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Soft materials, such as elastomers and gels, feature crosslinked polymer chains that provide stretchable and
elastic mechanical properties. These properties are derived from entropic elasticity, which limits energy
dissipation and makes the material susceptible to fracture. To address this issue, network designs that dissipate
energy through the plastic zone have been introduced to enhance toughness; however, this approach
compromises elasticity, preventing the material from fully recovering its original shape after deformation. In

Received 2nd December 2024,
Accepted 5th February 2025

this review, we describe the trade-off between fracture resistance and elasticity, exploring network designs
that overcome this limitation to achieve both high toughness and low hysteresis. The development of soft
DOI: 10.1039/d4sm01430h materials that are both elastic and fracture-resistant holds significant promise for applications in stretchable
electronics, soft robotics, and biomedical devices. By analyzing successful network designs, we identify

rsc.li/soft-matter-journal strategies to further improve these materials and discuss potential enhancements based on existing limitations.
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1. Introduction

Soft materials such as elastomers and hydrogels, feature a
three-dimensional crosslinked polymer network that provides
exceptional stretchability and elasticity." These mechanical
properties endow soft materials with capabilities such as
energy dissipation,® adaptability to changing environments,*
biocompatibility,” and nonlinear mechanical responsiveness.®
Unlike rigid materials, soft materials can undergo extensive
deformation while maintaining structural integrity, making
them suitable for diverse applications stretchable electronics,”™®
soft robotics,'®™* and biomedical devices.'**® However, such
applications subject soft materials to challenging conditions,
including load-bearing conditions,'>*° cyclic loading environ-
ments,* or damage-prone situations.”> To ensure consistent
and reliable performance under these conditions, soft materials
require enhanced mechanical performance.

The mechanical properties of soft materials stem from
entropic elasticity, which limits energy dissipation and makes
the material vulnerable to fracture.”* Researchers have devel-
oped network designs that increase the plastic zone size to
improve energy dissipation and enhance fracture resistance.>* >
However, this approach inevitably compromises elasticity, limit-
ing the capacity of the material to recover its original state after

“ Departmant of Materials Science and Engineering, Seoul National University,
Seoul 08826, Republic of Korea. E-mail: Isthwanl6@snu.ac.kr,
sang219@snu.ac.kr, jysun@snu.ac.kr, whdyddms111@snu.ac.kr

b Research Institute of Advanced Materials (RIAM), Seoul National University, Seoul
08826, Republic of Korea

+ These authors contribute to this work equally.

This journal is © The Royal Society of Chemistry 2025

deformation.>*® This inherent trade-off between fracture resis-
tance and elasticity presents a significant challenge in developing
soft materials that are simultaneously tough and elastic. Addres-
sing this challenge requires a comprehensive understanding of
how network design affects the mechanical properties of soft
materials (Fig. 1).

The mechanical properties of soft materials are closely related
to network design.’*** Enhancing the mechanical properties
requires careful consideration of factors such as the type of
polymer backbone,* the topology of chain connections,*>®
molecular interactions between chains,®” and interactions
between polymers and solvents or additives.*®*° To enhance the
performance of soft materials, this review addresses network
design strategies to resolve the trade-off between fracture resis-
tance and elasticity. We begin by discussing the methods to
characterize elasticity and fracture resistance, followed by an
analysis of network designs that improve each property individu-
ally. The inherent trade-off is examined in detail, highlighting
strategies that enable the simultaneous enhancement of tough-
ness and elasticity. By analyzing successful network designs, we
outline future directions and potential improvements based on
current limitations.

2. Mechanisms and mechanical
characterization of elasticity and
fracture resistance in soft materials

Soft materials are characterized by their unique ability to

undergo substantial deformations, even under small forces.
Following such deformations, two key factors must be
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Fig. 1 Trade-off between elasticity and fracture resistance in soft materials. (i) Soft materials that are generally elastic tend to have low fracture
resistance and are therefore brittle. (i) Soft materials with high fracture resistance lack elasticity, leading to irreversible deformation. To improve
mechanical durability, it is essential to develop materials that are simultaneously elastic and fracture resistant. (i) Network design enables the
development of soft materials that can increase both elasticity and fracture resistance, overcoming the trade-off between these properties.

evaluated: (1) whether the material returns to its original shape
upon removal of the external load, and (2) whether cracks
propagate during deformation.?’ These can be characterized
as elasticity and fracture resistance, respectively, and under-
standing both is crucial when evaluating soft materials."***

2.1 Brief overview

Elasticity describes the ability of a material to return to its
original shape after being deformed by stress. This property is
often evaluated through hysteresis, which quantifies the energy
lost during cyclic loading and unloading of the material.*>
Materials exhibiting low hysteresis can recover elastically with
high efficiency, making them suitable for repeated applications
under consistent performance requirements.

Fracture resistance indicates the ability of a material to
resist crack propagation during deformation. To quantify frac-
ture resistance, toughness (I') is introduced, which reflects the
material’s capacity to dissipate energy and prevent crack
growth.**™** Materials with high toughness can withstand a
variety of loads, enabling them to perform reliably across
diverse conditions.

2.2 Origins of the elasticity-fracture resistance trade-off in soft
materials

The mechanical performance of soft materials is primarily
governed by entropic elasticity, which inherently restricts
energy dissipation and leaves the material prone to fracture.
To increase resistance to fracture, innovative network designs
have been developed to expand the plastic deformation
zone.*?>*%"” Energy dissipation in increasing plastic zone
enhances fracture resistance significantly. However, indiscri-
minate increases in the plastic zone within the network have
introduced unforeseen challenges, even in the absence of
cracks. When strain is applied, internal plastic deformation
within the network increases the hysteresis of the material,

1604 | Soft Matter, 2025, 21,1603-1623

even before fracture occurs. This relationship is distinctly
observed in the Lake-Thomas model, one of the prominent
approaches for explaining the fracture resistance of soft mate-
rials. An increase in cross-linking density in soft materials
reduces fracture toughness. Simultaneously, higher cross-
linking density decreases the distance between cross-linking
points, resulting in enhanced entropic elasticity. A more
detailed explanation of the Lake-Thomas model will be pro-
vided in the following section. Balancing these conflicting
requirements of toughness and elasticity, as influenced by
factors such as cross-linking density and energy dissipation,
remains a critical challenge in the development of advanced
soft materials (Fig. 2).

2.3 Theory of elasticity

The elasticity of soft materials composed of polymers is influ-
enced by the conformation of polymer chains and molecular
interactions. Due to their inherently long and flexible chains,
polymers naturally adopt a coiled and disordered structure.
This fundamental phenomenon can be explained from an
entropic perspective, where entropic elasticity serves as a
fundamental concept describing elasticity driven by the entropy
of polymer chains."*®**® When polymer chains stretched,
these chains are forced into a more ordered conformation
(low entropy state)." As soon as the external force is removed,
they spontaneously return to their original, high-entropy,
disordered state.

The number of conformations of the polymer chains, 2 can
be expressed as

3R?
Q x exp (_W) (1)

where R is the end-to-end distance, N is the number of

segments in the chain, and by is the length of each segment.
According to the Boltzmann relationship, the entropy S of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Origin of elasticity and fracture resistance in soft materials. Soft materials possess intrinsic elasticity due to entropic elasticity, but their limited
ability to dissipate energy results in low toughness. To address this issue, network designs that expand the plastic zone have been used to increase

toughness; however, this also raises hysteresis.

polymer chain is

3k R?

=kglnQ ~ —
S B 2Nb;?

(2)

where kg is the Boltzmann constant. As R increases, the entropy
S decreases, indicating that the system becomes more ordered
as the polymer chain is stretched. The corresponding free
energy F can be expressed as

3kgT
2Nb?

F(R) = -TS ~ R? (3)
where T is the temperature. This free energy function demon-
strates that stretching a polymer chain requires energy. The
restoring force f in entropic elasticity is derived from the free
energy by taking its derivative with respect to the end-to-end
distance R.

s

_OF 7T(as> kT,

=or~ T\ar) = Va2 )

Thus, when the polymer is extended, the number of possible
conformations decreases, leading to a reduction in entropy"
(Fig. 3a). The decrease in entropy creates a restoring force
within the material. This entropic force strengthens with
further stretching, working to return the chain to its original,
disordered state. Such entropy-driven elasticity, known as
entropic elasticity, is a fundamental characteristic of polymers.
Besides entropic elasticity, introducing specific interactions
within polymer networks can provide enthalpic contributions
to enhance elasticity. Specifically, when external stress is
applied, interactions dissociate, leading to an increase in
energy as the system absorbs external energy. Subsequently
reformation takes place, resulting in a decrease in energy. Swift
and spontaneous transition from a high-energy state during
dissociation to a lower-energy state during reformation drives

This journal is © The Royal Society of Chemistry 2025

the ability of the materials to recover its original state. There-
fore, molecular interactions can provide an additional restoring
force, complementing the intrinsic elasticity of polymer chains.

2.4 Testing methods for elasticity

The universal testing machine (UTM) is commonly used to
measure the mechanical properties of soft materials, including
tensile and compressive tests. To measure hysteresis, a load-
ing-unloading curve is required. The energy applied during the
loading process is called input energy (W;). The energy recov-
ered by the material, known as elastic energy (Wg), is the area
beneath the unloading curve. The unrecovered energy, called
dissipated energy (Wp), is the area between the loading and
unloading curves. These values satisfy the relationship Wy, +
D

Wg = Wy, and the energy dissipation ratio, calculated as — x
i

100%, quantifies hysteresis (Fig. 3b). A higher energy dissipa-
tion ratio indicates a reduced ability for the material to return
to its original state after load removal. However, as soft materi-
als exhibit viscoelastic properties, their behavior is time-
dependent, making the loading rate an influential factor.
Additionally, soft materials are generally capable of large
deformations, meaning the extent of stretching has a consider-
able impact. Generally, the faster the loading rate and the
greater the stretch, the higher the energy dissipation ratio.*?
Therefore, conducting experiments under identical conditions
is crucial when comparing energy dissipation ratios. Residual
stretch is a measure of elasticity, defined as the remaining
stretch when the stress returns to zero after a material has been
loaded and then unloaded.”® Lower residual stretch values
indicate better recovery to the original state, implying greater
elasticity. Additionally, changes in the loading-unloading curve
over multiple cycles can also be used to assess elasticity.*® If the
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Fig. 3 Theory and testing methods for elasticity and fracture resistance. (a) The elasticity of soft materials originates from entropic elasticity. Entropic
elasticity arises from the tendency of disordered polymer chains to return to their original state of disorder after being aligned by an external force.
(b) Loading—unloading test of soft materials to measure hysteresis. Stress—stretch curves of soft materials under cyclic loading with fixed stretch.
Hysteresis (energy dissipation ratio) is defined as the ratio of the area between the loading and unloading curves (Wp) to the area under the loading curve
(W). (c) Theoretical models from GCiriffith, Orowan—Irwin, and Lake—-Thomas. The Griffith model is a theory that determines material fracture based on the
energy required to create new surfaces. The Orowan-Irwin model suggests that additional energy dissipation through plastic deformation increases
fracture resistance. In the Lake—Thomas model, stored energy in a chain is released by breaking the chain, thereby enhancing fracture resistance. (d) Pure
shear test of soft materials to measure toughness (I'). Stress—stretch curves of soft material samples under monotonic loading with two samples: an
unnotched sample and a notched sample. I' is defined as the work done by the unnotched sample up to the critical stretch distance (4.) of the notched
sample, U(Z.), divided by the width (wg) and thickness (to) of the un-notched sample.

curve remains consistent across many cycles, the material where y is the surface energy of the material. The Griffith model
exhibits high elasticity. These measurements are essential for effectively describes brittle materials like glass, which fracture
understanding a material’s recovery ability after deformation, through atomic bond breakage. However, it underestimates the
which is a critical factor in soft material design. toughness of ductile materials and polymers, where additional
fracture mechanics are present to increase toughness.

In the 1940s, G. Irwin and E. Orowan extended Griffith’s
model to include plastic deformation for ductile materials.”*"*
Fracture resistance, the energy required to propagate a crack, For such materials, local plasticity around the crack tip requires
plays a pivotal role in determining the lifetime and mechanical additional energy for fracture, enhancing fracture resistance. In
durability of materials.*® The ability to resist fracture depends metals, for example, a plastic zone forms near the crack tip,
on how effectively materials dissipate energy at both molecular ~where atomic bonds release energy through deformation. Thus,
and macroscopic levels. Intrinsically brittle materials, like silica  considering the plastic zone, toughness can be expressed as
glass, exhibit low fracture energy, as described by the Griffith
model.>® Ductile materials such as metals possess higher
fracture energy, as explained by the Irwin-Orowan model,”®**  where W, is the work for plasticity. Unlike brittle materials,
which incorporates energy dissipation through plastic defor- ductile materials dissipate significant energy through this
mation near the crack tip. Crosslinked polymer networks plastic deformation, contributing to their higher fracture
achieve toughness through mechanisms specific to their struc-  toughness.
ture. The Lake-Thomas model describes this toughness by Following in 1967, Lake and Thomas developed a model
considering energy dissipation along stretched covalent bonds  specifically for polymer networks, considering that each poly-
within polymer chains, providing insights into the fracture mer chain is composed of numerous monomers with chemical
resistance of polymers*' (Fig. 3c¢). energy stored in the C-C bonds.*! In this model, fracture energy

In fracture mechanics, Griffith introduced a model in 1921 is influenced by the number of C-C bonds along stretched
to calculate fracture energy based on the difference in energy polymer chains. At the front of a crack, polymer chains are
before and after fracture.”® According to Griffith, fracture stretched to the point where all the C-C bonds along the chain
occurs with the formation of two new surfaces; therefore, approach their breaking threshold. The mechanical energy

2.5 Theory of fracture mechanics

r=2y+w, (6)

toughness can be expressed as needed to stretch the chain to this critical state is equal to
the total chemical energy stored in its C-C bonds. When the
I'=2y (5) chain finally breaks, this stored mechanical energy is released

1606 | Soft Matter, 2025, 21,1603-1623 This journal is © The Royal Society of Chemistry 2025
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and dissipated, contributing to fracture resistance. The energy
required to reach this breaking point, termed intrinsic fracture
energy can be expressed as

I'yp=eL (7)

where e is the chemical energy per unit volume, and L is the
thickness of the single polymer chain layer in the undeformed
state. The energy per unit volume can be defined as

e=1J (8)

where b is the number of single bonds per unit volume, J is the
energy of a C-C bond. The single-chain layer thickness L is
estimated by the end-to-end distance of the polymer chain in
the undeformed state,

L=aym ©)

where q is the length of the monomer, and m is the number of
monomers in the chain. The resulting intrinsic fracture energy
can be expressed as

Fo =bJa\/I%

This demonstrates that the toughness of polymer chains is
proportional to the number of monomers between crosslinking
points, and during crack propagation, the energy stored in the
crosslinked polymer chains is dissipated once the chains break.
When a polymer forms a network that incorporates energy
dissipation sources, the fracture energy (I') of the polymer
can be expressed as

(10)

[=ry+TIp
where I', represents dissipated fracture energy.

2.6 Testing methods for fracture resistance

Fracture, often an undesirable occurrence, can be assessed
through various testing methods. These include tearing®® or
peeling tests,>* where force and displacement are recorded, as
well as puncture® and impact tests.>® Tearing tests involve
applying a tensile force to a pre-cut sample to measure the
material’s resistance to crack propagation. Peeling tests focus
on determining the adhesive strength between two layers by
measuring the force needed to peel one layer from another.
Puncture tests evaluate the force required to penetrate a
material using a sharp probe, simulating real-world puncture
scenarios. Impact tests measure the energy absorbed when a
material is subjected to sudden, high-speed loading, providing
insights into its toughness under dynamic conditions. Among
these, the pure shear test is widely used. For this test, two types
of samples—unnotched and notched—are required.’*° Both
are stretched using a UTM to obtain a force-displacement
curve. For the notched sample, the critical stretch (A.) is
determined, which marks the onset of crack propagation. For
the unnotched sample, the area under the force-displacement
curve up to A, is integrated and divided by the cross-sectional
area of the sample to determine toughness (I')** (Fig. 3d). The
parameters that influence I' include the strength of the
unnotched sample and the resistance to crack propagation in

This journal is © The Royal Society of Chemistry 2025
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the notched sample. Since I is an intrinsic material property, it
is valuable for comparing the fracture characteristics of differ-
ent materials. However, I' does not always yield consistent
values due to limitations associated with measurement meth-
ods. Variations in sample dimensions can affect the measured
values of I', as they influence the stress distribution within the
material. Additionally, for soft materials that exhibit viscoelas-
ticity, differences in strain rate during testing can lead to
discrepancies in I', as their time-dependent behavior causes
the energy dissipation to vary with the rate of deformation. To
enable reliable comparisons of I' across different materials,
standardized testing protocols are necessary. Despite these
limitations, I" remains a crucial indicator for assessing whether
a material is suitable for specific applications.

3. Enhancing elasticity or fracture
resistance
3.1 Elastic network design

One of the most critical properties that have enabled the broad
application of soft materials across various fields is undoubt-
edly their elasticity. Materials with high elasticity are particu-
larly important in applications involving repeated loading and
unloading or in ensuring long-term durability. Consequently,
extensive research has been conducted to enhance the elasticity
characteristics of soft materials composed of polymeric
springs.>’° Researchers employ crosslinkers to reinforce the
polymer network, leveraging entropic elasticity to enhance its
elastic response. Additionally, tailoring molecular interactions
within the polymer network utilizes elasticity driven by enthal-
pic contributions. In the following sections, we outline strate-
gies to enhance elasticity through network topology and
molecular interactions.

3.1.1 Network topology. In polymer networks, topology,
which describes the arrangement of polymer chains and cross-
linking points, is a key factor in determining mechanical
properties.®® Chemical crosslinkers play a significant role by
controlling the network architecture.®* Two principal strategies
exist: increasing the density of covalent crosslinkers and adjust-
ing their functionality.

Increasing the crosslinker density reduces the number of
segments N between crosslinking points. Consequently, the
number of possible conformations decreases, leading to an
increased restoring force. This increased restoring force sup-
press plastic deformation, facilitating the recovery to its origi-
nal state, thereby enhancing elasticity.®* He et al. demonstrated
that optimizing chemical crosslinker density improved elasti-
city and minimized hysteresis (Fig. 4a).>” This phenomenon
can be explained using the standard linear solid model, which
is based on Maxwell theory. Higher crosslinking density
enhances the elasticity of the spring, effectively reducing creep
and making the material more elastic.

Another approach involves enhancing crosslinker function-
ality, which refers to the number of polymer chains a single
crosslinker can connect.*® High-functionality crosslinkers

Soft Matter, 2025, 21,1603-1623 | 1607
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Fig. 4 Highly elastic networks. (a) Schematic illustration of a highly cross-
linked polyelectrolyte elastomers. The network enhances entropic elasti-
city through high crosslinking density. Reproduced with permission from
ref. 57. Copyright 2024, Springer Nature. (b) Tri-branched hydrogels
achieve high elasticity and stretchability through reversible strain-
induced crystallization, despite their low crosslinker functionality. Repro-
duced with permission from ref. 63. Copyright 2022, AAAS. (c) Zwitterionic
hydrogel network exhibits strain-stiffening through a dual-network design,
which stiffens the network while maintaining high elasticity. Reproduced
with permission from ref. 58. Copyright 2021, Springer Nature. (d) Sche-
matic illustration of a pearl-necklace network in polyelectrolyte hydrogels.
The network unfolds and refolds under mechanical strain, allowing rapid
recovery and hyper elasticity. Reproduced with permission from ref. 59.
Copyright 2023, AAAS.

introduce multiple polymer chains between adjacent cross-
linkers, strengthening the elasticity of the network.’**® How-
ever, increasing crosslinker functionality does not always yield
beneficial outcomes;***”*® in specific polymers, such as
poly(ethylene glycol) (PEG), reducing functionality can impart
distinctive material properties. For example, Sakai et al. pre-
sented a tri-branched network structure that improved elasti-
city through reversible strain-induced crystallization despite its
reduced functionality.®® This finding highlights that lower-
functionality crosslinkers can also enhance elasticity when
combined with other mechanisms, such as crystallization
(Fig. 4b).

Besides covalent crosslinking and their functionality, net-
work defects such as loops and dangling ends also play a
crucial role in determining elasticity.’* Loops form when

1608 | Soft Matter, 2025, 21,1603-1623
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polymer chains react intramolecularly instead of participating
in the network structure.*” This reduces the effective number of
elastically active chains, leading to diminished elasticity.®® By
employing controlled synthesis methods to minimize loop
formation, network connectivity can be improved, resulting in
enhanced elasticity. Similarly, dangling ends refer to the freely
moving chain ends that do not contribute to the network.””*
These defects increase the elastically inactive regions, further
reducing the overall elasticity of the network. Therefore, mini-
mizing network defects is essential for optimizing elasticity in
polymer networks.

3.1.2 Molecular interactions. Molecular interactions are an
effective mechanism for enhancing elasticity in soft materials.
When interactions are properly tuned, they can break under
external stress and rapidly reform, allowing the polymer con-
formation to revert to its original state and thus improving
elasticity. These interactions, such as electrostatic interactions
or metal coordination, are influenced by enthalpy changes
associated with bond dissociation and reformation, which
contribute to the enhancement of elasticity. The bond strength
and recovery dynamics of these interactions vary across differ-
ent material systems, underscoring the need to tailor molecular
interactions to enhance elasticity. Achieving desired perfor-
mance under repeated deformation requires a balance between
interaction strength and recovery dynamics. Strategies include
using electrostatic interactions,”®”>”7* metal coordination,””””
and hydrophilic-hydrophobic interactions.’>”®#°  These
dynamic and reversible interactions enable the material to
adapt to deformation efficiently.

Zhang et al. reported a skin-like ionic elastomer with a
supramolecular zwitterionic network embedded within
hydrogen-bonded polycarboxylic acid chains.’® The two net-
works exhibit varying strengths, enabling sequential debonding
during stretching. This unique combination of dynamic inter-
actions enables fast recovery and high performance under
cyclic stress (Fig. 4c).

Moreover, Chen et al. increased the elasticity of polyelec-
trolyte hydrogels by adjusting the water content.>® With the
optimal amount of water, the polymer chains form a pearl-
necklace chain (PNC) structure, where (1) hydrophobic alkyl
chains act as soft beads and (2) hydrophilic ionic groups form
the string. Upon external deformation, the optimum amount of
water acts as a lubricant, allowing reversible hydrophobic
interactions to reform, further enhancing the elasticity of the
material (Fig. 4d).

3.2 Fracture resistant network design

The elasticity of polymer networks relies on the capacity to store
energy under stress and release it upon unloading. Although
the ability to store and release energy is beneficial for elasticity,
effective crack resistance requires energy dissipation rather
than energy storage and release.®*” To make soft materials
tougher, researchers have investigated strategies to improve
fracture resistance by promoting energy dissipation within the
polymer network.®*** A primary approach involves expanding
the plastic zone, a region around a crack tip where energy

This journal is © The Royal Society of Chemistry 2025
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dissipation can occur more readily. In the following sections,
we will explore various network design strategies that aim to
increase fracture resistance by expanding the plastic zone size.

3.2.1 Double network. One common method for dissipat-
ing energy under mechanical stress is through the fracture of
polymer chains.*>*>®” To achieve efficient energy dissipation
through chain fracture, the polymer chains must be designed to
break in response to external deformation.

Gong et al. significantly increased the fracture energy of
hydrogels by introducing a double network structure composed
of a brittle, energy-dissipating first network and a soft, stretch-
able second network.**®” The fracture of the first network
dissipates mechanical energy, while the second network main-
tains the structural integrity of the hydrogel (Fig. 5a). This
method of using double networks to enhance fracture resis-
tance has been widely studied, with many researchers focusing
on the use of covalent crosslinking.***3%3

Sun et al. extended this concept by creating a double net-
work of physically crosslinked alginate and covalently cross-
linked acrylamide, expanding the plastic zone to achieve even
higher fracture energies of ~9000 J m~? (Fig. 5b).? This design
introduced ionic interactions that rupture under stress, making
the material more stretchable while maintaining toughness.’*
They further demonstrated the fracture resistance of the double
network hydrogel using various multivalent cations.”®

The double network design has also been applied in combi-
nation with various other networks, establishing itself as a
versatile method for enhancing the mechanical properties of
polymer systems.’® %’

3.2.2 Hydrogen bonds. Hydrogen bonds represent
dynamic and reversible interactions that can break and reform
in response to external mechanical stress.'® By adjusting the
strength and distribution of hydrogen bonds, materials can
exhibit a wide range of mechanical properties. Li et al. devel-
oped a poly(urethane-urea) hydrogel that incorporated strong
hydrogen bond arrays, which significantly increased fracture
energy.'®" Unlike the sequential fracture of polymer chains in
double networks, hierarchical hydrogen bonds with varying
strengths offer an alternative mechanism for enhancing frac-
ture resistance.'*>™%”

3.2.3 Polyampholytes. Ampholytes are molecules contain-
ing both acidic and basic functional groups depending on the
198 polyampholytes are polymers that contain
both positively and negatively charged repeat units, which
interact via electrostatic forces. Sun et al. synthesized polyam-
pholyte hydrogels by random copolymerization of cationic and
anionic monomers, resulting in a network with a random
distribution of ionic bonds.*” Strong ionic bonds function as
permanent crosslinks, while weaker bonds act as sacrificial and
reversible bonds. These weaker bonds dissipate mechanical
energy during deformation, thereby increasing fracture
resistance.*”"*

3.2.4 Metal coordination. In polymer networks, metal ions
can serve as coordination centers that interact with polymer
chains or other coordinating agents, such as dipoles or ions."*°
The interactions between metal ions and these coordinating

environment.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Highly tough networks. (a) Schematic illustration of a double net-
work (DN) hydrogel composed of a rigid, brittle first network and a soft,
stretchable second network. The DN hydrogel exhibits high toughness as
the brittle network dissipates energy through sacrificial bond breakage.
Reproduced with permission from ref. 46 and 85. Copyright 2014, AAAS,
Copyright 2003, Wiley-VCH. (b) Alginate—polyacrylamide hydrogel
demonstrates high stretchability and notch insensitivity due to the synergy
between crack bridging by covalent crosslinks and energy dissipation through
ionic crosslink unzipping. Reproduced with permission from ref. 3. Copyright
2012, Springer Nature. (c) Tough ionogel network formed through in situ
phase separation. The polymer-rich domains enhance fracture resistance by
dissipating energy, while the solvent-rich domains maintain stretchability.
Reproduced with permission from ref. 20. Copyright 2022, Springer Nature.
(d) Tough hydrogel formed by the synergy of freeze-casting and salting-out
methods, creating a hierarchical structure with aligned nanofibrils, showing
notch insensitivity when stretched. Reproduced with permission from ref. 29.
Copyright 2021, Springer Nature.

Polymer chain

entities are sufficiently strong to act as sources of energy
dissipation, thereby enhancing the fracture resistance of the
material.'%"""1 park et al. investigated the use of different
ligands, including non-coordinating anions (e.g., OTf ", TFSI),
coordinating anions (e.g., Cl"), and multimodal anions (e.g.,
OAc™, acac ), to measure the toughness and self-healing prop-
erties of elastomers.""” Their work demonstrated the ability of
metal coordination to create reversible and tough networks
through metal-ligand interactions, with varying anions influ-
encing the mechanical properties of the elastomers.

3.2.5 Phase separation. Phase separation within polymer
networks occurs when components with differing affinities
segregate, leading to the aggregation of similar components
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into distinct regions."'®"” Each of these regions serves a
specific function, and the synergy between them contributes
to enhanced mechanical properties. This combination of spe-
cialized regions enables the material to better dissipate energy,
resist crack propagation, and ultimately improve fracture
resistance.

Phase separation in polymer networks can manifest in two
representative forms: polymer-polymer separation and poly-
mer-solvent separation. Each method produces unique net-
work architectures that contribute to the ability of the material
to resist fracture 3 %1°

For instance, Fernandez-Rico et al. demonstrated polymer-
polymer phase separation through microphase separation
within an elastomer matrix."** By supersaturating polydi-
methylsiloxane (PDMS) with heptafluorobutyl methacrylate
(HFBMA), phase separation was induced upon cooling, forming
a robust bicontinuous microstructure. This structure enhanced
the fracture resistance of the material through strong interac-
tions between similar components.

In another study, Wang et al. demonstrated polymer-solvent
separation to create tough and stretchable ionogels through
in situ phase separation.” The ionic liquid was miscible with
poly(acrylic acid) (PAA) but immiscible with polyacrylamide
(PAAm), leading to the formation of a bicontinuous polymer
network. The polymer-rich domain, strengthened by hydrogen
bonds, contributed to toughness, while the solvent-rich domain
provided stretchability (Fig. 5c).

3.2.6 Crystallization. Crystalline domains within a polymer
network enhance fracture resistance by acting as rigid physical
crosslinks and forming hierarchical structures.***° These struc-
tures, characterized by high chain density, require more energy
to rupture than amorphous regions, thereby suppressing crack
propagation. Additionally, interconnected characteristics of
these crystalline domains helps distribute and dissipate
mechanical energy efficiently, further improving the fracture
resistance of the material."*

The type of polymer and the fabrication method are key
factors in achieving crystallization within polymers. Certain
polymers, such as poly(vinyl alcohol) (PVA), are more prone to
crystallization due to their molecular structure.'® Additionally,
the way the polymer is processed—through methods like
annealing, freeze-thaw cycles, or salting-out—can significantly
affect the degree and distribution of crystallinity within the
material.

For example, Peppas et al. introduced crystalline domains
into poly(vinyl alcohol) (PVA) hydrogels using a freeze-thaw
method, which improved the ultimate tensile strength, mod-
ulus, and toughness of the hydrogels.'**'** Building on this
approach, Hua et al. combined freeze-casting and salting-out
methods to create a hierarchical structure with high crystal-
linity in PVA hydrogels.”® The crystalline regions acted as
energy dissipation centers, while well-aligned nanofibrils
helped blunt crack propagation (Fig. 5d).

3.2.7 Mechano-chemistry. Mechano-chemistry refers to the
use of mechanical force to induce chemical reactions within
polymer networks. When force is applied, bond scission occurs,
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triggering chemical reactions that improve fracture resistance
by energy dissipation of the material."**'*” Wang et al. incor-
porated force-coupled chemical reactions into polymer chains,
allowing the polymer strands to lengthen before breaking.'*® By
using bicyclic cyclobutene mechanophores, the polymer net-
work could extend by up to 40%, significantly improving
fracture resistance. They further demonstrated the use of
cyclobutene-based mechanophores as crosslinkers, extending
their application to elastomers."*’

3.3 General relationship between elasticity and fracture
resistance

When examining network designs that enhance elasticity and
fracture resistance individually, it becomes evident that the
factors required to improve each property are fundamentally
different. However, it is often overlooked that incorporating
these factors into a single network design can negatively impact
the opposing property. This trade-off becomes particularly
apparent when analyzing network designs through their rela-
tionship between elasticity and fracture resistance (Fig. 6). This
is because both toughness and hysteresis are generally influ-
enced by the size of the plastic zone, which impacts these
properties simultaneously. As a result, most materials fall along
a predictable trend line on the Ashby plot. However, certain
network designs have successfully achieved both low hysteresis
and high toughness. These designs, which deviate from con-
ventional approaches, are referred to as advanced network
designs. Such designs are achieved through flawless structures,
dynamically moving components during deformation, or har-
nessing specific molecular interactions. In the following sec-
tion, we will explore network designs that simultaneously
exhibit high elasticity and fracture resistance.
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Fig. 6 Ashby plot of toughness (I') and hysteresis based on network
design. The black dashed line represents the conventional relationship
between toughness and hysteresis in soft materials. Advanced network
designs deviate from this conventional relationship.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01430h

Open Access Article. Published on 05 February 2025. Downloaded on 11/6/2025 2:12:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

4. Improving both elasticity and
fracture resistance

Overcoming the traditional trade-off between fracture resis-
tance and elasticity, various network designs have been devel-
oped to achieve both high toughness and low hysteresis. The
approaches to resolving this trade-off relationship can be
broadly categorized into three strategies: increasing elasticity
without compromising fracture resistance, enhancing fracture
resistance without reducing elasticity, and, finally, improving
both properties simultaneously (Fig. 7). Notable examples
include ideal networks, highly entangled networks, slide-ring
networks, and peptide-crosslinked networks. These designs
reduce hysteresis without compromising toughness by mini-
mizing flaws in the network, enhance toughness through
dynamic crosslinking, or resolve trade-offs using molecular
interactions. The following sections provide an in-depth dis-
cussion of the energy dissipation and recovery mechanisms
that support these network designs.

4.1 Flawless network design

In polymer networks, defects play a critical role in determining
the mechanical performance of the material. Common defects
include uneven crosslinking, unreacted chains that form dan-
gling ends, and the formation of loops."*° These irregularities
act as stress concentration points under load, reducing fracture
resistance. Furthermore, they hinder uniform deformation
across the network, thereby lowering elasticity. To address
these issues, researchers have made efforts to minimize defects
and create ideal networks that make soft materials more
robust.

4.1.1 Ideal network. An ideal network refers to a polymer
network where the chains are perfectly and uniformly distrib-
uted, free from defects like loops and dangling ends.>>"*°"33
This defect-free structure, based on network regularity, pre-
vents stress concentration, ensuring that stress distributes
evenly throughout the network. Thus, the material can stretch
uniformly by dispersing the load across a greater number of
chains, achieving high elasticity while maintaining fracture
resistance.”***” When applied to ideal networks with long
chains or chains capable of strain-induced -crystallization
(SIC),"*8'° this design can further enhance toughness and
minimize hysteresis.

Kamata et al. developed hydrogels based on defect-free ideal
networks, eliminating mechanical hysteresis without compro-
mising fracture resistance (Fig. 8a)."*" The hydrogel maintains
consistent mechanical properties even after multiple stretches.
The synthesis involved end-linking tetra-armed PEG through
step-growth polymerization. This design ensures uniform chain
distribution within the hydrogel, resolving the trade-off
between elasticity fracture resistance. Additionally, the isotro-
pic extension of chains within the ideal network confers a low
swellable property. This design is not limited to a single
material and can be applied to a wide range of polymer
networks.

This journal is © The Royal Society of Chemistry 2025
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The ideal network design can be applied not only to hydro-
gels but also to elastomers. Nakagawa et al. developed an
elastomer with excellent mechanical properties by creating a
uniform network structure with long chains (Fig. 8b)."*° The
ideal network structure enabled uniform stress distribution
across the long chains, allowing for high stretchability and
toughness without sacrificing elasticity. The structure was
achieved through end-linking multi-arm prepolymers, creating
a highly uniform network. The uniformity facilitated chain
alignment and led to strong strain-stiffening behavior. Typi-
cally, strain-stiffening is difficult to achieve due to the chal-
lenges of chain alignment after a certain level of deformation,
which is often caused by defects in the network. By overcoming
these limitations, this design holds potential for applications in
fields such as stretchable electronics and soft robotics, where
superior mechanical properties are essential.

Incorporating chains capable of SIC into an ideal network
can significantly enhance the mechanical performance of
elastomers."** %% SIC allows rapid recovery even after large
deformations, ensuring high elasticity (Fig. 8c)."*® Additionally,
chain alignment during deformation suppresses crack propa-
gation. Therefore, the elastomer maintains high toughness
(I =5 k] m~?) and low hysteresis (< 1%) even under significant
strain. This design enables the material to undergo repeated
deformation and recovery cycles while maintaining high per-
formance across a broad temperature range. As the strain
aligns the polymer chains, crystallization occurs, enhancing
mechanical properties while also improving thermal conduc-
tivity through more efficient stress distribution. These proper-
ties make the material adaptable for applications requiring
both mechanical resilience and thermal management.

The ideal network design has significant advantages for
polymer network modeling, which has led to extensive theore-
tical studies. When a near-perfect network is achieved, it
maintains fracture resistance while significantly enhancing
elasticity. Moreover, applying this network design to various
polymers can create synergistic effects, enhancing mechanical
performance. However, from a material processing standpoint,
creating such ideal networks remains challenging. Scaling up
production through efficient and simplified processing meth-
ods could enable broader industrial applications and enhance
their feasibility for diverse fields.

4.2 Dynamic cross-linked network

The mechanical properties of soft materials can vary depending
on how the internal network is structured. Typically, chemically
crosslinked points remain fixed under stress, whereas cross-
links formed through entanglements or slide-ring mechanisms
can move when stress is applied. In this section, we explore
network design strategies with dynamic crosslinking that over-
come trade-off between fracture resistance and elasticity. We
focus on how dynamic crosslinking increases fracture resis-
tance while maintaining elasticity.

4.2.1 Highly entangled network. Entanglement refers to
points where polymer chains are intertwined.>* These
entangled points act as physical crosslinking points that can
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move, increasing fracture resistance. Lastly, the molecular interaction design, exemplified by peptide crosslinked networks, improves both elasticity and
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fracture resistance, each network leverages specific structural features: minimized defects in ideal networks, long polymer strands in entangled networks,

movable slide rings in slide-ring networks, and complementary hydrogen bonds in peptide (protein) crosslinked networks.

move under stress, providing flexibility similar to chemical
crosslink points. This behavior enhances fracture resistance
by allowing stress deconcentration through mobile crosslinks
and extended chain structures.'*>

From eqn (10), the Lake-Thomas model suggests that the
energy required to rupture a single polymer strand is directly
proportional to the number of monomers in that strand (m). As
aresult, increasing m can be an effective approach to improving
fracture resistance. However, reducing crosslink density to
increase m may enhance fracture resistance but does not lead
to a decrease in elasticity. A highly entangled network design
achieves high fracture toughness while maintaining elasticity
(Fig. 7).385597,143-153

Entanglements in polymer networks act as movable cross-
links, playing a crucial role in enhancing both fracture

1612 | Soft Matter, 2025, 21,1603-1623

resistance and elasticity in soft materials. Unlike chemical
crosslinkers, which are fixed within the network, polymer
strands in entanglements are not confined and can move freely.
This mobility enables the entanglements to act dynamically,
adjusting under load by slipping and effectively increasing the
length of the polymer strands experiencing stress (m), which
improves the material’s ability to resist fracture. Additionally,
the stress applied to one polymer strand is dispersed to others
through these entanglements, reducing stress concentration
across the network and further enhancing fracture resistance.

In terms of elasticity, entanglements also offer distinct
characteristics. One of the key requirements for elasticity is
that the internal network conformation should remain largely
unchanged after the load is applied and then removed. The
entangled polymer strands contribute to this by preventing

This journal is © The Royal Society of Chemistry 2025
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significant alterations in the network’s structure under stress.
Furthermore, because the network consists of long polymer
chains forming these entanglements, chain rupture does not
occur before material fracture, ensuring that the network
returns to its original conformation after deformation. There-
fore, an entanglement-based topology supports the design of
materials with elasticity.

Kim et al. and Norioka et al. conducted pioneering work on
synthesized soft materials where entanglements greatly out-
number crosslinks, allowing for high fracture resistance and
elasticity."*>'" They drastically increased the monomer
concentration while adjusting the amounts of water, cross-
linker, and initiator during synthesis. They show single net-
work polyacrylamide (PAAm) hydrogels that are and have
superior fracture resistance (I' = 2 k] m™>) and elasticity
(<1%) (Fig. 9a). This entanglements based network design is
relatively simple in structure, which has led to its recent
application not only in PAAm based hydrogels but also across
various polymer chains. For example, Nian et al. developed a
method to create highly elastic and tough hydrogels from
doughs made of synthetic polymer chains, such as PEG.>® By
kneading and annealing the polymer dough, the polymer
chains are densely entangled without breaking. This method
is compatible with synthetic and natural polymers, opening
new possibilities for sustainable, high performance hydrogels
(Fig. 9b).

Recently, efforts have been made to enhance material prop-
erties by incorporating other network designs into entangled

This journal is © The Royal Society of Chemistry 2025

network design. Wang et al. developed highly entangled double
network (HEDN) hydrogels with superior mechanical proper-
ties, including high fracture resistance and elasticity.”” The
hydrogels use physical entanglements as effective crosslinking
in the first network, leading to a highly uniform orientation
under strain. This structure enables the hydrogels to achieve
a high tensile strength (6 = 3 MPa), fracture resistance
(I = 8 k) m™?), and strain-stiffening behavior. Unlike traditional
double-network (TDN) hydrogels, which rely on energy dissipa-
tion mechanisms, HEDN hydrogels store energy in oriented
polymer chains, providing high reversibility. These properties
make HEDN hydrogels promising for high performance appli-
cations requiring mechanical durability (Fig. 9c).

Various approaches have been explored in the fabrication of
entangled networks. Yang et al. introduced a simple approach
by incorporating dehydration into the process."® They present
a strategy for creating tough hydrogels by combining loose
crosslinking with dense dehydration induced entanglements,
providing a simple yet effective method for designing hydrogels
that are highly resilient under stress (Fig. 9d).

In the synthesis of poly(N-isopropylacrylamide) (pNIPAAm)
hydrogels, Cho et al. found that the formation of entanglements
within the network varies depending on the solvent used during
polymerization.® They found that N-isopropylacrylamide
(NIPAAm) exhibits extremely high solubility in N-methyl forma-
mide (NMF). Furthermore, the strong interaction between
NIPAAM and NMF significantly increased the polymer’s degree
of polymerization, resulting in a pNIPAAm network with a high
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Fig. 9 Highly entangled network. (a) Schematic illustration of a highly entangled network. The dense entanglements provide elasticity, while the long
chains contribute to enhanced fracture resistance. Reproduced with permission from ref. 145. Copyright 2021, AAAS. (b) A highly entangled polyethylene
glycol hydrogel demonstrates resistance to fracture when stretched or pierced with a rod. Reproduced with permission from ref. 55. Copyright 2021,
Wiley-VCH. (c) The combination of a highly entangled network and a double network shows both crack blunting and enhanced elasticity when stretched.
Reproduced with permission from ref. 97. Copyright 2024, Springer Nature. (d) Additional entanglements formed through dehydration in the highly
entangled network enhance both elasticity and prevent crack propagation. Reproduced with permission from ref. 150. Copyright 2024, Springer Nature.
(e) A tough thermo-responsive hydrogel made from highly entangled poly(N-isopropylacrylamide) (oNIPAAM) hydrogel via solvent engineering. The type

of solvent affects the network formation. Reproduced with permission from ref. 38. Copyright 2024, Wiley-VCH.

degree of internal entanglement. These hydrogels, made from
poly(N-isopropylacrylamide) (pNIPAAm), demonstrate signifi-
cantly enhanced mechanical properties, including increased elas-
ticity, strength, and toughness, alongside improved actuation
without any additional components. The solvent engineering
method improves polymer chain growth and entanglement, lead-
ing to robust thermo-responsive hydrogels (Fig. 9e).

Based on this network design, research is actively being
conducted not only to enhance mechanical properties but also
to explore applications of entangled network designs in various
fields, such as battery electrolytes,">*™> tire materials,>
actuators,®® and 3D printing.'*® However, there are limitations
to the versatility of the entangled network design. Polymer
entanglement is inherently influenced by the intrinsic proper-
ties of each polymer. Polymers with a low entanglement mole-
cular weight (M.) for entanglement tend to form entangled
networks more easily, whereas creating entangled networks
with polymers of higher M. presents challenges. Therefore,
more research is needed on how to design entangled networks
using polymers that are not easily entangled. Additionally, the
topology of entanglements is difficult to observe directly. Since
imaging entanglements is challenging, the analysis of network
entanglements is still conducted indirectly through methods

1614 | Soft Matter, 2025, 21,1603-1623

such as mechanical properties, swelling ratio, and degree of
polymerization. To better understand how entanglements
influence the mechanical characteristics of the matrix, further
research is needed to develop methods for directly analyzing
entanglements.

4.2.2 Slide-ring network. Introducing unique structures
like slide-ring (polyrotaxane) within polymer networks repre-
sents another dynamic crosslinked design approach that
enhances both the fracture resistance and elasticity of soft
materials. In the pioneering work by Ito et al the first slide-
ring was synthesized using diamino-terminated PEG with an
a-cyclodextrin (CD) rings."” The slide-ring network provides
dynamic crosslink points as the rings act like pulleys under
stress.’>® The pulley effect, where the polymer chain move
freely through the cross links, allows the network to efficiently
return to its original state after unloading. When subjected to
load, the distance between two crosslinked junctions (m)
increases as the slide rings move apart. Additionally, the move-
ment of slide rings helps disperse tension along the polymer
chains, enabling efficient stress deconcentration and resulting
in high fracture resistance."®%®

Slide-ring networks usually incorporate PEG, a polymer
known for its crystal forming properties, and various design

This journal is © The Royal Society of Chemistry 2025
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approaches have utilized this feature in network development.
Liu et al. developed a damage less reinforcement strategy for
tough hydrogels using SIC.**® This hydrogel structure, based on
slide-ring gels, features movable crosslinks of PEG chains.
Under deformation, the PEG chains align, and form crystallized
structures that melt and reform, allowing for nearly 100%
recovery of extension energy and providing excellent toughness.
The slide-ring mechanism enables both high fracture tough-
ness (3.6 k] m~?) and mechanical recoverability, making these
hydrogels highly effective in applications requiring resilience
under repeated stress (Fig. 10a). Hashimoto et al. also devel-
oped a tough slide-ring solid polymer electrolyte (SR-SPE) using
SIC and phase separation mechanisms. Here, the slide-ring
structure allows polymer chains to align under strain, promot-
ing crystal formation without impairing ionic conductivity
(Fig. 10b)."®” 1t is also possible to design networks by incorpor-
ating other polymers into the slide-ring network. For example,
Bin Imran et al. developed highly stretchable thermosensitive
hydrogels by incorporating slide-ring polyrotaxane (PR) cross-
linkers, ionic groups, and pNIPAAm into polymer networks.">°
The PR crosslinkers, which enable a pulley effect, combined
with ionic groups, result in hydrogels with enhanced fracture
resistance and elasticity (Fig. 10c).

Recently, Yan et al. introduced a nanoconfined polymeriza-
tion (NCP) strategy to produce tough, hysteresis free gels with
remarkable crack propagation resistance and elasticity."®* By
confining polymerization within the nanochannels of covalent
organic frameworks (COFs) or molecular sieves (MSs), this
method mimics the mechanics of slide-ring structures, where
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movable crosslinks allow for enhanced toughness while main-
taining elasticity. This approach was successfully applied to
hydrogels, ionogels, and organogels, offering a versatile strat-
egy for material synthesis (Fig. 10d).

As numerous studies have shown, slide-ring networks exhi-
bit superior mechanical properties in terms of fracture resis-
tance and elasticity. These superior mechanical properties
enable slide ring network to various applications, stretchable
electronics, 8169162169170 gctuators'”! and bioelectronics.'”?
However, the use of polyrotaxane in constructing these net-
works requires specific combinations of polymers and host
molecules, which inevitably limit the choices of materials for
soft material fabrication. Moreover, synthesizing polyrotaxanes
with low and precise host coverage is complex and challenging.
Recent research has focused on developing a variety of poly-
mers and host ring structures to construct slide-ring networks,
as well as exploring approaches such as 3D printing'”® to
facilitate the fabrication of these networks.

4.3 Molecular interaction design

As discussed in Section 3, introducing specific interactions
within the network can enhance fracture resistance, while
incorporating reversible interactions can improve elasticity.
However, the types of interactions required to enhance each
mechanical property differ. Thus, achieving simultaneous
improvements in both fracture resistance and elasticity
through interaction-based designs presents challenges. To
increase fracture resistance, strong interactions are necessary
within the network to act as sources of energy dissipation. For
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Fig. 10 Slide-ring network. (a) An elastic and tough hydrogel was achieved by inserting polyethylene glycol (PEG) chains into hydroxypropyl-o-
cyclodextrin (CD) rings, forming movable crosslink points. Reproduced with permission from ref. 168. Copyright 2021, AAAS. (b) The toughness of the
elastic hydrogel was enhanced by adding strain-induced crystallization and phase separation to the slide-ring network. Reproduced with permission
from ref. 167. Copyright 2023, AAAS. (c) The slide-ring network was applied to poly(N-isopropylacrylamide) (pNIPAM) hydrogels to produce a tough and
elastic thermos-responsive hydrogel. Reproduced with permission from ref. 159. Copyright 2014, Springer Nature. (d) A hysteresis-free hydrogel was
developed by nanoconfined polymer chains using covalent organic frameworks (COFs) or molecular sieves (MSs). The strong hydrogen bonding
interactions with COFs or MSs also impart enhanced fracture resistance. Reproduced with permission from ref. 163. Copyright 2023, Springer Nature.
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elasticity, precise, reversible interactions are needed to ensure
that the original network conformation remains unchanged
before and after load application. A type of interaction
that meets both conditions is the complementary hydrogen
bonding found in peptides (proteins). The refolding ability of
peptides'”*"'7® after stress enhances elasticity, while comple-
mentary hydrogen bonds provide strong interactions, which
thereby improve fracture resistance.

4.3.1 Peptide (protein)-crosslinked network. Within pep-
tides (proteins), hydrogen bonds differ from standard hydrogen
bonds. Numerous carbonyl oxygens (C—O) and amide hydro-
gens (NH) within the peptide backbone form complementary
hydrogen bonds. These complementary hydrogen bonds enable
peptides to form specific helical and coiled structures, increas-
ing regularity. These unique structures and hydrogen bonds
play a crucial role in the fracture resistance and elasticity of
peptide-based networks, significantly influencing their
mechanical properties. The numerous complementary hydro-
gen bonds within peptides can act as energy dissipation
sources in the network. In coiled structures, such as helices,
peptides unfold under applied load, breaking internal hydro-
gen bonds and allowing for energy dissipation, which increases
fracture resistance. Simultaneously, the unfolded structure
refolds rapidly into its original coiled form once the load is

LT B
L),

a Hydrophobic
collapsed FL aggregate

Folded FL
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removed, restoring the original conformation and contributing
to the network’s high elasticity."”” "5

For example, Fu et al. engineered cartilage like protein
hydrogels by introducing chain entanglements into folded
peptides.””” These hydrogels achieved a balance of high tough-
ness and fast recovery. The design mimics the mechanical
properties of cartilage, which relies on an entangled network
of collagen and proteoglycans. The study demonstrated that
incorporating peptide crosslinkers with chain entanglements
serves as a non-covalent stiffening mechanism without com-
promising toughness, providing a general approach for creat-
ing stiff and tough protein-based biomaterials (Fig. 11a). Liu
et al. developed a highly entangled polymer network strength-
ened by poly(i-lysine) based peptide crosslinkers.’®® The pep-
tide crosslinked hydrogel exhibit excellent elasticity (<1%) and
fracture resistance (I' = 2100 J m™2). The peptide based cross-
linkers introduce a novel energy dissipation mechanism
through the breakage of intramolecular hydrogen bonds within
a-helical peptide structures (Fig. 11b).

Efforts have also been made to design networks where
peptides (proteins) and other polymers play distinct roles in
the fracture resistance and elasticity of soft materials. Lei et al.
developed stretchable hydrogels with low hysteresis and high
anti-fatigue properties by utilizing polyprotein crosslinkers in
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Fig. 11 Peptide (protein) crosslinked network. (a) A cartilage-like hydrogel was created by folding proteins into a hydrophobic collapsed state within the
protein hydrogel, which increased elasticity. This hydrogel is tough enough to resist cutting even when pressed with a knife. Reproduced with permission
from ref. 177. Copyright 2023, Springer Nature. (b) An elastic protein-crosslinked hydrogel resists fracture, even when twisted and knotted. Reproduced
with permission from ref. 180. Copyright 2023, Wiley-VCH. (c) Elastic tandem-repeat proteins were used as crosslinkers in poly(acrylic acid) (pAA)
hydrogels, preventing crack propagation during stretching. Reproduced with permission from ref. 181. Copyright 2020, Springer Nature. (d)
Poly(acrylamide) (pAAm) hydrogels crosslinked with picot peptide fibers exhibit rapid recovery, even after being compressed up to 90% strain.
Reproduced with permission from ref. 182. Copyright 2023, Springer Nature.
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181 pandom coiled

combination with randomly coiled polymers.
polymers form a percolating phase within the network, exhibit-
ing high elasticity like highly entangled networks, while poly-
protein crosslinkers unfold to prevent crack propagation. This
design decouples network elasticity from local mechanical
response, resulting in hydrogels with excellent elasticity
(<5%) and high fracture resistance (I' = 900 ] m~?) (Fig. 11c).

Introducing ionic coordination bonds within peptides can
further enhance their energy dissipation capabilities. Xue et al.
developed highly elastic and fatigue resistant hydrogels based
on hierarchical structures of picot peptide fibers with metal
coordination interaction.'® These hydrogels utilize copper-
bound self-assembling peptide strands with zipped flexible
hidden lengths that allow for energy dissipation without redu-
cing network connectivity. This design yields hydrogels with
impressive mechanical properties, including high toughness
(I = 25.3 k] m™?) and excellent elasticity (Fig. 11d).

Peptide crosslinker based network design gained significant
research attention due to the distinct advantages of using bio-
based materials, which make these networks highly applicable
in biomedical fields."®* For example, the high fracture resis-
tance and elasticity of peptide-crosslinked soft materials make
them suitable for cartilage replacement.'’”” Moreover, these
materials could serve as matrices for implantable devices,*®*
such as drug delivery systems.'® Therefore, the precise control
of complementary hydrogen bonds in peptides opens possibi-
lities for designing networks with a variety of tailored functions.

5. Conclusion and outlook

Soft materials have shown great promise for a wide range of
applications. However, for practical applications, there are still
significant mechanical limitations that need to be addressed.
Considerable research has been conducted to improve the
mechanical properties of soft materials. This review is aimed
at exploring various network designs aimed at enhancing both
elasticity and fracture resistance.

Traditionally, approaches used to improve fracture resis-
tance or elasticity have struggled to achieve simultaneous
improvement in both properties. Soft materials possess elasti-
city due to entropic elasticity, but their low energy dissipation
makes them susceptible to fracture. Conversely, increasing
fracture resistance by expanding the plastic zone leads to a
reduction in elasticity. Recent advances in network design,
including ideal networks, highly entangled networks, slide-
ring structures, and peptide-crosslinked networks, have shown
the potential to enhance both fracture resistance and elasticity.

In ideal networks, defects are minimized, allowing them to
behave as nearly perfect structures. This enables uniform
deformation and effective stress deconcentration, resulting in
high elasticity without compromising fracture resistance.
Dynamic crosslinked designs, such as slide-ring and highly
entangled networks, have mobile crosslink points that respond
to applied stress, dispersing the stress effectively. Slide-ring
networks achieve efficient recovery through the pulley effect,

This journal is © The Royal Society of Chemistry 2025
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while in highly entangled networks, entanglements acting as
crosslink points enhance elasticity. Lastly, peptide-crosslinked
networks exhibit high elasticity and fracture resistance due to
the refolding capability of peptides and complementary hydro-
gen bonds. These designs overcome the trade-off between
fracture resistance and elasticity, achieving exceptional perfor-
mance without compromise.

5.1 Advances in network design

Beyond the network designs discussed in this review, there is
significant potential to develop new structures with superior
mechanical properties. While controlling the architecture of
polymers at the molecular scale has traditionally been challen-
ging, recent advances in molecular engineering are opening
new possibilities (Fig. 12, left).

Molecular engineering has enabled the on-demand control
of molecular structures at the level of single molecules or
oligomers."®*"°° Extending this level of molecular control to
polymers opens the possibility of manipulating them similarly
to textile fibers.’® Applying textile patterns, such as weaving or
knitting, to network design is expected to yield superior
mechanical properties. Such designs combine the regularity
of ideal networks or peptide-crosslinked networks with the
mobile crosslink points found in dynamic crosslinked designs,
facilitating enhanced elasticity and fracture resistance. A tech-
nology that allows polymer chains to be manipulated as freely
as textile fibers would have the potential to surpass current
network design capabilities.

Applying molecular engineering to soft materials enables both
network formation and dynamic tuning of material properties.'***%*
By incorporating dynamic covalent bonds,'**™*” materials can
now be tuned in response to stimuli. For example, soft materi-
als utilizing DNA origami'®®*°° and peptide-crosslinked net-
works, with numerous complementary hydrogen bonds, allow
for precise control under external stimuli. Additionally,
dynamic bonds enable recyclability and self-healing, further
enhancing mechanical durability and promoting efficient
resource use. Integrating these advanced molecular architec-
tures into molecular-scale networks could unlock unprece-
dented mechanical properties, pushing the boundaries of soft
material design.

5.2 Advances in fabrication strategies

Despite the promise of novel network designs, several chal-
lenges remain before soft materials can be widely applied. To
be viable for practical use, these materials should be scalable
for large-scale production.”’ Currently, soft materials are
typically fabricated in laboratory settings at sizes ranging from
millimeters to centimeters. Although superior mechanical
properties are achievable on a small scale, scaling up to
industrial production can hinder performance and introduce
new manufacturing challenges. Thus, further research is
needed to develop methods that ensure uniform mechanical
properties at larger scales (Fig. 12, right).

Additionally, simplifying the production process for these
novel networks is critical.>*>?°* For example, ideal networks
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Fig. 12 Future directions for soft material network design. This review explored network designs for both elastic and fracture-resistant soft materials
(ideal networks, entangled networks, slide-ring networks, and peptide-crosslinked networks). Further research focused on developing efficient
fabrication strategies (mass production, simple fabrication, and process synthesis method) for advanced network design should be addressed. The
promising strategy to design next-generation novel networks based on molecular engineering (polymer weaving and knitting, stimuli-responsive and

reconfigurable network).

require precisely controlled polymers to achieve a perfect
structure. In particular, the synthesis of an ideal PEG network
necessitates careful pH control to ensure optimal polymer
formation. Similarly, the construction of highly entangled net-
works and slide-ring networks not only depends on the type of
suitable polymers but also involves tedious processing. Highly
entangled networks demand extended curing times, and con-
structing slide-ring networks entails additional steps to incor-
porate slide rings into the polymer structure. Such long or
multi-step processing can limit their practical applications.
Therefore, finding ways to simplify these processes is essential
to advancing soft materials toward practical use.

Various manufacturing methods are also essential. Soft
materials can typically be cured with light or heat, allowing
for versatile shaping techniques such as molding and additive
manufacturing, including 3D printing,>**° to easily create
various forms. However, network designs that are both elastic
and fracture-resistant often require specific conditions, which

1618 | Soft Matter, 2025, 21,1603-1623

can limit fabrication options. For instance, highly entangled
networks have traditionally required long curing times, posing
challenges for additive manufacturing. Recently, Dhand et al.
demonstrated that by reducing curing time using both redox
and photo-initiators, 3D printing became feasible, allowing for
complex shapes and the use of multiple materials."™® As new
network designs are developed, processing methods that main-
tain their unique properties while supporting easy fabrication
become essential. Ultimately, achieving simultaneous enhance-
ment in fracture resistance and elasticity in soft materials
through advanced network design and facile fabrication stra-
tegies pave the way for the next generation of soft materials.
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