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Double network (DN) hydrogels have emerged as a transformative class of soft
materials, successfully resolving the trade-off between high water content and mechani-
cal robustness. Their exceptional toughness stems from a sacrificial mechanism wherein
a rigid network fractures to dissipate energy, while a ductile matrix network maintains
structural integrity. Despite progress in synthesis, fully capturing the complex, nonlin-
ear mechanical behaviors of DN gels often requires advanced characterization techniques
and even computational modeling. To address this, this review systematically summarizes
recent advances in experimental and computational methods for studying the mechanical
behavior of DN gels. We discuss experimental techniques ranging from standard macro-
scopic tests to emerging non-contact methods, alongside computational methods such as
molecular dynamics, network simulations, finite element methods and machine learning.
The paper concludes by identifying current challenges and outlining future directions for
the field.

Keywords: Double network hydrogels; mechanical behavior; experimental characteriza-
tion; computational modeling.

1. Introduction

Hydrogels, three-dimensional polymer networks swollen with large amounts of water
(typically >90%), have garnered significant attention since the pioneering work of
Wichterle and Lim in the 1960s [Huang et al., [2020; [Lei et all |2021b} [Liu et al.,
2015; [Wichterle and Lim| [1960]. Although their resemblance to biological tissue
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makes them ideal candidates for applications such as contact lenses and wound
dressings, traditional single-network (SN) hydrogels suffer from a critical limita-
tion: they are mechanically brittle. With an elastic modulus of several kilopascals, a
strength of a few tens of kilopascals, and a fracture energy of around 10 J/m?, these
materials can easily deform and typically fail catastrophically under minimal loads.
This paradigm shifted fundamentally in 2003 when Gong and coworkers introduced
the concept of double network (DN) hydrogels |Gong et al.,2003]. Unlike traditional
interpenetrating polymer networks (IPNs) composed of chemically similar polymers,
the DN strategy is predicated on strong structural asymmetry. A classical DN gel
comprises a rigid, brittle polyelectrolyte network (termed the first network) that is
tightly crosslinked, and a soft, ductile neutral polymer network (termed the second
network) that is loosely crosslinked and present in a higher molar ratio relative to
the first [Chen et all [2015} Eshaghi et al. 2014; Huang et al [2007; Johnson et al.l
[2010; [Na et all, 2004; [Nakajima et all 2009, [Nakajimal, 2017} [Shestakova et all
. The typical structure of DN gels across the molecular to macroscopic scale is
illustrated in Fig. [I] Although the two constituent networks are mechanically infe-
rior, the synergy arising from this specific architecture results in DN gels with a leap
in mechanical performance, including superior strength, fracture toughness, stretch-
ability and wear resistance [Gong}, 2010; Kaneko et al.,2005; |Teng et al., [2025} Yang
. Consequently, DN gels have found applications across diverse fields,
ranging from food science and biomedical devices to tissue engineering, environ-
ment protection and soft robotics [Costa and Manol [2015; Khalesi et al.l [2020;
[et all 2017} Milner ef all, [2018; [Murosaki et al) [2009; [Nonoyama and Gong}, [2021}
[Selvamuthu et all, 2023 [Takagi et all, 2019} [Tominaga et all [2007; Wang et all
[2022; [Yasuda et al.| 2009; [Yin et all) [2023; [Yuk et all 2019} |Zhang et al.| 2023a].
The invention of DN gels has attracted broad interdisciplinary interest,
prompting material scientists and mechanicians to elucidate their unique mechani-
cal properties. Extensive research has been conducted to establish the relationship
between network structure and mechanical behavior. Key areas of investigation

Tough & Robust

Molecules Chains Polymer Network DN gel
1nm 100 nm 1pm 1mm

Fig. 1. Multiscale structure of DN gels. The DN gel is shown across four distinct scales: molecular
(~1nm), chain (~100nm), network (~1 p m), and macroscopic (~1 mm) [Higuchi et al) 2018}
|[Nonoyama and Gong} 2021} |Zong et al., [2024].

Source: Copyright 2024 AIP Publishing; Copyright 2018 American Chemical Society; Copyright
2020 The Society of Polymer Science.
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include the underlying strengthening and toughening mechanisms
[Fukao et all [2020; Morovati and Dargazany], 2019; [Morovati et all, [2020; [Nakajimal
let al., 2013; |Tanaka) [2007], the effect of the network components and topology,
yielding criteria, the brittle to ductile transition, and the characterization of the
damage zone [Ahmed et al., 2014; Eshaghi and Weiss| |2016; [Frauenlob et al., 2019;
[Jia et all, 2022} [Kopnar et all 2025} [Lu ef all, [2024; [Matsuda ef all, [2016] 2025}

et al), [2004}; [Tsukeshiba et al) [2005; [Wang et all, 20252k [Xin ef al 2013} [You and
[2024; [You et all 2025alb]. Furthermore, researchers have examined the influ-

ence of environmental and loading factors, such as prestretch, freeze-thaw cycles,
tear velocity, water content, etc., on mechanical performance [Eshaghi et all 2018}
[Farukawa et al.| 2008} Ttagaki et al) 2010} [Liang ef ol 2012} [Tominaga et all, 2012}
|Zheng et al) 2023bl, [2024a].

The extraordinary toughness of DN gels is attributed to a distinct coupling effect
between the two constituent networks. Upon deformation, the rigid first network,
which contains shorter chain segments, reaches its extension limit and fractures

preferentially. Crucially, this fracture does not propagate into a macroscopic fail-
ure; instead, it occurs diffusely throughout the material, forming damaged clusters
or micro-cracks that dissipate enormous amounts of mechanical energy. Simultane-
ously, the ductile second network acts as a matrix that bridges these micro-cracks
to sustain the load and maintain structural integrity. Over the past two decades,
this DN principle has evolved from applied to specific chemical compositions to
a universal design philosophy. Researchers such as expanded the
concept by incorporating reversible physical bonds into the first network. These
tough gels not only dissipate energy but also possess self-healing capabilities due to
the reversible nature of the sacrificial bonds. Later, Nakajima et al|[2012] demon-
strated that the DN gel does not necessarily require a polyelectrolyte constituent;
any rigid, pre-stretched network can serve as the sacrificial scaffold, allowing the
DN strategy to toughen a broad range of neutral hydrogels [Wang et al., [2019;
[Zhu et all, [2024b]. Recent innovations have further advanced the field, leading to
self-growing DN gels and various variants of DN gels. These materials retain high

toughness while also exhibiting stimuli-responsiveness, shape memory, low plastic
deformations, etc. [Chen et al.,[2021; Fang et al, 2024} Hsu et al., [2019; King et al.l
[2019; Matsuda et all), [2019; Wang et al., [2025¢; [(Xu et al.| 2021} [Yang et al.l|2018a] .

The rapid development of DN gels has spurred further research into this type

of material. Beyond fracture toughness, researchers are increasingly interested in
behaviors such as necking, asymmetric-rate sensitivity, inverse mechanical-swelling

coupling, shape change/memory effect, etc. [Ahmed et al) [2014} Tmaoka et all
[2023; Mao et all, 2017, [Na et all, 2006} [Yu et all [2009; [Zhang et all, [2014]. To
comprehensively characterize these properties and elucidate the underlying mecha-

nisms, diverse experimental and computational methods have been employed. In the
early 2000s, experimental methods were primarily adapted from established tech-
niques for rubber-like materials, including tension testing, compression testing, and
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the measurement of fracture toughness and fatigue threshold. These early methods
established a preliminary framework for understanding DN gels. In the past decade,
however, the experimental landscape has expanded significantly to address complex
boundary conditions while maintaining high accuracy. Recent studies have focused
on interfacial properties, such as adhesive strength and toughness, as well as factors
that govern crack sensitivity, pre-stretching effects, fatigue behavior, tribology, and
rheology. Notably, there has been a shift toward novel characterization techniques,
particularly non-contact methods, that enable refined, in situ measurements. In
summary, modern experimental methods provide reliable data with high accuracy,
facilitating the discovery of unforeseen phenomena and validating complex systems
that remain challenging to model.

Complementing experimental approaches, computational methods provide an
efficient and cost-effective means to investigate DN gels, circumventing the
limitations of expensive instrumentation and complex material synthesis processes.
Propelled by advances in computational science, numerical studies of DN gels
have witnessed rapid development. Molecular dynamics (MD) simulations have
evolved from early all-atom and coarse-grained (CG) models to multiscale models
that surmounted spatiotemporal limitations, enabling the study of larger systems
over extended timescales. At the mesoscale, discrete network simulations simplify
polymer chains by abstracting chain configurations while incorporating random
crosslinker placement to reflect realistic structural stochasticity. This method is
particularly advantageous for studying fracture behaviors, as it explicitly simulates
crack initiation and propagation through individual chain scission events, which are
difficult to capture in continuous media. At the macroscopic scale, finite element
methods (FEM) are employed to solve boundary value problems involving complex
loading conditions, providing intuitive visualizations of stress—strain relationships.
More recently, machine learning (ML) has emerged as a powerful tool for predicting
mechanical properties and accelerating material design. These computational meth-
ods not only validate experimental findings but also challenge established paradigms
and guide future material design. Thus, a synergistic combination of experimental
and computational methods is essential for advancing the field.

In this review, we focus on state-of-the-art experimental and computational
methods used to investigate the mechanical properties of DN gels. This paper is
organized as follows. Sections [2| and [3| cover recent advances in experimental char-
acterization and computational modeling, respectively. Section [4] discusses current
challenges in the field. Section [p| provides conclusions and an outlook on future
research directions.

2. Experimental Methods for Studying Mechanical Properties
2.1. Uniaxial tension and compression testing
Uniaxial testing stands as one of the most fundamental and accessible methods for

characterizing the mechanical properties of DN gels. It principally encompasses
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two loading modes: uniaxial tension and compression, both of which may be
conducted under monotonically or cyclically loading profiles. Beyond capturing the
characteristic deformation behavior of DN gels, uniaxial tests are essential for quan-
tifying critical mechanical parameters, including initial elastic modulus, strength,
stretchability, work of fracture and energy dissipation.

2.1.1. Specimen geometry and basic definitions

Specimen geometry varies fundamentally between tension and compression. For
uniaxial tension, the DN gel samples are typically shaped into a dumbbell config-
uration characterized by an initial gauge length of L, width of W, and thickness
of T [Fig. a)]. Specific dimensions generally adhere to standards for rubber-like
materials (e.g., ISO 37: 2024). A widely adopted geometry has gauge dimensions
of 20mm x 4mm x 2mm (L x W x T). In contrast, uniaxial compression uti-
lizes cylindrical specimens with a diameter of D and a thickness of T'. To prevent
buckling instability and ensure measurement accuracy, the aspect ratio is usually
constrained to T/D < 2 [Es-haghi and Weiss, 2016] [Fig. [2(b)]. A representative
dimension for such specimens is 9mm x 4mm (D x T') |Gong et al., {2003} Matsudal
let all |2016}; [Webber et all, [2007].

Uniaxial tension and compression tests are typically conducted using a universal
testing machine equipped with different fixtures. For tensile testing, the ends of
the dumbbell-shaped specimen are secured by parallel-plate clamps, and the upper
gripper rises vertically at a constant velocity. Conversely, for compression testing,

the cylinder-shaped specimen is centered on a lower fixed platen, while an upper
platen descends vertically at a constant velocity. To ensure accurate compression
data, lubricants such as silicone oil are applied between the specimen and platens
to facilitate free sliding and to mitigate specimen dehydration. Furthermore, platen
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Fig. 2. Schematic diagrams of specimens used for uniaxial mechanical testing. (a) Dumbbell-
shaped specimen for uniaxial tension. The two ends are secured by grippers, concentrating defor-
mation within the central rectangular gauge section. (b) Cylinder-shaped specimen for uniaxial
compression. The upper and lower surfaces are in contact with the compression platens.
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dimensions must be sufficiently large to accommodate the lateral expansion of the
specimen during compression.

During the test, force F' and displacement § are continuously recorded to derive
nominal stress—stretch relationships. Nominal stress o is defined as the force divided
by the initial cross-sectional area A, i.e., 0 = F//A. For uniaxial tension, A = WT,
and the stretch A is defined as the ratio of the current gauge length to the original
one, i.e., A = (L + §)/L. In compression, A = 7D?/4, and stretch is defined as the
ratio of current to original thickness, i.e., A = (T + §)/T. For further details on
the stress and stretch of soft materials like hydrogels, it is recommended to refer
to the textbook by [2024]. Monotonic tests typically proceed until macroscopic
fracture occurs, whereas cyclic tests involve repeated loading—unloading cycles to
investigate hysteresis or fatigue life. Uniaxial test results may be affected by the load-
ing velocity, depending on the specific DN gel material used. The usually adopted
loading velocity reported for PAMPS/PAAm DN gels is 100 mm/min for tension
and 0.1 min~—! for compression |[Jia et all 2022} Matsuda et al., [2016].

2.1.2. Deformation behaviors under uniaxial tension

Under uniaxial tension, DN gels can exhibit diverse deformation behaviors governed
by the mechanical interplay between the two constituent networks
[2014; [Fukao et all 2020; [Lu et al) [2024; |Wang et all 2025d; Xin et all 2013].
By systematically varying the crosslinking density (crosslinker to monomer molar
ratio) 6 and monomer concentration C' of two networks, [You et al.| [2025b] identified
five distinct deformation modes of DN gels: (1) Brittle & Non-necking I; (2) Brittle
& Necking; (3) Ductile & Necking; (4) Ductile & Non-necking; (5) Brittle & Non-
necking II [Fig. [3[(a)]. Figure [3[(b) illustrates representative stress—strain curves for
these five categories. The transition between these modes is driven by the relative
dominance of the networks. When parameters (6 and C) of the first network are held
constant, increasing 0 or C of the second network drives a transition from (1) to (5).
Conversely, when the second network is held constant, increasing the parameters of
the first network reverses this trend, shifting the behavior from mode (5) back to
(1) [You et all |[2025b]. Among these categories, the type (3) “Ductile & Necking”
DN gels with moderate § and C' for two networks are extensively studied due to
their excellent ductility, fracture toughness and energy dissipation ability
let all 20205 Nakajima et all, [2009| |2020; [Yoshida et all [2024]. This type of DN gel
is also the main subject of our subsequent discussion.

A typical deformation process and corresponding stress—stretch curve of “Ductile
& Necking” DN gels under monotonic loading are shown in Figs. Eka) and El(b)7
respectively. The stress—stretch curve can be divided into three distinct regions:
(D pre-necking region, (2) necking region and (3) hardening region
[2013; [You and Liul [2024]. These regions correspond to the morphological evolution
of the specimen during loading: the pre-necking stage, the necking stage, and the
hardening stage [Morovati et al.,[2020; Na et al. 2006; |Zhu and Zhong}, [2020].
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(b)

Nominal stress—strain behavior of DN gels under uniaxial tension. (a) Experimental curves

of DN gels with different crosslinking degrees (6) and monomer concentration (C). (b) Five char-

acteristic types of nominal stress—strain curve summarized from the data in (a) [You et al.,[2025b].

Source: Copyright 2025 Elsevier.
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Fig. 4. (Color online) Mechanical response of DN gels under uniaxial tension and compression. (a)
Schematic of deformation stages showing necked (light blue) and non-necked (dark blue) regions.
(b, ¢) Monotonic loading curves for (b) tension and (c) compression. The work of fracture (Wy)
is calculated as the area under the curve. (d, e) Cyclic loading curves for (d) tension and (e)
compression. The dissipated energy density (Wyiss) is calculated from the area within the hysteresis
loop.

Source: [You and Liu| [2024]. Copyright 2024 Elsevier.

In the pre-necking stage, stress increases monotonically with stretch until
the specimen reaches the necking (yield) point, defined as the transition to the
necking stage. The specific yield stress and stretch are governed by both the
microscopic structure and the macroscopic stress concentrations of the DN gel
specimens [Yoshida et al) [2024]. Specifically, a critical specimen width exists,
approximately ten times the mesh size of the first network. Below this critical width,
yield stress and stretch exhibit a size dependency, increasing with specimen width
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and the crosslinking density of the first network, while remaining unaffected by
changes in the second network concentration. Conversely, above the critical width,
yielding behavior becomes width-independent and is determined intrinsically by the
structure of the two networks. In this regime, increasing either the crosslinking den-
sity of the first network or the concentration of the second network enhances the
yield stress and stretch [Yoshida et al.l |[2024].

Following yield, the specimen enters the necking stage, where stress remains
relatively constant (a plateau) as stretch increases. This stage is characterized by
the formation of a localized necked region that is significantly softer than the sur-
rounding material and propagates along the gauge length. Once this necked region
expands throughout the entire specimen, the material enters the hardening stage,
where stress rises sharply with stretch until macroscopic rupture occurs.

Under uniaxial compression, the nominal stress of DN gels increases monotoni-
cally as the stretch decreases, as shown in Fig. c). A yield point is often observed,
typically defined as the inflection point of the nominal stress—stretch curve. Ideally,
uniaxial compression can be considered equivalent to equibiaxial extension in the
plane perpendicular to the loading axis; thus, compression data can be converted
to represent equibiaxial tensile behavior [Matsuda et al.,|2016; |Webber et al., [2007].
However, compared to tensile studies, investigations into the compressive behav-
ior of DN gels are less common. This scarcity is likely attributed to experimental
challenges that make detecting the precise macroscopic failure point in compres-
sion difficult |Tsukeshiba et al., 2005, Xiao et all [2013], and data scatter can be
significant if interfacial friction is not effectively eliminated.

When subjected to cyclic loading, DN gels display prominent hysteresis loops. A
characteristic feature of this behavior is that the reloading curve almost completely
overlaps with the preceding unloading curve, indicating significant stress soften-
ing (Mullins effect), as shown in Figs. d) and e) for tension and compression,
respectively |Jia et all 2022} Webber et al., 2007].

Together, monotonic and cyclic stress—stretch curves provide a comprehensive
framework for characterizing the mechanical properties of the DN gels, including
elastic modulus, work of fracture, and energy dissipation ability. In the following
sections, we define and discuss these mechanical properties in detail.

2.1.3. Elastic modulus measured under uniazial tension or compression

The elastic modulus constitutes a fundamental mechanical parameter of DN gels.
Data obtained from monotonic loading curves can yield two distinct metrics: the
initial elastic modulus (Einisia1) and the tangent modulus (Eiangent)-

Initial elastic modulus is defined as the ratio of stress to strain within the linear
elastic region of the material, typically at very small strains [Lin et al) [2010]. Tt
reflects the material’s resistance to elastic deformation during the nascent stages of
loading. Two primary methods are employed to determine Fiitia- The first method
involves directly calculating the slope of the stress—stretch curve within a small
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strain range (e.g., <56%), applicable to both tension and compression. The second
method involves fitting the nominal stress—stretch data to hyperelastic constitutive
models, such as the Neo-Hookean or Mooney—Rivlin models [Mooney}, [1940]. The
initial modulus of typical PAMPS/PAAm DN gels measured by these two meth-
ods is on the same order of 0.1 MPa |Tsukeshiba et al) 2005; |Zhang et al., [2018].
It is worth noting that although the second method may yield a larger standard
deviation, the resulting modulus often provides better predictiveness for deforma-
tion at larger stretches compared to the first method. Beyond uniaxial testing, the
initial elastic modulus can also be indirectly determined via pure shear tests and
rheological measurements, which will be discussed in Secs. [2.2] and 2.7} respectively.
Furthermore, atomic force microscopy (AFM) and indentation techniques allow for
the measurement of local moduli of DN gels at the microscale [Tanaka et al., |2008];
however, we will not elaborate in detail here.

Tangent modulus is defined as the instantaneous slope of the stress—stretch curve

at a specific deformation point under monotonic loading, expressed as [You and Liu,
2024]

do

Etangent = m 3 (2 1)

where Eiangent describes the material’s resistance to further deformation at a given
stretch and serves as a critical parameter for characterizing mechanical nonlinearity.
By analyzing the evolution of Eiangent and Einitial of DN gels during the pre-necking
stage of cyclic loading, You and |Liu| [2024] partitioned the strain energy density to
elucidate the underlying toughening mechanisms of DN gels. It is noteworthy that
the definition of tangent modulus parallels the concept of the incremental modulus
for hydrogels proposed by |[Liu et al| [2011], which was specifically developed to
investigate instability patterns arising from the swelling of hydrogel beam and film
structures in their work.

2.1.4. Work of fracture

The work of fracture, Wy, represents the total strain energy density required to
rupture a material. It typically carries a unit of J/m3, which is calculated by inte-
grating the area under the nominal stress—stretch curve obtained from uniaxial
tension testing [Fig. [3|(b)]:

Af
Wy = / od), (2.2)
1

where Ay denotes the stretch to rupture (also termed stretchability), and the corre-
sponding peak stress, omax, defines the tensile strength. As reported, DN gels can
exhibit exceptional tensile strength of around 0.68 MPa and compression strength
of around 17.2 MPa, with corresponding stretchability of around 15 in tension and
0.92 in compression |Gong et al., 2003]. Consequently, Wy for typical DN gels is
usually on the order of 106 J/m? [Jia et al., 2022} |Zhou et al., 2021].
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2.1.5. Energy dissipation

During deformation, the rigid first network of DN gels undergoes irreversible
fracture, resulting in significant energy dissipation. This mechanism is considered
the primary contributor to DN gels’ exceptional toughness. Quantitatively, this
property is assessed via the dissipated energy density, Wyiss, which is defined as
the area enclosed by the hysteresis loop during a single loading—unloading cycle.
Take cyclic tension as an example [Fig. [4{d)], where the specimen is loaded from an
initial stretch of 1 to a maximum stretch of A\; and subsequently unloaded, Wy;ss is
calculated as [Lu et all, 2025} |Qi et all 2024} [You et all, [2025b} [Zheng and Gong),

2025

A1 A1
Waise (M) = /0 ot (A)dA — /0 o~ (\)dA, (2.3)

where o ()\) and 0~ (\) denotes the nominal stresses during the loading and unload-
ing paths, respectively. This equation is also applicable to cyclic compression [Web-

fer of all 2007,

To analytically characterize Waiss of DN gels, Brown| [2007] and [Tanaka) [2007]
proposed cyclic models based on the assumption of a linear stress—stretch relation-

ship during unloading. |[Long and Hui|[2016] later refined these models by introducing

a bilinear approximation for the unloading path, an approach that has been widely
accepted. However, these earlier studies were limited to the pre-necking and necking
stages of deformation. Recently, [You et al[2025b] bridged this gap by establishing a
correlation between monotonic loading behavior and Wy;ss across the entire defor-
mation spectrum. However, the theoretical characterization of Wy under other
loading conditions still needs to be explored.

2.2. Pure shear test

The pure shear test constitutes a pivotal experimental technique for characterizing
the mechanical properties of DN gels. This test method is originally established
to determine the fracture energy of rubbers |[Lake and Thomas, 1967; Rivlin and|
, while with development, this method has been extensively adapted
to quantify the fracture toughness (also termed fracture energy) [Kolvin et al., 2018}
LLi et all 2014; |Zheng et al., 2024a; Zhuo et all |2023|, and many other mechanical
properties including the elastic modulus, fatigue behavior, fractocohesive length,
etc., of DN gels [Bai et all, 2017, 20194} |Li et al. [2024c; Zhang et al. [2018]. Fur-
thermore, it can be used for investigating the unique crack growth behavior of DN
gels |[Zhang et al., 2022].

2.2.1. Specimen geometry and basic definitions

Specimens employed in pure shear tests are usually rectangular thin sheets with a
geometry satisfying L > 5H and ¢ > H > T |Rivlin and Thomas| [1953], either
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Fig. 5. Schematic diagrams of specimen geometries and typical curves for pure shear testing. (a,
b) Unnotched specimen (a) and its corresponding nominal stress—stretch curve (b). (¢, d) Notched
specimen (c) and its corresponding nominal stress—stretch curve (d).

with or without a notch of ¢ in the middle of the height. Here, L, H, and T refer
to the initial length, gauge height, and thickness of a specimen for the interest of
the test, respectively [Figs. a) and c)] This geometry configuration is designed
to enable the translational invariance of the stress and strain field as the crack
propagates |Long and Huil [2016].

Pure shear tests are usually conducted using a universal testing machine. Prior

to testing, the specimen is clamped along the length direction with rigid plates, and
then the upper gripper of the testing machine moves up vertically at a constant
velocity. Throughout the test, the force F' and displacement § are continuously
recorded to derive the nominal stress—stretch curve. The nominal stress, o, is defined
as the force normalized by the initial cross-sectional area A (A = LT), i.e.,0 = F/A.
The stretch, A, is calculated as the ratio of the current test height, h, to the original
gauge height, i.e., A= h/H.

2.2.2. FElastic modulus measured by pure shear testing

A typical nominal stress—stretch curve for an unnotched DN gel specimen under
pure shear is shown in Fig. b). As displacement increases, the nominal stress
increases, plateaus, and increases again, before dropping abruptly upon rupture.
Analogous to uniaxial testing, the initial elastic modulus F under a pure shear test
is determined by linear fitting the nominal stress—stretch data within the regime of
1 <A< 1.05.
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Note that, unlike uniaxial tension, where the measured initial elastic modulus
approximates three times the shear modulus p (i.e., Einitial = 314), the measured
initial elastic modulus under pure shear test is four times the shear modulus [Yang
et all |[2019):

E = 4. (2.4)

Typically, u of DN gels ranges from 10kPa to 100kPa [Nakajima et al., 2013;
Zhang et all 2018].

2.2.3. Fracture toughness measured by pure shear testing

To determine fracture toughness, both notched and unnotched specimens are sub-
jected to pure shear loading. For a notched specimen with an initial crack length
¢, the measured nominal stress—stretch profile overlaps with that of the unnotched
counterpart until the onset of macroscopic crack propagation, which occurs at a crit-
ical stretch A, [Figs.[5|(c) and[5|(d)]. Fracture toughness ('), defined as the material’s
resistance to crack growth, is calculated by integrating the area under the nominal
stress—stretch curve of the unnotched specimen up to A, to get the strain energy
density W (\.), multiplied by the initial gauge height H:

I = WO)H = /Ac o(A)dAH. (2.5)
1

The fracture toughness of DN gels measured via this method typically ranges
from 103 J/m? to 10* J/m? [Li et al), 2014} [Zheng et al), 2024a). To elucidate the
mechanistic origins of this toughness, I' is generally decomposed into two parts:

=Ty +Ty, (2.6)

where I'y denotes the intrinsic fracture energy, representing the energy required to
break polymer chains crossing the crack plane per unit area |[Lake and Thomas|
1967], and T'y denotes the dissipated energy, representing the energy dissipated
through bulk hysteresis in the damage zone around the crack tip |[Zhao, |2014]. Based
on this,|Zhang et al.|[2015] developed a method to determine I'y. By pre-stretching a
specimen to near the rupture limit and then unloading it, the dissipative component
I'y can be effectively eliminated before the fracture test. Using this method, the
measured Iy of DN gels is around 400 J/m?.

2.2.4. Fractocohesive length

With this fracture toughness I' measured from pure shear tests and work of fracture
Wy obtained from uniaxial tensile tests mentioned in Sec. R.1.4, we can define a
critical characteristic length known as the fractocohesive length I:
r
lf=—.
f W

This length scale characterizes the size of the region within which the stress

(2.7)

concentration is effectively screened by the dissipative process [Jia et all (2022
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Long et al., 2021; Zheng et al. [2021]. Conventional SN gels typically exhibit If
on the order of 1mm [Yang et all 2019], while for DN gels, this value can exceed
10mm [Jia et al) [2022; Long et al) [2021]. Note that Eq. (2.7) only represents a
scaling estimate. More accurate considerations of a prefactor are required if more

quantitative estimates are of interest.

2.2.5. Fatigue behavior measured by pure shear testing

The fatigue behavior of a material usually includes two phenomena: fatigue dam-
age and fatigue fracture. Fatigue damage refers to the degradation of mechanical
properties under cyclic loading, e.g., modulus reduction, whereas fatigue fracture
denotes the macroscopic rupture of the material under cyclic loads. Both phenom-
ena of DN gels are usually characterized by pure shear tests. Unlike quasi-static
tests mentioned above, fatigue tests are time-intensive and usually take at least
1 day. Thus, it is necessary to introduce a humidity maintenance apparatus dur-
ing the test to prevent specimen dehydration. A widely adopted solution is to use a
homemade acrylic chamber equipped with a humidifier to maintain a high humidity
surrounding the specimen [Figs. [6{a), [6(c)] [Bai et al/, [2017; [Zhang et al) [2018].
To characterize fatigue damage of DN gels, unnotched pure shear specimens
are subjected to cyclic loading with a triangular profile at a fixed frequency (e.g.,

A Humidity chamber o
4F
\: \ First cycle
Aa = .

' Steady cycle
— Wi(Aa)

see /
£

1 0
0 t 1 A
(a) (b)
A 2
4F 3
|
Nl )
Aa - - L
1 1 Threshold ‘Toughness
0 t 0 G

(c) (d)

Fig. 6. Cyclic pure shear testing for fatigue analysis. (a, b) Cyclic triangular loading profile
applied to an unnotched specimen (a) and the corresponding nominal stress—stretch curve (b). (c,
d) Cyclic triangular loading profile applied to a notched specimen (c) and the steady-state crack
extension per cycle (d¢/dN) plotted as a function of the energy release rate (G) (d).
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0.25Hz) [Bai et all 2017, [Zhang et all, 2018] [Fig. [6a)]. A typical nominal stress—
stretch curve reveals that the peak stress at the applied stretch amplitude A,
decreases over successive cycles [Fig. @(b)] The hysteresis loop is pronounced in the
first cycle but diminishes rapidly in subsequent cycles. Eventually, the stress—stretch
response stabilizes, a phenomenon termed shakedown. For DN gels, the shakedown
typically occurs after 2000 loading—unloading cycles.

Fatigue fracture properties, specifically the fatigue threshold, are determined
using notched pure shear specimens |[Bai et all 2017] 2019a}; [Li et al.l [2024b; Tang
et all [2017; [Zhang et al) 2018] [Fig. [6}(c)]. Specimens are cyclically stretched to
various maximum amplitudes, A,, using the same frequency as in damage tests.
The crack extension, dc, is monitored via a digital camera and plotted against the
number of cycles, N. Usually, crack propagation develops rapidly during the initial
cycles but decelerates to a steady state afterwards, correlating with the shakedown
of DN gels during the fatigue damage test. For most cases, after about 2000 cycles, dc
increases linearly with IV, meaning that the crack extension reaches a steady state.
In this condition, the applied energy release rate G for a given )\, is calculated
by integrating the loading curve of the unnotched specimen up to A, to get the
strain energy density W(A,), and then multiplied by the initial gauge height of the
specimen, i.e., G = W(A,)H [Bai et al) |2017; Rivlin and Thomas, (1953} |Zhang
et all [2018|]. Different applied stretches A\, result in different applied energy release
rates G. By plotting the steady-state crack extension per cycle, i.e., de¢/dN, as a
function of G, the fatigue threshold I'y is determined as the intercept of the curve
on the G axis when de¢/dN = 0 via linear regression [Fig. [6{(d)].

The fatigue threshold defines the critical energy release rate below which the
crack will not propagate under infinite cycles of loads. A material is more fatigue
fracture resistant with a higher fatigue threshold. The fatigue threshold of DN gels is
often on the order of 100 J/m? [Bai et al., 2017; Zhang et al.,|2018], which is approxi-
mately one order of magnitude lower than their fracture toughness. Researchers also
studied the effect of network components on the fatigue threshold and found that
fatigue threshold depends on the long-chain polymer network, but negligibly on the
short-chain polymer network [Bai et al, 2017, [Zhang et all [2019b).

When the DN gel is loaded above its fatigue threshold, the slope of de¢/dN
versus GG determines how fast the crack grows over the loading cycles, and it serves
as another indicator of fatigue fracture properties. The smaller the slope, the better
the fatigue fracture resistance. DN gels exhibit superior fatigue fracture resistance
compared to conventional SN gels in terms of both parameters [Bai et al., [2017].

2.2.6. Crack growth behavior

While the standard pure shear tests discussed previously utilize specimens with
pre-existing notches, a modified protocol has been developed to investigate fracture
dynamics by introducing a notch into a specimen already subjected to high tension
[Kolvin et all, [2018} [Zhang et al) [2022] [Fig. [7a)]. This method characterizes the
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Fig. 7. Schematic illustration of the crack growth experiment and data analysis. (a) Test pro-
cedure showing the original pure shear specimen, the specimen with a specified stretch of A4,
and the introduction of a notch after the stretch. (b) Determination of the strain energy density
(W (Xa)) for energy release rate calculations. (¢) Crack growth velocity (v) plotted as a function
of the applied energy release rate (G).

dynamic fracture behavior of DN gels and offers a more practical meaning, as such a
post-notch can be inserted by accidental puncture or impact damage during service.

In this test, the DN gel specimen is first stretched to a certain stretch A\, and
then unloaded to a stretch of 1. The driving force for fracture (i.e., applied energy
release rate 3), is calculated by integrating the unloading part of the nominal stress—
stretch curve of the unnotched specimen within the stretch range from 1 to A, to
get the strain energy density W (\,) [Fig. [7{b)], and then multiply it by the initial
test height of the specimen, i.e., G = W(\,)H. Afterward, a long cut is introduced
at one edge of the specimen in the center using sharp scissors, and the subsequent
crack propagation is recorded by a high-speed camera. By analyzing the acquired
images, the crack propagation process can be extracted, and the time profiles of the
crack length can be obtained. Based on these data, the crack growth velocity can
be plotted as a function of the applied energy release rate [Fig. m(c)]

Research reveals distinct behaviors based on the DN gel formulation. Brittle DN
gels exhibit a transition from a slow mode (quasi-stationary fracture) to a fast mode
(dynamic fracture) as G increases, analogous to conventional SN gel. In contrast,
necking DN gels only exhibit fast modes once G exceeds a critical threshold. This
phenomenon indicates that for necking DN gels, the formation of a large damage
zone creates a substantial energy barrier to crack initiation. However, once this
barrier is surmounted, the excess energy release accelerates the crack propagation,
resulting in dynamic fracture |[Zhang et al., 2022].
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2.3. Single-edge notch test

The single-edge notch test, originally established by Greensmith to determine the
fracture toughness of rubbers [Greensmith| [1963], has been recently adapted to
study the fracture and flaw sensitivity of DN gels |[Zhou et al.| 2021].

2.3.1. Specimen geometry and basic definitions

Single-edge notch test employs rectangular-shaped specimens where the width W
is much smaller than the gauge length L, i.e., W <« L. A small notch with a length
of ¢ is introduced at the midpoint of one edge along the length direction, satisfying
¢ < W [Fig. a)]. Representative specimen dimension reported in the literature
has a gauge length of 25 mm, a width of 4 mm, a thickness of 1.5 mm, and a notch
length of 1 mm [Matsuda et al. [2021].

For the characterization of flaw sensitivity, specimens with notches of varying
lengths within 1/4 of the specimen width are prepared. The long notches can be
introduced using cutting dies or razor blades, while small notches can be introduced

>

Gripper

p f
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_~ Hydrogel

(a)

Laser cutter

Different precut crack length

A =y
& \ ,
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Fig. 8. Experimental setups for single-edge notch testing. (a) Geometry of the rectangular spec-
imen used for testing. (b) Schematic and photograph of a high-throughput experimental system.
Ten specimens with varying notch lengths are mounted in parallel on shared grippers for simulta-

neous testing 2024].

Source: Copyright 2024 Elsevier.
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using the femtosecond laser [Chen et all 2017} [Sun et all 2024} Zhou et all|2021].
The loading protocol follows the uniaxial tension test described in Sec. with
nominal stress and stretch definitions remaining analogous.

The single-edge notch test can characterize the fracture toughness and flaw sen-
sitivity of DN gels with minimal material, making it especially suitable for scenarios
where limited material or space is available, such as high-throughput experiments

[Fig. B(b)] [Liu et all, [2024].

2.3.2. Fracture toughness measured by single-edge notch testing

As mentioned before, fracture toughness quantifies a material’s resistance to
crack growth. The fracture toughness measured by single-edge notch tests can be
determined as the critical energy release rate at the onset of the crack growth as
follows:

T = 26T (A )e = %W()\C)c, (2.8)

where k is an empirical correction factor of 3As /2 [Ducrot et al., [2014], A, is the
critical stretch at which the crack propagates, W(\.) is the strain energy density
stored in the specimen, which can be obtained from the nominal stress—stretch
curve of the unnotched specimen of identical dimensions, similar to Eq. . Note
that the accuracy of measured fracture toughness may be compromised when using
a relatively small notch length due to its proximity to the flaw-sensitivity length
of the materials. Thus, measurements are typically performed across a range of
notch lengths. The resulting fracture toughness will first increase with the notch
length and then reach a plateau. The notch length-independent fracture toughness
is obtained by averaging these plateau values [Liu et al., 2024} [Sun et all 2024).

The single-edge notch test has some limitations worth highlighting. First, the
equation used above is valid only for small notch lengths and crack propagation
occurred at small to moderate strains; otherwise, Eq. may underestimate the
fracture toughness |[Long and Huil [2016} Matsuda et al, 2021]. Second, it works
well with materials that obey the Mooney—Rivlin model |[Greensmith| 1963], while
its applicability to DN gels that usually undergo necking and hardening at large
deformations still needs further verification.

2.3.3. Fatigue behavior measured by single-edge notch testing

The characterization of fatigue properties, including fatigue damage and fatigue
fracture, using the single-edge notch test follows protocols analogous to the pure
shear test mentioned in Sec. with the primary distinction lying in the calcula-
tion of the applied energy release rate. For a notched sample under the Nth loading
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cycle with applied stretch A, the applied energy release rate is calculated as

G(Aa, N) = W(Aa, N)e(N), (2.9)

6
Va
where ¢ is the current notch length in the undeformed configuration, and W (\,, N)
is the strain energy density of the unnotched specimen at the Nth cycle:

Aa
W (A, N) = / od), (2.10)
1

where o and A are the measured nominal stress and stretch, respectively. By system-
atically varying \,, the crack extension per cycle versus the applied energy release
rate, i.e., de/dN versus G, can be obtained. The fatigue threshold Iy is estimated by
linearly extrapolating the de/dN versus G curve to the intercept with the abscissa.

2.3.4. Flaw sensitivity

Flaw sensitivity length reflects the sensitivity of a material to flaws, and it can be
characterized by the flaw sensitivity length c.. Figure 0] shows magnified schematic
diagrams of the crack tip region of single-edge notched specimens. As shown in the

Reference state Deformed state

Flaw insensitive

Rupture stretch/stress/

work of fracture

Flaw sensitive

Flaw insensitive Ce Notch length ¢

(a) (b)

Reference state Deformed state
o BRI R R

Flaw insensitive

Flaw sensitive

Endurance stretch/stress/

work of fracture

Flaw sensitive Ce Notch length ¢
(c) (d)

Fig. 9. Schematic illustration of flaw sensitivity transitions. (a) Flaw-insensitive behavior (¢ < ¢.)
showing uniform stress distribution ahead of the crack tip. (b) Flaw-sensitive behavior (¢ > c¢)
showing stress concentration at the crack tip. (c) Rupture limits (stress, stretch and work of
fracture) versus notch length c¢. The flaw sensitivity length c. is defined by the transition point
where these limits drastically decrease. (d) Endurance limits versus notch length c. Similarly, the
endurance flaw sensitivity length ce is defined by the point of abrupt reduction.
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figure, when the flaw length is smaller than c., the material exhibits uniform stress
distribution during loading until rupture [Fig. [0[a)]. When the flaw is larger than
cc, the material exhibits stress concentration at the crack tip [Fig.[9)(b)], which leads
to the reduction of mechanical properties, including the strength, stretchability and
work of fracture.

The flaw sensitivity length can be experimentally determined by measuring the
rupture parameters (i.e., rupture stretch, stress or work of fracture) as a function
of notch length [Ma et al) 2024; |Sun et al.) [2024; |Zhou et al. [2021]. When the
notch length is smaller than a critical length, these parameters are independent of
the notch length; when the notch length is larger than this critical length, these
parameters decrease with the notch length [Fig. [9fc)]. This critical length yields
the flaw sensitivity length c.. Theoretically, c. scales with the fractocohesive length
I'/W; mentioned in Sec. and can be determined through
17T
= Wf’
where I is the notch length-independent fracture toughness of DN gels, which can be
obtained using specimens with long notches through various methods, including the
single-edge notch test mentioned above, or pure shear test, etc., and W; is the work
of fracture measured using unnotched specimens through the uniaxial tension test.
For an edge-cracked specimen with the simplicity of linear elasticity, k = 27(1.122)?
[Tada et al., 2000; Zhou et all [2021]. For DN gels with T' on the order of 10® J/m?
and Wy on the order of 10°J/m?, ¢, is approximately on the order of 0.1 mm.

(2.11)

ce

The concept of flaw sensitivity can also extend to cyclic loading, denoted as
the endurance flaw sensitivity length (c.). It identifies the critical notch length
at which endurance limit (rupture stretch, stress or work of fracture) exhibits an
abrupt reduction [Fig. El(d)] Similarly, ¢, is calculated as
_ 1 FO
= T
where T’y is the fatigue threshold measured using specimens with long notches,

(2.12)

Ce

We is the endurance work of fracture measured using specimens without notches.
I'y/We, is termed the endurance fractocohesive length |Zhou et al., |2021]. For DN
gels with Ty on the order of 102 .J/m? and W, on the order of 105J/m3, ¢, is also
approximately on the order of 0.1 mm.

The flaw sensitivity of DN gels can also be measured by conducting pure shear
tests; the process is similar to that described here [Ma et al 2024} [Yang et all
2019]. The flaw sensitivity of typical PAAm hydrogel is usually on the order of
1mm [Chen et al.l [2017; [Yang et all, 2019)], however, according to existing studies,
DN gels do not exhibit any advantage in terms of flaw sensitivity.

2.4. Trouser tear test

Analogous to the pure shear test, the trouser tear test was originally established
for characterizing the fracture of rubber and elastomers before being adapted for
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hydrogels in recent years. However, its application to traditional SN gels is often
limited by the “stick—slip” effect, a phenomenon characterized by large fluctuations
in force data due to unstable crack propagation during tearing. In contrast, DN
gels typically exhibit stable tearing behavior with negligible stick-slip effect. Fur-
thermore, the crack propagation velocity during tearing is directly controlled by
the loading velocity |Bai et al), [2019a]. Thus, the trouser tear test has emerged
as a prevalent experimental method for studying the fracture properties, especially
fracture toughness and the damage zone, of DN gels.

2.4.1. Specimen geometry and basic definitions

The specimens used for the trouser tear test are rectangular-shaped, with a length
of L, width of 2w, and thickness of t. A pre-crack of length c is introduced at the
width edge [Fig. [L0[a)], creating two arms. For reference, L, w, ¢t and ¢ could be
70, 15, 1.5 and 15 mm, respectively 2022]. During testing, the two arms
are secured in opposing grippers of a universal testing machine. One arm moves
upward at a constant velocity while the other remains fixed [Fig.[10[b)]. Considering
that the deformation of the two arms may affect the measured tear force, two
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Fig. 10. Experimental setups and results for trouser tear tests. (a) Specimen geometry. (b) Con-
ventional trouser tear test setup. The two arms are secured in opposing grippers, and arm defor-
mation is measured by tracking the distance between two marked points. (c) Modified trouser tear
test setup. Inextensible backings are adhered to arms with a separation distance b. (d) Typical
tearing curve from the conventional test. (e) Determination of the arm’s strain energy density W,
during steady-state crack propagation. (f) Typical tearing curve from the modified test.
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points with an initial distance of D are marked on one arm before the test for the
characterization of the contribution of the deformed arms [Matsuda et al.,|2021]. The
force and distance between two marked points on the arm during deformation are
recorded.

Recently, Jia et al|[2022] 2023] modified this trouser tear test by introducing
backings onto the specimen surfaces [Fig. [L0(c)]. The backings are usually flexible
and inextensible tapes with a thickness of around 100 pum, and the distance between
two backings determines the “free width” b. These backings avoid the elongation of
arms during tearing, thus no need to quantify their deformation, and by adjusting
the free width b, the damage zone at the tear front can also be controlled. The
details of this test will be described in subsequent sections.

2.4.2. Derivation of fracture toughness during tearing

During a trouser tear test, the crack tip undergoes deformation primarily through
out-of-plane shear, combined with local tension |[Long and Huil 2016]. As the test
proceeds, the tear force increases initially before reaching a steady-state plateau,
denoted as F, as the crack propagates [Fig. d)] Due to the deformability of
hydrogels, the arms of the specimen stretch during testing. The stretch in the arm,
Aa, can be calculated as A\, = d/D, where d is the current distance between marker
points that can be obtained from the non-contact video extensometer and D is
their initial distance [Matsuda et al| [2021]. The fracture toughness is calculated
accounting for the work done by the external force and the elastic energy stored in
the deformed arms [Long and Hui, [2016; [Rivlin and Thomas|, [1953]:

2F:Aq
I =

—20W,, (2.13)

where W, is the average strain energy density of the arm when the crack propagation
reaches a steady state, which can be determined by stretching an arm strip to A,
[Fig. [l0c)].

To simplify the measurement of fracture toughness, [Jia et al.l [2022] introduced
backings on two arms of the specimen used for trouser tear tests [Fig. [10[c)]. With
the constraint of backings, the deformation of two arms is suppressed, and A, and
W, can be approximated to 1 and 0, respectively. Therefore, the fracture toughness
in this case can be simplified to [Fig. [L0}f)]:

2F,
r===. (2.14)

A critical parameter in the modified trouser tear test is the “free width” b
between two arms. This width spatially confines the damage zone at the tear front
[Jia et al) 2022 [Fig.[11[a)]. Jia et al.|[2022] demonstrated that for PAMPS/PAAm
DN gels, the measured fracture toughness is sensitive to this confinement. As b
increases from 0 mm to 10 mm, the measured fracture toughness rises before sta-

bilizing at a plateau value of approximately 3600J/m? [Fig. [L1{b)]. This plateau
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Fig. 11. Dependence of fracture toughness on the free width b. (a) Schematic illustration of the
dissipation zone at the crack tip of DN gels for varying free widths b. The parameter [; denotes
the characteristic size of the damage zone. (b) Measured fracture toughness of DN gels plotted as

a function of the free width b 2022).

Source: Copyright 2022 Elsevier.

fracture toughness I'. should be comparable to that measured by DN gel specimens
without backings. The results also remind us that the width of the DN gel speci-
men used for the trouser tear test should be large enough, or the measured fracture
toughness would be specimen-size dependent.

also used the trouser tear test to measure the fracture toughness
of PAAm-Ca-alginate hydrogels. In their experiment, they introduced backings on
both the top and bottom surfaces of DN gel specimens to suppress the deformation
of the arms and guide the crack path during tearing, while the distance between
backings was unknown. According to their experimental results, the measured frac-
ture toughness of DN gels was influenced by both the specimen thickness and the
tear velocity. For DN gels with the same tear velocity, increasing the thickness may
result in the fracture toughness increasing at first and finally reaching a plateau
when the thickness exceeds a critical value, due to the transition from small-scale
inelasticity to large-scale inelasticity [Fig.[12|(a)]. For DN gels with the same thick-
ness, increasing the tear velocity may also increase the fracture toughness, as the
size of the inelastic zone increases as the tear velocity increases [Fig. [I2b)]. When
the velocity vanishes, the fracture toughness reaches a threshold. This threshold
depends on the concentration of calcium and may exhibit a thickness dependence,
depending on the thickness relative to the size of the inelastic zone.

2.4.3. Components of fracture toughness during tearing

As mentioned in Sec. the fracture toughness I' can be decomposed into an
intrinsic fracture energy I'y and dissipated fracture energy I'y. The modified trouser
tear test offers a unique capability to isolate these components: I'y corresponds to
the fracture toughness measured in the limit where the free width b approaches
zero. While T'; is obtained by subtracting I'g from the plateau fracture toughness
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Fig. 12. Specimen thickness (h) and tear velocity (v) dependence of energy release rate (G).
(a) schematic showing the transition from thickness-dependent to thickness-independent energy
release rate as h increases. (b) Schematic illustration showing that the characteristic size of the
inelastic zone r(v) increases with v. When h > r(v), dissipation is confined to a region of size r(v);
when h < r(v), dissipation occurs throughout the entire active deformation zone, scaled by h.

Source: 2019a]. Copyright 2019 Elsevier.

r, 2022|. For a classic PAAm/PAMPS DN gel, this method yields an
intrinsic fracture energy I'g of approximately 2000J/m? [Fig. } This value is

on the same order of magnitude as the dissipated fracture energy I'y, which is
around 1600J/m?, given a plateau toughness I',, of around 3600J/ m?
. This finding contradicts conventional wisdom, which typically assumes that
T’y for DN gels corresponds roughly to the fracture toughness of the component
long-chain polymer network (i.e., the second network) and is way much lower than
T'y. This discrepancy likely stems from different definitions of the so-called “intrin-
sic” fracture energy. In fatigue threshold measurement, I'y represents the energy to
rupture a single layer of polymer chains of the long-chain polymer network
. In contrast, in the modified trouser tear test, I'g represents the energy
required to propagate a crack through the interpenetrated network structure. In
this context, rupturing the long-chain polymer network inevitably involves dam-
aging the surrounding short-chain polymer network. Consequently, the measured
intrinsic fracture energy 'y through the modified trouser tear test is significantly

higher and exhibits deformation history dependence [Jia et al.| [2022].

2.4.4. Damage zone during tearing

The damage zone, by definition, is the region within which the material is damaged
to a certain degree and mechanical properties are deteriorated [Creton and Ciccotti
[2016]; Long et al.| [2021]; Zheng et al| [2021]; Zhou et al.|[2024b]. The characteri-
zation of the damage zone is important, as it can offer the damage condition of the
material when used in real applications.

When a crack propagates in the DN gel during tearing, a damage zone forms
around it. The degree of damage is quantified by the dissipated energy density,
denoted as Ugiss [Jia et all 2022; Matsuda et al) 2020| 2021]. Ugiss reaches its
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Fig. 13. (Color online) Distribution of dissipated energy density in a torn DN gel. (a) Schematic
of the dissipated energy density field. The red region denotes the damage zone where significant
dissipation occurs. (b) Profile of the dissipated energy density (Uqgiss) as a function of distance
along the z-axis (z > 0). Ugjss peaks at the crack tip due to stress concentration and decays along

the z-axis away from the crack plane. [Jia et al}[2022].

Source: Copyright 2022 Elsevier.

maximum value at the crack tip due to stress concentration and decays along
the axis perpendicular to the crack plane. The boundary where Uygiss approaches
zero defines the boundary of the damage zone, and the distance between this
boundary to the crack plane determines half the damage zone, denoted as l;/2
(Fig. [T3(a))

According to Fig. b), I' measured through modified trouser tear tests varies
as the free width b varies. This relationship can be modeled using an exponential
function as follows:

L(b) = —aze” " +ag, (2.15)

where a1, as and az are all positive fitting parameters, which can be obtained by
fitting this equation to experimental results in Fig. b). The feature size of the
damage zone [; can therefore be mathematically determined as the value of b by
setting the measured fracture toughness to 0.99I',, since I'), = a3, we have

—aje” 4 4 g5 = 0.99a;. (2.16)

The feature size of the damage zone can therefore be obtained as follows:

Ina; —1n0.01
I = na; — In0.0 as (2.17)
as

Assuming the dissipation is uniform along the thickness direction of DN gel
specimens. According to the above analysis, 'y can be estimated as follows:

o

Ta(b) = 2 /0 * Uies (2)d, (2.18)
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where z is the direction perpendicular to the crack plane [Fig. (a)}. Therefore,
the fracture toughness can be written as

o

T(b) = 2 /O * Uies(2)dz + T, (2.19)

The expression for Ugiss can be obtained by taking the derivative of Eq. (2.19)),

thus we have
b dr(bv)
Udiss [ = | = —2. 2.20
diss <2> ab ( )
Substituting Eq. (2.15)) into Eq. (2.20)) and replacing b with 2z, the dissipated
energy density along the z direction (z > 0) can be obtained as follows:

Udiss(2) = arage” %%, (2.21)

As for typical PAMPS/PAAm DN gels, the feature size of the damage zone mea-
sured by this method is approximately 8 mm [Jia et all, [2022; [You et all, [2025a],
with the corresponding dissipated energy density profile shown in Fig. b). Based
on this method, [You et al|[2025a) proposed another form of the dissipated energy
density Ujgiss(z) that can characterize the dynamic changes of the fracture tough-
ness during the damage process. By pre-stretching DN gel specimens prior to tearing
and further decomposing the damage zone into three mechanically distinct regions,
they found that the lengths of these regions sensitively depended on the first net-
work’s cross-linking density 6. Their analysis further revealed that both the Ugiss
and the feature size of the damage zones are critical factors affecting the fracture
toughness T'.

The dissipated energy density and feature size of the damage zone can also be

more directly characterized by other methods, for example, the mechanochemistry
technique [Matsuda et all [2020] and microelectrode technique [Nishimura et all

2024]. We will discuss them further in Sec.

2.5. Adhesion test

Although the invention of synthetic hydrogels has given rise to their applications in
the field of adhesion, it was not until the recent 10 years, with the birth of DN gels,
that breakthroughs have been made in this field [Li et al.,|2017; |[Yang et al., [2018b}
\Yuk et al., 2016ayb]. The adhesion performance of hydrogels can be quantitatively
characterized by various adhesion tests and evaluated by various indicators. Com-
mon testing methods include peel test (ASTM F2256-24), bilayer-stretch test
2016], lap-shear test (ASTM F2255-24) [Rose et al.[2014], and butt-joint test
(ASTM F2258-24) [Figs. [L4(a)—(e)]. There are two primary indicators correspond-
ing to these adhesion test methods: interfacial toughness (also known as adhesion
toughness or adhesion energy) and interfacial strength. Peel and bilayer-stretch tests
usually introduce a small initial pre-crack at the adhesion interface, and these two
methods can be used to measure the interfacial toughness; while the lap-shear and
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Fig. 14. Common experimental methods for characterizing the adhesion properties of DN gels:
(a) 90° peel test; (b) 180° peel test; (c) bilayer-stretch test; (d) lap-shear test; (e) butt-joint test.

butt-joint tests generally do not introduce initial pre-cracks in the specimen and
thus can be used to measure the interfacial strength. In practical applications, it is
often necessary to select the appropriate testing method and indicator based on the
specific usage scenario of DN gels.

2.5.1. Specimen geometry and basic definitions

Among the above adhesion tests, the peel and lap shear tests are the most commonly
used adhesion tests for DN gels. We will elaborate on the specimen geometry and
basic definitions of these two adhesion tests in detail below.

There are mainly two types of peel tests: the 90° peel test, which is usually
used for the measurement of the adhesion property of a soft material on a hard
substrate (e.g., the DN gel on the bone) [He et all [2021} [Jiang et al] [2024; [Zhou
2024b], and the 180° peel test, which is more suitable for characterizing the
adhesion property between two soft materials (e.g., the DN gel on the skin tissue)
|Gao et all, 2020} Saito et al) 2011} |Sakurai et al., |2025; [Yuan et al., [2025]. The
specimens used for peel tests are usually rectangular strips with a dimension of
I xw xt, where [, w and t refers to the length, width and thickness of the specimen,
respectively [Fig. a)]. Before the peel test, the inextensible but flexible backing,
usually made by polyethylene glycol terephthalate (PET), is adhered to the surface
of the specimen to avoid the stretching of the specimen, and a sharp pre-crack is
introduced at the interface [Fig. [L5{(a)], after which either the hard substrate and
the peel arm or two peel arms are clamped to the test machine, and one arm of the
specimen is stretched under displacement control. The force and time during the
testing process are recorded to finally obtain the peeling curve in Fig. b). The
peel test has the same advantage of a controlled crack growth velocity as the trouser
tear test, while it is worth noting that the measured interfacial toughness may be
thickness-dependent |Liu et all [2019a]. Recently, some studies have noticed that
the introduction of pre-cracks in the specimen may underestimate the adhesion
properties of materials, as there may be no sharp pre-cracks in the material in a

2530004-27



Z. Zhou et al.

£
il
2
. W @
ST 5
) o Ge=kFiw
4 Felw
‘Sharp pre-crack
Undeformed Deformed 0
o Displacement

(a) (b)

Fpean/W

Ge=kFelw

|

o
S Force/width

Undeformed Deformed 0

o Displacement
() (d)

Fig. 15. Comparison of peeling behaviors of hydrogel specimens with and without pre-cracks. (a)
90° peel test of a specimen with a sharp pre-crack. The crack propagates steadily with minimal
deformation at the peel front. (b) Schematic of a typical peeling curve of hydrogel specimens with
a pre-crack, showing immediate steady-state crack propagation. (c) 90° peel test of a specimen
without a pre-crack. Significant deformation occurs at the peel front as the crack must initiate
before propagation. (d) Schematic of a typical peeling curve of hydrogel specimens without a pre-
crack, characterized by a high initiation peak peel force followed by steady-state crack propagation.
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Fig. 16. Experimental setup and typical results for the lap-shear test. (a) Rectangular specimen
used for testing. Unlike peel tests, pre-cracks are usually not introduced in lap-shear specimens.
(b) Schematic illustration of a typical shear stress—displacement curve obtained during the test.

practical situation [Zhou et all,[2024b] [Figs. [I5{c) and [15|(d)]. We will discuss these
in detail in the subsequent sections.

For the lap-shear test, similar rectangular specimens are used. The DN gel and
the hard/soft adherend overlap at the ends, and the overlap length is denoted as
loverlap |Fig. a)]. The length of the specimen [ is set at least 1.5 times the overlap
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length to ensure that the failure occurs at the overlap region (ASTM F2255-24).
Although one of the adherends may also be a hard or soft material, a similar setup
is used. Before the lap-shear test, a stiff backing (e.g., glass film) is often adhered
to the surface of the soft adherend to avoid the stretching of the specimen, and
no sharp pre-crack is introduced at the interface. After which, the specimen is
loaded on the tensile tester and then stretched under displacement control. The
force and time during the testing process are recorded to finally obtain the shear
stress—displacement curve in Fig. [L6{b).

2.5.2. Interfacial toughness

Interfacial toughness is defined as the energy required for the interfacial crack to
advance a unit area and has a unit of J/m? or N/m. Interfacial toughness of DN
gels is often measured by either a 90° or a 180° peel test [Kurokawa et al.l [2010; [Li
et all [2017; [Yang et all [2020} [Yuk et al. [2016ab]. During the test, one arm of the
specimen is vertically pulled from a rigid substrate (90° peel test) or from a soft
layer (180° peel test). The pre-crack propagates either at the interface between the
gel and the substrate or within the bulk of the specimen. Throughout the peeling
process, the peel force F' initially increases until it reaches a plateau and remains
constant until one arm of the specimen completely detaches [Fig. [15|b)]. Interfacial
toughness is calculated as the ratio of the plateau peel force F, to the width of the
specimen:

G, = ke, (2.22)
w

where k is a prefactor, which equals 1 for 90° peel tests and 2 for 180° peel tests.
This measure reflects the ability of the adhesion system to resist crack propagation
when the crack grows steadily, namely, the crack propagation resistance. In this
scenario, the adhesion system is safe if the external driving force is lower than the
plateau peel force.

Due to the high water content and low surface friction coefficient, it has long
been considered extremely difficult to adhere hydrogels to other materials, and the
interfacial toughness between hydrogels and biological tissue is only around 10 J /m?
[Rose et al., 2014]. With the emergence of DN gels, the tough adhesion of hydro-
gels to solid substrates can be achieved by anchoring the DN gels to the porous
solid via DN structure formation, achieving an interfacial toughness of several hun-
dred to one thousand [Kurokawa et all 2010} [Saito et all 2011} [Sakurai et all
2025]. However, this method can only be applied to the adhesion of DN gels to
porous solids. Until 2016, [Yuk et al.| [2016a] proposed a breakthrough strategy to
achieve tough adhesion between hydrogel and non-porous materials, which has two
requirements: a tough hydrogel and a strong interface [Yang et al., 2020]. Based on
these requirements, a commonly adopted strategy for achieving tough adhesion is
the combination of tough DN gels and the chemical/physical anchorage of polymer
chains to the substrate surface, which results in an interfacial toughness on the
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order of 1000.J/m? |Freedman et al., [2024; Li et all [2017; Ma et al., 2022} Sakurail
let all, [2025} [Yang et all [2018b} [Yuk et all, [2016alb]. By using a particle gel-based
DN gel technique with surface initiation of substrates, the tough adhesion of DN
gels to non-porous solids with various complex shapes can also be achieved
let all [2011} |Takahashi et al., 2018].

Different from what has been mentioned above, in practical use, sharp interfacial

pre-cracks may not exist, and a crack needs to initiate first before reaching a steady
propagation state [Fig. ¢)]. In this case, the peel force will first increase to a
peak and then abruptly drop to a low value, accompanied by the initiation of a
sharp crack. Subsequently, the crack propagates steadily, and the peel force reaches
a plateau. The plateau peel force at this time is the same as that of the adhesion
system with an initial sharp pre-crack, as mentioned above, but much lower than
the peak peel force [Fig. d)] Although the plateau peel force can still reflect the
interfacial toughness of the adhesion system, the maximum allowable loading force
for an intact adhesion system should not be determined by it, but by the peak peel
force; otherwise, the bearing capacity of the system would be far underestimated.
Considering this, |Zhou et al.|[2024b] proposed a new measure of adhesion property
named crack initiation resistance, which characterizes the crack initiation resistance
of hydrogels and may have a more realistic meaning. It is worth mentioning that
some researchers have also noticed this problem relating to hydrogel adhesion
. However, the crack initiation resistance of DN gels has not been widely
explored yet.

2.5.3. Interfacial strength

Interfacial strength is defined as the maximum nominal stress at which the adhesion
system is ruptured under monotonic loading and has a unit of N/m?2. Interfacial
strength of DN gels is often measured by the lap-shear test (ASTM F2255-24) [Song
let al.,[2024;|Zhang et al.,2023b|. During the lap-shear test, one arm of the specimen
is monotonically loaded until fracture, and the measured force F' monotonically
increases with the displacement. A representative force—displacement curve of a
lap-shear test is shown in [Fig. . The maximum force Fi,.x, together with the
initial overlap area loverlapw, determines the interfacial strength Tyax:

_ Fmax
Tmax - l

overlapW

(2.23)

The DN gels can provide interfacial strength of dozens to hundreds of kilopascals
[Song et all, 2024; |Yuk et al.,2019], while for SN gels, this value is usually hundreds
of pascals |Zhang et all [2023D].

It is worth noting that although the interfacial toughness and interfacial strength
are indicators of adhesion performance, they sometimes conflict. High interfacial
toughness does not necessarily mean high interfacial strength, and vice versa.
For example, it is generally believed that hydrogel adhesion based on commercial
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502 glue (primarily composed of cyanoacrylate) exhibits low interfacial toughness
but high interfacial strength, while chitosan-based hydrogel adhesion exhibits high
interfacial toughness but low interfacial strength [Yang et al. |2018b, 2020]. The
contradictory relationship between the two indicators of interfacial toughness and
interfacial strength still needs further study.

Recent studies have shown that there exists a characteristic length of hydro-
gel adhesion |Zhang et al. [2023b]. When the hydrogel thickness is less than this
characteristic value, the interfacial strength behaves as a material constant, while
the interfacial toughness increases with increasing thickness. Conversely, when
the hydrogel thickness exceeds the characteristic value, the interfacial toughness
becomes a material constant, while the interfacial strength decreases with increas-
ing thickness and exhibits a large scattering. This characteristic length is believed to
be related to the flaw-sensitivity length of the hydrogel |[Chen et al., 2017} Liu et al.,
2019a; [Zhang et al.l 2023b]. For DN gels, their flaw-sensitivity length is measured to
be around 0.05mm |[Zhou et al., 2021]. When evaluating the adhesion performance
of DN gels, the influence of the hydrogel thickness may also need to be considered.

2.5.4. Fatigue behavior

The above test methods can characterize the adhesion properties of DN gels under
monotonic loads. However, in practical applications, adhesion systems often need
to withstand long-term dynamic loads, which may also cause fatigue at the bonding
interface. Similar as mentioned in Sec. about the fatigue behavior using pure
shear tests, fatigue of the adhesion system also includes fatigue damage and fatigue
fracture, and they can be measured using adhesion tests.

By improving the adhesion testing method under monotonic loading, the adhe-
sion fatigue performance of DN gels under cyclic loading can also be measured. For
example, by applying cyclic loads of varying amplitudes to a pre-cracked adhesion
system under the 90° peel test and recording the crack growth during each load
cycle, the crack growth rate as a function of energy release rate can be plotted
[Figs. |17(a),[17|(b)]. When the energy release rate approaches the interfacial tough-
ness under monotonic loading, the crack growth rate approaches infinity. Reduc-
ing the energy release rate until the crack growth rate approaches 0 is the fatigue
threshold of the adhesion system under cyclic loading [Fig. (b)] Below the fatigue
threshold, the crack will not grow under cyclic loading.

By applying cyclic loads with varying amplitudes to an adhesion system without
pre-cracks under the butt-joint test and recording the displacement during each load
cycle [Fig. [17|(c)], the evolution of the maximum displacement as a function of the
number of cycles can be obtained [Fig. d)]; by recording the number of cycles until
the adhesion system ruptures, a stress amplitude-cycle number curve, also known as
an S-N curve, can also be obtained [Fig. [17|e)]. Through this curve, the interfacial
strength of the adhesion system under monotonic load and the endurance limit
under cyclic load can be obtained. When the cyclic load is lower than the endurance
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Fig. 17. Experimental methods for characterizing fatigue of hydrogel adhesion. (a) Schematic
illustration of the fatigue crack propagation test, measuring interfacial crack extension ¢ versus
cycle number N under a cyclic peeling force F,. (b) Crack extension rate (dc/dN) plotted against
the applied energy release rate G (G=F,/w) for tough and fatigue-resistant hydrogel adhesion
on glass. (c) Experimental setup for the fatigue damage test using force control. (d) Maximum
displacement during each load cycle plotted against N. (e) S-N curves for different adhesion
systems. Horizontal dashed lines indicate endurance limits, while curved dashed lines serve as
guides for the eye. Arrows indicate that no failure occurred. (f) Experimental setup for another type
of fatigue damage test via cyclic pre-loading followed by a 180° peel test, with the corresponding
interfacial toughness versus cycle number presented.

Source: [Liu et all,[2020]. Copyright 2020 under the terms of the Creative Commons CC BY license.

Li et al), |2021]. Copyright 2021 under the terms of the Creative Commons CC BY license. [Yuk
et al}|2019]. Copyright 2019 under the terms of the Creative Commons CC BY license.
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limit, the adhesion system does not suffer fatigue fracture under long-term cyclic
load. When the cyclic load is close to or even higher than the interfacial strength, the
adhesion system is prone to fracture under monotonic load. By applying different
degrees of cyclic load to the adhesion system without pre-cracks and then measuring
the interfacial strength or interfacial toughness of the adhesion system, the change
of adhesion performance with loading history can be obtained [Yuk et al) [2019]
[Fig. f )], which is also a way to reflect the fatigue damage behavior of the adhesion
system.

Under cyclic loading, tough adhesion strategies that are suitable for monotonic
loading may not necessarily be effective. For example, the tough adhesion strategy
based on the combination of tough DN gels and strong interfacial interactions may
experience a sharp decline in interfacial toughness under cyclic loading. This is pri-
marily due to the irreversible rupture of sacrificial bonds within the DN gels after
repeated loading, resulting in a decrease in the fracture toughness of the hydrogel
itself and no longer meeting one of the requirements of the tough adhesion strat-
egy. Therefore, there is a need to explore new strategies for the anti-fatigue tough
adhesion strategy.

Considering that the limitation of traditional tough adhesion strategy mainly
stems from the destruction of irreversible covalent bonds in tough hydrogels, the
most direct way to achieve fatigue-resistant hydrogel adhesion is to introduce a
network constructed by dynamic covalent bonds or non-covalent bonds into the
hydrogel. For example, Rao et al| [2018] prepared a DN gel with the sacrificial
network constructed by dynamic hydrogen bonds. Due to the presence of these
reversible bonds, the DN gel has a self-repairing function and maintains strong
adhesion performance under cyclic load. Another approach to achieve the anti-
fatigue adhesion of hydrogels is structural design |[Zhou et al, [2024b], which does
not necessarily require the use of DN gels and will not be elaborated in detail
in this article. However, the use of dynamically cross-linked sacrificial networks
to construct DN gel adhesive patches is still a common strategy used in current
biomedical articles and applications.

2.6. Tribological test

The discovery of DN gels has greatly expanded the potential of hydrogels to a wide
range of applications where better tribological properties, such as low friction and
high wear resistance, are required. The friction and wear properties of DN gels
against a piece of solid substrate, such as glass, can be measured in air or in water
using the tribometer, rheometer, or AFM |Gombert et all,[2019; |Gong et al.,[1999a;
Gong and Osadal, 2002} Meinert et al.| [2025], which will be elaborated one by one
in details in subsequently sections.

One way to measure the friction properties of DN gels against a solid substrate
is to use the tribometer |[Chang et all 2007; |Gong and Osada) [2002} Simic et al.l
2020; [Takahashi et al., [2018]. There are two common types of tribometers, one is
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Fig. 18. Experimental setups of tribometers and typical results for tribological tests. (a)
Schematic of the pin-on-plate test, where the plate is mounted on a stage reciprocating at a speci-
fied speed v. (b) Schematic of the pin-on-disk test, where the disk rotates with a specified angular
velocity w. (¢) Typical friction loops measured from the pin-on-plate test, the friction coefficient
is obtained by averaging the middle analysis region. (d) Typical profile of the friction coefficient
versus rotation laps from the unidirectional pin-on-disk test, the final coefficient is determined by
averaging the steady-state region.

the linear reciprocating tribometer [Bonyadi et all, [2021} [Simic et all, [2020}; [Taka-|
hashi et al 2018] [Figs. [L8|a) and [L§|(b)], the other is the pin-on-disk tribometer [Li
let al) [2024¢; [Zhang et al] [2019a] [Figs. [L§|(c){L8|(e)]. Usually, a motor-driven stage
will oscillate the plate or rotate the disk beneath a fixed ball. The former one, by
definition, conducts a linear reciprocating motion, while the latter one conducts a
rotational motion. For both types of tribometers, the hydrogel can either be the pin
or the plate/disk, or both the pin and plate/disk, which corresponds to two different
contact types, i.e., migrating contact and static contact. As for the static contact,
the same area of the hydrogel surface is continuously in contact with the countersur-
face and the contact zone is stationary on the hydrogel specimen during the friction
test; while for the migrating contact, the countersurface constantly moves onto a
new, undisturbed area of the hydrogel surface and the contact zone is continuously
migrating across the hydrogel specimen. For example, a solid pin sliding on a hydro-
gel plate results in a migrating contact, while a hydrogel pin sliding on a solid surface
results in a static contact. Thus, the specimen used on a tribometer can be a pin
or a flat plate/disk, depending on which tribometer and contact type are adopted
[Figs. [18|(a) and [I§|(b)].

The frictional force as a function of time can be recorded during the friction test.
The friction performance of the hydrogel is usually characterized by the friction
coefficient or coefficient of friction (i.e., COF) p, and calculated as the ratio of the
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Fig. 19. Rheometer-based experimental setup and typical tribological result. (a) Schematic illus-
tration of the rheometer setup. (b) Typical profile of the friction coefficient versus time measured
using the rheometer.

constant frictional force F; and the applied load Fi:
U= —=. (2.24)

Typical profiles of friction coefficient as a function of the sliding distance
obtained from the pin-on-plate test or friction coefficient as a function of the
rotation laps obtained from the pin-on-disk test are shown in Figs. [1§(c) and [1§|(d),
respectively.

The friction properties of DN gels against a solid substrate can also be mea-
sured using a rheometer [Chang et al) 2007} [Ren et all [2024; [Simic et al. [2020]
[Fig. [19(a)]. The specimen used on the rheometer is usually a round/square sheet.
Prior to the measurement, the gel specimen is glued to the lower surface of coaxial

disk-shaped platens, and another solid substrate is either the upper platen or glued
to the upper platen, with a diameter of R, R is much smaller than the radius/side
length of the specimen. An axial force Fly is then applied to the specimen, and the
upper platen rotates with a constant angular velocity w. The time and torque T
during the test are recorded. Since the rotation velocity v changes with the distance
from the center of the axis, i.e., v = wR, the obtained torque T is a total value over
the velocity range from 0 to wR. Supposing that the friction is linearly proportional
to the velocity, the frictional force is calculated as [Gong et al. [1999D)]

AT

= 3R’

The COF can subsequently be obtained by substituting the above equation into
Eq. [Fig. b)] The COF obtained from the rheometer generally agrees with
results obtained from the tribometer [Kagata et al.,2002]. In both cases, prior to the
measurement, the gel specimen is usually loaded with a normal strain (or normal
load) for a certain time period (usually 10-60 min) |Gong and Osada) [2002]; [Paradal
[2017], until the normal load (or normal strain) reaches an equilibrium state.
After achieving relaxation equilibrium, a displacement with a constant velocity w

(2.25)
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(or v) is applied to the upper platen (or lower platen) to generate the torque (or
frictional force).

Using a rheometer to measure the friction properties is considered to have sev-
eral advantages over the tribometer. One is the possibility of measuring the friction
of the DN gel-solid interface with small gel specimens. The other is its high sensitiv-
ity in detecting the frictional force that is encountered in measuring the extremely
low friction of gels. Varying normal forces and shear rates can be used to study
the effect of these two parameters on the friction properties of DN gels. At a con-
stant shear rate, the COF of DN gels generally exhibits a slight reduction as the
normal force increases, while at a constant normal force, the COF increases as the
shear rate increases [Kaneko et al., 2005; Ren et al., 2024). However, this speed-
dependency of hydrogels is considered characteristic of dense, crosslinked surfaces,
whereas brushy surfaces maintain low, speed-independent friction unless continuous
contact and shear cause water exudation and subsequent densification of this surface
layer [Simic et al. 2020]. The dependency of COF on the normal force and shear
rate is considered to be influenced by the dynamics of polymer chain ends and
loops tethering the hydrogel surface |Chang et al., 2007; [Ren et al., 2024], while
their underlying mechanisms have not been fully explored yet. These phenomena
also demonstrate that, unlike general solids, the DN gel friction does not simply
obey Amonton’s law |Gao et al., [2004] (i.e., Fy = pFn), in which g is a material
constant |Gong et al., [1999a].

The COF of conventional covalent-crosslinked DN gels (e.g., PAMPS/PAAm DN
gel) in existing researches are usually on the order of around 10~! to 1072 under a
pressure on the order of kilopascal [Bonyadi et al., [2021; |Kaneko et al., |2005; [Ren
et al.l [2024; |Takahashi et al) 2018|, some other DN gels consisting of both ionic
and covalent networks can achieve a super-lubrication with the COF on the order of
1073 at relatively low velocity of around 10~ ms~! and a pressure of 7 Pa [Li et al.,
2015|. Existing studies have shown that the presence of polyelectrolyte brushes on
a hydrogel surface can effectively reduce their COF against a glass plate to a value
as low as 107* [Gong et al. [2001]. Based on this conclusion and combines the
DN gel, Kaneko et al.| [2005] added a third component, either a weakly crosslinked
PAMPS network or non-crosslinked linear PAMPS polymer chains, to the DN gel,
the new materials show compressive strength as high as the DN gel while COF as
low as 107° even with a high pressure around 105 Pa. [Bonyadi et al|[2021] further
investigated the tribological performance of charged DN gels by introducing 10 wt%
comonomers of varying charges (i.e., neutral, positive, negative, and zwitterionic),
and found that DN gels with a neutral or zwitterionic second network had the
lowest friction that even below that of cartilage. Their work also demonstrated that
the tribological properties of DN gels can fulfill the lubrication demands of the
joint as successful cartilage replacement candidates. By exploiting environmental
oxygen “contamination”,|Zhang et al. [2019a] synthesized P(AAm-AMPS)/alginate
DN gels with a gradient in crosslinking density at the near-surface region, which
can result in a top-surface delamination of DN gels when swelled in water, due to
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the mismatch in the swelling ratio between the skin layer and the bulk DN gel. The
subsequently exposed subsurface exhibited a COF of 0.02 in gel-on-glass, which
validates it as another effective method for designing DN gels with high lubrication.
By applying a voltage within the range of 0-5V, Wada et al.| [2018] found that the
friction of DN gels can be controlled. With the increase of the voltage from 0V to
5V, the COF increases from the order of around 0.01-0.1. By using this property
of DN gels, they even developed a soft inchworm robot with friction control of feet
[Selvamuthu et al., |2023; [Takagi et all|2019).

In addition to the above two mainstream testing methods, AFM has emerged as
an indispensable tool in recent years, offering molecular-level insights into hydrogel
friction that are inaccessible through macroscopic measurements. The most reliable
method employs AFM in lateral force microscopy (LFM) mode [Lee and Espinosa-
Marzal, 2023 |[Ruan and Bhushan| [1994; [Shoaib and Espinosa-Marzall 2018 2019;
Shoaib et all|2022] [Fig. |20(a)]. The use of a micrometer-sized spherical tip (e.g.,
silicon or colloid), rather than a sharp tip, is critical. This approach ensures a well-
defined contact geometry, generating low contact pressures (typically in the range
of tens of pascals) that prevent sample damage, such as plowing or pile-up. The
COF measured at this micro-scale is usually much lower than values obtained from
macroscopic tribometers or rheometers [Ruan and Bhushanl 1994]. This discrepancy
arises probably because macroscopic friction includes substantial energy dissipation
from mechanisms largely absent in AFM measurements, such as the ploughing of
surfaces by asperities, the abrasive effects of wear debris, and large-scale viscoelas-
tic deformation |[Ruan and Bhushan| 1994]. During a measurement, the sample is
scanned perpendicular to the cantilever’s long axis, and the frictional force is deter-
mined directly from the torsional (lateral) response of the cantilever. By analyzing
the difference between the trace and retrace signals, known as the friction loop,
the signals related to friction can be accurately quantified while decoupling them
from topographical artifacts [Ruan and Bhushan| [1994]. Furthermore, this technique
allows for the investigation of more sophisticated phenomena such as static friction
F; and contact aging (the increase in static friction with the increase of loading
time) |[Shoaib and Espinosa-Marzall [2019]. This is achieved through a “stop-hold-go”
protocol, where the probe remains stationary on the surface for a controlled hold
time before sliding is initiated. The static friction is then defined as the maximum
lateral force observed at the onset of motion, after which the friction force will drop
to a dynamic one Fy [Fig. [20(b)]. By systematically varying parameters such as nor-
mal load, sliding velocity, hold time, and temperature, AFM enables researchers to
build a direct structure-property relationship, linking the unique network architec-
ture and interfacial dynamics of hydrogels to their micro-scale frictional response.
By using this LFM mode of AFM, [Lee and Espinosa-Marzal| [2023] investigated the
stimuli-responsive friction properties of Agarose/poly(acrylamide-co-acrylic acid)
DN gels. Through the AFM technique, the 2D friction images of DN gels can be
obtained [Fig.[20[c)], and the friction loop can be obtained by extracting data from
a specified line on the friction image [Fig. [20(d)]. Due to the high resolution of the
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Fig. 20. Experimental setup and typical results for AFM-based friction measurements. (a)
Schematic of the AFM setup using a micrometer-sized spherical tip on a hydrogel surface. Lateral
force (Flat) is determined from the cantilever torsion, measured via laser deflection and the lateral
spring constant (kjat). (b) Lateral force measured at a sliding velocity of 2 um/s after various dwell
times (5, 10, 30 and 60s). The plot highlights static friction (Fs) and dynamic friction (Fy). (¢)
2D friction image recorded at a normal load of 10 nN and a sliding velocity of 10 um/s. (d) Friction
loop extracted along the line shown in (c), illustrating the heterogeneous frictional response of the
DN gel.

Source: |Shoaib and Espinosa-Marzal, |2019|. Copyright 2019 American Chemical Society. |[Lee and.
[Espinosa-Marzal, [2023]. Copyright 2023 under the terms of the Creative Commons CC BY license.
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Fig. 21. Wear analysis of hydrogels. (a) Optical images of wear scars for hydrogels with varying
compositions. (b) Correlation between the wear rate and the theoretical fatigue fracture threshold
for hydrogels with varying compositions. [Bonyadi and Dunnl [2020b].

Source: Copyright 2020 American Chemical Society.

AFM technique, the contribution of each network to friction can be easily charac-
terized, and they found that the copolymer-rich phase is the main source of the
stimulus-responsive friction, and friction mainly arises from the viscous shear of
the polymeric networks, whereas hydrodynamic lift and viscoelastic deformation
become more significant at higher sliding velocities.

The wear test of DN gels can be performed using the above-mentioned friction
tests with a cyclic loading control [Takahashi et all [2018]. The wear scar [Kim
let al. [2021; Takahashi et al) 2018, wear depth H |[Chanda et al., 1997 [Yasudal
2005], or wear volume V' [Bonyadi et all [2019; Bonyadi and Dunn| [2020a]]
obtained from laser scanning confocal microscopy are direct measurements of wear

properties. Besides, Archard’s wear law is commonly used for comparing the wear
resistance of different materials under different loading conditions |Bonyadi and

Fiz. BT )}

k=—— 2.26
s (2:20)

where k is the wear rate, Fiy is the normal load, and d is the total sliding distance.
The wear rate may be influenced by the normal load or the sliding velocity during
the wear test [Bonyadi and Dunn, 2020a].

By conducting one million-cycle pin-on-plate tests on DN gels with different com-
positions, [Yasuda et al.| [2005] found that the PAMPS/PDMAAm DN gel possesses
remarkable wear-resistant properties, with a maximum wear depth (3.20 pum) that
was minimal and statistically comparable to that of ultra-high molecular weight
polyethylene (UHMWPE) (3.33 um), the clinical standard for artificial joints. This
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superior performance has been reinforced in studies of particle-based DN (P-DN) gel
coatings, which also utilize the DN sacrificial bond concept |Takahashi et al |2018§].
In pin-on-plate tests, P-DN coatings demonstrated strong wear resistance with no
observable wear tracks after 300 cycles, in stark contrast to SN PAAm gel coat-
ings that show obvious wear tracks. Other compositions, such as PAMPS/PAAm
and Cellulose/PDMAAm, also proved significantly more resistant to wear than
conventional hydrogels, although not all DN designs (e.g., Cellulose/Gelatin)
were successful [Yasuda et al) [2005], highlighting the critical role of network
composition.

The mechanism of wear is fundamentally rooted in fracture mechanics, as wear is
defined as the removal of material from a surface [Bonyadi et al.,2019]. Because wear
is a cyclic process, it can be characterized as a fatigue fracture phenomenon. This
connection has been explicitly quantified in recent studies on SN hydrogels, which
provide a framework for linking fundamental network properties to abrasive wear
by measuring the theoretical fatigue fracture threshold and wear rate of hydrogels
with different compositions [Bonyadi and Dunn, [2020b] [Fig. . Consequently,
the researchers found the wear rate k follows a power law relationship with the
theoretical fatigue fracture threshold I'g as

k= I}, (2.27)

where b and c are fitting constants. Because theoretically the fatigue fracture of
hydrogels depends on the polymer fraction and molar ratio of the polymer to
crosslinker, that is

Iy = ¢§bUl\/ﬁ, (2.28)

where b is the number of C—C bonds per volume of dry polymer, U is the energy of
a single C-C bond, [ is the length of the monomer, n is the number of monomers
between two crosslinks, and ¢,, is the volume fraction of the polymer in the hydrogel.
Substituting Eq. into Eq. , a direct relationship between the hydrogel
composition and wear rate is developed:

k= Co,2rs, (2.29)
where C'is a constant that contains structural information of hydrogels [Bonyadi and
Dunn| [2020b]. According to this scaling law, a higher polymer content ¢, and lower
cross-linker ratio r can reduce wear. Although this work is based on the study of
SN hydrogels, this relationship may also be applied to DN gels, and its universality
still needs to be verified.

2.7. Rheological test

Rheology studies the deformation and flow properties of materials. It not only
focuses on the static mechanical properties of materials, but also on their dynamic
response. A comprehensive rheological analysis of DN gel systems is essential, as it

2530004-40



Advances in Ezperimental and Computational Methods

Rotating cone
Gel precursor

Rotating plate
Gel

Fixed bottom plate

(b)

Fig. 22. Rheological test apparatus used to characterize hydrogels. (a) Overall view of the DMA
and the tension clamp configuration. The instrument supports multiple modes (tension, compres-

sion, flexure, shear) |Liu et al.,[2019b|. (b) Rheometer configurations. The cone-and-plate geometry
(left) is typically used for liquid precursors, while the parallel-plate geometry (right) is used for
cured solid gels.

Source: Copyright 2018, Springer Science Business Media B.V.

provides the critical link between chemical structure and the functional properties
required for both processing and final application.

Rheological test is usually conducted on a dynamic mechanical analyzer (DMA)
[Fig. 22](a)] or a rheometer [Fig. 22b)]. The former is more suitable for analyz-
ing the tension, compression, and bending behaviors of already formed, solid-state
hydrogels, while the latter is primarily used to characterize the precursor of hydro-
gels, measuring properties such as sol-gel transition, thixotropy that are critical for
developing applications related to 3D printing and injectability, and it can also be
used to characterize cured hydrogels such as measure the tribological properties of
hydrogels, as we have discussed in Sec.

In rheological research, the rheological properties of materials are described by
a series of rheological parameters, such as viscosity 7, complex modulus G*, phase
angle §, etc, which can be obtained directly from the DMA or rheometer.

The rheological testing protocols of DN gels can be broadly divided into two main
categories: (1) characterization of the precursor or soft gel state to determine pro-
cessing viability (such as for 3D printing and injectability), and (2) characterization
of the final cured or solid state to determine its end-use mechanical performance.
For DN hydrogels designed to be injectable or used as bio-inks for 3D printing,
the rheological properties of the precursor solution are paramount. In this case, the
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steady shear test and step-recovery test are two commonly used tests. While after
the DN gel is processed and fully cured, a different set of rheological tests, such as
strain sweep test and frequency sweep, is required to characterize its final network
structure and mechanical performance.

Next, we will first introduce the concepts of these rheological parameters and
then elucidate rheological testing protocols for DN gels.

2.7.1. Definition of common rheological parameters

The viscosity n measures the internal resistance of the DN gel precursor in shear
flow. In the simplest model, a force (shear stress 7) is applied to the upper surface
of the fluid layer, while the lower surface remains fixed. If the fluid undergoes defor-
mation, the viscosity is the proportional coefficient between the applied shear stress
7 and the shear rate 4:

n 5 (2.30)
For a viscoelastic precursor, the measured 7 is not constant, it is a function
jointly determined by the shear rate 7, temperature 7', and network structure. At
very low shear rate (within the linear viscoelastic region (LVR)), the precursor
usually presents a “zero shear viscosity” 7, i.e., the platform value, which reflects
the synergistic contribution of the hydraulic resistance of the polymer chains and
the instantaneous entanglement between the two networks. As the shear rate
increases, shear thinning (1 decreases) may be observed, which is due to the gradual
orientation or partial disentanglement of the network in the flow.
During rheological experimental tests, the complex modulus G* is a frequency-
dependent vector that simultaneously quantifies the elastic stiffness and viscous
damping of the DN gel, as expressed by

G*(w) = G'(w) +iG" (w), (2.31)

where G’(w) is the storage modulus, which is the in-phase elastic component and
reflects the energy stored and recovered per cycle, while G”(w) is the loss modulus,
which is the 90°-out-of-phase viscous component and reflects the energy dissipated
per cycle. The magnitude |G*| = vG'? + G''? is regarded as an apparent stiffness,
while the ratio tand = G” /G’ is the loss factor:tand < 1 indicates a solid-like DN
gel, and tand =~ 1 indicates a visco-liquid. G* serves as the crucial constitutive
parameter for the viscoelastic behavior of the DN gels, providing an experimental
bridge for quantitatively coupling the evolution of microscopic networks with macro-
scopic mechanical responses. Specifically, the storage modulus G’ directly reflects
the instantaneous stiffness of the polymer network, while the loss modulus G” char-
acterizes the energy dissipation ability. By adjusting the formulation of DN gels,
both G* and tand can be controlled accordingly [Wang et al.l [2023alb].
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Fig. 23. Rheological flow behavior of hydrogel precursors. (a) Schematic graph showing the vis-
cosity () as a function of shear rate (4). Hydrogel precursors may exhibit Newtonian, shearing-
thinning, or shear-thickening behaviors. (b) Time-dependent viscosity profile of a thixotropic
hydrogel. From to to ¢1 (low shear), the material exhibits a stable rest viscosity. Structural decom-
position occurs from #; to t2 (high shear application), followed by structural regeneration from to
to ¢3 (shear removal).

2.7.2. Steady shear

Steady shear test measures the material’s viscosity 1 as a function of the applied
shear rate 4 with controlled shear rate or controlled shear stress [Tirumala et al.l
2008; (Tominaga et al) 2007} [Zheng et al. 2023a)], the resulting curve of which
is usually called flow curve [Fig. 23(a)]. This is the primary test to determine
the tendency of a material to flow, or to put it more practically, extrudability.
According to the flow curve, solutions may exhibit ideal-viscous, shear-thinning, or
shear-thickening behaviors. An ideal hydrogel precursor solution that can be used
as printing inks exhibits shear-thinning behavior, where viscosity decreases signifi-
cantly at high shear rates (i.e., inside the printing nozzle or injection needle). This
property ensures the material can be extruded smoothly with minimal force, which
is particularly important for 3D printing manufacture of DN gels. By conducting
steady shear tests on PAMPS/PAAm solution mixtures with different PAMPS vol-
ume fractions, Tominaga et al| [2007] found that the maximum in the solution
viscosity and fracture toughness occur in a similar volume fraction range, which
indicates that there may be an association between the two components of DN gels.

2.7.3. Thizotropy

While shear-thinning ensures extrudability, thixotropy dictates the shape fidelity of
the printed structure after extrusion. Thixotropy is the time-dependent recovery of
viscosity (or modulus) once shear is removed. This is usually quantified using a step
test involving three distinct stages with controlled shear rate: first, the initial, high-
modulus state G’ of the material is measured using a low, non-destructive shear
rate; second, a high shear rate is applied to simulate the damage and fluidization
that occurs during extrusion; and finally, the test immediately switches back to the
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low, non-destructive shear rate, allowing the rheometer to monitor the recovery of
viscosity 7 as a function of time. These three phases correspond to 1-3 in Fig. (b)7
respectively. A desirable bio-ink must recover its n rapidly upon deposition, allowing
it to maintain its shape and support the weight of subsequent layers. This same high-
low strain methodology is also the standard protocol for quantifying the self-healing
behavior of dynamic DN gels |[Zheng et al.) [2023a].

2.7.4. Strain sweep

For the final solid gel, a strain sweep is the mandatory first step in any oscillatory
analysis. It is performed by applying an increasing oscillatory strain at a constant
frequency. A typical measuring result of a strain sweep test is the moduli as a
function of the shear strain, as shown in Fig. a). The purpose of the strain sweep
test is to identify the LVR — the strain range at low strains where the moduli
are independent of the applied stress, reflecting the material’s undamaged network
structure. This test provides two crucial pieces of information: establishing the safe
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Fig. 24. Rheological analysis of hydrogel viscoelasticity. (a) Strain sweep determining the LVR
and linearity limit (v1,). (b) Frequency sweep illustrating microstructural changes as the frequency
increases beyond the characteristic crossover point (G = G”’). (c¢) Time sweep monitoring gela-
tion, with tcgr marks the reaction onset, and tge marks the sol-gel transition (G = G”). (d)
Temperature sweep demonstrating thermal stability, where the crossover point (G’ = G'’) defines
the sol-gel transition temperature (Tsg).
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non-destructive strain amplitude that must be used for subsequent tests to ensure
their validity, and identifying the yield point (where G’ begins to drop). This yield
point is critical for DN gels as it often corresponds to the onset of network failure,
such as the breaking of the sacrificial first network, providing insight into its energy
dissipation mechanism.

2.7.5. Frequency sweep

Once the LVR is known, a frequency sweep is performed at a constant, low strain.
This test reveals the underlying network architecture by determining the relation-
ship between the testing frequency and the G’ and G” moduli [Fig. 24|b)]. For a
stable DN hydrogel, a solid-like structure (G’ > G") is typically observed, while the
emergence of a crossover of G’ and G” indicates that a reversible network may exist
in the hydrogel, and the material properties of these hydrogels are typically highly
frequency dependent.

2.7.6. Time sweep

A time sweep test monitors G’ and G at a constant frequency and strain over a
set period [Fig. [24](c)], used to monitor structural changes. This method has two
primary applications critical to DN gels. First, it is essential for studying gelation
kinetics, particularly for in-situ forming networks (e.g., via photopolymerization).
By tracking the evolution of G’ and G from a hydrogel precursor, the test can
precisely determine the time point tcr at the onset of the chemical reaction, and
the time point tgq at the sol/gel transition in terms of the crossover point G' = G”.
Second, this test is used to assess hydrogel stability, where no significant changes
in G’ and G” over time suggest high stability.

2.7.7. Temperature sweep

A temperature sweep measures G’ and G as the temperature is ramped up or down
[Fig. d)] This test is critical for assessing the thermal stability of the DN gels,
showing the temperature range where the moduli are stable. Furthermore, for DN
gels designed to be thermoresponsive (e.g., those containing PNIPAAm), this test
is the standard method to identify the sol-gel transition temperature Tgq, which is
characterized by the corresponding temperature of the crossover point G' = G”.

2.7.8. Creep recovery and stress relazation

Transient tests, such as creep test and stress relaxation test, are vital for assessing
the time-dependent mechanical behavior of DN gels, especially for load-bearing
applications. The creep test measures the material’s compliance by applying a
constant static stress and recording the resulting strain deformation over time. The
subsequent recovery phase, where the stress is removed, quantifies the hydrogel’s
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Fig. 25. Creep-recovery and stress relaxation behaviors. (a) Applied stress profile for creep-
recovery testing. (b) Typical creep and recovery curve, distinguishing the recoverable elastic defor-
mation (7e) from the permanent viscous deformation (v, ). (¢) Applied strain profile used for stress
relaxation testing. (d) Typical stress relaxation curve showing stress decay over time.

ability to return to its original state and its resistance to permanent deformation
[Figs. a), b)} Conversely, a stress relaxation test applies a constant strain
and measures the decay of the stress exerted by the specimen over time [Figs. (C),
d)} It is suggested to apply a low, constant strain 7y; to the test specimen before
performing the large =y step to increase the test reproducibility .
The stress relaxation test directly probes the material’s ability to dissipate internal
stresses and establishes its time-dependent viscoelastic nature.

2.8. Non-contact characterization techniques

The traditional mechanical test is usually limited by the contact sensor and limited
spatial sampling, which may affect the surface morphology of DN gel and cause
stress concentration, and is not conducive to the study of the mechanical properties
of DN gels. The non-contact characterization techniques, often relying on optical
or scattering principles, allow for measurement without direct mechanical coupling
to the sensor. These techniques avoid the introduction of measurement-induced
boundary conditions, thereby preserving the intrinsic mechanical environment of
the DN gel specimen. These techniques quantify the evolving stress, strain, and even
microstructure of the DN gel during loading with unprecedented spatial-temporal
resolution.
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Fig. 26. Visualization of DN gel deformation using birefringence. (a) Schematic illustration of the
experimental setup for birefringence observation. (b) Birefringence images of DN gels subjected to
uniaxial stretching (left) and pure shear stretching (right) |Zheng et al. |[2021].

Source: Reproduced with permission from PNAS.

2.8.1. Birefringence observation

The birefringence observation is the most widely used non-contact characteriza-
tion technique for the DN gels. During birefringence observation, when there is
molecular chain orientation inside the DN gel, its refractive index will vary due to
different polarization directions, resulting in optical path differences when polarized
light passes through (manifested as light and dark stripes or color patterns), and
then the anisotropic structure or stress—strain distribution of the DN gel can be
studied through the birefringence observation test. The experimental setup shown
in Fig. a) is used to perform real-time imaging of birefringence during the ten-
sile process. The DN gel sample is placed between two crossed circular polarized
films, and the two films are placed between a white lamp and a video camera. The
birefringence during the tensile process is recorded with the video camera (referen-
tial setting: 24 frames/s, 1920 x 1080 pixels).

By conducting birefringence observation during the uniaxial tension or pure
shear test of DN gels, the size of the necking/yielding zone at the crack tip can
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be tracked in real time through birefringence imaging, as there is pronounced ori-
entation of the second network strands in the necking/yielding zone [Lu et all
2024 [Zheng et al) [2024b] [Fig. 26(b)]. Based on this, [Zheng et al| [2021] stud-
ied the effect of chain dynamics on the crack initiation of DN gels and found that
the necking zone size and fracture toughness of PNaAMPS/PAAm DN gels can be
greatly reduced by increasing the solvent viscosity 75, the underlying mechanism of
which was attributed to the increase of the relaxation time of the second network
segment with the increase of 75, which leads to stress overshoot at the crack tip and
premature fracture of the second network. Furthermore, Zheng et al.| [2024b] used
this technique to study the unique stick—slip crack dynamics of DN gels under pure-
shear loading. By respectively changing the loading rate and prestretch applied to
the DN gels, the authors found that the stick—slip is caused by an energy supply—
demand imbalance between “dynamic crack propagation” and “energy dissipation
zone reconstruction”, and this dynamic fracture can be effectively suppressed by
introducing predamage to the brittle first network. A systematic study on the effect
of the predamage on the fracture toughness of DN gels also adopted the birefringence
observation technique [Zheng et al.,|2024a]. Besides, researchers also conducted bire-
fringence observation tests to study the pre-yielding, yielding, and necking process
[Lu et al) 2024} Yoshida et al.,2024], and crack growth behavior [Zhang et al.,|2022]
of DN gels.

2.8.2. Digital image correlation technique

Digital image correlation (DIC) can be used to measure the strain field in DN gels,
especially for the inhomogeneous local deformation during necking [Ajam et al.l
2024} |Joseph et al., 2025} [Mao et al., 2017; [Wang et al., 2025bf [Yuan et all [2025;
Zhang et al.|2015]. The general principle of the DIC technique is shown in Fig. ).
Images taken successively are compared with each other. The first image is divided
into a grid with a fixed mesh size. The grey value of each box of the grid is then
measured. On the second image, the software will find the previous grid in the
new image. Therefore, the difference between the first grid and its new position
in the second grid gives the local displacement field. In Fig. a), in the refer-
ence image on the left, a zone of interest is defined, this same zone is tracked by
the software in the deformed image, as shown on the right. From this, the local
displacement and strain of the zone of interest can be deduced [Fig. 27|(b)]. How-
ever, for DN gels containing a large amount of water content, creating a durable
speckle pattern is usually challenging as the liquidous surface layer may cause pat-
tern smearing. Recently, Wang et al.| [2025b] proposed a method to produce robust
speckle patterns on DN gels by using the lycopodium microparticles, which can
ensure a successful capturing of strains up to 1000% during uniaxial deformation of
DN gels using the DIC method, both in air and in aqueous environments. |Joseph!
et al|[2025] even adopted the DIC method to characterize the strain fields around
the interfacial crack tip between two DN gels to understand the opening and shear
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Fig. 27. Strain field measurement using the DIC technique. (a) Schematic illustration of the tech-
nique. A random speckle pattern is applied to the specimen surface, and images are recorded at
both reference and deformed states. Surface displacement and strain are calculated by matching
digital images using correlation software |Zhang et all 2015]. (b) Representative strain field evo-
lution of a DN gel specimen under uniaxial stretching, measured using the DIC technique [Wang
et al., 2025b).

Source: Copyright 2015 Elsevier. Copyright 2025 under the terms of the Creative Commons CC
BY license.

strain field within the fracture process zone and to correlate with fracture toughness
values.

2.8.3. Multi-particle tracking technique

Although the DIC technique is an effective way to probe the strain field of a material
with large deformation by analyzing the motion of speckles within a grid, it is usually
limited to measuring the continuous deformation of the material. When discontin-
uous deformation, such as fracture, occurs, the grid generated in this method often
fails, resulting in the loss of strain information in that region. To address this, MPT
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has emerged as an effective technique that can probe both the continuous and dis-
continuous deformation fields of materials with large deformation by analyzing the
motion of particles. The MPT technology is adopted as shown in Fig. a). The
surface of the specimen is first coated with round tracking particles of the same size,
which is considered to have negligible influence on the deformation of the specimen.
Then, the specimen is clamped onto the loading machine, and a high-speed camera
is set to capture the deformation of the specimen during the experiment process.
For continuous deformation scenarios, the camera used a low frame rate, high pixel
mode. When the experiment involved the fracture of the specimen, i.e., discontin-
uous deformation, the camera used a high frame rate, low pixel mode. To enhance
the accuracy of the MPT technique, a white light source is often placed behind
the sample. The strain field of the specimen is obtained by using the multi-particle
matching algorithm. Specifically, the particle coordinates of two consecutive photos
are matched by a topology-based particle tracking algorithm [Patel et al) [2018]. All
particles are matched in order. Then, we calculate the displacement component of
each particle according to the matching results. The incremental displacement com-
ponent is the displacement relative to the previous photo. Next, using the moving
least square method, the displacement component of the matching failed particle
is interpolated by using the displacement component of the successful matching
particle to ensure that the particle on each image has an effective displacement.
Finally, synthesize the displacement results of particles on all photos, and accu-
mulate the absolute displacement field of particles on each photo relative to that
on the first photo. According to the absolute displacement field, we calculate the
partial derivative of the displacement field relative to the coordinate and obtain the
strain field result. Using the MPT technique, [Wang et al.| [2025a] probed the strain
field of the DN gel specimen during its whole uniaxial tension process, from which
the pre-necking, necking, and hardening stages can be clearly specified [Fig. [2§(b)].
Based on this, they further developed a damage constitutive model that can suc-
cessfully account for the inhomogeneous deformation of DN gels during the necking
stage, either under monotonic or cyclic loading.

2.8.4. Small-angle scattering tests

The SAS measurement, including small-angle X-ray scattering (SAXS) and small-
angle neutron scattering (SANS), probes nano-to-micrometer scale structures by
measuring the intensity distribution of an incident beam (X-rays or neutrons) scat-
tered at very small angles after passing through a sample. A typical setting of the
SAS test is shown in Fig.[29(a). SAS usually measures the scattered intensity I as a
function of the scattering vector q. g is related to the scattering angle and the radia-
tion wavelength. A smaller value of ¢ corresponds to larger structural features, while
a larger ¢ value probes smaller structural details. Standard SAXS/SANS instru-
ments typically probe structures in the 1-100 nm range. Probing larger structures up
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Fig. 28. Strain measurement using the MPT technique. (a) Schematic illustration of the tech-
nique. Discrete particles are randomly spread onto the specimen surface, and the deformation
process is recorded via a camera. Displacement and strain fields are computed by detecting and
tracking particle positions using an algorithm. (b) Evolution of the stretch distribution along
the loading direction of a DN gel during uniaxial tension. The corresponding 2D and 1D stretch
distribution maps at = 29s (top) and ¢= 36s (bottom) are shown [2025a).

Source: Copyright 2025 Elsevier.
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to 1 pm requires specialized ultra-small angle scattering (USAXS/USANS) instru-
ments [Hammoudal, [2010], which access a lower g-range.

The microstructure of DN hydrogels can be measured using SAS experiments,
and this information can often provide a microscopic perspective on the mechan-
ical behavior of DN gels, helping to understand their performance enhancement
mechanism. Researchers performed static and dynamic structural analysis through
SANS and USANS tests on DN gels and their components without and with pure
shear deformation [Tirumala et ol [2008; |Tominaga et all [2007]. Experimental
results indicated that during deformation, the PAAm chains form reversible, peri-
odic fluctuations with a spacing of ~ 1.5 um, while the PAMPS network under-
goes irreversible, permanent structural damage [Fig. [29)(b)]. Furthermore, scattering
intensity reveals that the fluctuations on PAMPS networks and PAAm chains are
out-of-phase, indicating that the PAAm-rich regions correspond to the PAMPS-
deficient (fractured) regions. These experimental results indicate that the two-
component networks of DN gels may be associated via molecular interactions, e.g.,
hydrogen bonds, which help them to self-regulate by breaking these associations to
form a periodic structure, thereby dissipating a large amount of energy throughout
the specimen and preventing crack propagation. Later, they quantitatively measured
the thermodynamic interactions between the component networks using SANS mea-
surement and validated the weak thermodynamic interactions between two compo-
nent networks |[Tominaga et al., [2008] and proposed a stress transfer model for the
toughness enhancement of DN gels based on these SANS experimental results [Tiru-
mala et al.,[2008|. Using SANS tests, [Tominaga et al.| [2014] also investigated water
absorption in freeze-dried DN gels and identified a characteristic network mesh
size of approximately 8 nm. Their finding revealed a two-stage absorption process
of DN gels. At low humidity, i.e., when relative humidity (RH) is lower than 68%,
water molecules only absorb onto larger structures (> 8 nm), while at high humidity
(RH;68%), they begin to penetrate the smaller, internal mesh (< 8 nm) and interact
directly with the polymer segments.

Although SANS can characterize the microstructure of DN gels well, SAXS may
be a more convenient method when conditions permit. For example, King et al.
[2020] employed SAXS to quantitatively measure the degree of orientation of the
physical sacrificial network (PBDT) in the anisotropic double-network hydrogels.
The scattering patterns confirmed the successful induction of an oriented structure
upon pre-stretching, and the data were used to calculate a structural anisotropy
factor which correlated directly with the observed mechanical anisotropy of the
hydrogels. Using the in situ SAXS, [Fukao et al| [2020] analyzed the microscopic
structural changes in PAMPS/PDMAAm DN gels during uniaxial stretching and
found that the relative strength of the two networks dictates the internal fracture
process, either leading to localized strain amplification and necking in specimens
with low second network concentration (DN-2), or to dispersed, homogeneous frac-
ture, in specimens with high second network concentration (DN-4) [Fig. )]
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Fig. 29. (Color online) Structural characterization of DN gels using SAS. (a) Schematic illus-
tration of a SAS instrument (applicable to both SAXS and SANS). (b) SANS profiles of
PAMPS/PAAm DN gels in undeformed and pure shear deformation states. Blue and red lines
represent PAMPS and PAAm networks, respectively. The correlation length &, derived from the
peak position in the deformed gel, corresponds to concentration fluctuations in the component
structure of PAAm at ~ 1.5um [Tominaga et all 2007]. (c) Representative 2D SAXS images of
PAMPS/PDMAAm DN gels under uniaxial stretching |[Fukao et al.} [2020].

Source: Copyright 2020 American Chemical Society.
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Besides SAS, other scattering methods such as dynamic light scattering |[Furukawa
et al, [2008; Huang et all 2007} Na et al), [2004] are also widely used in the study
of DN gels. However, DSL is mainly used to capture dynamic information in the
structure of DN gels, such as molecular motion and relaxation modes, and will not
be elaborated here.

2.8.5. Mechanochemistry method

Mechanochemistry has recently emerged as a reporting tool of damage or of
local stress in soft materials during deformation or macroscopic crack propaga-
tion |[Davis et al) [2009; [Ducrot et al.l [2014} [Stratigaki et al., [2020]. The idea is
simple in principle that certain suitably designed molecules chemically incorpo-
rated (e.g., as crosslinkers) into materials can change their light absorption spec-
trum, become fluorescent, or emit light when a mechanical stimulus is applied, and
these molecules are called mechanophores. In other words, these force-responsive
mechanophores can be used as a force sensor or detectors of bond breakage or stress
concentration.

Not until recently, researchers started to apply this method to investigate DN
gels and gained insightful results. By covalently incorporating a hydrophobic rho-
damine derivative (Rh mechanophore) into the first network of DN gels as the
crosslinker, Wang et al| [2020] endowed DN gels for the first time with stress-
sensitive, freezing-induced mechanochromic and pH-regulated mechanochromic
properties [Fig. a)]. Later, by embedding cyclobutene-based mechanophore
crosslinkers with varied activation forces in the first network of DN gels, [Wang
et al|[2024b] quantitatively investigated the role of activation forces in the activa-
tion competition among mechanophores within a polymer network. When a single
mechanophore is incorporated as the crosslinker, a lower activation force relative
to the bonds in the polymer main chain results in higher activation efficiency and
sensitivity. When two mechanophores are incorporated, mechanophore activation
faces the competition from the other mechanophore and non-specific bond cleav-
age in the backbone, and the weak mechanophores can completely suppress the
activation of a stronger mechanophore and stronger bond cleavage in the backbone.

Through the combination of mechanoradical polymerization and fluorescence
microscopy, Matsuda et al.| [2020] propose a novel mechanochemical technique for
the visualization and quantification of the bond scission in DN gels [Fig. [30[(b)]. They
adopted the mechanoradicals that were generated by homolytic covalent bond scis-
sion to initiate the radical polymerization of the N-isopropylacrylamide (NIPAAm)
monomers in the DN gel, which formed a thermoresponsive polymer PNIPAAm
tethered to the broken ends of the first-network strands. The distribution of PNI-
PAAm records the internal fracture around the crack tip during the crack opening
and propagation, and is then visualized using an environment-responsive fluorescent
probe, 8-anilino-1-naphthalenesulfonic acid (ANS), at a temperature above its lower
critical solution temperature (LSCT). Using a laser scanning confocal microscope
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Fig. 30. Visualization of internal damage in DN gels using the mechanochemistry method. (a)
Chemical structure and mechanochromic/mechanofluorescent response of a Rh mechanophore-
functionalized DN gel . (b) Schematic illustrating the damage visualization
mechanism. Mechanoradicals generated by strand scission initiate the polymerization of NIPAAm
to form thermoresponsive PNIPAAm. The fluorescent probe ANS binds to hydrophobic PNIPAAm
domains formed above the LCST, selectively visualizing the damaged region while the undamaged
region remains dark. (c) 3D fluorescence images obtained using a laser scanning confocal micro-
scope around the crack tip of a torn DN gel containing NIPAAm and ANS, observed at 42°C.
(d) Profile of dissipated mechanical energy density in the damage zone, obtained by calibrating
fluorescence intensity using tensile data [Matsuda et al.|2020].

Source: Copyright 2019 Chinese Chemical Society Institute of Chemistry. Copyright 2020 American
Chemical Society.
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(LSCM), even three-dimensional damage distribution can be captured [Fig. [30)c)].
In addition, by calibrating the fluorescence intensity using tensile data, the profiles
of the maximum strain and stress imposed, and the dissipated mechanical energy
density in the damage zone of a DN gel can be quantitatively estimated with a
resolution of around 50 um [Fig. d)} Furthermore, by comparing the dissipated
energy in the damage zone around the crack tip of the DN gel obtained from this
method with the fracture energy obtained from the tear test, [Matsuda et al.|[2021]
found that in addition to energy dissipation in a relatively narrow yield region,
the dissipation in the wide preyielding region and the intrinsic fracture energy also
have a large contribution to the fracture energy, and the intrinsic fracture energy is
comparable to the dissipated energy and way much larger, instead of comparable,
to the fracture energy of the second network.

Despite insightful results obtained by the mechanochemistry method, the use of
this method as a tool to investigate the mechanical behavior of DN gels remains
in its infancy. The method has obvious disadvantages as it usually requires a rel-
atively complicated procedure, and the existing method for DN gels is based on
posterior observation instead of real-time observation. However, it does not require
the incorporation of specific mechanophores into the polymer network, and the pos-
terior observation may help to characterize the complicated deformation of high-
speed fracture of DN gels by recording the fracture history [Matsuda et al.,[2020]. In
addition, compared to the optical measurement technology mentioned in Sec.
the mechanochemical method can achieve quantitative measurement with high spa-
tial accuracy, and both 2D and 3D characterization, all at the same time.

While the development of these non-contact characterization methods has
greatly facilitated our understanding of the deformation and toughening mecha-
nisms of DN gels, sometimes contact or even invasive methods also have their advan-
tages. For example, the microelectrode technique, developed in recent years, inserts
extremely fine glass microelectrodes (with tip sizes typically in the submicron to
micron range) into the interior of the hydrogel. Since the primary network of the DN
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gel is a charged polyelectrolyte, its internal potential (Donnan potential) is directly
related to the local charge density (i.e., polymer concentration). By analyzing and
measuring the potential changes at the depth of measurement, the breakage and
distribution of the primary network can be indirectly quantified. For example, |Guo!
et al| [2019] investigated the internal damage evolution of double-network hydro-
gels under uniaxial stretching by measuring the electric potential distribution of
reswollen samples using the microelectrode technique. It reveals that the polymer
network transitions from a homogeneous structure to a heterogeneous bimodal state
composed of minor and major damaged regions as strain increases. Furthermore,
the analysis of the transition zone suggests that necking initiates at the gel sur-
face and propagates into the depth. Recently, |[Nishimura et al.| [2024] utilized the
microelectrode technique to spatially visualize the three-dimensional damage dis-
tribution of the brittle first network near the crack tip of a torn DN gel. It revealed
distinct fracture behaviors along the thickness direction: a pre-yield zone character-
ized by local necking with alternating fractured layers, and a yield zone exhibiting
global necking with homogeneous fragmentation. These findings provide the first
quantitative demonstration of how two-stage energy dissipation in the damage zone
contributes to the material’s toughness. Therefore, there is no superiority or inferi-
ority between non-contact and contact characterization methods; it all depends on
the requirements.

2.9. Comparison of different experimental methods

The comprehensive characterization of DN gels requires a systematic understand-
ing of various experimental methods, as each provides distinct advantages across
different length scales. Table [T] summarizes the test scale, key properties measured,
and advantages/insights provided by each method. Conventional mechanical testing
methods, such as uniaxial tension, compression and pure shear tests, serve as the
foundation for mechanical characterization, providing bulk mechanical properties
including elastic modulus, work of fracture, energy dissipation, fracture toughness,
fractocohesive length, fatigue properties and crack growth behavior. Single-edge
notch tests are also employed to measure fracture toughness, fatigue properties,
and flaw sensitivity, proving particularly useful when sample size or testing space is
limited. Trouser tear tests are particularly effective for measuring fracture toughness
and fatigue behavior under controlled crack propagation. For DN gels containing
dynamic bonds, the rheology test is a powerful tool for probing flow and deformation
properties, such as thixotropy and viscoelasticity. Interfacial and surface character-
ization methods complement bulk tests by focusing on adhesion and tribological
behaviors. Specifically, adhesion tests measure interfacial toughness and strength,
while tribological tests assess friction and wear behaviors at the interface between
DN gels and solid substrates. Furthermore, coupling conventional mechanical tests
with advanced non-contact characterization techniques enables a deeper exploration
of the mechanical properties of DN gels.
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Table 1. Summary of experimental methods for characterizing DN gels.
EXPERIMENTAL PROBING KEY PROPERTIES ADVANTAGES/
METHOD SCALE MEASURED INSIGHTS
UNIAXIAL TENSION & Macroscale Elastic modulus, work Foundational for bulk

COMPRESSION of fracture, energy mechanical property
dissipation characterization
PURE SHEAR Macroscale Elastic modulus, Foundational for bulk
fracture toughness, mechanical property
fractocohesive characterization
length, fatigue
properties, crack
growth behavior
SINGLE-EDGE NOTCH Macroscale fracture toughness, Useful when
fatigue properties, experimental
flaw sensitivity samples or space are
limited
TROUSER TEAR Macroscale Fracture toughness, Effective for
damage zone, measuring
components of properties under
fracture toughness controlled crack
and damage zone propagation
ADHESION Macroscale Interfacial toughness,  Focuses on interfacial
interfacial strength, and surface
fatigue properties properties
TRIBOLOGICAL Nano-to Coefficient of friction, Assesses behavior at
macroscale wear behaviors the interface
between the
material and solid
substrates
RHEOLOGICAL Macroscale Rheological A powerful tool for
properties, probing flow and
viscoelasticity, deformation
self-healing properties of
dynamic materials
NON-CONTACT Nano- to Damage zone, stress, Bridges length scales
CHARACTERIZATION macroscale strain, and by providing

(BIREFRINGENCE, DIC,
MPT, SAS,
MECHANOCHEM-
ISTRY.)

dissipated energy
density distribution,
microstructure
evolution

detailed, spatially
resolved insights
into deformation
behaviors.

These experimental methods operate across different length scales, thereby offer-

ing complementary information. Macroscopic tests, such as uniaxial tension and
compression, pure shear, single-edge notch, trouser tear, adhesion, tribological, and
rheological tests, typically use specimens on the order of 10-100mm to capture
overall deformation processes. Non-contact characterization technologies, includ-
ing birefringence observation, DIC, MPT, SAS and mechanochemistry techniques,
bridge macro- and microscales by resolving localized damage zones with a high spa-
tial resolution (1nm—-10um), providing more detailed insight into the deformation
behaviors that occur during macroscopic testing.

Worth noting that individual experimental methods can be used to measure mul-
tiple mechanical properties, while a single mechanical property can be measured by
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various methods. For instance, the fracture toughness of DN gels can be measured
using pure shear, single-edge notch, trouser tear, or even peel tests. Although results
from different methods may not be identical due to different stress states, they gen-
erally agree in magnitude. In practice, the selection of methods primarily depends
on objectives. For fundamental studies, integrating conventional testing with non-
contact techniques provides the most comprehensive understanding of DN gels. In
engineering practice, the selection of characterization methods is dictated by the
specific requirements of the end-use system. For example, in the development of
artificial cartilage, high-cycle fatigue testing is prioritized to predict the long-term
durability required for load-bearing implants, ensuring they can withstand millions
of physiological cycles without failure; for DN hydrogels utilized as drilling fluid
plugging agents in the oil and gas industry, rheological tests are critical for vali-
dating seal integrity in harsh downhole environments; in the rapid prototyping of
soft robotic actuators, non-contact optical techniques (such as DIC or MPT) are
pivotal for identifying stress concentrations in complex, irregular geometries. These
examples demonstrate how the reviewed methodologies are directly translated into
validation protocols for real-world products.

3. Computational Methods for Studying Mechanical Properties
3.1. Molecular dynamics method

MD method serves as a crucial bridge connecting microscopic molecular structures
to macroscopic material properties, playing a key role in revealing the strengthen-
ing and toughening mechanisms, anti-freezing mechanisms, and functional designs
of DN gels. Based on the scale of the study, relevant research can be generally
categorized into all-atom simulations, CG simulations, and multiscale simulations.

3.1.1. All-atom simulations

AAS offer the highest level of chemical and physical detail by explicitly modeling
monomers, crosslinkers, and water at the atomic scale [Fig. . These models
typically employ advanced force fields, such as the condensed-phase optimized
molecular potential (COMPASS) or Dreiding, to accurately capture specific inter-
molecular interactions. To mimic experimental curing and achieve equilibrated net-
work structures, researchers often utilize cyclic NPT (Isothermal-Isobaric Ensemble)
and NVT (Canonical Ensemble) simulations combined with thermal annealing pro-
tocols, which involve starting from high temperatures and cooling down. Networks
are generally pre-assembled or grown in silico (e.g., via pre-crosslinking or algo-
rithmic polymerization), and the system is solvated with explicit water molecules
and counterions. This approach enables the detailed characterization of mechani-
cal properties (e.g., stress—strain curves), transport properties (e.g., self-diffusion
coefficients, SDCs), and solvent structures (e.g., radial distribution functions,
RDFs).
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Fig. 31. All-atom MD simulations of the PAM/CNF/LiCl hydrogel. Equilibrium structures of
the hydrogel and the interactions of each component with water are displayed 2021].

Source: Copyright 2020 Elsevier.

AAS have been extensively utilized to elucidate the critical role of hydrogen
bonding in governing the mechanical properties of DN gels. For instance, researchers
employed RDF's and binding energy calculations to confirm that the formation of
a large amount of hydrogen bonds within DN gels is a key factor in enhancing
hydrogel toughness and modulus [Wang et all, [2024a; Wu et all 2024]. Addition-
ally, simulations by revealed that acid-induced treatment increases
hydrogen bond density within polymer networks while reducing electrostatic repul-
sion, thereby strengthening the DN gels. For nanocomposite DN gels,
analyzed the non-bonded interaction energy between silica nanoparticle sur-
faces and PAM/PAA polymer chains, clarifying the reinforcement mechanism of
nanoparticles acting as physical crosslinking points. Furthermore, by analyzing the
dynamic behavior of confined water molecules, AAS helps reveal the underlying
mechanisms of freeze and dehydration tolerance of DN gels
let all [2023} |Zhou et al., 2022].

Beyond mechanical reinforcement and environmental stability, AAS provide
thermodynamic insights into network behaviors. |JaramilloBotero et al| [2010] cal-
culated the entropic and enthalpic contributions to elastic responses, viscosities and
stress—strain characteristics, offering a thermodynamic explanation for the mechan-
ical enhancement mechanisms in DN gels. AAS have also been effectively applied to
screen DN gels for specific adsorption functions. For example, Huang et al.|[2022]
calculated the binding energy between various natural polymer functional groups
and the explosive components, identifying carrageenan as the optimal backbone
material. Regarding transport phenomena, [Jang et al.|[2007] simulated solute diffu-
sion (e.g., glucose) within DN gels, finding that solute diffusion rates are significantly
lower than in SN gels due to the reduced mesh size of DN gels.

Collectively, these all-atom studies elucidate the microscopic origins of DN gels’
superior mechanical properties by capturing explicit chemical details. However,
inherent spatiotemporal limitations and high computational costs restrict AAS
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to small scales, often precluding the investigation of realistic chain entanglement,
macroscopic crack propagation, and long-term structural evolution.

3.1.2. Coarse-grained simulations

CGS simplify the atomistic details by mapping groups of atoms into single
interaction sites (beads), typically employing bead-spring models and Lennard-
Jones potentials. This reduction in degrees of freedom facilitates the investigation
of network topology evolution, fracture processes, and dynamic behaviors across
significantly larger spatiotemporal scales than those accessible via AAS.

CGS have been instrumental in visualizing the microscopic fracture process and
validating the strengthening and toughening mechanisms of DN gels.
utilized CGS to visualize the fracture process of DN gels during stretching,
thereby verifying the “sacrificial bond” principle [Fig. . They further analyzed
how network concentration and cross-linking density of DN gels influence their void
formation and stress-strain behavior. Building on this, highlighted
the critical roles of inter-network interaction strength and first-network stiffness in
enhancing modulus and fracture stress. Recently, |(Gong et al| [2025] reproduced the
characteristic pre-necking, necking, and strain hardening behavior of DN gels during
the stretching process, quantitatively attributing energy dissipation to the fracture
of the first network and the chain orientation of both networks.

Beyond basic fracture mechanics, simulations reveal that stress redistribution
in DN gels is highly inhomogeneous. Tauber et al. [2021] discovered that the frac-
ture of sacrificial chains occurs in two distinct steps, governed by intra-network and
inter-network load sharing, respectively. Their findings emphasize that topologi-
cal constraints between networks are crucial for enhancing the macroscopic stress
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Fig. 32. CG MD simulations of PAMPS/PAAm DN gels. The fracture process of a DN gel
composed of 20% first network and 80% second network is shown, alongside the corresponding

stress—strain curve and the evolution of bond-breaking events in each network |Higuchi et al.|
2015).

Source: Copyright 2018 American Chemical Society.
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response, which deviates significantly from affine deformation predictions. Further-
more, in the context of self-strengthening DN gels triggered by mechanochemical
reactions, [Wang et al.| [2025¢] elucidated the competitive relationship between the
rate of new network formation and crack propagation, demonstrating that effective
self-strengthening requires the network formation to outpace crack extension.

CGS are also widely employed to guide synthesis strategies of DN gels. For
instance, [Jian et al.| [2023] demonstrated that reducing the ionic crosslinking rate
improves spatial homogeneity and overall ionic crosslinking density, thereby tough-
ening the DN gels. Similarly, Wan et al.| |[2018] identified optimal stiffness ratios
and concentrations of two networks to maximize mechanical performance of DN
gels, while [Xing et al| [2021] verified that mechanochemical coupling and self-
healing kinetics significantly influence viscoelastic behavior. Additionally, for hybrid
physical-chemical DN gels, |Zhao et al.||2020] revealed that physical interaction clus-
ters dissociate to dissipate energy in the early stages of deformation, while the
chemically cross-linked network bears the main stress in later stages.

In summary, the primary advantage of CGS lies in its ability to explore qual-
itative mechanisms over extended length and time scales, allowing researchers to
observe bond breakage sequences and network delocalization in systems compris-
ing thousands of beads. However, a notable limitation is the omission of chemical
specificity, such as explicit hydrogen bonding and water structuring, meaning that
fine interactions must be carefully parameterized.

3.1.3. Multiscale simulations

MS aim to bridge the gap between the macroscopic synthesis parameters (e.g., reac-
tion kinetics) and the microscopic molecular structures (e.g., network topology)
by employing specialized algorithmic designs. This approach effectively circum-
vents the limitations inherent in traditional pre-assembled models, enabling the
construction of DN topologies that more accurately reflect experimental synthesis
conditions.

A key advancement in this domain is the development of the random walk
reactive polymerization (RWRP) algorithm |Liu et al., 2023; |Zhang et all [2021].
Zhang et al.| [2021] first applied this method to simulate the free radical poly-
merization process of monomers, encompassing initiation, chain propagation, and
cross-linking, at the mesoscopic scale. This method allowed them to generate all-
atom agar/polyacrylamide (agar/PAM) DN gel models with realistic topological
features, such as chain entanglement and physical interpenetration. By coupling
this constructive algorithm with steered molecular dynamics (SMD), they success-
fully simulated tensile fracture processes at the atomic level, revealing synergistic
energy dissipation mechanisms involving chain pull-out and hydrogen bond rup-
ture. As shown in Figs. a)(c)7 the simulated stress—strain curve showed clear
yielding and plateau behaviors akin to experiment.
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Fig. 33. Multiscale MD simulations of Agar/PAm DN gels. (a) Representative snapshots of DN
gels at characteristic points: jyielding, kfracture, lcrack propagation, and mfracture. (b) Force—
distance curve characterizing the fracture process. (c) Evolution of the number of hydrogen bonds

in the two networks as a function of applied distance |Zhang et al.| [2021].

Source: Copyright 2021 under the terms of the Creative Commons CC BY license.

Building on this framework, Liu et al| [2023] further advanced the RWRP
algorithm to construct physically-chemically linked polyvinyl alcohol/poly(N-(2-
hydroxyethyl) acrylamide) (PVA/PHEAA) DN gels from monomers. This study
utilized the multiscale approach to directly link polymerization kinetics to the final
network topology and its interaction with water molecules. By generating realis-
tic network structures with varying water contents, the researchers were able to
perform subsequent AAS to investigate water dynamics and distribution. This mul-
tiscale workflow successfully elucidated the anti-freezing mechanism, demonstrating

how the specific network topology (formed via RWRP) and strong polymer—water
interactions collaboratively inhibit ice nucleation.
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Collectively, these multiscale approaches effectively bridge the timescale of poly-
merization reactions with the structural scale of MD, providing critical molecular-
level guidance for the rational design of DN gels. However, it is worth noting that
multiscale simulations are computationally demanding. Constructing a DN network
ab initio requires numerous incremental steps, and the resulting systems remain
nanoscopic with relatively short simulation times, which prevents the direct observa-
tion of macroscopic crack propagation. Furthermore, the linking of different models
introduces potential challenges, as parameter mismatches can occur if integration
is not carefully managed.

3.2. Network simulation method

The DN gel possesses a complex network structure characterized by two interpen-
etrating networks with distinct physical and chemical properties. Its deformation
and fracture behaviors, such as necking, hardening, and damage evolution, exhibit
high nonlinearly and microscopic complexity. Although early theoretical frameworks
based on the ideal Arruda—Boyce eight-chain model [Arruda and Boycel |1993] pro-
vided a foundation, they often struggle to capture the impact of internal defects
and non-affine deformations under large deformation.

To address these challenges, a series of works has been devoted to completing
the stochastic structure modeling of networks by constructing a mesoscale network
model of DN gels. This approach, known as network simulation, allows researchers
to reveal how the mesoscopic chain structure determines the macroscopic mechani-
cal performance. The foundation of this field was established by the periodic random
network (PRN) model developed by [Lei et al.|[2021a], which broke the ideal network
hypothesis of the traditional Arruda—Boyce model. They proposed a mesoscopic net-
work mechanics method that reproduces the entire large deformation and fracture
process of cross-linked elastomers. Key to this method was the introduction of a
hybrid total energy form, which combines polymer chain free energy with volumet-
ric deformation energy, to resolve the computational challenges of high incompress-
ibility, alongside a defined stretch criterion to realize chain scission.

To provide a robust physical basis for such discrete fracture simulations, |Lei and
Liu| [2024] further elucidated the theoretical mechanisms of damage of DN gels. They
developed a chain scission-induced anisotropic damage constitutive model, which
revealed that damage originates from the successive scission of polymer chains due to
the inherent randomness of the network structure. By deriving a probability density
function for the initial stretch ratio of chains, they demonstrated that damage is
highly anisotropic and dependent on the deformation history, thereby validating the
use of stretch-based criteria in mesoscopic simulations.

Building on this established framework of mesoscopic mechanics and damage
theory, recent studies have utilized network simulations to visualize and quan-
tify the fracture process of DN gels. Li et al [2024a] extended the method to DN
gels by introducing shared cross-linking points to simulate physical entanglement
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between the two networks. They identified the stretch criterion ratio between the
second and first networks (A§/A{) as the critical “knob” governing the macroscopic
fracture mode. Their simulations revealed a transition from brittle fracture (when
the ratio is low) to a ductile mode characterized by distinct pre-necking, necking,
and hardening stages (when the ratio is high) [Fig. [34]. Furthermore, they quan-
tified that increasing the structural uniformity of the first network significantly
enhances toughness by mitigating local stress concentrations. This work clarified the
micro-critical conditions for brittle-ductile transition and provided microstructure-
based fracture models from the perspective of network simulation.

Complementing this phenomenological understanding with fundamental physics,
Walker and Fielding| [2025] recently employed a mesoscale model to elucidate the
suppression of crack propagation in DN gels. They proposed that the underlying
toughening mechanism is the reduction of the Eshelby stress propagator. In an
SN, the failure of a bond propagates stress to its neighbors, triggering a cascading
macroscopic crack. In contrast, their simulations showed that in a DN gel, the soft
matrix network shares the load, delocalizing the stress and inhibiting this propa-
gation. This mechanism suppresses brittle failure, favoring ductile deformation via
diffusely distributed microcracks.

In conclusion, the network simulation has provided a powerful tool for bridg-
ing the microscopic nature and macroscopic mechanical properties of DN gels.
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By integrating proper free energy of an abstract polymer chain and chain frac-
ture criteria, network simulation has completed the jump from affine to non-affine
assumptions and shows great advantages to characterize the fracture initiation and
propagation behavior of DN gels due to its intrinsic discontinuity.

3.3. Finite element method

The FEM has emerged as an indispensable numerical tool for predicting the nonlin-
ear mechanical behaviors of the DN gels under complex loading conditions. DN gels
usually exhibit unique mechanical properties arising from the synergistic interac-
tion between their two networks, including necking instability, shape memory effects,
and self-healing capabilities. These multi-scale and multi-physics coupling charac-
teristics pose significant challenges to traditional constitutive modeling, prompting
researchers to develop refined finite element modeling methodologies.

To accurately capture these complex behaviors, user subroutines serve as a crit-
ical bridge connecting theoretical constitutive models with commercial software
packages such as ABAQUS. Researchers have tailored these subroutines to address
specific physical mechanisms. For instance, |Zhao| [2012] implemented a hyperelastic
model via the UHYPER subroutine, integrating an interpenetrating network model
with the network alteration theory to capture stress softening under large deforma-
tion. Similarly, |Chen et al|[2021] employed the UMAT subroutine to simulate the
shape memory effect of DN gels. Beyond user-defined subroutines, alternative mod-
eling strategies have been adopted to address specific mechanical problems. |Zhang
et al.|[2015] combined a cohesive zone model (CZM) describing intrinsic fracture
energy with a modified Ogden—Roxburgh model describing bulk energy dissipation,
achieving a refined description of the fracture process in DN gels. Furthermore,
Xing et al|]2021] focused on dynamic properties, using modal analysis to study the
resonance differences between components in DN gels.

Regarding element selection and meshing strategies, studies have optimized
numerical schemes to address specific challenges. To mitigate volumetric locking in
incompressible materials during large deformation, [Liu et al.| [2016] employed ele-
ment formulations based on the F-bar technique. For axisymmetric compression or
tension cases, (Gao et al.|[2024] and [Zhao| [2012] chose 2D axisymmetric elements or
rectangular axisymmetric elements. To precisely capture microstructural responses
in 3D space, Xing et al.| [2021] used high-precision 20-node hexahedral elements,
while Zhang et al| [2015] established planar models with fine mesh refinement to
resolve high-gradient stress fields at crack tips.

Finite element simulations have played a decisive role in revealing the unique
toughening, instability, and microscopic mechanisms of DN gels. Simulations by
Zhao| [2012] and |Liu et al.| [2016] intuitively reproduced the necking phenomenon,
capturing the sudden drop in stress and the coexistence of thick and thin phases dur-
ing necking propagation [Fig. [35]. [Chen et al] [2021] effectively captured the stress
drop induced by the formation of physical networks during cooling and enabled
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the simulation of shape-memory behaviors of DN gels under complex deformation
modes, such as twisting and indentation. Simulations by |Zhang et al| [2015] not
only accurately predicted the total fracture energy but also visualized the crack
tip process zone; the simulated strain fields matched highly with DIC experiments,
revealing the synergistic toughening mechanism of intrinsic fracture energy and bulk
energy dissipation. Furthermore, FEM is widely used to validate theoretical mod-
els by linking microscopic parameters to macroscopic performance. For instance,
Xing et al|[2021] visualized the deflection distribution caused by resonance through
cloud maps, clarifying the energy dissipation mechanism under mechanochemical
coupling. Furthermore, Xing et al.|[2023] validated the potential well model, quan-
titatively revealing how potential well depth (barrier energy) and width (mesh size)
directly determine the material’s yield and strengthening behavior, thereby con-

firming the model’s validity in describing host-guest chemical interactions.

These works collectively demonstrate the core role of FEM in validating consti-
tutive theories and bridging microscopic mechanisms with macroscopic performance
of DN gels. However, further methodological developments are required to better
characterize their nonlinear deformation and complex damage behaviors. For exam-
ple, the phase field method represents a promising approach that can be embedded
into commercial software to simulate the crack growth process. Additionally, cou-
pling mechanical fields with external stimuli such as temperature and pH will further
expand the scope of FEM in the design and optimization of future DN gels.

3.4. Machine learning method

With the rise of data~driven science, artificial intelligence (AI) has been extensively
applied throughout the entire development process of hydrogels [Liao et al., [2025;
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[Zhang et all) 2025, |Zheng and Liu| [2021; |Zhu et al) 2024a]. ML has evolved from
a mere data analysis tool into a core driving force in the field of DN hydrogels.

Based on current literature, the role of ML is primarily manifested in two dimen-
sions: enabling material design and performance prediction and boosting application
efficiency.

In the front-end material development stage, ML algorithms significantly acceler-
ate the inverse design and high-throughput characterization of DN gels by handling
high-dimensional experimental parameters. Addressing the complexity of multicom-
ponent coupling, such as cross-linking density and interactions between the first
and second networks, constructed a closed-loop optimization sys-
tem using Bayesian optimization, the schematic workflow illustrating the Bayesian
optimization process used to optimize the properties of DN gels is shown in Fig. [36]
This study efficiently obtained an optimized recipe for PAAm/Alginate DN gels by
balancing strain sensitivity, elongation, fracture energy, hysteresis, and resistivity,
and utilized a random forest (RF) regression model to precisely predict mechanical
properties under varying component concentrations. Additionally, to address effi-
ciency bottlenecks in traditional rheological testing, |Zhang et al.| [2023a] introduced
physics-guided ML strategies into micro-electromechanical sensing systems. By fus-
ing raw sensor data of Alginate/ poly(N-isopropylacrylamide) (Alginate/PNIPAM)
DN gels with fluid-structure interaction models, they achieved automated high-
throughput classification of the sol-gel transition, increasing characterization effi-
ciency by over 70 times.

In the back-end application phase, the robust signal decoupling and pattern
recognition capabilities of ML, combined with the unique mechanical and functional
properties of DN gels, have greatly boosted their potential in human-machine inter-
action, robotic tactile sensing, and biomedical diagnosis [Fig. . Benefiting from
the superior stretchability and fatigue resistance of the DN structure, conductive
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Fig. 36. Bayesian optimization framework for the data-driven design of DN gels 2024].

Output A
§ e

Source: Copyright 2024 under the terms of the Creative Commons CC BY license.
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DN gels serve as robust wearable sensors [Ma et all, 2023} [Yang et all 2023} [Zhoul
2024a]. When coupled with deep learning models like convolutional neural
network (CNN) [Yang et all 2023} |Zhou et all, [20244], fully convolutional networks
(FCN) 2023], or bidirectional long short-term memory (BiLSTM) net-
works [Zhou et all, 2024a} [Zhuo et all [2023] to process resistance signals under
dynamic deformation, they achieve multiple human-machine interactions such as
precise recognition of handwritten characters and Morse code. In fine tactile per-
ception, DN ionogels utilize their rigid-flexible interpenetrating networks to achieve
a hysteresis-free high-frequency response (520 Hz), enabling the CNN to accurately
classify complex surface textures via friction signals . Similarly, DN
gels can also combine thermoelectric and piezoresistive mechanisms to assist mul-
tilayer perceptron (MLP) models in empowering robotic hands with object shape
recognition capabilities [Tang et al. [2025]. In the biomedical field, the high water
retention and skin adaptability of DN structures ensure stable signal acquisition. DN
gels can also provide low-impedance conformal contact, supporting RF algorithms
in classifying blood pressure states based on high-fidelity ECG signals
. Furthermore, surface-enhanced Raman spectroscopy (SERS) patches based
on DN gels leverage their flexible matrix advantages, combined with Gaussian Naive
Bayes (GNB) models, to realize non-invasive detection of sweat biomarkers
. For high-load scenarios, the high compressive strength of DN gel makes
it suitable for plantar pressure monitoring. By combining the FCN algorithm to
solve the inverse problem of electrical impedance tomography (EIT), high-precision
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pressure distribution images of the plantar surface can be reconstructed |Liu et al.l
2021| [Fig..

Despite the immense potential of ML in DN gel research, significant challenges
remain. First and foremost, ML algorithms heavily depend on the dataset. If the
input data are limited, it would be hard for the algorithm to make precise pre-
dictions [Xu et al. |2024]. Currently, research data on hydrogels are often scattered
with inconsistent formats, and the limited availability of high-quality public datasets
makes it difficult to replicate results across different models. Therefore, establishing
shared data platforms and standardizing data collection are essential. Second is the
issue of interpretability; the black box nature of Al decision-making makes it diffi-
cult to elucidate the causal relationships between model predictions and the complex
toughening mechanisms of DN gels (e.g., energy dissipation, network entangle-
ment). Developing interpretable tools is urgent to reveal intrinsic structure-property
relationships. Finally, multidisciplinary integration and data security are critical
hurdles.

3.5. Comparison of different computational methods

In the field of DN gels, computational simulation has evolved from a mere sup-
plementary tool for experimental validation into a core driver for revealing multi-
scale mechanical mechanisms, predicting macroscopic responses, and guiding inverse
material design. Since the exceptional mechanical properties of DN gels arise from
synergistic actions across vast spatiotemporal scales, from atomic hydrogen bond
rupture and molecular chain conformational entropy to mesoscopic network damage
and macroscopic necking deformation, no single computational method can simul-
taneously cover this entire spectrum. Consequently, existing computational research
exhibits a distinct hierarchical structure, characterized by an inherent trade-off
between physical resolution (accuracy) and simulation scale (efficiency). Table
summarizes the characteristics of these primary computational methods.

At the apex of the resolution hierarchy lies AAS. By employing high-precision
force fields, AAS explicitly models the chemical structures and interactions of
monomers, crosslinkers and water molecules, offering irreplaceable advantages in
elucidating mechanisms dependent on specific chemical details. However, this
extreme chemical precision comes at a high computational cost, restricting the field
of view to the nanometer (<20nm) and nanosecond scales. This limitation prevents
AAS from directly simulating complex mechanical processes involving long-range
chain entanglement, micron-scale phase separation, or macroscopic crack propa-
gation, and periodic boundary conditions often obscure the material’s large-scale
heterogeneity.

To transcend the spatiotemporal constraints of AAS, CGS, and network simu-
lations have adopted a strategy of reducing degrees of freedom, serving as a vital
bridge connecting microscopic molecular structures to macroscopic mechanical per-
formance. CGS typically maps atomic clusters into beads using bead-spring mod-
els, sacrificing some chemical specificity to access larger simulation scales. This
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approach has successfully enabled the intuitive visualization of network topology
evolution, the sequential fracture of sacrificial bonds, and void formation processes.
Complementing this, network simulation approaches from a statistical mechanics
perspective, introducing randomness in chain scission and distribution functions.
This allows for the quantification of how structural homogeneity and stiffness ratios
of two networks control the brittle-ductile transition. While these mesoscopic meth-
ods have greatly enriched the understanding of damage evolution mechanisms,
their simplified treatment of solvent effects and the empirical parameterization of
interaction energies limit their ability to quantitatively predict specific chemical
or physical properties. To bridge this gap, MS have emerged as a powerful strat-
egy, employing algorithms like RWRP to generate realistic network topologies that
reflect experimental synthesis conditions such as chain entanglement. This approach
allows for the direct investigation of how polymerization kinetics influence properties
like anti-freezing mechanisms, though it remains computationally demanding and
complex to implement due to the challenges of parameter passing between scales.
In practical application, these MD methods serve as a critical tool for molecular
engineering, enabling researchers to pre-screen functional monomers before actual
synthesis.

When the research scale expands to millimeter or meter-scale engineering appli-
cations, the FEM based on continuum mechanics becomes the dominant tool. Unlike
discrete particle models, FEM employs hyperelastic constitutive models and dam-
age criteria to accurately handle complex geometric boundaries and multi-physics
coupling. Beyond basic prediction, FEM serves as an important tool for device engi-
neering and virtual prototyping. It allows engineers to simulate complex loading
scenarios and optimize geometric structures virtually, thereby minimizing costly
physical iterations. It remains the most effective method for predicting necking
instability, shape memory effects, and large deformation behaviors of DN gels in
soft robotics and sensor devices. However, the core limitation of FEM lies in its
phenomenological nature: it cannot spontaneously “discover” unknown microscopic
physical mechanisms. Its predictive accuracy is highly sensitive to input constitu-
tive parameters (such as fracture energy and shear modulus), which must often be
derived from experiments or lower-scale simulations.

In recent years, with the rise of data-driven science, ML has emerged as a
new paradigm reshaping the design and application workflow of DN gels. Distinct
from physics-based methods, ML establishes high-dimensional nonlinear mappings
between composition, structure, and properties, enabling material inverse design
and high-throughput screening that are difficult to achieve with traditional trial-
and-error approaches. Crucially, the utility of ML extends into manufacturing and
deployment. Algorithms are now employed to optimize synthesis parameters (e.g.,
curing time) for industrial scalability and to predict the service life of deployed
components by integrating sensor data. Furthermore, ML acts as the “brain” for
intelligent systems, capable of decoupling complex viscoelastic hysteresis signals
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to achieve precise recognition of dynamic mechanical stimuli. Although ML cur-
rently faces challenges regarding “black box” interpretability and reliance on high-
quality datasets, its integration with physical simulations represents an inevitable
trend.

In summary, future computational research on DN gels will no longer be confined
to single scales but will move towards a multi-scale integrated closed-loop workflow.
For example, utilizing AAS to obtain fundamental physical parameters, inputting
them into mesoscopic models to resolve topological mechanisms, extracting consti-
tutive equations for macroscopic FEM simulations, and employing ML to accelerate
iterative optimization. We believe this will significantly propel the precise design
and engineering application of DN gels.

4. Current Challenges

Despite the remarkable progress in the experimental characterization and com-
putational modeling of DN gels, several critical challenges remain. First, unlike
the mature testing standards established for metals and rubbers (e.g., ASTM or
ISO), there is a distinct lack of unified testing protocols specifically designed for
soft and hydrated materials like DN gels. Variations in sample geometry, clamping
methods, and loading rates across different research groups often lead to signif-
icant discrepancies in reported mechanical data, such as fracture toughness and
fatigue thresholds. More critically, environmental factors, specifically humidity and
hydration levels during testing, are frequently unreported, yet they drastically alter
the mechanical response. This “data heterogeneity” creates a formidable barrier for
data-driven research, as ML models trained on inconsistent datasets suffer from poor
generalizability.

Besides, a persistent challenge in computational methods is the spatiotemporal
gap between microscopic simulations and macroscopic reality. AAS provide chemical
accuracy but are computationally limited to nanometers and nanoseconds, failing to
capture macroscopic crack propagation or long-term fatigue behaviors. Conversely,
FEM can simulate device-scale deformation but rely on phenomenological con-
stitutive models that cannot spontaneously predict unknown micro-mechanisms.
Although MS or network simulations aim to bridge this gap, they are currently
computationally demanding and difficult to implement for complex, heterogeneous
systems. Furthermore, the lack of quantitative agreement between simulation pre-
dictions and experimental outcomes remains a hurdle for identifying and predicting
the mechanical behaviors of DN gels.

5. Conclusions and Outlook

This review has systematically summarized the state-of-the-art experimental and
computational methods for studying the mechanical properties of DN gels. From
the fundamental macroscopic testing to advanced non-contact techniques like DIC
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and mechanochemistry, researchers now possess a versatile toolkit to probe the
multiscale mechanisms of these materials. Parallelly, computational tools ranging
from MD to ML have evolved from explanatory tools into predictive engines for
material design. Looking forward, the convergence of these methodologies points
toward transformative directions for the field.

To effectively navigate the vast design space of DN gels (e.g., varied monomer
combinations, crosslinking ratios, and synthesis conditions) and deepen research,
the field must establish consistent, high-quality material databases via standardized
testing protocols. Coupling these databases with high-throughput experiments will
not only accelerate the discovery of optimized formulations but also generate the
robust datasets needed to train ML models. With such data foundations, ML will
become a powerful tool for the inverse design optimal network architectures of DN
gels, greatly reducing the development cycle.

Beyond material optimization, the impact of ML extends significantly into engi-
neering practice. In manufacturing, ML algorithms can analyze synthesis parame-
ters (e.g., curing time) to minimize variability and ensure the scalability and quality
control essential for industrial production. For deployed systems, ML enables life-
time performance prediction. By integrating strain, stretch, and other parameters,
ML models can predict the long-term degradation, fatigue life, and failure points of
DN gels. Moreover, in applications such as soft robotics, ML can optimize dynamic
operational parameters, such as actuation voltage, to achieve precise movements
based on real-time feedback. Ultimately, ML offers a clear pathway to translate
laboratory achievements into robust, commercially viable engineered systems.

While extensive research has focused on toughening DN gels, future work
will likely shift toward developing multifunctional, intelligent systems. By lever-
aging insights from multiscale experiments and simulations, as well as data-driven
design, DN gels will be engineered to possess life-like features such as autonomous
self-healing, adaptive responsiveness to environmental stimuli (e.g., pH, temper-
ature, electric fields), and shape-memory capabilities. These advanced hydrogels
will form the material basis for the next generation of soft robotics, bio-integrated
electronics, and artificial organs, blurring the boundary between synthetic mate-
rials and biological tissues. In turn, the emergence of these hydrogels will also
facilitate in-depth research into their mechanical properties and the develop-
ment of advanced experimental and computational methods, thereby driving the
field forward.
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