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Abstract: Soft composites are widely employed in industrial and biomedical fields, which often
serve as load-bearing structural materials by virtue of a special combination of high strength, high
toughness, and low flexural stiffness. Understanding the toughening mechanism of such composites
is crucial for designing the next-generation soft materials. In this review, we give an overview of
recent progress in soft composites, focusing on the design strategy, mechanical properties, toughening
mechanisms, and relevant applications. Fundamental design strategies for soft composites that
dissipate energy at different length scales are firstly described. By subsequently elucidating the
synergistic effects of combining soft and hard phases, we show how a resulting composite can
achieve unprecedented mechanical performance by optimizing the energy dissipation. Relevant
toughening models are discussed to interpret the superior strength and fracture toughness of such
soft composites. We also highlight relevant applications of these soft composites by taking advantage
of their special mechanical responses.

Keywords: soft composite; mechanical property; toughness; toughening mechanism; fabrication; ap-
plication

1. Introduction

Composite materials are widely applied in industrial and biomedical fields as struc-
tural materials due to their superior comprehensive properties, such as high strength, high
stiffness, low weight, corrosion resistance, etc. [1-4]. Conventional hard composites are
generally composed of rigid matrices (resins, metals, ceramics, etc.) and rigid fibers or
fabrics, showing isotropically high stiffness [5-7]. Soft composite, in contrast, is a sort
of composite material with low flextural stiffness [8-12]. Commonly, both hard and soft
composites show very high fracture stress and Young’s modulus in tension, which can
reach values on the order of 10 and 10! GPa, respectively. The biggest difference between
hard and soft composites is their mechanical performance upon bending. The bending
stiffness of soft composites (10° MPa) is usually several orders of magnitude lower than
that of hard composites (10" GPa) [5,12]. Because of a unique combination of high stiffness
in tension and low hardness upon bending, soft composites are uniquely applicable to
numerous applications such as soft robotics, sensors, actuators, etc. [9,11,12].

Although a variety of soft composites have been developed for specific applications,
a timeless topic is how to toughen them, as mechanical properties always determine
the reliability and lifespan of relevant products. The toughening of materials has a long
history and the main concept is widely accepted for either soft or hard materials, i.e.,
simultaneously enhancing the size of energy dissipation zone and energy dissipation
density [13-16]. In other words, a material with high toughness should, on one hand,
dissipate energy at a large length scale, and on the other hand, dissipate as much as energy
per unit volume [16-18]. For instance, glass is a strong, stiff, but extremely brittle material.
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This is because the glass plate can only dissipate energy at the atom scale, although it has a
high energy dissipation density (Figure 1a) [19]. In contrast, rubber is not as strong as glass,
whereas it possesses a much higher fracture toughness due to a significantly increased
energy dissipation zone at the polymer chain scale (Figure 1b) [15,20]. Double network
materials can show even superior fracture toughness to rubbers because their energy
dissipation density is further increased due to the introduction of extra network chains
(Figure 1c) [21-23]. That is, tough soft composites always possess high fracture toughness
over 10° k] m~2 and are highly resistant to crack growth even when they are notched.
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Figure 1. Different energy dissipation mechanisms give distinct toughness. (a) Breaking a layer of
bonds. (b) Snapping a layer of chains. (c) Dissipating energy in the bulk.

Many biological tissues are essentially tough soft composites by exploiting the above
concept [24-27]. These natural materials, generally consisting of stiff fibrous skeletons
and soft extracellular matrices, are anisotropic, strong, and tough via the synergy of a
large energy dissipation zone and high energy dissipation density. For example, heart
valves possess fracture toughness around 1200 ] m~2 while showing high resilience [28].
Tendon is a strong connective tissue that connects muscle to bone and muscle to muscle,
which can sustain over 1 million cycles of loading per year and show fracture toughness
as high as 20-30 k] m 2 [28]. The efficient stress transfer between the stiff and soft phases
enables these tissues to dissipate energy at a large length scale, and the energy-dissipative
components both contribute to a high energy dissipation density.

Until now, immense efforts using synthetic approaches have been taken in an endeavor
to fabricate tough soft composites. Generally, soft composites can be classified by their
energy dissipation mechanisms at different length scales (Figure 2). At the molecular level,
double network (DN) material is a typical soft composite, which dissipates energy by
breaking polymer chains [29,30]. At the nanometer scale, phase-separated material is an
example, dissipating energy via the rupture of nanophases [31-33]. At the micron scale,
common soft composites are micro-fiber-reinforced polymers. The energy dissipation relies
on the stress transfer between the stiff fibrils and soft matrices [34-37]. At the millimeter
scale, macroscopic fiber fabrics are combined with soft polymer matrices, generating soft
composites that dissipate energy by breaking both fibers and matrices [18,38-40].

Reviews on traditional hard composites are well documented and have provided
widespread instruction for the development of next-generation industrial and biomedical
products [41-43]. However, important reviews focusing on soft composites are still rare.
Therefore, we are stimulated to propose this review. Herein, we give a summary of recently
developed tough soft composites with energy dissipation mechanisms at a variety of length
scales. In Section 2, we describe the common design strategies of tough soft composites
and relevant structure characteristics. In Section 3, we show how these soft composites
can achieve superior mechanical properties via a delicate combination of stiff and soft
phases. In Section 4, we explain the toughening mechanism of different soft composites that
dissipate energy from micro- to macro-scales. In Section 5, some intriguing applications
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Example

a

Length scale

enabled by the soft composite design are demonstrated. Finally, we provide a summary
and outlook on the future directions of soft composites.
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Figure 2. Energy dissipation mechanisms at different length scales of soft composites. (a) Double network materials with

sacrificial bonds at the molecular scale. Reproduced with permission from reference [29] Copyright 2014 The American

Association for the Advancement of Science. (b) Phase-separated materials with hard phases at the nanoscale. Reproduced

with permission from reference [31] Copyright 2021 American Chemical Society. (c) Micro-fiber-reinforced soft composites

dissipate energy at the micrometer scale. Reproduced with permission from reference [37] Copyright 2019 National

Academy of Sciences. (d) Soft composites with macroscopic reinforcing phases dissipate energy at the millimeter scale.

Reproduced with permission from reference [38] Copyright 2019 National Academy of Sciences.

2. Fabrication
2.1. Double Network

The double network (DN) method is one of the most pioneering strategies to toughen
soft materials, especially for hydrogels and elastomers. The general concept of the DN
strategy is to combine two interpenetrating polymer networks with contrasting structures
(Figure 3a) [44]. The first network is usually densely cross-linked, which is rigid and
brittle. The second network is a sparsely cross-linked neutral polymer with a much higher
concentration, which is soft and stretchable [45]. A DN gel or elastomer can be deemed
as a molecular-level soft composite with high heterogeneity, although it behaves like a
homogenous material.

The key factors to construct an efficient DN network instead of a simple interpene-
trating network are, on one hand, to highly pre-stretch the first network, resulting in taut
molecular chains with high stiffness, on the other hand, to swell the first network as much
as possible in the second monomer solution with a low concentration of the cross-linking
agent, enabling the high concentration ratio of the second network to the first network. In
classical hydrogel systems, such a contrasting DN structure is realized by utilizing poly-
electrolytes as the first network, which dramatically swell in the second neutral monomer
solution due to high osmotic pressure. This effect leads to highly extended first network
chains and a high concentration ratio between two networks (Figure 3b) [46]. Because
both networks are chemically cross-linked, the classical DN hydrogels cannot self-recover
after damage. Physical DN hydrogels are then developed to enable recoverable energy
dissipation mechanisms. A typical example is the Ca?*-alginate /polyacrylamide system,
which exploits the unzipping of ionic crosslinks between Ca?* and alginate to dissipate
energy and the re-zipping of the ionic bonds to heal the damage [23]. Another example
is the physical DN gels based on an amphiphilic triblock copolymer that contains strong
hydrophobic domains and sacrificial hydrogen bonds [47]. The reversible physical interac-
tions of the first network enable the resulting DN gels to partially restore the mechanical
properties after damage. The fabrication of physical DN gels is different from that of chem-
ical ones. Only a one-pot method is required when preparing physical DN gels because
the first network is usually a pre-polymer, which can dissolve in the second monomer
solution by either stirring or heating (Figure 3c) [46]. As long as the concentration ratio
between the first and second networks is carefully controlled, physical hydrogels with
DN features can also be successfully fabricated. The DN method was firstly employed in
the hydrogel systems and later proven to be applicable in elastomer systems [29,48-50].
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The preparation of typical DN elastomers is slightly different from that of DN hydrogels
since neutral monomers are commonly utilized to construct the first network. A multi-step
swelling method was introduced to sufficiently pre-stretch the first network and form
a high concentration contrast between the soft and the rigid networks. A drawback of
this multi-step method is that it consumes significant time and energy. To overcome this
dilemma, Matsuda et al. employed polyelectrolytes as the first network and dissolved
them in organic solvents that have a similar dielectric constant to the monomer, giving
rise to the formation of highly extended first network chains and enabling the dramatic
swelling of the first network in second neutral monomer solutions (Figure 3d) [51]. In this
way, a DN elastomer can be manufactured using the traditional method for DN hydrogels.
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Figure 3. Fabrication of double network hydrogels and elastomers. (a) The composition of con-
ventional chemical double network hydrogels. Reproduced with permission from reference [44]
Copyright 2014 The American Association for the Advancement of Science. (b) Fabrication of con-
ventional chemical double network hydrogels. Reproduced with permission from reference [46]
Copyright 2015 Royal Society of Chemistry. (¢) Fabrication of physical double network hydrogels.
Reproduced with permission from reference [46] Copyright 2015 Royal Society of Chemistry. (d) Fab-
rication of double network elastomers. Reproduced with permission from reference [51] Copyright
2019 American Chemical Society.

2.2. Phase Separation

Phase separation results in hydrogels or elastomers that possess dilute and dense
polymer phases [52-54]. The dilute phase is soft, consisting of polymers with low volume
fractions. On the contrary, the dense phase is relatively hard, which is composed of
polymers with high volume fractions. The energy dissipation of phase-separated materials
depends on the rupture of massive dense polymer phases at the nanometer scale. Therefore,
phase-separated materials can be simply considered nano-scale soft composites.

There are a variety of methods to fabricate hydrogels or elastomers with phase-
separated structures. One simple way is to utilize mixed-solvent-induced phase separation.
Equilibrating a neutral hydrogel in a mixture of both good and poor solvents induces phase
separation, resulting in an inhomogeneous network structure with bicontinuous domains
(Figure 4a) [55]. Because of the low polymer-solvent affinity between the network chains
and the poor solvent, a portion of polymer chains aggregate into local dense phases, which
possess a considerably high polymer volume fraction to induce inter-/intra- polymer inter-
actions. In contrast, other polymer chains in low volume fractions form the dilute polymer
phases, which have relatively low modulus. Another example is the polyampholyte (PA)
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hydrogel system (Figure 4b) [52,56]. Unlike the solvent-initiated phase separation, the PA
gels show a bicontinuous network structure due to the distribution of ionic bonds. The
different density of ionic bonds leads to the local aggregation of polymer backbones via
hydrophobic association, giving rise to a network structure with soft and hard phases. The
phase separation method is also applicable in elastomer systems by using an ionic polymer
as the first network and a nonpolar polymer as the second network (Figure 4c) [31]. Firstly,
the polyelectrolyte network is polymerized and then soaked into the second monomer
solution using a cosolvent of a high dielectric constant. Due to the high osmotic pressure,
the first network is highly pre-stretched and brittle. Afterward, the second network is
polymerized and formed within the first network, producing DN materials with a highly
contrasting architecture. A DN elastomer is formed by finally removing the cosolvent.
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Figure 4. Fabrication of phase-separated hydrogels and elastomers. (a) Fabrication via mixed-solvent-
induced phase separation. Reproduced with permission from reference [55] Copyright 2021 Royal
Society of Chemistry. (b) The bicontinuous phase-separated structure of polyampholyte hydro-
gels. Reproduced with permission from reference [52] Copyright 2020 American Chemical Society.
(c) Elastomers fabricated via nanophase separation. Reproduced with permission from reference [31]
Copyright 2021 American Chemical Society.

2.3. Microscopic Reinforcement

Introducing microfibers into a soft matrix is a well-established way to develop soft
composites [57-60]. Usually, the added microfibers have a relatively low volume fraction,
which, however, can lead to obvious mechanical enhancement of the soft composites.
Interfacial interactions between the fibers and the matrix are crucial for efficient stress
transmission and resulting energy dissipation. In this part, we give several common ways
to fabricate tough soft composites by introducing micro-fibers as the enhancement phases.
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The most common way to fabricate micro-fiber-reinforced soft composites is direct
blending. A great number of examples can be listed because this method is simple and
efficient. For the hydrogel system, it is worth noting that the micro-fiber should interact
strongly with the hydrophilic polymer matrix to prevent interfacial delamination upon
load. For instance, aramid micro-fibers can form massive hydrogen bonding with polyvinyl
alcohol chains, the mixture of which gives rise to a strong and tough composite hydrogel
(Figure 5a) [61]. The efficient stress transfer between the stiff fibers and the soft matrices
enables the gel to show self-organization behaviors, resembling biological tissues. Apart
from common fillers, 3D printed fibers can also be used to fabricate strong soft composites.
By employing a 3D rapid prototyping technique, crossed log-piles of elastic fibers are
fabricated (Figure 5b) [62]. Epoxy-based hydrogels are combined with the fibers to form
an interpreting structure. Adjusting the construct geometry, corresponding mechanical
properties of the soft composite such as strength, modulus, and toughness can be facilely
regulated. The above methods mainly involve the introduction of external fiber fillers,
which must carefully consider the interfacial interactions between the fillers and the
matrices. An emerging method that can ignore the interface problem is to form microfibers
in situ in soft composites [63]. This strategy is originally inspired by biological fibrous
tissues. In bio-tissues, microfibers impregnate thoroughly with soft extracellular matrices,
without the concern of interfacial problems. The key to the formation of microfibers is
the utilization of rigid polymers with a large persistence length. By orienting and drying
such polymers, strong microfibers can be formed, which are capable of maintaining the
fibrous structure after reswelling. On the contrary, an oriented soft polymer with a small
persistence length tends to restore the isotropic network structure after reswelling. Based
on the contrasting reswelling behaviors, soft hydrogel composites can be fabricated by
orienting and reswelling two interpreting networks with different persistence lengths
(Figure 5c¢) [64].

2.4. Macroscopic Reinforcement

Soft composites with satisfactory mechanical properties can also be produced by
using macroscopic reinforcement, which includes, but is not limited to, fiber fabrics, metal
meshes, plastic grids, etc. The preparation method of soft composites with macroscopic
enhancement is similar to that of micro-filler-reinforced soft materials and the interface
is still a key point that should be taken into account. Here, we give some examples for
developing soft composites with macroscopic reinforcing phases.

A very familiar system with macroscopic phases is the fabric-reinforced soft composite.
Unlike soft composites enhanced by microfibers, fabric-reinforced soft composites are
usually fabricated by combining soft matrices with woven fiber fabrics (Figure 6a) [18].
In this case, the fiber volume fraction is relatively high, and the mechanical properties
are mainly dominated by the fabric phases. Moreover, the mechanical and structural
anisotropy of the soft composites can be regulated by exploiting a variety of weave patterns
of the fabrics, which are different from the random distribution of fillers in micro-fiber-
reinforced soft composites. Besides common fabrics, some novel rigid phases are also
applicable to develop soft composites. Hydrogel composites with a series of desired
properties, such as excellent mechanical performance, shape memory, and thermal healing,
are created by integrating a low-melting-point alloy into a hydrogel system (Figure 6b) [65].
The alloy is able to transform from a load-bearing solid state to a free-deformable liquid
state upon temperature increase, enabling the release of stress concentration between
the soft and rigid phases. The resulting hydrogel composites can be uniquely applied
in controlled electrochemical reactions and channel-structure templating by virtue of the
special metal-hydrogel combination. The 3D printed rigid plastic grids are also proven
efficient to construct tough soft composites. By simply combining silicon rubber and
such rigid grids, macroscopic double network composites are fabricated (Figure 6¢) [66].
The topological interlocking enables significant force transmission between the soft and
rigid phases, preventing delamination. The optimal mechanical properties appear when
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the grid/matrix strength ratio is approaching one. Interestingly, soft composites with
macroscopic reinforcement can also be fabricated from the same type of elastomers with
different rigidity. By tuning the cross-linking density, a hard elastomer and a soft elastomer
can be prepared, which shows contrasting Young’s modulus. The hard elastomer acts as
the macroscopic reinforcing phase while the soft elastomer is the matrix (Figure 6d) [67,68].
Such a soft/hard combination allows the composite elastomers to show excellent fatigue
resistance by virtue of the efficient stress de-concentration.
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Figure 5. Fabrication of micro-fiber-reinforced soft composites. (a) Micro aramid fiber-reinforced
hydrogels. Reproduced with permission from reference [61] Copyright 2017 Wiley. (b) Hydrogel
composites reinforced by 3D printed skeletons. Reproduced with permission from reference [62]
Copyright 2012 Elsevier. (c) Hydrogel composites fabricated via reswelling disparity of two oriented
polymers with contrasting persistence lengths. Reproduced with permission from reference [64]
Copyright 2021 Royal Society of Chemistry.
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traditional woven fabric-reinforced soft composites. Reproduced with permission from reference [18]
Copyright 2020 Wiley. (b) Soft composites made up of low-melting-point alloy reinforced hydrogels.
Reproduced with permission from reference [65] Copyright 2018 Wiley. (c) Elastomer composites
with 3D printed plastic skeletons as the reinforcing phases. Reproduced with permission from
reference [66] Copyright 2019 American Chemical Society. (d) Combining two elastomers with
different stiffness into a tough soft composite. Reproduced with permission from reference [67]
Copyright 2020 Elsevier.
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3. Mechanical Property

Depending on the size scale and volume fraction of the reinforcing phase, soft com-
posites can show very different mechanical properties. In this section, we summarize the
mechanical performance of typical soft composites at different length scales.

3.1. Tensile Performance

Double network (DN) hydrogel is a typical molecular-scale soft composite, consisting
of a stiff but brittle first network and a soft, stretchable second network. The mechanical
performance of DN hydrogels usually far exceeds its components via the synergy of
significantly enlarged process zone and energy dissipation density. One of the important
features of DN gels is the rate-independent hysteresis, i.e., dramatic energy dissipation
during the first loading-unloading cycle, which is entirely different from traditional elastic
gels or elastomers such as polyacrylamide hydrogel and natural rubber. Interestingly,
during the second loading cycle, it is impossible to observe the large hysteresis again,
indicating the fracture of covalent bonds in the first network. This is also well-known as
the sacrificial bond effect. Another interesting characteristic during the tension of DN gels
is the yielding and necking phenomenon (Figure 7a) [21]. Narrow zones appear in the
sample during loading and grow up with further stretching, which again is attributed to
the fracture of the fragile first network. After the neck propagation, the DN gel becomes
rather soft, showing a greatly reduced stiffness compared with the original sample. Large
elongation can be sustained by the second network before the entire sample is failed. By
introducing physical interactions into the DN systems, self-recover in DN hydrogels can
be realized. Either via ionic cross-linking or hydrophobic association, corresponding DN
hydrogels can recover the initial shape after a certain amount of resting time (Figure
7b) [69]. Compared with traditional gels and biological tissues, DN hydrogels exhibit
superior comprehensive properties while they still contain more than 90 wt% of water,
which are ideal candidates for biomedical applications.

Nanometer-level soft composites formed by phase separation have a distinct tensile
behavior in contrast to non-phase-separated ones. For instance, homogenous network struc-
ture is usually observed in non-phase-separated hydrogels, which can be soft, stretchable,
but relatively weak. Phase separation leads to the formation of polymer dense phases in the
hydrogels and the reduction of overall water content. These effects allow the formation of
strong inter-/intra- polymer interactions and contribute to a significantly improved tensile
performance (Figure 7c) [70,71]. The elongation firstly leads to the rupture of the hard
phases in the gels, which play a similar sacrificial role to the first networks in DN hydrogels.
Afterward, the soft phases sustain the load until the entire sample fails. Notably, owing
to the dynamic nature of physical interactions in phase-separated hydrogels, damage in
structures can usually be recovered. That is, the gels are able to show a large hysteresis due
to massive viscous dissipation, yet they can finally restore the initial hysteresis loop after
a certain amount of resting time. Moreover, the phase-separated gels are often viscoelas-
tic and show a rate-dependent tensile behavior (Figure 7d) [32]. These special features
enable phase-separated gels to be applied in many fields that require self-healing ability,
viscoelasticity, etc.

Soft composites with hard phases at the micron-scale also have their unique tensile
behaviors. These composites can behave very similarly to biological tissues such as liga-
ments, skin, and blood vessels. J-shaped non-linear stress-strain curves during elongation
of biological tissues can be commonly observed, mainly attributed to wavy and crimped
collagen fibers within the tissue that progressively uncoil and eventually straighten. These
tissues are fairly soft at low strains, whereas they become extremely stiff at high strains.
Soft composites containing wavy and crimped micro-fibers are also able to show such
J-shaped stress-strain curves, demonstrating three load-bearing regions during elongation
(Figure 7e) [72]. When the strain is quite low, the tensile performance is dominated by
the matrix, and the wavy fibers do not contribute significantly to the energy dissipation.
As the strain increases, the fibers gradually uncoil and start to sustain load, resulting in a
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gradually increasing stiffness and strength of the composites. Finally, when the strain is
high enough, the fibers become extremely taut. In this case, rapid strain hardening occurs,
and the tensile performance at this stage mainly stems from fibers.

Macroscopic soft composites dissipate energy similarly to the strain-hardening stage
of the micro-level soft composites since the macroscopic reinforcing phases are usually
extremely stiff compared with the matrix phases. Glass fiber fabric-reinforced polyam-
pholyte hydrogels exhibit high fracture stress but low fracture strain, similar to the tensile
performance of neat glass fiber fabric (Figure 7f) [39]. Notably, by utilizing macroscopic
reinforcing phases that have relatively low fracture force compared with the soft matrix
phases, the energy dissipation of the resulting soft composites can be optimized by a multi-
step fracture process, which is superior to either the soft or hard phase (Figure 7g) [65]. The
tensile fracture stresses of soft composites that dissipate energy at different length scales
are summarized in Table 1.
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Figure 7. Tensile properties of soft composites at different length scales. (a) Typical tensile behaviors
and properties of double network hydrogels. Reproduced with permission from reference [21]
Copyright 2010 Royal Society of Chemistry. (b) The superior compressive performance of tough
hydrogels. Reproduced with permission from reference [69] Copyright 2015 Royal Society of Chem-
istry. (c) Phase-separation results in dramatic mechanical enhancement of hydrogels. Reproduced
with permission from reference [70] Copyright 2020 Elsevier. (d) Rate-dependent tensile properties
of phase-separated hydrogels. Reproduced with permission from reference [32] Copyright 2013
Springer Nature. (e) The J-shaped stress-strain curve of micro-fiber-based soft composites. Repro-
duced with permission from reference [72] Copyright 2020 American Chemical Society. (f) Tensile
performance of fabric-reinforced soft composites. Reproduced with permission from reference [39]

Copyright 2015 Royal Society of Chemistry. (g) Multi-step fracture process of low-melting-point alloy
reinforced soft composites. Reproduced with permission from reference [65] Copyright 2018 Wiley.

3.2. Fracture Toughness

The toughness of a material is usually characterized by fracture energy, i.e., the energy
to create unit surface area for crack growth [73-76]. Soft composites at different length
scales are all able to show excellent fracture toughness above 103 T m~2 [77]. For the
individual network of DN hydrogels, either the stiff first one or the soft second one can
hardly achieve fracture toughness on the 10 ] m~2 [78-80]. The combination of two weak
networks, in contrast, generates an extremely tough material by virtue of the sacrificial
bond effect. Meanwhile, the fracture toughness of molecular-scale double network hydro-
gels can be adjusted by simply tuning the network concentration (Figure 8a) [23], allowing
a wide window of mechanical tunability for practical applications. Phase-separated ma-
terials commonly show fracture toughness similar to that of DN materials. The way of
energy dissipation is also close. Polymer dense phases in phase-separated elastomers, i.e.,
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the hard phases, fracture preferentially upon crack growth, serving the role of sacrificial
bonds (Figure 8b) [31]. Because the polymer density in the hard phases is considerably
high, the energy to propagate the crack growth is greatly increased compared with non-
phase-separated homogenous structures. In other words, the energy dissipation density
of the bulk materials is enhanced, leading to a rise of fracture toughness even when the
energy dissipation zone remains constant. For the micro-level soft composites consist-
ing of microscopic fibers, the fracture toughness can be one or two orders of magnitude
higher than molecular or nanoscale soft composites. The reason stems from efficient stress
transfer between the stiff fillers and the soft matrices, which enables the bulk materials
to dissipate energy in a broad area with a high energy dissipation density. Such com-
posites are usually highly notch-insensitive and achieve fracture energy of around 10! to
102 ] m~2 (Figure 8c) [34]. By introducing macroscopic reinforcing phases into soft compos-
ites, the fracture energy can be improved to an even higher level. Because the stiff phases,
such as woven fabrics can possess an extremely high Young’s modulus of tens of GPa,
the force transfer between the hard and soft phases is further optimized. The resultant
soft composites are capable of achieving unprecedented fracture toughness, rivaling best-
in-class tough materials in industrial and biomedical fields (Figure 8d) [77]. The fracture
energies of soft composites that dissipate energy at different length scales are summarized
in Table 1.
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Figure 8. Fracture toughness of soft composites at different length scales. (a) Superior crack resistance
of physical double network hydrogels. Reproduced with permission from reference [23] Copyright
2012 Springer Nature. (b) Nanophase-separated elastomers prevent crack growth via nanophase
pinning. Reproduced with permission from reference [31] Copyright 2021 American Chemical
Society. (c) Crack deflection in micro-fiber-based soft composites. Reproduced with permission
from reference [34] Copyright 2021 Springer Nature. (d) Extremely high fracture energy of fabric-
reinforced soft composites compared with common tough materials. Reproduced with permission
from reference [77] Copyright 2019 Royal Society of Chemistry.

3.3. Fatigue Resistance

Fatigue resistance of a material is usually represented by the fatigue threshold under
repeated loading-unloading cycles (Figure 9a). By tuning the input energy to a notched
material, the critical energy release rate at which the notch starts to propagate can be
determined by extrapolation, which is defined as the fatigue threshold, i.e., the reflect of
fatigue resistance.

Molecular-level soft composites, such as DN hydrogels, have relatively limited fatigue
resistance, the fatigue threshold of which is on the order of 10’ ] m~2. Once DN hydrogels
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are notched, the crack will propagate continuously as the gels are repetitively loaded and
unloaded (Figure 9b) [81]. The irreversible fracture of covalent bonds in the first network
is the main reason for the low fatigue resistance of DN hydrogels, which can be improved
by utilizing physical cross-links to construct a recoverable first network [82-85]. Phase-
separated gels show a desirable fatigue resistance due to the existence of the bicontinuous
network structure. Very different fatigue behavior can be observed when the input energy
is above or below the critical point to fracture the hard phases (Figure 9c¢) [86]. Below
the critical energy, the hard phases are able to pin the crack growth and delay the fatigue
fracture, resulting in a crack blunting ahead of the crack tip. Above the critical energy,
the hard phases rupture and give rise to a fast crack propagation during the loading-
unloading process. Micro-fiber-reinforced soft composites are extremely fatigue resistant.
As shown in Figure 9d, the crack does not propagate after loading-unloading process for
N = 5000 cycles [34]. The fatigue threshold (I'p) of these composites can be several orders
of magnitude higher than molecular and nanoscale soft composites, mainly attributed to
the efficient stress transmission and highly energy dissipative components.
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Figure 9. Fatigue resistance of soft composites at different length scales. (a) Common materials
show gradually decreased fracture toughness upon continuous loading-unloading cycles, which
can be utilized to determine the fatigue threshold of a material. (b) Limited fatigue resistance of
double network hydrogels. Reproduced with permission from reference [81] Copyright 2018 Elsevier.
(c) Phase-separated hydrogels show excellent fatigue resistance via a multiscale energy dissipation
mechanism. Reproduced with permission from reference [86] Copyright 2020 National Academy of
Sciences. (d) Extremely high fatigue resistance of micro-fiber-based soft composites. Reproduced
with permission from reference [34] Copyright 2021 Springer Nature.

Soft composites with macroscopic fiber reinforcing phases are usually not fatigue-
resistant since the mechanical properties are dominated by the rigid phases, which break at
relatively low fracture strain despite having high energy dissipation density. However, by
utilizing macroscopic phases that have relatively low Young’s modulus, fatigue-resistant
soft composites can also be obtained. An example is a soft composite made up of two
elastomer phases that have a high and low cross-linking density, respectively. Compared
with a neat elastomer composed of merely a soft phase, the soft composites with a modulus
contrast show superior fatigue resistance (Figure 10a) [38]. The velocity of crack growth
of the soft composites is greatly reduced by crack deflection, which is attributed to the
existence of stiff phases that can stop the crack propagation (Figure 10b). Even after a
loading-unloading cycle of over 10* times, the composites still maintain a high energy
release rate. The fatigue threshold (I'y) is estimated to be around 500 J m~2 (Figure 10c) [67].
Through such a soft/hard design, a combination of high fatigue resistance and fracture
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toughness is realized, exceeding a great many of traditional elastomers (Figure 10d). It is
worth noting that the interface between the soft and hard phases is extremely important for
achieving high fatigue resistance, which is usually realized via topological entanglement of
two polymer phases (Figure 10e). The fatigue thresholds of soft composites that dissipate
energy at different length scales are summarized in Table 1.
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Figure 10. Fatigue resistance of macroscopic soft composites consisting of two elastomers with
different stiffness. (a) Distinct crack growth behavior in a neat elastomer and composite elastomer.
Reproduced with permission from reference [38] Copyright 2019 National Academy of Sciences.
(b) Superior fatigue resistance of the composite elastomer to its individual components. Reproduced
with permission from reference [38] Copyright 2019 National Academy of Sciences. (c) The critical
energy release rate of the composite elastomer. Reproduced with permission from reference [67]
Copyright 2020 Elsevier. (d) Fatigue threshold versus fracture toughness of the composite elastomer
compared with other elastomers. Reproduced with permission from reference [38] Copyright 2019
National Academy of Sciences. (e) The topological adhesion between the soft and hard components.
Reproduced with permission from reference [38] Copyright 2019 National Academy of Sciences.

4. Toughening Mechanisms

Soft composites composed of different reinforcing phases have distinguished tough-
ening mechanisms. In this section, we explain how soft composites from molecular- to
macro-scales can achieve remarkable toughness that far exceeds what can be expected from
a simple mixture of individual components.

4.1. Molecular Cluster

DN hydrogel as a molecular-scale soft composite attains high fracture toughness
depending on the preferential fracture of the sacrificial first network. Because the first
network is highly pre-stretched and brittle, it is prone to fracture ahead of the second
network rupture. A damage zone is formed once a crack tends to propagate in a DN
hydrogel (Figure 11a) [87], inside which the sacrificial network breaks into molecular
clusters and connects the second network as cross-linking points (Figure 11b) [21,88,89]. To
further grow the crack, additional energy has to be input to fracture the second network.
Thus, the double network hydrogels are endowed with high fracture toughness. The size
scale of the damage zone determines the energy dissipation area of the DN gel, which is
found to be hundreds of microns (Figure 11c) [90,91]. Physical DN gels dissipate energy
in a similar way to conventional DN gels. The sacrificial networks are usually physically
cross-linked by ionic bonds, hydrogen bonding, hydrophobic association, etc. The stress
transmission between the first and second networks enables a relatively large energy
dissipation zone, giving rise to a high fracture toughness (Figure 11d) [23]. Because the
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non-covalent bonds are self-healable, physical DN gels can partially or entirely restore the
initial toughness after a certain amount of healing time.
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Figure 11. Energy dissipation mechanism of double network hydrogel. (a) A damage zone is
formed when a crack tends to propagate in a double network hydrogel. Reproduced with per-
mission from reference [87] Copyright 2007 IOP Publishing. (b) Inside the damage zone, the first
network breaks into molecular clusters, which work as cross-linking points to connect the second net-
work. Reproduced with permission from reference [21] Copyright 2010 Royal Society of Chemistry.
(c) Direct observation of the damage zone in the double network hydrogels. Reproduced with
permission from reference [90] Copyright 2009 American Chemical Society. (d) Double network
structure gives rise to a significantly increased process zone for energy dissipation. Reproduced with
permission from reference [23] Copyright 2012 Springer Nature.

4.2. Nanophse Pinning

Soft composites with nanophase separation commonly have a multiscale toughening
mechanism. The deformation of the bicontinuous network is affine to the macroscopic
deformation of the bulk material. Taking polyampholyte hydrogel as an example, the
fracture process can be divided into three regimes (Figure 12a) [33]. At the initial state, the
bicontinuous soft and hard networks, represented by red and green areas, are isotropic,
which have a length scale of hundreds of nanometers. Because of the ionic association, all
polymer chains are in globule conformation. Once the bulk material starts to sustain load,
the ionic association breaks, leading to the unfolding of the aggregated polymer chains.
This effect allows the hydrogel network to sustain a considerably large yet reversible affine
deformation. As the deformation increases, some hard phases reach the strength limit and
begin to rupture. Subsequently, the load will be transferred to neighboring hard phases via
soft phases. Since the soft phases are still intact and can sustain much larger deformation,
the bulk gel softens yet are able to revert to the initial state when unloaded. After the
fracture of most of the hard phases, the soft phases have to rupture, resulting in global
failure of the bulk hydrogel. The above multiscale fracture process leads to a great amount
of energy dissipation, enabling the polyampholyte hydrogel to exhibit high toughness.

Another example is the nanophase-separated elastomer, which shows a similar energy
dissipation mechanism to the polyampholyte hydrogel although it does not show a bicon-
tinuous network structure (Figure 12b) [31]. The nanophases form via the dipole-dipole
interaction induced collapse of hard phases (gray island). This kind of phase-separated
structure, on one side, results in overstressing of the hard phases, which show a significant
increase in stiffness, on the other side, gives rise to structural changes even at small defor-
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mations to dissipate massive energy. When the deformation is below the yielding point,
the collapsed hard phases are partially unfolded by the rupture of the non-covalent dipole-
dipole interaction, dissipating energy. At moderate deformation, more and more hard
phases start to unfold, along with the rupture of some soft phases. When the deformation
is sufficiently large, both phases rupture globally, leading to the failure of the bulk sample.
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Figure 12. Energy dissipation mechanisms of different phase-separated soft composites. (a) Polyam-
pholyte hydrogels obtain high toughness via a multiscale energy dissipation mechanism. Reproduced
with permission from reference [33] Copyright 2018 American Physical Society. (b) Nanophases
acting as sacrificial bonds in nanophase-separated elastomers at different strains. (i) The strain is
small and far below the yielding point; (ii) The strain is moderate but still below the yielding point.
(iii) The strain is large and above the yielding point. Reproduced with permission from reference [31]
Copyright 2021 American Chemical Society.

4.3. Microfiber Enhancement

The energy dissipation mechanisms of micro-fiber-reinforced soft composites need to
be classified into two types. One is for the short micro-fiber-reinforced soft composites. In
this case, the fracture process of the soft composites is dominated by the matrix, while the
fiber phases enhance the overall performance. As a crack is initiated, its propagation must
fracture a broad area of the matrix due to the efficient force transmission between the fiber
and matrix phases. That is, the energy dissipation zone is relatively large compared with
that of the neat matrix, which leads to high fracture toughness. Strong interfacial interac-
tions between the fiber and matrix are important for force transmission (Figure 13a) [61].
The other type is for long micro-fiber-reinforced soft composites, inside which the fibers
are continuous and exist throughout the entire sample. Such soft composites show an
anisotropic fracture behavior. When the crack is made perpendicular to the fiber direction,
the soft composites demonstrate superior fracture toughness due to the high difficulty of
growing crack through the stiff and strong fiber phases. In contrast, if the crack is made
along the fiber direction, the soft composites show a much-decreased fracture toughness
because the crack can grow by fracturing the soft matrix along fibers (Figure 13b) [37].
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Figure 13. Energy dissipation mechanisms of micro-fiber-based soft composites with discontinuous or continuous mi-

crofibers. (a) Micro aramid fiber-reinforced hydrogels dissipate energy via stress transmission between the soft and stiff

phases. Reproduced with permission from reference [61] Copyright 2018 Wiley. (b) Polyvinyl alcohol fiber-based hydrogels

show anisotropic fracture toughness. The fracture toughness along the fiber direction is orders of magnitude higher than

that perpendicular to the fiber direction. Reproduced from reference [37] Copyright 2019 National Academy of Sciences.

4.4. Macroscale Bulk Dissipation

Macroscopic fabric-reinforced soft composites can dissipate energy in a macro length
scale, and the fracture toughness is size-dependent. Taking the fiber-reinforced viscoelastic
polymer as an example, the change of sample width leads to three regions with different
fracture behaviors (Figure 14a) [92]. When the sample width is below a first characteristic
with, wy, the soft composite fails via fiber pullout-induced matrix rupture (region I).
In this case, the fiber itself does not fracture to dissipate energy. However, the fiber
bundle geometry significantly influences the load transfer between the stiff and soft phases,
affecting the fracture toughness of the resulting soft composites. Under such conditions,
the fracture energy of the soft composites is determined by the work to pull out transverse
fiber bundles in a unit area, which is related to the matrix toughness (T}), fiber bundle
geometry (K), center-to-center distance between adjacent fiber bundles (w), and composite
width (w) (Figure 14b). Another special region appears when the sample size is above the
other characteristic width, /T, which is dominated by fiber fracture. In this region III, the
fracture energy of the soft composites is decided by two factors: load transfer length (/1)
and energy dissipation density (W) (Figure 14c) [18,93]. The load transfer length is found
to be proportional to the fiber/matrix modulus ratio, while the energy dissipation density
stems from the work of extension of two-component phases. By optimizing the above two
factors, the fracture toughness of soft composites can achieve 10° J m~2, even exceeding
metals. When the sample width is larger than w; but smaller than I, the fracture behavior
of the soft composite is concurrent fiber fracture and pullout. The fracture mechanism in
this region II is a mixed-mode of region I and region III.
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Figure 14. Energy dissipation mechanisms of macroscopic woven fabric-reinforced soft composites.
(a) Size-dependent fracture behavior of the soft composites. Reproduced with permission from
reference [92] Copyright 2021 Elsevier. (b) Fracture toughness of the soft composites in the fiber-
pullout region is related to fiber bundle geometry (K), center-to-center distance between adjacent
fiber bundles (w,.), matrix toughness (T;), and composite width. Reproduced with permission
from reference [92] Copyright 2021 Elsevier. (c) The fracture toughness of the soft composites in
the fiber-fracture region is related to load transfer length (I1) and energy dissipation density (Weg).
Reproduced with permission from reference [18] Copyright 2020 Wiley.

5. Applications

Soft composites, due to their unique mechanical and physical properties, have found
great potential for numerous applications in biomedical and industrial fields. For exam-
ple, DN hydrogels, due to their biocompatibility, can be utilized in cartilage regeneration
(Figure 15a) [94]. By plugging in a DN gel into the vacant space in the damaged cartilage,
induction of cartilage regeneration can be realized. After four weeks of repairing, the defect
treated with the DN gel is almost filled with regenerated white tissue, whereas the defects
without any treatment are still insufficiently repaired. These results open the opportunity
of applying DN gel as a tissue-repairing agent in biomedical applications. Interestingly,
some other types of DN gels can also be employed in industrial fields such as pressure
sensors. A photonic DN hydrogel consisting of self-assembled bilayer structures shows
fast-response time, full-color tunable range, and fast color-switching via small compressive
stress (Figure 15b) [95-99]. Phase-separation soft gels are found to be tough adhesives. Be-
cause of the greatly increased polymer chain density at the surface as well as the enhanced
energy dissipation capability, a phase-separated hydrogel can show superior adhesion
properties to a variety of solid surfaces. Soft-rigid hybrid devices such as hybrid conductors
are enabled by the tough bonding between the phase-separated gels and hard substrates
(Figure 15c¢) [55]. Soft composites with micro-fiber reinforcing phases are applicable in
other fields. Taking wood hydrogels with continuous cellulose fibers, the anisotropic,
low-tortuosity, and negatively charged structures facilitate ion transport, enabling the
gels to show high ionic conductivity even at low ion concentrations (Figure 15d) [100-102].
Moreover, by utilizing thermal-responsive fibers as the main components, the soft compos-
ites are able to behave like human muscles under temperature change (Figure 15e) [103].
Soft composites with macroscopic reinforcing phases are mainly employed as load-bearing
structural materials. However, functionalities can be realized by special designs of the
composite structure. By using two soft matrices with different solvent responses and
bonding them using a fabric phase, a soft composite actuator can be fabricated, which
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shows different bending behaviors under solvent change (Figure 15f) [12]. Relevant appli-
cations of soft composites that dissipate energy at different length scales are summarized
in Table 1.

Control

Figure 15. Various applications of soft composites at different length scales. (a) Double network hydrogels as cartilage
repairing agents. Reproduced with permission from reference [94] Copyright 2010 Elsevier. (b) Photonic double network
hydrogels as pressure sensors. Reproduced with permission from reference [95] Copyright 2014 Springer Nature. (c) Phase-
separated hydrogels as tough adhesives. Reproduced with permission from reference [55] Copyright 2021 Royal Society
of Chemistry. (d) Micro-fiber-based hydrogels used for ion transport. Reproduced with permission from reference [100]
Copyright 2018 Wiley. (e) Artificial muscle based on thermal micro-fiber-based soft composites. Reproduced with permission
from reference [103] Copyright 2019 The American Association for the Advancement of Science. (f) Solvent-responsive
actuators based on woven fabric-reinforced soft composites. Reproduced with permission from reference [12] Copyright
2019 Elsevier.

Table 1. Summarized mechanical properties and applications of soft composites that dissipate energy at different
length scales.

Length

Scale Fracture Fracture Fatigue
Soft Composite for Ener Stress Toughness  Threshold  Application Reference
L ENETZY  (MPa) (kJ m~2) (kJ m—2)
Dissipation
Molecular Tissue
DN materials level 10~1-10° 10-1-10° 1072 engineering, [21,23,29,44,46,51,81,94,95]
sSensors
Phase-separated Nanometer ~ 10~1-10° 10°-10! 101 Adhesives [31-33,52,55,70,86]
materials
Microfiber-reinforced Conductor,
els Micrometer ~ 100-101 109-102 100-10! artificial [34,37,61,62,64,72,100,103]
g muscles
Macrophase-reinforced 0 orer 100_102 100-103 101 Actuators [12,18,38,39,65-67,77,92]

composites

6. Conclusions

Soft composite is not a strange word in many fields. This special type of composite has
been widely applied in biomedical engineering and industry. Either on the micro- or the
macro-scale, the soft composites always show superior comprehensive properties to their
individual components, or understanding the underlying toughening mechanisms of such
materials will greatly benefit the development of next-generation soft materials. In this
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review, we have given an overview of the fabrication, mechanical properties, toughening
mechanisms, and relevant applications of common soft composites. The energy dissipation
mechanisms at different length scales give these composites distinguishing properties and
behaviors. By a suitable structural and mechanical design, soft composites are able to
dissipate massive energy from the molecular to the macroscopic scale. Based on their
different physical and structural properties, soft composites are applicable to a wide
range of practical applications, including, but not limited to, tissue engineering, sensors,
adhesives, conductors, artificial muscles, and actuators.
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