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Hydrogels are becoming increasingly attractive for various practical applications owing to sig-
nificant improvements in their fracture resistance over the past two decades. Notably, almost all
existing methods for enhancing the fracture resistance of hydrogels aim to increase the fracture
toughness I' through multiscale material design. However, engineering the toughness of hydro-
gels at the material level often requires material-specific, complicated, or expensive synthesis
processes. According to the fracture condition G = I, reducing the energy release rate G under
given mechanical loads is an alternative way to enhance the fracture resistance. Little efforts,
however, have been made to use this approach to enhance the fracture resistance of soft materials
such as hydrogels so far, largely due to their highly nonlinear and deformable behavior. This
paper formulates a theory for studying the fracture of monolayer and bilayer hydrogel thin films
and proposes a structure-based strategy for enhancing the fracture resistance of hydrogels by
constructing hydrogel films adhered to underlying stretchable substrates. Through both theo-
retical analysis and experimental validations, we demonstrate that the strategy exhibits several
unique advantages: even a thin and compliant substrate can enhance the fracture resistance of
hydrogel films by several folds, and make the fracture resistance of hydrogel films independent of
the crack length and the hydrogel size — which dramatically affects the fracture behavior of
monolayer hydrogels. The underlying mechanism lies in that the stretchable substrates can
effectively constrain the crack opening displacements and reduce the energy release rate G for
crack propagation in the hydrogel film. Moreover, the influence of experimentally-observed
interfacial delamination on the fracture resistance of substrate-supported hydrogels is also
investigated. The present work unveils a first-of-its-kind “structural-toughening” strategy for
improving the fracture resistance of hydrogels by structurally regulating the energy release rate.

1. Introduction

Hydrogels are soft materials composed of water-infiltrated polymer networks and possess similar chemical, mechanical, and
electrical properties to those of biological tissues, thus holding great promise in biomedical applications such as wound dressing
(Wathoni et al., 2016), tissue repair (Qazi and Burdick, 2021) and cell stimulators (Han et al., 2017). Moreover, non-medical appli-
cations of synthetic hydrogels have also received extensive attention over the past two decades. The discovery of a series of hydrogels
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as stretchable, transparent ionic conductors has led to the emergence of a wide range of applications, including ionic loudspeakers
(Keplinger et al., 2013), artificial muscles (Haghiashtiani et al., 2018; Li et al., 2017b), artificial skins (Sarwar et al., 2017), ionotronic
luminescent devices (Larson et al., 2016), soft robots (Lee et al., 2020) and all-solid-state supercapacitors (Li et al., 2021). The upsurge
in the application of synthetic hydrogels in mechanically-demanding environments has stimulated the latest research on the fracture of
hydrogels (Cheng et al., 2019, 2020; Yiming et al., 2020). Notably, most hydrogels consisting of sparse polymer networks infiltrated by
a large amount of water are brittle, with fracture energies on the order of 10 — 100J/m? (Sun et al., 2012). The need for improving the
mechanical durability of hydrogels to meet the stringent requirement of soft ionotronics and soft machines has induced an impetus for
the development of methods to enhance the fracture resistance of hydrogels.

The fracture resistance of hydrogels can be quantitatively defined by the critical stretch at which a flaw or pre-crack in the hydrogel
starts propagating. It is well known that the onset of crack propagation is governed by the critical condition that G = I', where G is the
energy release rate and I' the fracture toughness of hydrogels. Thus far, almost all existing methods for enhancing fracture resistance of
hydrogels aim to increase the fracture toughness I' by multiscale material design. One prominent example is the development of double-
network hydrogels consisting of two topologically interpenetrating polymer networks (Chen et al., 2015; Gong et al., 2003; Hagiwara et al.,
2010; Liu et al., 2015; Nonoyama and Gong, 2015; Wang et al., 2020; Yin et al., 2020; Zhao, 2012), where the shorter-chain network
ruptures to dissipate mechanical energy during deformation and the longer-chain network maintains the elasticity of the hydrogel, thereby
imparting high fracture toughness I' to the hydrogels. In addition, other toughening strategies based on hybrid physical/chemical cross-
linkers (Hui and Long, 2012; Kong et al., 2003; Zhao et al., 2010), large crosslinkers with high functionality (Haraguchi and Takehisa, 2002;
Seitz et al., 2009; Wang and Gao, 2016; Wang et al., 2010) and meso-/macro-scale fiber/filler reinforcements (Agrawal et al., 2013; Jang
et al., 2013; Liao et al., 2013; Moutos et al., 2007) have been proposed to enhance the fracture resistance of hydrogels. Nevertheless,
engineering the toughness for hydrogels at the material level often requires material-specific, complicated, or expensive synthesis pro-
cesses, which are hardly applicable to other materials. Furthermore, for a given hydrogel material whose mechanical properties cannot be
redesigned, how to effectively improve the fracture resistance of the given hydrogel remains a challenge.

According to the critical fracture condition that G =T, when the material is given (i.e., the fracture toughness I" is fixed), reducing the
energy release rate G under a given load or deformation is an alternative approach to improve the fracture resistance of the material. In
the area of microelectronics and flexible electronics, metal oxide films such as indium tin oxide are widely employed as conductors and
electrodes, but they often suffer from fractures under mechanical loadings due to their brittle nature. It has been a common practice in
microelectronics to enhance the fracture resistance of the brittle layers by regulating the energy release rate G through structural design.
For instance, to meet the stringent requirements of flexible electronics, one commonly used strategy to increase the stretchability of metal
oxide films is to attach the films to stretchable polymeric substrates, which can effectively constrain the crack opening displacement when
the films fracture, thereby reducing the driving force for crack propagation, achieving the goal of enhancing the fracture resistance of
brittle metal oxide films (Cordero et al., 2007; Jia et al., 2011). Thus far, this structure-based approach to enhancing the stretchability of
given materials has proven to be successful for hard-material systems, but has not yet been utilized in the field of soft materials, largely
due to their highly deformable and nonlinear behavior. To this end, utilizing stretchable substrates to improve the fracture resistance of
given hydrogels is of practical significance and warrants further investigation.

Through integrated theoretical analysis and experimental validations, this paper reports a first-of-its-kind structure-based strategy via
constructing hydrogel film-substrate bilayers for structurally regulating the energy release rate and enhancing the fracture resistance of
hydrogels. The approach has not yet been exploited for soft materials before. Under a given mechanical load, the bilayer design can
structurally constrain the crack opening displacement in the hydrogel film and thus regulate the energy release rate for crack propa-
gation, thereby boosting the fracture resistance of hydrogel films. The rest of the paper is organized as follows. Section 2 reports the
theoretical analysis of the fracture resistance of hydrogel films adhered to stretchable substrates and monolayer hydrogel films,
demonstrating three unique advantages of substrate-supported hydrogel films, which are absent from monolayer hydrogels. Section 3
presents experimental results on fracture tests of monolayer and bilayer hydrogel films, aiming to validate the theoretical predictions and
demonstrate the effectiveness of the structure-based strategy. The influence of experimentally observed interfacial delamination on the
effectiveness of the fracture-resistance-enhancing approach is also discussed. Conclusions and remarks are given in Section 4.

2. Theoretical analysis

In this section, we demonstrate the effectiveness of the structure-based strategy for enhancing fracture resistance via integrated
dimensional considerations and computational modeling. By comparing the calculated fracture resistance of monolayer hydrogel films
and hydrogel films attached to stretchable substrates, we show that even a thin and compliant substrate can enhance the fracture
resistance of hydrogel by several folds. It is also revealed that the fracture resistance of substrate-supported hydrogel thin films is
independent of the crack length and hydrogel size, a highly desirable feature absent for freestanding hydrogel films.

2.1. Description of the strategy for enhancing fracture resistance of hydrogels

As mentioned above, the fracture resistance of hydrogels can be defined by their stretchability, i.e., the critical stretch at which the
flaw or pre-crack starts propagating. To illustrate the main idea, we consider a pre-notched monolayer hydrogel thin sheet subject to
uniaxial stretching. As illustrated in Fig. 1a I, the pre-crack opens continuously — with uniform crack opening displacement across the
sheet thickness — as the applied stretch increases, and eventually turns into a running crack at a moderate stretch level 17;. To enhance
the fracture resistance of the given hydrogel sheet, we propose to adhere it to stretchable soft substrates. As shown in Fig. 1a Il, the
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Fig. 1. Schematics illustrating the structure-based strategy for enhancing fracture resistance of hydrogels by regulating energy relate rate. (a) I. A monolayer hydrogel thin sheet with a pre-crack of
length ¢ subject to uniaxial stretch. The pre-crack starts to propagate at a moderate stretch level A7. II. A bilayer hydrogel structure formed by adhering the thin hydrogel film with a pre-crack of length ¢
to a stretchable soft substrate. The pre-crack does not propagate until the applied stretch reaches 2. (2, > 2™). The underlying substrate turns a uniform crack into a channel crack, thereby reducing the
energy release rate and enhancing the fracture resistance of the hydrogel film. (b) The computational model for calculating the energy release rate of steady-state channel crack in a bilayer hydrogel
structure. The elastic energy released by the channel crack advancing a unit distance equals to the elastic energy stored in a slice of material of unit thickness far ahead of the crack front minus the elastic
energy stored in a slice of material of unit thickness far behind the crack front.
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underlying stretchable substrate can mechanically constrain the crack opening displacement by turning the uniformly opened crack
into a channel crack. According to fracture mechanics analysis (Cordero et al., 2007), the amount of energy released due to crack
propagation is related to the crack opening displacement — the larger the crack opening displacement, the higher the energy release
rate. Due to the mechanical constraint of the substrate, the energy release rate of such channel cracks is lower than that of
uniformly-opened cracks in monolayer hydrogel sheets. For this reason, the underlying stretchable substrate can carry the pre-notched
hydrogel film to a higher critical stretch 22 (2. > A™). Thus, the substrate-supported hydrogel thin film should exhibit enhanced

fracture resistance relative to the monolayer hydrogel film. In Sections 2.2 and 2.3, we will quantitatively demonstrate the effec-
tiveness of the fracture-resistance enhancement strategy by integrating dimensional analysis and finite element calculations.

2.2. Fracture resistance of substrate-supported hydrogel films

To quantitatively reveal the effectiveness of this structure-based strategy for enhancing the fracture resistance of hydrogels, we
analyze the driving force (i.e., the energy release rate) for fracture propagation in a film-substrate bilayer hydrogel structure shown in
Fig. 1aII. All materials in the structure are taken to be hyperelastic and incompressible. The two layers are assumed to be well bonded.
The entire structure is subject to a stretch Aqy, parallel to the layers. Let U be the elastic energy released by the steady-state channel
crack advancing a unit distance. As illustrated in Fig. 1b, the released elastic energy U can be calculated as follows: the elastic energy
stored in a slice of material of unit thickness far ahead of the crack front minus the elastic energy stored in a slice of material of unit
thickness far behind the crack front (Hutchinson and Suo, 1991). The elastic energies of the two slices far ahead and far behind the
channel crack front can be conveniently obtained by numerically solving two plane-strain boundary-value problems. Moreover,
dimensional considerations suggest that this reduction in elastic energy takes the form

hs 2
U —f(EuE-, j»uppz> Hehg. (€9)

Herein, hy and h; are the thickness of the hydrogel film and substrate, respectively. 4, and y, are the shear modulus of the hydrogel
film and substrate, respectively. Aqy denotes the applied stretch. The dimensionless function f depends on three dimensionless
numbers including the thickness ratio hs/hy, the shear modulus ratio y/4;, and the applied stretch Agy. Then the energy release rate
associated with the channel crack advancing in the direction perpendicular to the applied stretch can be written as:

hy pg
G}’ = U/hf :f (h/[":f. /151[)[)[) /’l_/hf7 (2)

where the superscript b refers to bilayer hydrogel structures. The normalized energy release rate for channel cracking in substrate-
supported hydrogel film can be defined as:

G’ hy
:f =) Jaﬂw 3 3
pehy " \ by

such that the normalized energy release rate G®/ ughy is a function of the three dimensionless numbers, including hs /hy, p /15, and Agppi-

To evaluate the normalized energy release rate G/ ughy for any given combination of hs /hy, u, /s, and Agy, as shown in Fig. 1b, we
model a slice of material of unit thickness far ahead of the channel crack front and a slice of material of unit thickness far behind the
crack front. The simulations are conducted using the commercial finite element package ABAQUS. The calculated elastic energy
difference between the two slices gives the elastic energy reduction U in Eq. (1). Then, the normalized energy release rate G° /, Hghy is
given by U/ ﬂfhf. The neo-Hookean model is adopted in the simulations for the hydrogel films and substrates. The Poisson’s ratio is set
to 0.49 for both the film and substrate to model the nearly incompressible behavior of hydrogels. The length of the slices s is set to be s
= 100hy. The slices are meshed with the CPE4 element (i.e., the four-node bilinear plane strain quadrilateral element). For the slice far
behind the crack front, the region in the proximity of the channel crack root is densely meshed. Regarding boundary conditions, the
displacement u, which is parallel to the hydrogel layers, is exerted on the lateral sides of the slices, yielding an applied stretch of Aqy, =
u/50hs + 1. In the simulations, as suggested by Eq. (1), we vary the thickness ratio hs;/hs and the shear modulus ratio u; /uy,
respectively, to study their effect on the energy release rate for channel cracking in substrate-supported hydrogel films.

Fig. 2a plots the calculated normalized energy release rate G? /ushy as a function of the applied stretch Agy, for various thickness
ratios hs/hy, with shear modulus ratio fixed at y;/u; = 0.1. In contrast, in plotting Fig. 2b, we set the thickness ratio hs /hy = 5 but vary
the shear modulus ratio y/y;. As evident in Fig. 2a and b, the normalized energy release rate rises with increasing applied stretches and
decreases when the thickness or the modulus of the substrate increases. The trends can be understood as follows: the crack opening
displacement in the top hydrogel film is constrained by the bottom hydrogel substrate; a stiff and thick substrate can more effectively
restrain the opening of cracks. Therefore, the thicker and stiffer the substrate, the lower the driving force G®/ Hghy for channel cracking
in substrate-supported hydrogel film.

A crack will propagate in the hydrogel film if the elastic energy reduction U exceeds the fracture energy I'y times the film thickness
hs. Hence, the critical condition for the steady-state crack propagation can be defined as:

4
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Fig. 2. The normalized energy release rate for steady-state channel cracking in substrate-supported hydrogel film. (a) G/, ughy plotted as a function
of the applied stretch 4y for various normalized substrate thickness hs/hy. The shear modulus ratio p,/u is fixed to 0.1. Inset: schematics of the

substrate-supported hydrogel film. (b) G®/ ughy as a function of the applied stretch Aqy for various normalized substrate shear modulus y; /p;. The
fixed thickness ratio hs/hy = 5 is used.

U = Ffl’lf. (4)
Combining Egs. (2) and (4) yields that the critical condition for channel cracking can be recast in terms of the energy release rate G®,
G =T;. (5)

By substituting Eq. (5) into Eq. (3), we can rewrite the critical condition for steady-state channel cracking in a dimensionless form

that
f(Z—”— 43,_) - I (6)
Ky Hehy

The geometric significance of Eq. (6) is illustrated in Fig. 2: once the normalized fracture toughness I'y /uchy (represented by the
horizontal dashed lines in Fig. 2) of the hydrogel film is given, one can determine the critical stretch A°. — at which the channel crack in
the hydrogel film starts propagating steadily — by finding the intersection of the dashed line and the calculated energy release rate
curve in Fig. 2. In this work, without loss of generality, we take I'y/u;h; = 20, which corresponds to Iy = 100J/m?, y; = 5kPa, and hy =
1mm. These values are typical for PAAm hydrogels or PAA hydrogels, which are widely referred to as stretchable soft materials (Lake
and Thomas, 1967; Wang et al., 2019; Yang et al., 2019; Yao et al., 2021).

Fig. 3a and b summarize critical stretches 42, for channel cracking in substrate-supported hydrogel film as a function of the
normalized substrate thickness h;/hy and normalized substrate shear modulus y /i, respectively. In Fig. 3a, it can be observed that the
critical stretch rises as the substrate thickness increases, and gradually approaches a plateau when the substrate becomes sufficiently
thick. This trend can be explained as follows: for a thick substrate, the bottom portion of the substrate is far from the hydrogel film and
thus has a negligible impact on the crack formation in the film. Meanwhile, Fig. 3b shows that increased substrate shear modulus
enhances the critical stretch /1’;, for channel cracking. According to the results shown in Fig. 3, improving the substrate modulus is
proved to be a more effective approach to enhancing the fracture resistance of hydrogel film than adjusting the substrate thickness. For
example, when the normalized substrate thickness is fixed to be h;/hy = 2 that represents a relatively thin substrate, the critical stretch
22 increases by a factor of ~1.75 — from 2.058 to 3.6 — as i,/ Wy increases from 0.05 to 0.25 (Fig. 3b). In contrast, by changing h;s /hs
from 1 to 8 (Fig. 3a), the increments of 22, are all less than 20% — from 1.947 to 2.228 for Hs/Hy = 0.005, 2.351 to 2.759 for y; /u; =0.1,
and 3.055 to 3.529 for u/u; = 0.2, respectively.

2.3. Comparison of fracture resistance between substrate-supported hydrogel films and monolayer hydrogel films

In Section 2.2, we have analyzed the fracture resistance of substrate-supported hydrogel films, which is defined by the critical stretch
that triggers steady-state crack propagation. In this section, we will investigate the fracture resistance of monolayer hydrogel sheets. The
critical stretches for crack propagation will be compared between monolayer hydrogels and substrate-supported hydrogels, aiming to
quantitatively demonstrate the effectiveness of the bilayer structural design strategy in enhancing the fracture resistance of hydrogels.

To study the fracture resistance of monolayer hydrogel sheets, we consider a pre-notched thin hydrogel film subject to uniaxial
elongation u (Fig. 4a). The deformation of the hyperelastic hydrogel film can be obtained by numerically solving a plane-stress
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hydrogel film I'y /uchy, the critical stretch 22 at which the channel crack in the hydrogel film propagates steadily can be plotted as a function of (a)
the normalized substrate thickness hs/hs and (b) the normalized substrate shear modulus y; /ﬂf.

boundary-value problem. Assuming that the length s of the hydrogel sheet is much larger than other dimensions, the only length scales
that remain in the boundary-value problem are the crack length c and the film width w. In this respect, dimensional considerations
dictate that the energy release rate G™ associated with the advancement of the pre-crack takes the form that

C
G" = (—./1”7) c.
8 W ppl | M€

)

Herein, the superscript m refers to monolayer hydrogel films. 4, is the shear modulus of the hydrogel film, and the dimensionless
function g depends on the two dimensionless numbers: the ratio of crack length to the sheet width c/w, and the applied stretch Ag,
defined as Aqy = 2u/s+ 1. Furthermore, we can write the normalized energy release rate as follows:
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Fig. 4. Computation model for calculating the energy release rate for crack propagation in monolayer hydrogel sheets. (a) Schematics of a hydrogel
sheet with a pre-crack of length c. (b) The characteristic dimensions of the pre-notched hydrogel sheet. In the undeformed state, the width and
length of the sheet are w and s, respectively. The length of the crack is c. In the deformed state, the hydrogel sheet is pulled to a length of Agyys. (c)
The blunted crack tip modeled with a finite radius p. The hydrogel sheet is densely meshed with CPS8R elements in ABAQUS.
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The energy release rate G™ can be directly calculated as the J-integral (Rice, 1968) using the finite element package ABAQUS. Then,
values of the dimensionless function (£, Aqi) can be computed according to Eq. (8). In the simulations, we model a pre-notched
hydrogel sheet with sample length s, width w, and crack length ¢, as shown in Fig. 4b. Here, we assume s = 40w to model a long
hydrogel sheet, which is stretched by a horizontal displacement u. Neo-Hookean model with nearly incompressible mechanical
behavior (Poisson’s ratio is set to 0.49) is adopted for the hydrogel. By taking advantage of the symmetry of the geometry, only half of
the hydrogel sheet is modeled, with the symmetric boundary condition set along the symmetry plane and the displacement u applied to
the lateral side of the model. To avoid singularity at the crack tip in the simulation, we model a blunt crack tip with a small radius p = ¢
/1000 in the undeformed configuration. The model is meshed with CPS8R elements, with dense meshes in the region near the crack tip
(Fig. 4c¢). In the simulations, we vary the ratio ¢/w to study the driving force for crack propagation in the monolayer hydrogel sheet.
Fig. 5 plots the calculated normalized driving force G™/u,c for crack propagation as a function of the applied stretch 44y, for various
ratios ¢/w. The trend of the curves indicates that a higher c¢/w leads to a more significant driving force. That is, for a given hydrogel
sheet, longer cracks result in higher energy release rates. Moreover, according to Eq. (8), Fig. 5 also gives the value of the dimensionless
function g(£, Aqppt), which will be used later to determine the critical stretch of monolayer hydrogel films.

The pre-formed crack of length c in monolayer hydrogel sheets starts to propagate when the energy release rate reaches the fracture
toughness of the hydrogel film, i.e.,

G" = F_f , (9)

such that the critical stretch A7} for crack propagation can be obtained by numerically solving the following dimensionless equation
when the value of c/w is given,
iy
A g(i,m)‘ (10)
Hee w
It is worth noting that the value of I';/u:hy is a constant for a given monolayer hydrogel sheet. In contrast, the dimensionless number

Iy /ugc varies with the crack length ¢ and thus is not a characteristic constant for the hydrogel film. For this reason, to determine the
critical stretch for any given monolayer hydrogel sheet, Eq. (10) can be rewritten as:

Ly

oy (3o, an

where the dimensionless function p(£, dgpt) = (£)8(£, Aqppi)- As mentioned above, the dimensionless function g(<, Aqyp) can be
calculated using the finite element code ABAQUS and is shown in Fig. 5. Once the normalized fracture toughness I'y /ushs of the
hydrogel film is given, critical stretch A} for the monolayer hydrogel sheet of normalized crack length c¢/w can be determined using Eq.
(11). Here we take Ff/ﬂfhf = 20, a value typical for PAAm and PAA samples (Lake and Thomas, 1967; Wang et al., 2019; Yang et al.,
2019; Yao et al., 2021). Fig. 6 plots critical stretch A7, for monolayer hydrogel sheets as a function of normalized crack length ¢ /w with
various width-to-thickness ratios w/hs. The results will be discussed in detail later.

To facilitate the comparison of fracture resistance between substrate-supported hydrogel films and monolayer hydrogel films, we
compare a monolayer hydrogel film of width w, thickness hy, and crack length c to the same hydrogel film of the same sizes adhered to a

¢/w=0.75
c/w=0.667
c/w=0.5

1 1.2 14 16 18 2 22 24 26 28 3
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Normalized energy release rate, G / Mg
N
o
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Fig. 5. Normalized energy release rate G™ /uc for crack propagation in monolayer hydrogel films as a function of the applied stretch 44, for various
relative crack lengths c/w. Inset: schematics of a monolayer hydrogel sheet with a pre-crack of length c.
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Fig. 6. Comparison of critical stretches between substrate-supported hydrogel films and monolayer hydrogel films. The critical stretches 17, of
monolayer hydrogel films are a function of the normalized crack length c/w and depend on the hydrogel size w/hs. In stark contrast, the critical
stretch 22 of substrate-supported hydrogel films well exceeds that of monolayer hydrogel sheets and, intriguingly, is independent of the normalized
crack length c/w and in-plane dimension w/hsof the sheets. Insets: schematics of the monolayer hydrogel sheets and substrate-supported hydro-
gel films.

stretchable substrate. For the substrate-supported hydrogel film, we consider attaching the hydrogel film with normalized fracture
toughness I’y /ushy = 20 to thin and compliant substrates characterized by h;/hs = 1 and p,/u; = 0.05. According to the results shown

in Fig. 3a, the critical stretch A%, for channel crack propagation in the bilayer hydrogel system — which is dictated by Eq. (6) —is ~ 1.95

(dashed line in Fig. 6).
By comparing critical stretches between monolayer hydrogel sheets and substrate-supported hydrogel films (shown in Fig. 6), we
find three unique advantages of substrate-supported hydrogel films:

e First, substrate-supported hydrogel films exhibit significantly enhanced fracture resistance (i.e., critical stretch) relative to
monolayer hydrogel films. As evident in Fig. 6, the critical stretch of substrate-supported hydrogel films (the dashed line in Fig. 6) is
considerably higher than those of monolayer hydrogel sheets (the solid lines), demonstrating that even simply adding a thin and
compliant stretchable substrate (hs/hf =1 and p;/u; = 0.05) can result in a considerable increase in the fracture resistance of
hydrogel sheets. Moreover, according to the results shown in Fig. 3, if a stiff substrate is used (e.g., u;/p; = 0.2), the critical stretch
can almost triple that of the monolayer hydrogel. In other words, the substrate-supported hydrogel film can withstand much higher
elongations before rupture than monolayer hydrogel sheets, regardless of the modulus and thickness of the underlying substrate.
Hence, adding a stretchable substrate is a simple but rather effective structural design strategy to regulate the energy release rate
and enhance the fracture resistance of the hydrogel.

Second, the fracture resistance of substrate-supported hydrogel films is not influenced by the crack length c/w, apparently different
from monolayer hydrogel films. Fig. 6 shows that, for a given hydrogel film with fixed normalized width w/hy, the critical stretch of
monolayer hydrogel — which decreases continuously with increasing normalized crack length c/w - is strongly affected by the size
of the pre-crack. In sharp contrast, the critical stretch of the substrate-supported hydrogel film is independent of the normalized
crack length c/w. This can be explained by the concept of steady-state crack propagation: a classic study by Hutchinson and Suo
(1991) has shown that upon the crack length c reaching a few times the film thickness, the channel crack will progressively reach a
steady-state — the shape of the entire crack front remains the same as it advances, and thus the energy released associated with the
crack advancing a unit distance becomes irrelevant to the crack length. To this end, distinct from monolayer hydrogel films,
fracture resistance of substrate-supported hydrogel films is insensitive to the flaw size, a highly desirable mechanical feature for
practical applications of hydrogels. Note here that the above conclusion holds only when the condition for steady-state crack
propagation is met: For a thin film (w >> hy), the crack length ¢ should exceed a few times the film thickness hy and should not be
very close to the film width w.

Third, when the condition for steady-state crack propagation is satisfied, the fracture resistance of substrate-supported hydrogel
films is independent of the in-plane dimensions of the hydrogel film, in striking contrast to monolayer hydrogel films. As shown in
Fig. 6, in which the hydrogel film thickness hy is kept the same for all cases studied, with any given normalized crack length c /w, the
critical stretches of monolayer hydrogel films decrease with the hydrogel’s in-plane dimension w, which is in line with Eq. (7) — the
energy release rate for crack propagation in monolayer hydrogel sheets is proportional to the crack length c. In other words, at a
given normalized crack length c/w, the larger the hydrogel sheet, the lower the critical stretch, which reduces the mechanical
reliability of monolayer hydrogel sheets of large sizes and hinders their practical applications in mechanically demanding envi-
ronments. Notably, as revealed by the horizontal dashed line in Fig. 6, adhering hydrogel films to stretchable substrates can
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Fig. 7. Results of uniaxial tension tests of monolayer PAA hydrogels and PAAm-supported PAA hydrogels. (a) Schematics of the monolayer PAA
sample being tested. The dimensions of the tested sample are 60 mm (gauge length between grips) x 10 mm (width) x 1.5 mm (thickness). The
normalized crack length is c/w = 1/3. (b) Photos of monolayer PAA hydrogel sheets subject to various stretches. The pre-notched monolayer PAA
sheet ruptures at a critical stretch of A7, = 2.2. (c) Schematics of the bilayer hydrogel structure consisting of a PAA film adhered to a PAAm
substrate. Both the film and substrate have dimensions of 60 mm x 10 mm x 1.5 mm. A precut with normalized crack length of ¢ /w =1 /3 is
introduced in the PAA layer. (d) Photo snapshots of PAAm-supported PAA sheets during stretching. The pre-crack in the bilayer structure remains
stationary until the stretch reaches 1. = 4.8, showing significantly enhanced fracture resistance. Inset I and II: schematics showing the crack
morphology without and with interfacial delamination, respectively.

eliminate the size dependence of the fracture resistance of hydrogel films, thereby boosting their fracture resistance, especially
when the hydrogel films are large. The reason is that the energy release rate for channel cracking in substrate-supported hydrogel
films is independent of the in-plane dimensions of the gel. Taking advantage of this desirable characteristic of substrate-supported
hydrogel films, even if a hydrogel sheet is large in size and thus liable to fracture, we can adopt the bilayer structural design
strategies to effectively improve its fracture resistance.

In summary, in this section, we theoretically demonstrate that adhering hydrogel sheets to stretchable substrates can effectively
enhance the fracture resistance - the critical stretch at which crack starts propagating — of the hydrogel sheets, by rendering the energy
release rate independent of the in-plane dimensions of the hydrogel sheets and the flaw size.

3. Experimental section

We have theoretically shown that adding a stretchable substrate can effectively enhance the fracture resistance of hydrogel sheets.
In this section, we will further experimentally validate the theoretical predictions presented in Section 2 by conducting uniaxial tensile
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tests on substrate-supported and monolayer hydrogel films, aiming to demonstrate the effectiveness of the proposed fracture-resistance
enhancing method based on the bilayer structure design.

3.1. Material selection

To validate the fracture-resistance enhancement method, we need to first design and fabricate the bilayer hydrogel structure
consisting of two distinct hydrogel layers — including the hydrogel film and the stretchable hydrogel substrate. To ensure the two layers
can adhere well and fast, we choose polyacrylamide (PAAm) hydrogels and poly-(acrylic acid) (PAA) hydrogels to make the bilayer
structure based on an established fact in chemistry: the carboxyl groups on PAA and the amide groups on PAAm can form hydrogen
bonds (Wang et al., 2019), endowing instant and tough adhesion between PAA and PAAm hydrogels.

3.2. Preparation of hydrogels

The hydrogel monomers are purchased from Macklin, including acrylic acid (AA, A800293) and acrylamide (AAm, A800656). The
following chemicals are purchased from Sigma-Aldrich: N, N’-methylenebis (acrylamide) (MBAA, M7279), a-ketoglutaric acid
(75890). All chemicals are used directly upon receipt without further purification.

To synthesize the PAA hydrogel, we add 6.255 g AA, 0.0088 g N, N'-methylenebis (acrylamide) (MBAA, 0.14 wt% of AA), and
0.0125 g a-ketoglutaric acid (0.2 wt% of AA) into 30 ml of deionized water sequentially to obtain the precursor solution for PAA
hydrogel. The AA, MBAA, and a-ketoglutaric acid are the monomer, cross-linker, and photo-initiator, respectively. We then inject the
precursor solution into a mold consisting of two pieces of acrylic plates separated by an acrylic spacer. Note that the mold is treated
with commercial glass water repellent before the injection of precursor solution to prevent the PAA hydrogel from adhering to the
acrylic mold. After curing under 365 nm UV radiation for 2 h, we obtain a thin rectangular PAA hydrogel sheet with the dimensions of
70 mm (length) x 10 mm (width) x 1.5 mm (thickness).

To synthesize the PAAm hydrogel, we add 6.809 g AAm into 50 ml of deionized water. Then 0.0041 g MBAA (0.06 wt% of AAm)
and 0.0136 g a-ketoglutaric acid (0.2 wt% of AAm) are added to the aqueous solution as the cross-linker and the photo-initiator,
respectively. The precursor solution is then injected into the mold, which is treated with commercial glass water repellent in
advance, and subjected to 365 nm UV radiation (8 W) for 1 h for curing. The mold shapes the synthesized PAAm hydrogel into a
rectangular sheet with sizes of 70 mm x 10 mm x 1.5 mm, the same as that of the PAA hydrogel sheet.

To fabricate the bilayer hydrogel structures, i.e., the PAA hydrogel film adhered to the PAAm substrate. As-synthesized PAA
hydrogels and PAAm hydrogels are removed from the mold with tweezers and immediately put in clean sample bags separately to
avoid contamination. After 20 min, we take out the PAAm and PAA hydrogels from the sample bag, introduce a precut in the PAA
hydrogel with a razor blade, and immediately bring the two hydrogel sheets together at ambient conditions without applying any
contact pressure. The contact time is set to 30 s before testing. Instant and tough adhesion between the two layers forms fast due to the
noncovalent hydrogen bonds formed between the carboxyl groups on PAA and the amide groups on PAAm, as expected.

3.3. Mechanical testing

To compare the fracture resistance of monolayer PAA hydrogels and PAA hydrogels supported by PAAm substrates, we conduct
uniaxial tensile tests on both pre-cracked PAA hydrogel sheets (Fig. 7a) and pre-cracked PAA sheets adhered to unnotched PAAm
substrates (Fig. 7c). All tensile tests are performed using the mechanical testing machine SAS CMT-6103 with a 50 N load cell. Before
testing, each end of the prepared hydrogel samples is sandwiched by two acrylic plates, and then the entire structure is clamped at both
ends to the clamping fixtures of the testing machine. The sample length between the two grips of the testing machine is about 60 mm.
The hydrogels are stretched in the direction perpendicular to the pre-crack with a loading rate of 30 mm/min, yielding a strain rate of
~0.83% per second.

Fig. 7b and d illustrate the deformation and rupture processes of monolayer and bilayer hydrogel structures under uniaxial tension,
respectively. Both structures contain a pre-crack in the PAA layer with a normalized crack length ¢/w of 1/3. As shown in Fig. 7b, the
pre-crack in the monolayer PAA hydrogel sheet gradually opens with increasing applied stretch, becomes blunt at a stretch of Agy, = 2,
and eventually turns into a running crack at A7, = 2.2, fracturing the PAA hydrogel sheet. Fig. 7d demonstrates that, for PAAm-
supported PAA hydrogel films, crack opening displacement increases as the applied stretch increases. Notably, at similar stretch
levels, the crack opening displacement in the PAAm-supported PAA film is markedly lower than that in the monolayer PAA film,
resulting in significantly reduced energy release rate for crack propagation, largely due to the constraint from the underlying PAAm
substrate. As a result, the PAAm-supported PAA film can sustain much higher stretches than the monolayer PAA sheet. As evident in
Fig. 7d, although the pre-crack becomes highly blunt upon a stretch of Aqy = 4, it remains stationary until the stretch reaches 2 =438,
which roughly doubles that of a monolayer PAA sheet. The results reveal the effectiveness of the structure-based strategy: the PAAm
substrate can effectively enhance the fracture resistance of PAA hydrogels.

Moreover, one salient feature of the stretched bilayer PAAm-PAA hydrogel structure is the interfacial delamination near the crack.
It can be recognized in Fig. 7d that at the stretch of gy, = 1.3 (i.e., the early stage of stretching), the interfacial delamination has not
taken place. The root of the channel crack is well bonded to the substrate so that the cross-section of the crack is V-shaped. That is, as
illustrated in Inset I of Fig. 7d, the two crack surfaces are connected at the channel root, which is consistent with the computational
model described in Fig. 1a II. However, at the stretch of Aqy, = 1.7 and 4, interfacial delamination occurs in the proximity of the crack.
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Fig. 8. Comparison between experimental results and theoretical predictions. (a) The numerically simulated and experimentally measured critical
stretch to fracture plotted as a function of the normalized crack length ¢/w. For monolayer PAA hydrogel sheet, the experimentally measured critical
stretches agree well with the numerical predictions. For bilayer PAAm-PAA structure, models with a well-bonded interface give predictions much
higher than experimental measurements, while simulation results from models considering interfacial delamination (with normalized delamination
width Lg/hy = 0.6) match well with the experimental results. (b) Schematics illustrating steady-state co-evolving channel cracking and interfacial
delamination. (c) Finite element models for calculating the energy release rate for co-evolving channel cracking and interfacial delamination. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

As evident in Inset II of Fig. 7d, the cross-sectional view of the crack shows that the crack with concomitant interfacial delamination
opens widely in the wake of the crack front, with nearly uniform crack opening displacement through the film thickness, which is
similar to the crack morphology in monolayer PAA sheets shown in Fig. 7b. The influence of the interfacial delamination on the
fracture resistance of bilayer hydrogel structures will be investigated both experimentally and computationally in Sections 3.4 and 3.5.

3.4. Agreement between experimental measurements and theoretical predictions

We measure critical stretches of monolayer PAA films and PAAm-supported PAA films of various normalized crack lengths c/w =1/
4,1/3,1/2,2/3. The dimensions of the PAA and PAAm samples being tested are 60 mm (gauge length between grips) x 10 mm (width)
x 1.5 mm (thickness). Fig. 8a plots the experimentally measured critical stretches as a function of the normalized crack length ¢ /w. At
least 5 samples are tested to calculate the mean value and the standard derivation for each experimental data point. For the range of ¢
/w investigated, the PAAm substrate can increase the critical stretches of monolayer PAA hydrogels by approximately a factor of two,
further highlighting the effectiveness of the bilayer structural design in enhancing the fracture resistance of hydrogels.

Intriguingly, the critical stretch of PAAm-supported PAA sheets drops slightly as the normalized crack length ¢ /w increases - this is
not consistent with Eq. (6), which suggests the critical stretch for bilayer hydrogel structures is irrelevant to c/w. The discrepancy can
be understood as follows: Eq. (6) is valid for steady-state crack propagation, which requires that the crack length c is sufficiently long
compared to the film thickness hy. Specifically, the crack length should exceed a few times the film thickness, and for more compliant
substrates, the crack length to reach the steady state can be even longer (Ambrico and Begley, 2002; Huang et al., 2003; Nakamura and
Kamath, 1992). Nevertheless, the c/hsratio of samples used in this study varies between 1.67 and 4.44, which does not fully meet the
requirements for steady-state crack propagation. According to Ambrico and Begley (2002), before reaching steady-state propagation,
the energy release rate for crack advancement rises with increasing c/hy, thereby resulting in the slightly reduced critical stretches
shown in Fig. 8a.

To compare experimental results shown in Fig. 8a to theoretical predictions, we next calculate critical stretches of monolayer PAA
hydrogels and PAAm-supported PAA films based on the theoretical method presented in Section 2. According to Egs. (10) and (6), to
numerically predict the critical stretch of given monolayer and bilayer hydrogel structures — of which c, c/w, h;, and h; /hy are given,
one still needs to know the shear moduli of PAA and PAAm hydrogels as well as the fracture toughness of PAA hydrogels. Herein, we
evaluate the shear moduli of PAA and PAAm hydrogels by fitting the incompressible neo-Hookean model to their uniaxial stress-stretch
curves; the obtained shear modulus is 3kPa for PAA and 2.4kPa for PAAm, respectively (Appendix A). To obtain the fracture toughness,
we substitute the experimentally measured critical stretch data of monolayer PAA hydrogel of c/w = 0.5 (i.e., ¢ = 5mm) into Eq. (10)
and the calculated fracture toughness for PAA hydrogel is 67.5]/m?, which is consistent with our experimentally measured values
(Appendix B) and those in the literature (Wang et al., 2019).
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Once the fracture toughness of PAA and shear moduli of PAA and PAAm are known, critical stretches of monolayer PAA hydrogels
and PAAm-supported PAA hydrogels can be readily determined by using Eq. (10) and Eq. (6), respectively. The results are included in
Fig. 8a, where the theoretical predictions of the critical stretches of monolayer PAA hydrogels agree well with the experimental
measurements — the differences between the experimental and computational results are within 2.25%. However, the computational
predictions of the critical stretches of PAAm-supported PAA hydrogels are apparently higher than the experimental measurements,
with discrepancies ranging from 22.4 to 34.6%. The difference can be attributed to the interfacial delamination observed in the bilayer
structures, which will be discussed in detail in Section 3.5.

3.5. Effect of interfacial delamination on the fracture resistance

The co-evolution of film cracking and interfacial delamination has been common for substrate-film bilayer systems under large
deformation (Li and Suo, 2007; Lu et al., 2007, 2009) since channel cracking and interfacial delamination facilitate each other. On the
one hand, stress concentration on the interface near the channel root promotes interfacial delamination. On the other hand, as the film
partially delaminates from the substrate, it induces a larger driving force for channel crack propagation. In this section, we quanti-
tatively investigate the effect of interfacial delamination on the fracture resistance of substrate-supported hydrogel films.

Fig. 8b illustrates the co-evolution of channel crack and interfacial delamination in a bilayer structure subject to uniaxial tension.
Under sufficiently large tension, the stress concentration near the channel root can be severe enough to induce interfacial delami-
nation. During its propagation, the stresses can be analyzed based on the fracture process zone models, where the fracture process zone
is assumed as a part of interfacial crack with ideal contact conditions ahead of the delamination front (Rose, 1987). According to Jia
et al. (2011), under tension, the driving force for interfacial delamination decreases as the delamination advances in the tensile di-
rection. As a result, when such a driving force becomes smaller than the interfacial toughness, the interfacial delamination eventually
stops advancing in the tensile direction, ending up with a delamination width L; in the undeformed configuration. On the other hand,
the channel crack as well as the concomitant interfacial delamination of width L; continues propagating in the direction perpendicular
to the applied tension — a process defined as the steady-state co-evolution of channel crack and interfacial delamination.

To compute the total energy release rate G,y for the channel crack and the accompanying interfacial delamination of constant
width L, to advance in the direction normal to the applied tension, we use the same method employed in Section 2.2: We calculate the
elastic energy stored in a slice of material of unit thickness far ahead of the crack front and that stored in a slice of material of unit
thickness far behind the crack front (Fig. 8c), respectively. The elastic energy difference U between the two slices gives the energy
release rate as Gy = U/hy, where hy denotes the film thickness.

Dimensional considerations indicate that the total driving force Gy takes a form similar to Eq. (2). That is,

Gt = q (5;;17 %;7 /%;7 jm:ppl) /'{fhf~ (12)

In Eq. (12), the dimensionless function g depends on dimensionless parameters h/hy, y /uf, Agpr and Lg/hs, where the last
dimensionless parameter Lq/hys represents the normalized delamination width. The value of the dimensionless function g for any given
bilayer structure can be evaluated after G, is calculated by finite element simulations. The critical condition for steady-state co-
evolving channel cracking and interfacial delamination is given by (Jia et al., 2011):

Gioar =Ty + 2FiLd/hf7 (13)
where I’y is the fracture toughness of the film as mentioned above and I'; is the interfacial toughness of the substrate-film interface. The
second term on the right denotes the energy required for the interfacial delamination accompanying per unit area advance of the

channel crack. By combining Egs. (12) and (13), one can obtain the dimensionless form of the critical condition for the steady-state co-
evolving channel cracking and interfacial delamination,

L, hy I 2I0L,
q<d—”“ A”)—f-&— ¢ (14)

i) i

In the simulation, the incompressible Neo-Hookean model is adopted for both the substrate and the film, with the shear modulus
experimentally measured to be 3kPa for the PAA film and 2.4kPa for the PAAm substrate (Appendix A). The thicknesses of the substrate
and film are identical to those used in the experiments discussed in Sections 3.2 and 3.3. In addition, the fracture toughness I'y of the
PAA hydrogel film has been evaluated as 67.5J/m? in Section 3.4, and the interfacial toughness I'; of the PAAm-PAA interface is taken
to be 40J/m? according to the 180° peeling test (Appendix C) and the literature (Wang et al., 2019). To this end, once the normalized
delamination width Ly/hs is known, one can determine the critical stretch 2 for steady-state co-evolving channel cracking and
interfacial delamination. As is conveyed by Fig. 8a, when setting the normalized delamination width Ly /hs = 0.6, the predicted critical
stretch — which is represented by the solid green line in the figure — matches the experimental results well, indicating that the
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interfacial delamination is indeed the cause of the previously identified discrepancies between the experimental and simulation results
mentioned in Section 3.4. Notably, although we cannot directly measure the delamination width L, in the undeformed configuration in
the experiment, the normalized delamination width Ly/h; = 0.6 can be validated by the following fact: the experimentally measured
crack opening displacement in the deformed configuration is consistent with the computationally simulated crack opening
displacement when Lg/hy = 0.6 (Appendix D).

It can be concluded from the above results that interfacial delamination of relatively small delamination width can result in an
evident reduction in the critical stretch of the bilayer hydrogel structure. The phenomenon can be understood as follows: the interfacial
delamination undermines the capability of the underlying substrate to constrain the crack opening displacement of the film, leading to
higher energy release rate for channel cracking relative to bilayers with well-bonded interfaces, thereby causing reduced critical
stretch. Therefore, designing bilayer hydrogel structures with mechanically strong film-substrate interfaces is critical for enhancing the
fracture resistance of hydrogel film. Moreover, as illustrated in Fig. 8a, with the PAAm-PAA interface interlinked by noncovalent
hydrogen bonds, the critical stretch of the bilayer PAAm-PAA structures is apparently higher than that of the monolayer PAA hydrogel,
demonstrating the effectiveness of the fracture resistance enhancing strategy proposed in this work. To further improve the fracture
resistance, one can strengthen the interface by using adhesion methods, including surface modification or topological adhesion, which
depend on covalent bonds to enhance interfacial adhesion (Li et al., 2017a; Steck et al., 2020; Yang et al., 2020). Note here that the
above analysis is based on the assumption that the underlying substrate has enough strength to withstand the severe stress concen-
tration near the channel root. While in practical applications, this assumption is not necessarily tenable. Under such circumstances, the
delamination may also have a positive effect on the whole structure’s fracture resistance, on account of its relieving the stress con-
centration and thus protecting the substrate.

4. Conclusion

Considering the limitations of existing toughening methods towards improving the fracture toughness I' of hydrogels, such as
material-specific, complicated, or expensive synthesis processes, we have proposed a structure-based strategy to enhance the fracture
resistance of hydrogels, which relies on constructing a film-substrate bilayer hydrogel system to reduce the energy release rate G for
crack propagation. The advantages of the approach have been demonstrated through theoretical analysis, including (1) effectively
enhancing the fracture resistance of hydrogels by several folds, and (2) rendering the fracture resistance of hydrogels independent of
the crack length and the hydrogel size — which strongly affects the fracture resistance of monolayer hydrogels. To validate the
theoretical prediction, we conduct experiments with PAA hydrogel films adhered to PAAm substrates. The experimental results show
that a thin and compliant substrate can effectively enhance the critical stretch of PAA hydrogel films by reducing the crack opening
displacement and energy release rate. Furthermore, it is experimentally observed that interfacial delamination may occur near the root
of the channel crack. Theoretical predictions considering the interfacial delamination agree very well with the experimental results,
validating the effectiveness of the structure-based fracture resistance enhancing strategy. The results from the present study, for the
first time, offer a novel and unique “structural-toughening” approach for enhancing the fracture resistance of hydrogels by structurally
regulating the energy release rate.
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Fig. Al. Stress-stretch curves of PAA and PAAm hydrogels under uniaxial tension. Fitting the incompressible Neo-Hookean model (dashed curves)
to the experimental stress—stretch curves (solid curves) gives the shear modulus of PAA and PAAm hydrogels.

Appendix A

To evaluate the shear modulus of PAA and PAAm hydrogels, we fit the incompressible neo-Hookean model to their uniaxial stress-
stretch curves using the curve-fitting module of the commercial finite element code ABAQUS. It is indicated in Fig. Al that proper
fitting can be obtained at moderate stretches, yielding that shear modulus is 3kPa for PAA hydrogel and 2.4kPa for PAAm hydrogel
used in the present work.

Appendix B

To validate the calculated fracture toughness for PAA hydrogel, we also conducted pure shear tests on PAA hydrogels. The di-
mensions of the PAA samples being tested are 70 mm (width W) x 17 mm (gauge height between grips H) x 1.5 mm (thickness), and
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Fig. B1. The nominal stress-stretch curves of PAA hydrogels in pure-shear test for measuring the fracture toughness. The fracture toughness of the
A

hydrogel is calculated as " = H / sd4, where H is the height of the PAA sample, /. is the critical stretch of the notched sample and s is the nominal

1

stress of the sample without notch. (For interpretation of the references to color in this figure, the reader is referred to the web version of
this article.)
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the length of the pre-crack is 0.4W. In the test, the notched PAA sample was stretched to a critical stretch of A, at which the crack
propagates; the stress-stretch curves were recorded as the red lines in Fig. B1. Then, the unnotched hydrogel sheet was also stretched to
Ac with the stress-stretch curves recorded (the blue lines in Fig. B1). Based on the raw data in Fig. B1, the fracture toughness of the

Ac
hydrogel can be calculated as ' = H / sdl, where H is the height of the PAA sample and s is the measured nominal stress. The
1

experimentally measured fracture toughness of the three PAA samples is 61.6 J/m?, 73.2 J/m? and 74.9 J/m?, respectively, where the
average is 69.9 J/m? and matches the fitting result (67.5 J/m?) well.

Appendix C

The 180° peeling test is performed on the PAAm-PAA bilayer hydrogels to evaluate the interfacial toughness of the PAAm-PAA
interface. The dimensions of the PAAm and PAA samples being tested are 70 mm (length L) x 20 mm (width W) x 1.5 mm (thick-
ness T). Before testing, we glued inextensible polyester back layers on the top and bottom faces of the hydrogel samples using 406
Superglue (Loctite) to constrain the stretch of the peel arm. Then the ends of the back layers were clamped to the clamping fixtures of
the testing machine. The sample was peeled by the machine at velocity v = 30 mm/min, with the rate of peel setat T /v = 3 s. During
peel, the two arms were aligned vertically and the load cell recorded the peel force F. The ratios 2F/W of three identical samples are
plotted as a function of the peel displacement in Fig. C1. The plateaus give the adhesion energy as 32.8 J/m?, 40.6 J/m? and 45.2 J/m?,
respectivelzy, where the specific value is determined by the built-in module of the test machine (SAS CMT-6103) and the average is
39.53 J/m".
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Fig. C1. Force-displacement curves of the adhered PAAm-PAA hydrogels in 180° peeling test for measuring the interfacial toughness. The adhesion
energy is calculated as 2F/W, where F is the peel force recorded by the load cell of the test machine and W is the width of the PAAm-PAA sample.
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Appendix D

In Appendix D, we will validate that the normalized delamination width Ly/hf = 0.6 — in the undeformed configuration — is
reasonable. We focus on the largest crack opening displacement & in the wake of the co-evolving channel crack and delamination (i.e.,
the distance between red dots in Fig. D1a). In the experiments, we record the deformation of PAAm-PAA bilayer hydrogels from the top
view and acquire the critical crack opening displacement right before the propagation of channel cracking and interfacial delami-
nation, which is §;; = 14.5mm (Fig. D1b). In the simulations, the deformation of the bilayer structure in the wake of the channel crack
can be accessible through modeling a slice of material of unit thickness far behind the crack front, according to the concept of steady-
state crack propagation. While setting the normalized delamination width Ly /hs = 0.6, we find the crack opening displacement under
critical stretch is 6, = 15.2mm (Fig. D1c), in good agreement with the experimentally measured value of 14.5mm. Hence, we verify
that the normalized delamination width in the undeformed configuration Ly/hs = 0.6 is reasonable.

(a) (b) Il
Top view I n

Front view ey S~ | 5
cr

Fig. D1. Validation of the normalized delamination width Ls/h; = 0.6. (a) Schematics of the co-evolving film cracking and interfacial delamination
in film-substrate bilayer hydrogel structures. The largest crack opening displacement in the wake of the channel crack front § - i.e., the distance
between the two red dots in the schematics - is used for the validation. (b) Schematics and the experimental photo showing the deformation of
PAAm-PAA hydrogel structures right before crack propagation. The crack opening displacement is measured to be 5. = 14.5mm from the top view.
(c) Schematics and the simulation result of the deformation of the bilayer hydrogel structure at critical stretch. With the normalized delamination
width Lg/hy setting to be 0.6, the simulated critical crack opening displacement &, = 15.2mm, which is consistent with the experimental mea-
surements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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