices for biological studies, packers in oilfields, and sensors and actuators in soft
machines.3-16

Natural hydrogels in plant and animal tissues usually need to be sufficiently robust to
support mechanical loads from surrounding components. Similarly, many applications of
hydrogels require them to maintain physical integrity over time, such as in contact lenses,

"xz69@duke.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhao

Page 2

wound dressings, drug delivery, and coatings; other applications even require hydrogels to
carry significant mechanical loads and/or accommodate substantial deformation, such as in
artificial load-bearing tissues, oilfield packers, and hydrogel-based actuators and soft
machines.

Swelling of polymer networks in water usually reduces their mechanical strengths, leading
to relatively brittle hydrogels. However, due to tremendous demands for tough hydrogels in
various applications, intensive researches have been going on to improve mechanical
strengths of hydrogels over the last few decades. Many hydrogels have shown significant
enhancements of fracture toughness over their conventional counterparts (Fig. 1). Examples
include poly (vinyl alcohol) hydrogels with crystalline domains’-19, double-network
hydrogels2%: 21, hydrogels with hybrid chemical and physical crosslinkers21=27, hydrogels
with crosslinkers of high functionalities?8-32, hydrogels with transformable domains33: 34,
topological hydrogels with sliding crosslinkers3>-37, and tetra-arm polymer hydrogels38: 39,
Many tough hydrogels have also been made biocompatible for biomedical applications*0-44
or responsive to external stimuli for actuators and soft machines*>=48. A number of review
articles have summarized the progresses of various types of tough hydrogels.4® 49-57

Despite these successes, the developments of tough hydrogels have generally relied on an
empirical and trial-and-error approach, whereas the intrinsic relations between various
mechanisms for toughness enhancements have not been systematically discussed or
explored.>4 55 58 For instance, hydrogels with microscopic interpenetrating polymer
networksZ? and hydrogels with macroscopic fiber-reinforcements®® have both achieved
impressive levels of fracture toughness. These hydrogels have very different compositions
and structures and therefore different toughness-enhancement mechanisms at different
length scales. However, it is not clear whether there exists a general principle underlying
various toughness-enhancement mechanisms for hydrogels. Furthermore, the mechanical
properties of existing tough hydrogels may still suffer from limitations. For example, some
double-network hydrogels are susceptible to fatigue under cyclic loadings, due to the
damage of polymer networks under large deformation; and there are substantial demands for
new hydrogels with further enhanced mechanical properties, such as anti-fatigue hydrogels.
Therefore, a general principle together with practical guidelines for the design of tough
hydrogels will be of critical importance to the development of next-generation hydrogels as
well as the fundamental understanding of soft materials.

The objectives of the current review are: i) to present a general principle that underlies
various toughness-enhancement mechanisms in existing tough hydrogels, ii) provide a
matrix of guidelines for the design of tough hydrogels, and iii) propose new strategies for
the development of next-generation hydrogels with extraordinary mechanical properties.
Using the theory of dissipation-induced toughening89-63 we will demonstrate that a general
principle for the design of tough hydrogels is to implement mechanisms into hydrogels to
dissipate significant amounts of mechanical energy under large deformation and to maintain
their original configurations after deformation. While the developments of various tough
hydrogels have indeed followed this general principle, we will show that different hydrogels
have resorted to different mechanisms to dissipate mechanical energy or to maintain high
elasticity. Consequently, a combination of the mechanisms for dissipating energy and
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maintaining elasticity naturally provides a matrix that can guide the design of nano-, micro-,
meso-, and macro-structures of hydrogels to achieve high toughness. Thereafter, we will
show that many possible combinations on the design matrix have not been explored for
tough hydrogels. We will finally propose that integrating different mechanisms across
multiple length scales represents a particularly promising strategy for the design of next-
generation hydrogels with extraordinary mechanical properties.

2. General principle for the design of tough hydrogels

2.1. Fracture energy to characterize toughness of hydrogels

Since hydrogels generally undergo nonlinear and large deformation, the commonly used
fracture toughness for linear elastic materials is generally not applicable to hydrogels. As a
result, the toughness of hydrogels has been traditionally measured with a number of
parameters, including Young’s and shear modulus, swelling ratio, fracture stress in tension,
compression and shear; fracture strain in tension, compression and shear, and fracture
energy. A tough hydrogel should be able to sustain relatively high levels of both mechanical
load (i.e., stress) and deformation (i.e., strain), regardless of defects in it. However, modulus
only characterizes stiffness of hydrogels under small deformation; swelling ratio only gives
hydrogels’ water-retaining capacity; and fracture stress or strain only reflect the hydrogels’
capability of sustaining either mechanical load or deformation, respectively. In addition, the
measured values of fracture stress and strain usually depend on the nature of defects in
hydrogels. In this regard, fracture energy is a more adequate parameter to characterize
fracture toughness of hydrogels than others.%4

To clearly illustrate the importance of fracture energy, let’s consider the classical pure-shear
test for measuring fracture energy of soft materials such as elastomers and gels.65-%8 As
illustrated in Fig. 2, two identical pieces of a hydrogel are fabricated with the same thickness
T, width Wand high H, where W>> H>>T. Both pieces of samples are clamped along their
long edges (i.e., along the width direction) with rigid plates. A notch with a length of ~0.5W
is introduced into the first sample, which is then gradually pulled to a stretch of A times of
its undeformed length until a crack begins to propagate from the notch (Fig. 2a). Thereafter,
the second sample without notch is uniformly stretched to the same critical stretch A, with
the applied force F recorded as a function of the stretch A (Fig. 2b). Since W>>H in the first
sample, regions of hydrogel far away from the crack tip are either fully relaxed or uniformly
deformed. Therefore, propagation of the crack can be regarded as transition of a uniformly-
deformed region into a fully-relaxed region with the same width (Fig. 2a). The energy
required to advance the notch by a unit area at the undeformed state (i.e., the fracture

energy) can be calculated as I'= (H Ji°F d/\> /WT where F and \ have been measured in
the second sample (Fig. 2b). Furthermore, since the nominal stress along the applied force in
the second sample is s=F /(WT), we can express the measured fracture energy of the
hydrogel as®°: 66

T=H[sd\ (1)
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From Eg. (1), it can be seen that a hydrogel with higher fracture energy tends to be able to
sustain higher levels of both stress and strain, and therefore has a higher toughness.
Furthermore, the measured fracture energy is independent of defects in hydrogels, because
the size of the notch is much larger than any defect in the samples. Owning to these merits,
fracture energy has been widely used as a critical parameter to characterize fracture
toughness of hydrogels. It should be noted that many other methods can also be used to
measure fracture energies of gels such as the trouser tear test®® and single-edge notch test®9,
and the measured fracture energies with different methods are generally consistent with one
another?!,

Further considering the mechanistic origins of fracture energy, we can generally divide the
fracture energy of a hydrogel into two parts, i.e.

I=Lo+l) (2)

where T is the intrinsic fracture energy of the hydrogel and T'p the fracture energy due to
mechanical dissipation in regions around the crack (Fig. 3).

2.2. Intrinsic fracture energy of hydrogels

The intrinsic fracture energy is the energy required to break polymer chains lying across the
crack plane by a unit area (Fig. 3a)%6. According to the Lake-Thomas theory, the intrinsic
fracture energy of a hydrogel can be calculated as®6

To=Usm  (3)

where Us is the energy required to rupture a polymer chain in the hydrogel, and mthe
number of chains across a unit area of the hydrogel in the undeformed state (Fig. 3a).
Further denoting the number of chains across a unit area of the corresponding elastomer in
the dry and undeformed state as myy, and the volume concentration of the polymer in the
hydrogel as C, we have

m:mdry02/3 (4)

The intrinsic fracture energy for common elastomers (i.e., Ufmyyy) is ~50 Jm=266_Therefore,
for corresponding hydrogels with ~90% water, the intrinsic fracture energy can be evaluated
to be ~10 Jm~2, which is a relatively low value. Furthermore, since hydrogels are usually
fabricated with dilute polymers which can rarely be crosslinked as tightly as in elastomers,
Eq. (4) tends to overestimate the intrinsic fracture energy of hydrogels. Therefore, hydrogels
with only intrinsic fracture energy are usually very brittle.

2.3. Fracture energy due to mechanical dissipation

In many hydrogels, particularly tough hydrogels, the propagation of a crack will not only
break polymer chains lying across the crack plane, but also induce dissipation of mechanical
energy in regions around the crack. As illustrated in Fig. 3b, when a hydrogel with a notch is
stretched, the region around the crack tip will be first loaded and then unloaded as the crack
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propagates. In addition, for hydrogels reinforced with meso-/macro-scale fibers or fillers, the
fibers or fillers behind the crack tip will be pulled out upon crack extension (Fig. 3c). During
these processes, mechanical dissipation may result from different mechanisms such as
rupture of polymer chains or crosslinkers, transformation of chains or crosslinkers, and
friction of fillers and fibers with hydrogel matrices. These mechanisms will be discussed in
detail in Sec 3.

Inspired by previous studies on high-toughness ceramics’®, we divide the dissipation
mechanisms of tough hydrogels into two categories: i). stress-strain hysteresis of hydrogels
deformed and undeformed in a process zone around the crack (Fig. 3b), and ii). pullout of
meso/macro-scale fibers or fillers in a bridging zone behind the crack tip (Fig. 3c).

2.3.1. Mechanical dissipation from process zone—Most of existing tough hydrogels
use energy dissipation by deforming and undeforming hydrogels in process zones to
enhance their toughness. The fracture energy due to mechanical dissipation in a process
zone can be expressed as

'y :2Vfng dy (5)

where wp is the mechanical energy dissipated per unit volume of a hydrogel element in the
process zone at reference state, h the width of the process zone at reference state, y the
vertical coordinate of the hydrogel element, and V volume fraction of the hydrogel in the
process zone. In Eq. (5), wp is given by the areas of hysteresis loops in stress-strain (or
nominal stress-stretch) curves from deforming and undeforming the hydrogel element (Fig.
3b), i.e

3
’wD:Z]{Sid)\i (6)
i=1

where A; are the principal stretches in three directions, 5 the corresponding principal
stresses, and ¢ represents integration over the hysteresis loop. Since wp is dependent on the
location of the hydrogel element, Eqg. (5) and Eq. (6) usually need to be calculated with
numerical models such as finite-element’2~73 and phase-field’4 models.

To illustrate the physical ideas of mechanical dissipation from process zone, we will not
carry out the numerical calculations in the current paper. Instead, we denote a typical

hydrogel element at location yp of the process zone, so that j'ngdy:wD (y,,)h. Since
hydrogel around the crack tip is dominantly stretched in the direction along the applied force
in pure shear tests, we further denote ) as the maximum stretch along the applied force in
the typical hydrogel element (at yp) and s as the corresponding nominal stress in the typical
element (Fig. 3b). Therefore, we can approximately express the fracture energy due to
mechanical dissipation in process zone as

r,~2Vas(A=1)h @)
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From Eqg. (7), itis clear that a hydrogel that can sustain higher levels of stress and strain with
larger stress-strain hysteresis and process zone will lead to higher fracture energy. For
example, a hydrogel with V =1, a ~ 50%, s~ 1 MPa, A2 (i.e.,, 100% strain), and h ~
100 pm can readily achieve fracture energy ~100 Jm~2, much higher than the intrinsic
fracture energy of hydrogels. Indeed, the fracture energies of many tough hydrogels have far
exceeded 100 Jm™2, due to higher values of s, %, a and/or h20. 21, 54,59,

2.3.2. Mechanical dissipation from bridging zone—While most of existing tough
hydrogels rely on toughening by mechanical dissipation from process zone, only a few fiber/
filler-reinforced hydrogels have been recently developed.®®: 75-77 These hydrogels generally
rely on energy dissipation by pulling out meso/macro-scale fibers/fillers in bridging zones to
enhance fracture toughness. The fracture energy due to mechanical dissipation in a bridging
zone can be expressed as’0: 78

I',=2A[¢"Tdu ()

where 2u is the crack opening, 2u* the opening at the edge of the bridging zone as shown in
Fig. 3c, T the normal stress in the fiber or filler, and A the area fraction of fibers or fillers on
the crack plane. Denoting T asa typical value of the normal stress in the fiber or filler, we
can approximately express the fracture energy due to mechanical dissipation in bridging
zone as

[, ~2ATux (9)

Using typical values of A=10%, T =1 MPa, and u*= 500um~1mm, we can evaluate the
fracture energy from the bridging zone to be on the order of 100 Jm~2, which is also much
larger than the intrinsic fracture energy of hydrogels.

Notably, the simultaneous operation of process zone and bridging zone may generate
fracture energy much higher than the summation of fracture energy from either zone
individually, due to the coupling effects between process zone and bridging zone.”® We will
discuss the coupling effects in Sec. 6.

2.4. Design principle for tough hydrogels: energy dissipation and high stretchability

Since the intrinsic fracture energies of hydrogels are relatively low (i.e,~10Jm=2) and
almost impossible to be significantly increased, the enhancement of hydrogels’ fracture
energy will basically rely on mechanical energy dissipated in regions around the cracks.
Therefore, in order to design a tough hydrogel, we need to implement one or multiple
mechanisms into the hydrogel to dissipate a substantial amount of mechanical energy in
process and/or bridging zones upon crack propagation. From Eq. (7) and Eq. (9), we can see
that the mechanical dissipation requires the hydrogel’s process zone to have high levels of
stress (s) and strain (xi large stress-strain hysteresis (a), and substantial size (h) (Fig. 3b);
and/or requires its bridging zone to accommodate high traction (T) and large crack opening
(u*) for pulling out fibers or fillers (Fig. 3c).
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Evidentially, the typical strain (k)_and size (h) of the process zone and the crack opening
(u*) in the bridging zone will monotonically increase with the stretchability of hydrogel.
Therefore, to achieve substantial mechanical dissipation, it is also critical for the hydrogel in
the process and bridging zones to be able to sustain relatively high levels of deformation
while maintaining integrity. In particular, since the stress levels in hydrogels usually cannot
exceed a few megapascals, enhancing the stretchability of hydrogels is an effective way to
increase their fracture energy and toughness. For example, the tough polyacrylamide-
alginate hydrogel developed by Sun et al can sustain a stretch of ~17 even with a notch in
the sample and therefore gives fracture energy as high as ~9000 Jm=2 21, Besides the
requirement of high stretchability in process and bridging zones, the bulks of tough
hydrogels also need to maintain original shape and geometry after large deformation.
Otherwise, the hydrogels can develop plastic deformation under loads (Fig. 4b), which is
undesirable in applications of tough hydrogels. For example, many tough hydrogels have
demonstrated full recovery of their original configurations after compressive strains over
90% (e.g., Fig. 1). Based on the above analyses, we can conclude that the general principle
for the design of tough hydrogels is two-fold:

i. todissipate significant amounts of mechanical energy in hydrogels upon crack
propagation, and

ii. to retain original configurations of hydrogels after large deformation.

While the developments of tough hydrogels have followed the general principle, different
tough hydrogels have nevertheless relied on different mechanisms to dissipate mechanical
energy and to maintain high elasticity. In Sec 3 and 4, we will discuss various mechanisms
for energy dissipation (Fig. 5) and maintaining elasticity (Fig. 6) in hydrogels, respectively.

In addition, it should be noted that if a hydrogel decreases its stress-strain hysteresis after the
first or first few loading-unloading cycles, it will reduce the capability of energy dissipation
(i.e, reduce a in Eq. (7)) and decrease fracture energy over multiple cycles of large
deformation (Fig. 4c). Therefore, in order to develop tough hydrogels that are also anti-
fatigue under large deformation, the stress-strain hysteresis of the hydrogels need to be
repeatable over multiple loading-unloading cycles (Fig. 4a).

3. Mechanisms for dissipating energy in tough hydrogels

3.1. Fracture of polymer chains

Following the pioneering work by Gong et al on double-network

hydrogels20: 43. 54, 55,64, 79-90 fracture of polymer chains has been widely used as a
mechanism to dissipate mechanical energy in hydrogels (Fig. 5a). As a polymer chain is
fractured, the mechanical energy stored in the chain is dissipated. According to the Lake-
Thomas theory, the fracture energy due to rupture of polymer chains in a process zone can
be evaluated as®6

I',=2UsNsh  (10)
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where Us is the energy required to rupture a polymer chain in the hydrogel, N; the number of
polymer chains fractured per unit volume of the process zone, and h the width of the process
Zone.

The chain-fracture mechanism requires that polymer chains in process zones can be
effectively fractured. In order to promote fracture, a large number of polymer chains with
relatively short lengths are usually incorporated into hydrogels. Even when the hydrogel is
undeformed, these short chains can be highly stretched due to swelling of the hydrogel.”2 91
As the hydrogel is deformed, the short chains can be ruptured to dissipate mechanical
energy. Previous studies have shown that the chain-fracture mechanism can be implemented
with a wide variety of highly crosslinked polymers, such as poly(2-acrylamido-2-
methylpropanesulfonic acid)2?, glycidyl methacrylated hyaluronan®2, poly(acrylic acid)?3,
agarose®*, poly(vinyl alcohol)%, gellan gum methacrylate*2, methacrylated chondroitin
sulfate%. For example, Fig. 7a shows a damage zone around the crack in the poly(2-
acrylamido-2-methylpropanesulfonic acid)-polyacrylamide double-network hydrogel, due to
the fracture of polymers chains in the short-chain network of poly(2-acrylamido-2-
methylpropanesulfonic acid) 97 98,

It should also be noted that fracture of polymer chains usually induces irreversible damage
of polymer networks in hydrogels. As a result, the stress-strain hysteresis loops generally
decrease over repeated deformation in tough hydrogels that use the chain-fracture
mechanism (Fig. 4c)?C. Therefore, tough hydrogels relying on the chain-fracture mechanism
will be susceptible to fatigue under multiple cycles of large deformation, unless other
mechanisms are introduced to heal the ruptured polymer chains.9%-101

3.2. Reversible crosslinking of polymer chains

Physical crosslinkers in polymer networks are generally weaker than chemical crosslinkers
based on covalent bonds. Polymer chains can be detached from physical crosslinkers under
mechanical loads and/or agitations from environments such as temperature, pH, and ionic
strength (Fig. 5b). The detachment relaxes stretched polymer chains, and therefore dissipates
mechanical energy in the polymer network. Furthermore, these physical crosslinkers in
hydrogels can usually be recovered after decrosslinking. The reversible crosslinking of
polymer chains has been widely used as a mechanism to induce mechanical dissipation in
hydrogels (Fig. 5b). The mechanical energy dissipated due to decrosslinking of polymer
chains in a process zone can be evaluated as

FD =2U4cNgch (12)

where U is the mechanical energy dissipated per decrosslinked polymer chain, Ny the
number of decrosslinked polymer chains per unit volume of the dissipation zone, and h the
width of the dissipation zone. The parameter U in Eq. (11) should be not greater than the
fracture energy of the chain Uy.

Physical crosslinkers commonly used for the reversible-crosslinking mechanism in
hydrogels include ionic interaction?1: 102106 |igand-receptor interaction107: 108 hydrogen
bond31: 109-115 and hydrophobic interaction116-122, Since these physical crosslinkers in

Soft Matter. Author manuscript; available in PMC 2015 February 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhao

Page 9

hydrogels can usually be recovered after decrosslinking, it is possible to maintain the stress-
strain hysteresis of hydrogels the same over cyclic loadings, potentially leading to anti-
fatigue hydrogels (Fig. 4a)26: 115.123-126 On the other hand, since the recovered
crosslinkers are usually not at their original locations, hydrogels that only use the reversible-
crosslinking mechanism can deform plastically under loads (Fig. 4b). For example, Zhao et
al observed plastic deformation in ionically-crosslinked alginate hydrogels under
compression, but not in the covalently-crosslinked ones (Fig. 7b).192 Therefore, when the
reversible-crosslinking mechanism is used, it is critical to introduce another mechanism to
maintain elasticity of hydrogels, which will be discussed in Sec 4.

In addition, the reversible crosslinking of different types of crosslinkers usually occurs at
different time scales. Therefore, hydrogels that use the reversible-crosslinking mechanism
usually demonstrate rate-dependent viscoelasticity, which is commonly associated with the
mechanical dissipation and toughening of these hydrogels26. However, so far only few
measurements on fracture energies of tough hydrogels were carried out at different strain
rates. Therefore, it is still a critical task to measure the capacity of existing reversible
crosslinkers in dissipating mechanical energy under different strain rates. Such information
will guide the design of viscoelastic hydrogels that can maintain high toughness under a
required range of strain rates.

3.3. Transformation of domains in polymer chains or crosslinkers

Polymer chains and crosslinkers may contain certain domains that transform between
different configurations under mechanical loads (Fig. 5¢).127 During the transformation,
mechanical energy can be dissipated. Furthermore, the transformation may also change the
lengths of polymer chains and crosslinkers, and induces effects such as variation of swelling
ratio or color change of the hydrogels.33 34 Examples of transformable domains included
folded proteins and polysaccharides in biological polymers and mechanophores -- molecular
units that can be chemically activated by mechanical forces -- in synthetic polymers.127-129
For example, Brown et al demonstrated that fibrin hydrogels can sustain high stretches up to
2.7, owing to protein unfolding in fibrin fibers (Fig. 7¢).32 The protein unfolding also
induces expulsion of water, varying swelling ratio of the hydrogel. As another example,
Gossweiler et al incorporated spiropyran mechanophores into polydimethylsiloxane
elastomer matrices34. Although elastomers instead of hydrogels were tested, Gossweiler et
al showed that mechanical deformation can activate spiropyran mechanophores, which not
only dissipate mechanical energy but also change the elastomer’s color from transparent into
pure.

Interestingly, while transformable domains are rarely incorporated into synthetic polymers,
they exist in a wide variety of biological polymers, such as fibrin, collagen, silk, keratin, and
polysaccharides.12” Although the fracture energy of biological hydrogels can reach
relatively high values (e.g., 1000 Jm~=2 for cartilage), only a few tough hydrogels have been
developed with biological polymers. Nevertheless, designing hydrogels based on biological
polymers with transformable domains indeed represents a promising approach in
development of tough hydrogels.
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3.4. Pullout of fibers or fillers

The dissipation mechanisms discussed above generally depend on molecular-scale nano-/
micro-structures of polymer networks, and are generally applied in process zones of
hydrogels. On the other hand, meso-/macro-scale fibers and fillers can also be embedded in
hydrogel matrix. Fracture and pullout of the fibers and fillers in a bridging zone in front of
the crack can significantly dissipate mechanical energy in the hydrogel (see Fig. 5d and Eq.
(8) and (9))_59, 75,130

Examples of fibers and hydrogel matrices that use the fiber-pullout mechanism include
polyurethane-fiber reinforced epoxy-amine hydrogel (Fig. 7d)%; polycaprolactone-fiber
reinforced poly(ethylene glycol)”>, agarose’®, and alginate-polyacrylamidel30 hydrogels;
and polyglycolic-acid-fiber reinforced agarose and fibrin hydrogels’”.

4. Mechanisms for maintaining elasticity of tough hydrogels

In addition to energy dissipation, high stretchability is another critical property for hydrogels
to achieve high fracture energy and toughness. In this section, we will discuss various
mechanisms that enable stretchability and elasticity of hydrogels. The stretch limit of a
polymer chain with n monomers is x;;, = +/» 31133, Swelling a polymer network in water
or polymer solution will pre-stretch polymer chains in the network. The effective stretch
limit of a polymer chain in a hydrogel from the swollen state (as the reference state) to a
deformed state can be expressed as!31-133

/\iim:(jl/3 \/’E (13)

where C is the volume concentration of the polymer network in the hydrogel. From Eq. (13),
it is clear that longer polymer chains (i.e., higher n) can give higher effective stretch limit
and accommodate higher water concentration in hydrogels. Therefore, in order to achieve
high stretchability of hydrogels, relatively long polymer chains usually need to be
incorporated into the hydrogels through different mechanisms (Fig. 6).

4.1. Interpenetration of long-chain network

Polymer networks with relatively long polymer chains can be interlaced with other networks
with relatively short chains on a molecular scale to form interpenetrating polymer networks.
While the short-chain networks may be fractured or physically decrosslinked under
deformation, the long-chain networks can still maintain high elasticity of the
interpenetrating networks (Fig. 6a). Since 2003, Gong group have interpenetrated different
types of polymer networks, and found that long-chain networks are indeed critical
components for various double-network hydrogels to achieve high

toughness.20: 43, 54,55, 64, 79-88 O\wning to the broad choices of polymers, interpenetration of
long-chain network has been widely used as a mechanism to achieve high elasticity of tough
hydrogels. The most common candidates for the long-chain polymer networks include
polyacrylamide?®: 111 poly(N-isopropylacrylamide)!12, poly(ethylene glycol)116,
poly(N,N’-dimethylacrylamide)®2: 114, poly(acrylic acid)!3# 135 and gelatin2% 42,
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4.2. Hybrid physical and chemical crosslinkers

While decrosslinking of physically crosslinked networks dissipates mechanical energy,
hydrogels with only physical crosslinkers can develop irreversible plastic deformation under
mechanical loads (Fig. 4b and Fig. 7b). To maintain elasticity of hydrogels, chemical
crosslinkers based on covalent bonds or other strong crosslinkers such as crystalline
domains can be used to loosely crosslink polymers to give long-chain networks. Meanwhile,
physical crosslinkers can be incorporated into the same polymer networks to increase the
overall crosslinking density. The resultant hybrid-crosslinked networks enable hydrogels to
maintain high elasticity when the networks are partially decrosslinked under large
deformation (Fig. 6b).

Owning to its simple fabrication, hybrid crosslinking has been widely used as a mechanism
to maintain high elasticity of tough hydrogels (Fig. 6b). Polymer networks that enable the
hybrid-crosslinking mechanism usually can be crosslinked both chemically and physically.
Examples of polymer networks with hybrid crosslinkers for tough hydrogels include
alginate?>: 102, chitosan?2, and polyacrylamide with hydrophobic modification!17: 119,136,

4.3. High-functionality crosslinkers

Following Flory, we define the number of polymer chains that can be crosslinked by a
crosslinker as the functionality of the crosslinker.231 Common physical and chemical
crosslinkers usually have relatively low functionalities (e.g., less than 10), and there is
usually a single polymer chain bridging between two adjacent common crosslinkers. When
polymer chains are ruptured under deformation, the connections between crosslinkers are
eliminated, potentially leading to fracture of the network. In order to achieve high elasticity
of hydrogels, large crosslinkers with very high functionality (e.g., over 100) can be
incorporated into polymer networks. In these networks, there are multiple polymer chains
that connect two adjacent high-functionality crosslinkers, and these chains usually have non-
uniform lengths. Therefore, as the polymer networks are deformed, relatively short chains
may be ruptured or detached from the high-functionality crosslinkers but the long chains can
still maintain the elasticity of the hydrogels (Fig. 6c).

Examples of high-functionality crosslinkers used in tough hydrogels include crystalline
domains in polymer networks such as poly(vinyl alcohol)”: 18: exfolidated nano-clays that
can crosslink various polymers such as polyacrylamide, poly(N-isopropylacrylamide) and
poly(ethylene glycol)28-30; glassy spheres of poly(methyl methacrylate) that crosslink
poly(methyl methacrylate)-poly(n-butyl acrylate) copolymers37; microspheres made from
mixtures of styrene, butyl acrylate, and acrylic acid3!; chitosan nanofibers that crosslink
polyacrylamidel38; graphene oxide that crosslinks polyacrylamide!39: 140: and lamellar
bilayer structure of surfactant that crosslinks polyacrylamidel24.

4.4. Networks with long monodisperse polymer chains

Polymer networks are usually constituted of polydisperse polymer chains, due to the nature
of polymerization. When such a polymer network is deformed, the shorter chains are more
susceptible to rupture, which can initiate damages in the network. Although polymer
networks with long polydisperse chains may still give relatively high stretchability, it may
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be more desirable to use networks with monodisperse chains to design tough hydrogels (Fig.
6d).

To achieve polymer networks with monodisperse chains, Sakai et al crosslinked tetrahedron-
like macromonomers of poly(ethylene glycol) with well-defined sizes38: 39, The resultant
poly(ethylene glycol) networks were proven to be extremely uniform by small-angle neutron
scattering and light scattering measurements!41: 142 As another example, Okumura and Ito
developed a special crosslinker with the shape of eight, which not only interlocks two
polymer chains but also can slide along the chains3®. When a polymer network with the
sliding crosslinkers is deformed, polymer chains can automatically adjust their lengths due
to relocation of crosslinkers to give relatively homogeneous networks under loads (Fig. 6d).
Poly(ethylene glycol) hydrogels with sliding crosslinkers indeed gave very high swelling
ratio and strethability.

Notably, mechanisms for energy dissipation have not been implemented into polymer
networks with monodisperse chains developed so far, as indicated by the negligible stress-
strain hysteresis loops of these hydrogels.35-39 Furthermore, to our knowledge, the fracture
energy of polymer networks with monodisperse chains has not been measured either.

4.5. Meso-/Macro-scale composites

The mechanisms discussed above generally rely on nano-/micro-structures of polymer
networks to maintain high elasticity of hydrogels. On the other hand, meso-/macro-scale
fibers and fillers can also be embedded in hydrogel matrices to form composites. As
discussed in Sec 3.4, the fracture and pullout of the fibers or fillers can dissipate mechanical
energy in hydrogels. Furthermore, if the fibers or fillers are interwoven into three-
dimensional networks, they can also maintain the elasticity of hydrogel composites under
deformation (Fig. 6e).59 In addition, since the networks of fibers or fillers constrain the
swelling or deswelling of hydrogels, they can also control water concentration in hydrogel
composites.>® Examples of tough fiber-reinforced hydrogel composites have been discussed
in Sec 3.4.

5. A design matrix for tough hydrogels

As discussed above, the general principle for the design of tough hydrogels is to implement
mechanisms into hydrogels to dissipate mechanical energy and to maintain high elasticity.
We have discussed various mechanisms for dissipating energy and maintaining elasticity of
hydrogels in Sec 4 and 5, respectively. Combinations of the two sets of mechanisms
naturally provide a matrix that guides the design of tough hydrogels (Table 1). A number of
combinations on the design matrix have been intensively explored over past few decades,
which will be discussed in this section.

5.1. Chain fracture/reversible crosslinking plus interpenetration of long-chain network

From the design matrix (Table 1), it is clear that one common strategy to develop tough
hydrogel is to interpenetrate polymer networks with relatively short and long polymer
chains. Under deformation, the short-chain networks can be fractured and/or physically
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decrosslinked to dissipate mechanical energy (Sec 3.1 and Sec 3.2), while the long-chain
networks will maintain the high elasticity of the hydrogels (Sec 4.1).

Gong et al carried out pioneering works in developing various tough hydrogels by
combining mechanisms of chain fracture and interpenetration of long-chain network.2° For
example, they interpenetrated short-chain network of poly(2-acrylamido-2-
methylpropanesulfonic acid) with long-chain network of polyacrylamide. The resultant
hydrogel gave a fracture energy over 1000 Jm~2, owning to the rupture of poly(2-
acrylamido-2-methylpropanesulfonic acid) and the high elasticity of polyacrylamide (Fig.
1a).20. 54 Recently, Sun et al combined mechanisms of reversible crosslinking and
interpenetration of long-chain network by interpenetrating ionically-crosslinked alginate and
covalently-crosslinked polyacrylamide networks. Reversible crosslinking of the short-chain
alginate and high elasticity of the long-chain polyacrylamide lead to a tough hydrogel with
fracture energy over 9000 Jm~2 and uniaxial stretch over 21 (Fig. 1f). Remarkably, the
alginate-polyacrylamide hydrogel can partially recover its stress-strain hysteresis after large
deformation, due to the recovery of ionic crosslinkers in alginate. Furthermore, a number of
theoretical and computational models have been developed for tough hydrogels using
combined mechanisms of chain fracture/ reversible crosslinking and interpenetration of
long-chain network.61. 62,72, 143-145

5.2. Reversible crosslinking plus hybrid crosslinkers

Another commonly used strategy to design tough hydrogel is based on a single polymer
network but with hybrid physical and chemical crosslinkers. The chemical crosslinkers
alone give relatively long polymer chains that maintain high elasticity of hydrogels (Sec.
4.2), while the physical crosslinkers enable reversible crosslinking of polymer chains to
dissipate mechanical energy (Sec. 3.2).

For example, Kong et al compared the fracture toughness of ionically and covalently
crosslinked alginate hydrogels, and found that the ionic hydrogel has much higher toughness
than the covalent one2®. Zhao et al later observed plastic deformation in ionic alginate
hydrogels under compression, validating the reversible crosslinking of ionic crosslinkers
which dissipated mechanical energy in the hydrogel (Fig. 7b).102 Kersey et al incorporated
metal-ligand complexes as weak reversible crosslinkers into a covalently-crosslinked
hydrogel, which significantly improved the fracture toughness of the hydrogel.2 Miquelard-
Garnier et al introduced hydrophobic groups into hydrogels to form weak crosslinkers, and
found that the hydrogels’ mechanical dissipation under deformation increased due to the
dissociation of hydrophobic groups.146-148 Hybrid crosslinking based on hydrophobic
interactions was also investigated by Abdurrahmanoglu et al for tough hydrogels.117. 119, 136
Henderson et al introduced ionic crosslinkers into a triblock copolymer hydrogel that has
been strongly crosslinked by glassy spheres.23 They found that ionic crosslinkers
significantly increased fracture stress as well as stress-strain hysteresis of the hydrogel.
Recently, Hui and Long developed a theoretical model for tough and self-healable hydrogels
that use combined mechanisms of reversible crosslinking and hybrid crosslinkers.149
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5.3. Chain fracture/ reversible crosslinking plus high-functionality crosslinkers

Another strategy to design tough hydrogel is based on large crosslinkers with high
functionalities. Multiple polymer chains can be attached to a high-functionality crosslinker
via covalent bonds and/or physical interactions. Furthermore, the lengths of polymer chains
connecting two adjacent crosslinkers are generally non-uniform. As the hydrogel is
deformed, relatively short chains across crosslinkers can be ruptured or physically
decrosslinked to dissipate mechanical energy (Sec 3.1 and Sec 3.2), while relatively long
chains can still bridge between the crosslinkers to maintain high elasticity of the hydrogel
(Sec 4.3).

For example, in the pioneer works by Peppas, crystalline domains were introduced into
poly(vinyl alcohol) using the freeze-thaw method to form high-functionality crosslinkers,
which significantly enhance the toughness of hydrogels 17: 18, Haraguchi and Takehisa and
others used exfoliated nano-clays as high-functionality crosslinkers, on which multiple types
of polymers such as polyacrylamide, poly(N-isopropylacrylamide), poly(ethylene glycol)
can be crossklinked through hydrogen bonds, ionic interactions, or covalent bonds,28-30
Seitz et al developed tough hydrogels based on poly(methyl methacrylate)-poly(n-butyl
acrylate) copolymers, where the poly(methyl methacrylate) segments aggregate into glassy
spheres as high-functionality crosslinkers.137

5.4. Pullout of fibers plus meso-/macro-scale composites

Fiber reinforcement is an emerging strategy to design tough hydrogels. Stretchy fiber
networks embedded in hydrogel matrices can maintain the elasticity of hydrogels under
deformation (Sec 4.5), while the fracture and pullout of fibers in bridging zones of the
hydrogels can dissipate mechanical energy (Sec 3.4).

For example, Agrawal et al used rapid prototyping technique to print polyurethane fibers
into three-dimensional networks to reinforce an epoxy-amine hydrogel. Fracture energy of
the fiber-refined hydrogel was measured to range from 3 to 12 kJm~2, as the fiber density
increased from 100 to 200 per inch.>® Moutos et al weaved polyglycolic-acid fibers into
three-dimensional networks to reinforced agarose and fibrin hydrogels.”” Thereafter, Liao et
al used woven polycaprolactone-fiber networks to reinforce an interpenetrating-network
hydrogel based on alginate and polyacrylamide. Notably, multiple combinations of
mechanisms were employed in Liao et al’s hydrogel, including reversible crosslinking of
alginate plus hybrid crosslinkers and pullout of fibers plus meso-scale composite.130

6. Future directions

6.1. New combinations of mechanisms

While a number of combinations on the design matrix have been intensively explored over
past few decades, there are still promising combinations that have not been well studied
(Table 1). For example, Brown et al showed that a combination of domain transformation
and hybrid crosslinking improved the mechanical strength and stretchability of fibrin
hydrogels.33 Since a wide variety of biological polymers can give domain transformations
for mechanical dissipation, interpenetrating these polymers with long-chain networks or
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crosslinking them with high-functionality crosslinkers may result in tough hydrogels, which
may also possess bioactivities due to the biopolymers used.

As another example, polymer networks with long monodisperse polymer chains may be
further crosslinked with reversible physical crosslinkers or interpenetrated with short-chain
polymer networks. In this way, the uniform long-chain polymer networks will lead to high
stretchability of the hydrogels while the reversible crosslinking or chain fracture dissipates
mechanical energy, potentially resulting in tough hydrogels.

In addition, new mechanisms are being intensively developed for dissipating energy and
maintaining high elasticity of hydrogels. These new mechanisms in combination with each
other or with existing mechanisms can provide promising strategies for the design of future
tough hydrogels (Table 1).

6. 2. Multi-scale multi-mechanism design for next-generation tough hydrogels

The mechanisms discussed in Sec 3, 4 and 5 are based on nano-, micro-, meso-, and macro-
structures of hydrogels, which span length scales over multiple orders of magnitude (Fig. 8).
The mechanisms of chain fracture, reversible crosslinking, interpenetration of long-chain
network, hybrid crosslinkers, and monodisperse chains are generally implemented at length
scales between 1nm and 100nm. The size of transformable domains ranges from 10nm to
1um, and that of high-functionality crosslinkers from 100nm to 100um. Furthermore, fiber
or filler reinforcements of hydrogels usually rely on meso-/macro-structures of hydrogels
with length scales ranging from 1um to 1mm (Fig. 8).

Despite the diverse mechanisms discussed above (Table 1), tough hydrogels developed so
far usually use a single pair of mechanisms to dissipate mechanical energy and maintain
high elasticity of hydrogels. However, these mechanisms may become ineffective in many
situations, deteriorating the hydrogels’ toughness. For example, double-network hydrogels
usually rely on the fracture of a short-chain network for energy dissipation and the
interpenetration of a long-chain network for maintaining elasticity. However, if the short-
chain network is already ruptured, the hydrogels’ fracture energy can be significantly
reduced. In fact, the toughness of poly(2-acrylamido-2-methylpropanesulfonic acid)-
polyacrylamide hydrogel decreases drastically, as the poly(2-acrylamido-2-
methylpropanesulfonic acid) network is ruptured. As another example, hydrogels with
hybrid crosslinkers usually rely on reversible crosslinking of physical crosslinkers for
energy dissipation and the chemically crosslinked networks to maintain elasticity. However,
if the change of a solution’s pH or ionic strength has eliminated those physical crosslinkers,
the hybrid hydrogels will cease to be tough. Indeed, the alginate-polyacrylamide hydrogel
with hybrid crosslinkers will significantly reduce its toughness, if the Ca2* crosslinkers for
alginate is chelated by EDTA.

The next-generation tough hydrogels should be able to maintain high toughness in various
environments and loading conditions. However, as discussed above, hydrogels that rely on a
single pair of mechanisms may lose their toughness due to environmental and loading
effects. A promising strategy to design next-generation tough hydrogels is to integrate
multiple pairs of mechanisms across multiple length scales into a hydrogel (Fig. 9). In this
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way, if one pair of mechanisms becomes ineffective, other pairs can still maintain high
toughness of the hydrogel. For example, a tough hydrogel that integrates fiber-reinforcement
at macro-/meso-scale, high-functionality crosslinkers at micro-scale, and hybrid crosslinkers
at nano-scale may give consistently high fracture energy under various environments and
loading conditions (Fig. 9). Recently, Liao et al integrated meso-scale fiber-reinforcement
and nano-scale hybrid crosslinkers into a tough hydrogel. Despite the great promise, the
multi-scale multi-mechanism strategy for the design of tough hydrogels is still in its initial
stage and requires further researches.

Furthermore, the fracture energy of a hydrogel based on multiple mechanisms may also be
much higher than the summation of fracture energy for individual mechanism, due to the
coupling between different mechanisms. For example, the pullout of fibers can significantly
deform hydrogel along the fibers, potentially dissipating more mechanical energy in the
hydrogel matrix than in the same hydrogel without fibers. In fact, the coupling effects
between process zones and bridging zones have been widely used to enhance toughness of
ceramics.’ Similarly, the coupling between various mechanisms in hydrogels may play an
important role in the design of next-generation tough hydrogels.

Last but not least, in contrast to the extensive experimental works on various types of tough
hydrogels (Table 1), theoretical models developed so far for tough hydrogels have been
limited to those with interpenetrating networks81: 62. 72, 143-145 and hybrid crosslinkers49.
However, multi-scale predictive models can greatly facilitate the design and development of
next-generation tough hydrogels based on various mechanisms. For example, atomistic or
molecular-dynamic models may be used to predict the values of physical parameters such as
Ut in Eq. (10) and Ugc in Eq. (11). Based on these parameters predicted by the nano/micro-
scale models, meso/macro-scale models such as finite-element models’? can be used to
further predict the energy dissipation and fracture process of tough hydrogels by calculating
parameters such as a and h in Eq. (7). Furthermore, mechanism-based physical models can
also provide fundamental understanding of the coupling effects between different pairs of
mechanisms in tough hydrogels, rationally guiding the multi-scale multi-mechanism design
of next-generation tough hydrogels.

7. Summary

While hydrogels have promising applications in diverse fields, the scope of hydrogel
applications is often severely limited by their relatively low mechanical strengths. Over the
last few decades, substantial progress has been made to develop hydrogels with high
mechanical toughness. As a result, the fracture energy of various hydrogels has been
enhanced from tens to thousands of joules per meter square, potentially exceling the fracture
energy of tough natural hydrogels such as cartilage.

This review is aimed at elucidating the fundamental principle and mechanisms for toughness
enhancement in various hydrogels, and proposing strategies for the design of future tough
hydrogels. A general principle that underlies the development of tough hydrogels is to
implement mechanisms into hydrogels to dissipate significant amounts of mechanical
energy under large deformation and to maintain their original configurations after
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formation. The mechanisms for dissipating mechanical energies in hydrogels include

fracture of polymer chains, reversible crosslinking of polymer chains, domain
transformation in polymers or crosslinkers, and pullout of fibers or fillers; and the
mechanisms for maintaining high elasticity of hydrogels include interpenetration of long-

ch

ain network, hybrid crosslinkers, high-functionality crosslinkers, networks with long

monodisperse chains, and meso-/macro-scale composites. Combinations of the two sets of
mechanisms provide a matrix that can guide the design of next-generation tough hydrogels.

A

particularly promising strategy for the design is to implement multiple pairs of

mechanisms across multiple length scales into nano-, micro-, meso-, and macro-structures of
hydrogels.
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Figure 1. Examples of hydrogels with enhanced mechanical strengths
a. double-network hydrogel, reproduced with permission2?, b. topological hydrogel with

sliding crosslinkers, reproduced with permission3®, c. hydrogel with nano-clay crosslinkers,
reproduced with permission32, d. hydrogel with micro-sphere crosslinkers, reproduced with
permission3L, e. fibrin hydrogel with folded protein domains, reproduced with permission33
f. hydrogel with hybrid physical and chemical crosslinkers, reproduced with permission??,
and g. fiber-reinforced hydrogel, reproduced with permission30,
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Figure 2. Schematics of the pure-shear test for measuring fracture energy of hydrogels
a. a piece of a hydrogel with a notch was stretched to a critical stretch of A until the crack

propagates; b. the same piece of hydrogel but without notch was stretched to A with the
nominal stress srecorded; and c. the fracture energy of the hydrogel can be calculated as

T=H [}*sdA.
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Figure 3. Thefracture energy of a hydrogel can bedivided into two parts

a. the intrinsic fracture energy by rupturing polymer chains along the crack plane, and b. the
mechanical energy dissipated by loading and unloading hydrogel in process zone and c. by

pullout of fibers and fillers in bridging zone.”®
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Figure 4. Typical stress-strain curves of different types of hydrogels
a. potentially tough and anti-fatigue hydrogels, b. hydrogel susceptible to plastic

deformation, and c. hydrogel susceptible to fatigue under multiple cycles of large
deformation.
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Figure5. Mechanismsfor dissipating mechanical energy in hydrogels
a. fracture of polymer chains, b. reversible crosslink of polymer chains, c. transformation of

domains in polymer chains or crosslinkers, and d. pullout of fibers or fillers.
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Figure 6. Mechanisms for maintaining high elasticity of hydrogels
a. interpenetration of long-chain network, b. hybrid physical and chemical crosslinkers, c.

high-functionality crosslinkers, d. network with long monodisperse polymer chains, and e.
meso-/macro-scale composites.
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Figure 7. Examples of mechanismsfor energy dissipation in tough hydrogels
a. damage zone around a crack in a double-network hydrogel due to the fracture of the short-

chain network, reproduced with permission®’, b. plastic deformation in an ionically
crosslinked hydrogel under compression due to reversible crosslink of polymer chains from
ionic crosslinkers, reproduced with permission102, ¢. unfolding of folded domains in a fibrin
hydrogel under deformation, reproduced with permission33, and d. fracture and pullout of
fibers upon crack propagation in a fiber-reinforced hydrogel, reproduced with permission®®.
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Figure8.
The mechanisms for dissipating mechanical energy and maintaining high elasticity of

hydrogels span over multiple length scales ranging from nanometers to millimers
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Figure 9. A promising strategy to design next-generation tough hydrogelsisto integrate multiple
mechanisms acr oss multiple length scalesinto a hydrogel

For example, a tough hydrogel may integrate fiber-reinforcement at macro-/meso-scale,
high-functionality crosslinkers at micro-scale, and hybrid crosslinkers at nano-scale.
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A matrix for the design of tough hydrogels by combining mechanisms for dissipating mechanical energy and

maintaining elasticity, and references that used the combined mechanisms. Note that many promising

combinations on the matrix have not been explored.

FHH

Meso-/Macro-
composites

Dissipating %( g |
energy
Maintaining Chain Fracture Reversible Domain Pullout of | yew
o s i i fibers
Elasticity crosslink transformation
20, 42, 47, 92-96, 104, 21, 103, 104, 109-114,
114, 150-159 116, 130, 134, 135, 160,
161
Interpenetration of
long-chain network
S 21, 23, 31, 46, 69, 103,
33,34
105, 109, 115, 117-121,
123-125, 130, 134, 135,
139, 140, 160-180
Hybrid crosslinkers
95, 137,138, 151, 152; 28,29, 31, 69, 117-120,
156-158, 162, 181-185 122, 124, 125, 134, 139,
140, 162-171, 173-180,
186-203
High-functionality
crosslinkers
Monodisperse long
chains
59, 75-77

New
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