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A B S T R A C T   

Soft layered material systems are ubiquitous in nature and engineering – from natural biological tissues to 
engineered devices. However, from the mechanics perspective, why soft layered materials are favored by natural 
selection and engineering design remains largely unexplored. Here we study the fracture mechanics of hetero-
geneous soft layered materials. We develop a theoretical framework for analyzing the co-evolving channel 
cracking and interfacial delamination in soft film/substrate systems, which is then applied on investigating the 
fracture of bilayer hydrogels – a representative soft layered material. Through both experiment investigation, 
theoretical analysis and numerical modeling, we find that the heterogeneous soft layered materials exhibit 
anomalous size-independent fracture behaviors with fracture strains independent of the flaw size and overall 
structural dimensions, in stark contrast to ordinary homogeneous materials whose stretch at break reduces 
undesirably with increasing flaw size and structural dimensions. The size-independent fracture behavior leads to 
notable toughening of soft layered materials. The findings hold for a broad range of hyperelastic soft materials, 
from biological materials to hydrogels and elastomers, opening potentially new avenues for the development of 
fracture-resistant soft materials, and motivating new investigations of the development and applications of 
heterogeneous soft materials.   

1. Introduction 

Derived from nature, soft materials including elastomers and 
hydrogels have played a pivotal role in enabling a wide range of modern 
technologies, becoming one of the most focused areas in recent years. 
Elastomers possess distinctive characteristics such as stability in diverse 
environments, mechanical robustness, and ease of micro-/nano-scale 
fabrication (e.g., through methods like soft lithography). Meanwhile, 
hydrogels also exhibit unique properties including high water content, 
permeability to a wide range of chemical and biological molecules, as 
well as biocompatibility and/or biodegradability [1–4]. Capitalizing on 
these advantages, elastomers and hydrogels have thus gained significant 
attention in the biomedical field, finding applications as wound dressing 
[5,6], drug delivery [7,8], tissue repair [9,10] and cell stimulators [11], 
Moreover, their application extends beyond the medical field, finding 
utility in non-medical areas serving as ionic loudspeakers [12], artificial 
muscles [13–15], artificial skins [16], ionotronic luminescent devices 
[17,18], soft robots [19,20] and all-solid-state supercapacitors [21]. In 
the above scenarios, soft material systems are often subjected to large 
and repeated deformation, such that cracks may initiate and propagate 

in the material, which causes the deterioration of structural performance 
and function of soft material systems. Notably, many soft material sys-
tems – from natural to synthetic – are layered for their electronic 
properties, chemical stabilities, and structural performances, with ap-
plications ranging over a broad spectrum of areas. Examples include 
natural human epidermis and epithelial cell sheets [22] in the human 
body (Fig. 1a), and artificial systems such as ionic skins [17,23–26] and 
hydrogel actuators [12,27,28] for soft ionotronics (Fig. 1b) as well as 
tissue adhesives [29–31] and tendon repairs [32,33] for biomedical 
applications (Fig. 1c). These material systems consisting of soft materials 
layered together are often referred to as soft layered materials. 

Given the prevalence of soft layered materials in nature and engi-
neering practice, a largely unexplored question emerges: what are the 
mechanical advantages of soft layered materials that render them 
favored by natural selection and engineering design? In this aspect, 
although it is recognized that forming layered structures can enhance 
the ability of soft materials to withstand substantial mechanical loads 
without failure, there is still a lack of comprehensive analysis and a clear 
understanding of the underlying mechanisms. In contrast to the rapid 
advancements in function design, the investigation of failure mechanics 

* Corresponding author. 
E-mail address: zheng.jia@zju.edu.cn (Z. Jia).  

Contents lists available at ScienceDirect 

International Journal of Mechanical Sciences 

journal homepage: www.elsevier.com/locate/ijmecsci 

https://doi.org/10.1016/j.ijmecsci.2024.109018 
Received 5 November 2023; Received in revised form 27 December 2023; Accepted 4 January 2024   

mailto:zheng.jia@zju.edu.cn
www.sciencedirect.com/science/journal/00207403
https://www.elsevier.com/locate/ijmecsci
https://doi.org/10.1016/j.ijmecsci.2024.109018
https://doi.org/10.1016/j.ijmecsci.2024.109018
https://doi.org/10.1016/j.ijmecsci.2024.109018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmecsci.2024.109018&domain=pdf


International Journal of Mechanical Sciences 267 (2024) 109018

2

in soft layered materials has received relatively less attention and is far 
from sufficient, where present studies of their fracture behavior mainly 
focus on the performance of stretchability or the cracking modes 
[34–49]. Very recently, Men et al. study the cracking modes in layered 
hyperelastic structures made of relatively brittle films bonded to tougher 
substrates, and establish the critical conditions for different cracking 
modes as well as build the phase diagram [50]. In that work, the channel 
cracking in the surface layer is proved to be the prevailing fracture mode 
of soft layered materials, which is often accompanied by the interfacial 
delamination induced by the stress concentration near the channel root 
and then co-evolves. Meanwhile, Cai et al. put forth a novel approach to 
enhance the fracture resistance of hydrogels by introducing layered 
structures that effectively regulate the energy release rate [51], and this 
study represents one of the initial efforts in specifically investigating the 
fracture behavior of heterogeneous layered hydrogels distinct from ho-
mogeneous hydrogels, in which the experimentally observed phenom-
enon of interfacial delamination near the root of channel crack is also 
documented. However, in the above study the attention is mainly 
focused on the impact of forming layered structures on soft materials’ 
fracture resistance, where the whole process of co-evolution of channel 
cracking and interfacial delamination has not been further investigated, 
and there is still a need for additional research to delve into soft layered 
materials’ unique fracture feature. 

In this work, we explore, both experimentally and theoretically, the 
fracture behavior of heterogeneous soft layered materials. According to 
classical fracture mechanics, it is well known that homogeneous mate-
rials suffer from size-dependent and flaw-sensitive fracture behavior 
[52–55]: their stretch at break λcr, at which the material fractures, re-
duces markedly as the flaw size and overall structural dimensions in-
crease, which is undesirable since flaws can hardly be avoided during 
fabrication and usage and the structural dimensions have to be suffi-
ciently large for many applications. In sharp contrast, we find that 
heterogeneous soft layered materials exhibit anomalous 
size-independent and flaw-insensitive fracture behaviors, where the 
stretch at break is independent of flaw size and overall structure di-
mensions, overcoming the inherent limitations of the stretchability of 
homogeneous soft materials (i.e., flaw sensitivity and size dependence), 
which is ideal for practical applications in mechanically demanding 

environments. Hence, based on the above, the distinction and novelty of 
the present study relative to existing researches on failure mechanics in 
heterogeneous layered materials and our previous work [51] can be 
concluded as follows. From the experimental standpoint, the experi-
mental findings and evidence in this study, pertaining to the anomalous 
size-independent and flaw-insensitive fracture behaviors of soft layered 
materials, have not been previously addressed in any prior study, 
including the previous paper of ours [51]. In that work, only qualitative 
and loose speculations are proposed about the unique fracture behaviors 
of the substrate-supported hydrogel films based on the theoretical for-
mulas without any solid quantitative computation or experimental evi-
dence. From the theoretical standpoint, previous studies concerning the 
fracture feature in systems involving stiff films on soft substrates are all 
based on small deformation theory, where the materials are linear 
elastic, and their results are inadequate to unveil and explain the 
size-independent fracture behaviors in soft film/soft substrate systems 
considering the nonlinear elasticity. While in studies focused on 
soft-film soft-substrate systems, a comprehensive theoretical framework 
is absent for analyzing the co-evolving channel cracking and interfacial 
delamination, posing significant challenges in investigating the whole 
process from the lateral interfacial delamination in the wake of the 
channel crack to the steady-state crack channeling with accompanying 
delamination. The rest of the paper is organized as follows. Employing 
PAAm-PAA bilayer hydrogels as the representative soft layered material 
system, Section 2 experimentally reveals the unique fracture behavior of 
heterogeneous soft layered materials, by comparing the fracture pro-
cesses between bilayer hydrogels and their homogeneous monolayer 
counterparts. Section 3 develops a theoretical framework for analyzing 
the co-evolving channel cracking and interfacial delamination in sys-
tems consisting of soft films on soft substrates, which is then applied to 
investigate the fracture of bilayer hydrogel systems. The results of 
theoretical analysis and corresponding numerical simulations agree well 
with the experimentally observed anomalous flaw-insensitive and 
size-independent fracture behavior of bilayer hydrogels, explaining the 
mechanism underpinning the unusual fracture behavior. Concluding 
remarks are provided in Section 4. 

Fig. 1. Soft layered materials and their fracture patterns. (a) Natural soft layered materials such as epithelial cell sheets. Examples of synthetic soft layered materials 
include (b) hydrogel ionic skin and actuator for engineered functional devices, and (c) tissue adhesive and tendon repair for biomedical applications. (d) Schematic 
diagrams showing the distinct fracture modes of homogeneous monolayer soft materials and heterogeneous layered soft materials. Although not shown in the figure, 
in soft layered materials, channel cracking is often accompanied by concomitant interfacial delamination induced by severe stress concentrations at the channel root, 
the effects of which will also be considered in this study. 
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2. Experimental section 

Aiming for revealing the unique fracture behavior of heterogeneous 
soft layered materials, in this section we employ PAAm-PAA bilayer 
hydrogels as the representative soft layered material system, and 
experimentally compare the fracture processes between them and their 
homogeneous monolayer counterparts. 

2.1. Material selection 

To experimentally study the anomalous fracture behavior of soft 
layered materials, we first need to design and fabricate a representative 
soft layered material – which is determined as a hydrogel bilayer con-
sisting of two distinct hydrogel layers, including a hydrogel film and a 
stretchable hydrogel substrate, considering that the heterogeneity ren-
ders channel cracking in the surface layer the prevailing fracture mode 
of soft layered materials [34,50] (Fig. 1d). For this purpose, poly-
acrylamide (PAAm) hydrogels and poly-(acrylic acid) (PAA) hydrogels 
are chosen to fabricate the bilayer structure as they can adhere well and 
fast, based on a well-established fact in chemistry: the carboxyl groups 
on PAA and the amide groups on PAAm can form hydrogen bonds [56] 
that confer instant and relatively tough adhesion between them. Note 
here that subject to interfacial toughness constraints of common soft 
materials (such as the PAA and PAAm hydrogels selected in this paper), 
the interfacial delamination at the channel root is unavoidable for the 
severe stress concentrations [51], whose effect will also be taken into 
consideration in the following sections. 

2.2. Sample preparation 

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

To synthesize the PAA hydrogel, 6.255 g AA, 0.0088 g N, N’-meth-
ylenebis (acrylamide) (MBAA, 0.14 wt% of AA), and 0.0125 g α-keto-
glutaric acid (0.2 wt% of AA) are added into 30 ml of deionized water 
sequentially, where the AA, MBAA, and α-ketoglutaric acid serve as the 
monomer, cross-linker, and photo-initiator, respectively, to obtain the 
precursor solution for PAA hydrogel. Then the precursor solution is 
injected into an acrylic mold – an acrylic spacer sandwiched by two 
pieces of acrylic plates. Note that to prevent the hydrogel from adhering 
to the acrylic mold, we treat the mold with commercial glass water re-
pellent before the injection of the precursor solution. After 2 h curing 
under 365 nm UV radiation (8 W), a thin rectangular PAA hydrogel 
sheet is obtained with the required dimensions. 

To synthesize the PAAm hydrogel, 6.809 g AAm is added to 50 ml of 
deionized water first. Then we add 0.0041 g MBAA (0.06 wt% of AAm) 
and 0.0136 g α-ketoglutaric acid (0.2 wt% of AAm) into the aqueous 
solution as the cross-linker and the photo-initiator, respectively. Next, 
we treat the acrylic mold with commercial glass water repellent and 
inject the precursor solution into the mold, which is then 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 the same di-
mensions as the PAA hydrogel sheet. 

To fabricate the bilayer PAAm-PAA hydrogel structures, we first 
remove the as-synthesized PAA hydrogels and PAAm hydrogels from the 
mold with tweezers and then immediately put them into clean sample 
bags separately to avoid contamination. After 20 min, the PAAm and 
PAA hydrogels are taken out from the sample bag and a precut is 
introduced in the PAA hydrogel with a razor blade. Next, the two 
hydrogel sheets are immediately brought together under ambient con-
ditions without applying any contact pressure. The contact time is set to 
30 s before testing, and then instant and tough adhesion is formed be-
tween the two hydrogel layers, as expected, owing to the noncovalent 

hydrogen bonds formed between the carboxyl groups on PAA and the 
amide groups on PAAm. 

2.3. Mechanical testing 

To reveal the unique fracture behavior of soft layered materials, we 
first experimentally investigate homogeneous monolayer poly-(acrylic 
acid) hydrogels (PAA hydrogels) with flaws (i.e., pre-cuts) as control 
studies. The tests are performed using the mechanical testing machine 
SAS CMT-6103 with a 50 N load cell. Prior to testing, each end of the 
prepared hydrogel sample is sandwiched by two acrylic plates, and then 
the entire structure is clamped to the clamping fixtures of the testing 
machine. In the tests, the samples are stretched in the direction 
perpendicular to the pre-crack with a loading rate of 30 mm/min. 
Fig. 2a–c show the fracture process of three homogeneous PAA hydro-
gels under uniaxial tension and record their stretch at break λcr at which 
the pre-cut begins to propagate. Note that the value of λcr − 1 gives the 
fracture strain of a material according to continuum mechanics, and thus 
measures the stretchability of materials. In Fig. 2a, a monolayer PAA 
hydrogel with dimensions of 8 mm (width w) × 6.8 mm (height d, the 
distance between the two grips) × 1.5 mm (thickness) is presented as a 
baseline case – where the width w and height d define the overall di-
mensions of the hydrogel. Its flaw size is given by c/w = 0.2 – where c 
denotes the length of the pre-cut. We acquire images of the homoge-
neous hydrogel at different levels of applied deformation (Fig. 2a). The 
pre-cut in the PAA hydrogel remains stationary when the applied stretch 
λ is small and turns into a running crack at λcr = 3.4, fracturing the 
hydrogel. For a monolayer PAA hydrogel of the same overall dimensions 
but a longer flaw size c/w = 0.5 (Fig. 2b), the stretch at break λcrdrops to 
3 relative to the baseline case. The results indicate that the fracture 
behavior of homogeneous hydrogel is flaw-sensitive, i.e., the stretch at 
break reduces with increasing flaw size, which poses a significant 
challenge to the reliability of materials because the introduction of flaws 
is almost inevitable during fabrication and use of materials [57]. In 
addition, as shown in Fig. 2c, compared to the baseline case, a PAA 
hydrogel with the same normalized flaw size c/w = 0.2 but larger overall 
dimensions [20 mm (width) × 17 mm (height)] possesses a markedly 
lower stretch at break λcr = 2.4. That is, the fracture behavior of ho-
mogeneous hydrogels undesirably depends on the overall hydrogel size: 
larger homogeneous hydrogels – sometimes required by specific appli-
cations – exhibit lower stretchability. 

We next study the fracture behavior of soft layered materials with the 
identical experimental setup, by employing PAAm-PAA bilayer hydro-
gels as a representative soft layered material system as previously noted, 
which consist of pre-notched PAA hydrogel films adhered to PAAm 
hydrogel (i.e., polyacrylamide hydrogels) substrates. Both PAA and 
PAAm layers are 1.5 mm thick for PAAm-PAA layered hydrogels 
throughout this paper. As mentioned above, one salient feature of the 
stretched PAAm-PAA bilayer hydrogels is the interfacial delamination 
near the crack (Fig. 2e), whose influence on the fracture behavior of soft 
layered materials should not be ignored and will be investigated in the 
next section. By comparing the fracture processes of bilayer hydrogels to 
their homogeneous monolayer counterparts, we reveal the anomalous 
fracture behavior of layered soft materials with three unique advan-
tages: (i) Flaw insensitivity. The comparison of Fig. 2d and e shows that 
as the normalized flaw size c/w increases from 0.2 to 0.5, the stretches at 
break of PAAm-PAA bilayer hydrogels remain unchanged at λcr = 4.5, 
independent of the flaw size, which is in sharp contrast to the flaw- 
sensitive fracture behavior of homogenous hydrogels. (ii) Overall size 
independence. By contrasting Fig. 2d and f, we find that, when the in- 
plane structural dimensions increase by a factor of 2.5 – from 8 mm 
× 6.8 mm to 20 mm × 17 mm – the stretches at break λcr of the bilayer 
hydrogels remain at λcr = 4.5, not affected by the overall dimensions of 
hydrogels, defeating the conflict between size and stretchability for 
homogeneous hydrogels. (iii) Stretchability enhancement. Comparing 
results of each row of Fig. 2 (e.g., Fig. 2a versus Fig. 2d) shows that, for 
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the same in-plane overall dimensions and normalized flaw size, het-
erogeneous bilayer hydrogels exhibit higher stretches at break than 
homogeneous hydrogels. The underlying mechanism is that the PAAm 
layer can effectively restrain the crack opening displacement of the pre- 
cracked PAA layer and reduce the energy release rate for crack propa-
gation, thereby increasing the stretchability of bilayer hydrogels. 

To further experimentally verify the anomalous fracture behavior of 
soft layered materials observed in Fig. 2, we perform uniaxial tensile 
tests on a series of homogeneous PAA hydrogels and bilayer PAAm-PAA 
hydrogels with various normalized flaw sizes and overall dimensions, 
and measure their stretchability. The experimental setup remains un-
changed, and for each experimental data point illustrated in Figs. 3 and 
4, we test at least 5 samples to calculate the mean and standard deri-
vation. Fig. 3 depicts the stretch at break λcr as a function of the 
normalized flaw size c/w, with overall dimensions of the PAA and PAAm 
layers being set to 20 mm (width) × 17 mm (height) × 1.5 mm (thick-
ness). The normalized flaw sizes are taken to be c/w = 0.1, 0.2, 0.5, 0.7, 
respectively. In Fig. 4, stretches at break of monolayer and bilayer 
hydrogels of different in-plane dimensions – which are 8 mm × 6.8 mm, 
14 mm × 11.9 mm, 20 mm × 17 mm, and 26 mm × 22.1 mm – are 
plotted, where the normalized flaw size c/w is fixed to 0.5. The data in 
Figs. 3 and 4 further confirm the anomalous fracture behavior of bilayer 
hydrogels compared to monolayer hydrogels: The stretches at break of 
homogeneous hydrogels show a continuous drop with increasing 
normalized flaw size c/w (Fig. 3) or overall in-plane dimensions (Fig. 4), 
indicating that homogeneous hydrogels containing longer flaws or 
having larger overall dimensions are more prone to fracture, which is in 
good agreement with classical fracture mechanics [53]. In striking 
contrast, the stretches at break of bilayer hydrogels are independent of 
the normalized flaw size and in-plane overall dimensions (Figs. 3 and 4), 
overcoming the inherent limitations of the fracture behavior of mono-
layer hydrogels – flaw sensitivity and size dependence. Furthermore, 
thanks to the unique flaw-insensitive and size-independent fracture 

Fig. 2. Fracture tests of homogeneous monolayer PAA hydrogels and heterogeneous bilayer PAAm-PAA hydrogels. (a–c) Photographs of homogeneous monolayer 
PAA hydrogels with different overall sizes and flaw lengths subject to various stretches. These three pre-notched monolayer PAA hydrogels rupture at stretches of 3.4, 
3, and 2.4, respectively, showing size-dependent and flaw-sensitive fracture resistance. (d–f) Photographs of heterogeneous bilayer PAAm-PAA hydrogel structures 
subject to different stretches. Despite the various flaw lengths and overall dimensions of the three samples, the pre-cracks in the PAA layer remain stationary until the 
stretch reaches 4.5 for all the samples, indicating anomalous size-independent and flaw-insensitive fracture behavior of heterogeneous bilayer hydrogels. The di-
mensions of all samples are given in the corresponding schematics. In (e), the red dotted lines emphasize the phenomenon of interfacial delamination observed. 

Fig. 3. The experimentally measured and numerically simulated stretches at 
break plotted as a function of the normalized crack length c/w. The in-plane 
dimensions of the PAA and PAAm samples are fixed to 20 mm × 17 mm. The 
monolayer PAA hydrogel sheet exhibits stretch at break λcr depending on 
normalized crack length c/w. In stark contrast, the stretch at break λcr of het-
erogeneous bilayer PAAm-PAA hydrogel structure well exceeds that of homo-
geneous monolayer hydrogel and, more intriguingly, is independent of the 
normalized crack length c/w. The simulation results (solid lines) for monolayer 
and bilayer hydrogels – which will be discussed in detail in Sections 3.1 and 3.2, 
respectively – are well in line with the experimental measurements (dots). 
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behavior of bilayer hydrogels, there exists a huge enhancement in the 
stretches at break of bilayer hydrogels compared to their monolayer 
counterparts, especially when the flaw is long and the hydrogel size is 
large (Figs. 3 and 4). 

3. Theoretical analysis and numerical simulations 

In the previous section, we have experimentally demonstrated the 
anomalous flaw-insensitive and size-independent fracture behavior of 
bilayer hydrogels. To understand the above experimental results, in this 
section, we carry out theoretical analysis and numerical simulations of 
both monolayer and bilayer hydrogels, respectively, under uniaxial 
stretch. 

3.1. Fracture behavior of homogeneous monolayer hydrogels 

Consider a pre-notched monolayer hydrogel film subject to uniaxial 
stretch λ (Fig. 5a). The material is taken to be hyperelastic and incom-
pressible with a shear modulus μf. Note that the crack opening 
displacement in monolayer hydrogels is uniform across the film thick-
ness hf (Fig. 1d), such that the deformation of the hydrogel can be ob-
tained by solving a plane-stress boundary-value problem, where the 
relevant length scales include the flaw length c, the film width w, and the 
film height d. To this end, dimensional analysis dictates that the energy 
release rate Gm associated with the pre-crack (i.e., the flaw) advancing a 
unit distance takes the form that 

Gm = g
(c

w
,
w
d
, λ
)

μf c. (1) 

Herein, the subscript m refers to monolayer hydrogels. The dimen-
sionless function g depends on three dimensionless parameters: the 
normalized flaw size c/w, the aspect ratio of the hydrogel w/d, and the 
applied stretch λ. Notably, for stretched hydrogels with a given combi-
nation of c, w, d, and λ, the energy release rate Gm can be calculated as 
the J-integral [58] using finite element package ABAQUS. Then the 
value of the function g

(
c
w,

w
d, λ
)

can be computed accordingly based on 
Eq. (1). 

The flaw of length c in monolayer hydrogels starts to advance when 
the energy release rate reaches the fracture toughness of the hydrogel, i. 
e., Gm = Γf. Plugging the fracture criterion into Eq. (1) gives the 
dimensionless equation of critical condition for steady-state crack 
propagation in monolayer hydrogels that 

g
(c

w
,
w
d
, λcr

)
=

Γf

μf c
. (2) 

By further defining a new dimensionless function p
(

c
w,

w
d,λ
)
=
(

c
w

)
g
(

c
w,

w
d,

λ
)
, we can rewrite Eq. (2) as 

p
(c

w
,
w
d
, λcr

)
=

Γf

μf w
. (3) 

Eqs. (2) and (3) indicate that the stretch at break λcr of monolayer 
hydrogels depends on flaw length c as well as in-plane overall di-
mensions w (and d), indicating the flaw sensitivity and size dependence 
of the fracture behavior of monolayer hydrogels. 

Next, to verify the experimental results of monolayer hydrogels 
shown in Figs. 3 and 4, stretch at break λcr for steady-state crack prop-
agation in monolayer hydrogels is numerically determined based on the 
above-mentioned analysis. To this end, we calculate the energy release 

Fig. 4. The experimentally measured and numerically simulated stretches at 
break plotted as a function of the in-plane dimensions of the sample. The 
normalized crack length is fixed at c/w = 0.5. The stretch at break λcr of ho-
mogeneous monolayer PAA hydrogel sheet depends on the in-plane dimensions 
of the sample. In contrast, the stretch at break λcr of heterogeneous bilayer 
PAAm-PAA hydrogels is independent of the in-plane dimensions of the hydrogel 
and shows an evident increase compared with homogeneous monolayer 
hydrogel sheet. See Sections 3.1 and 3.2 for discussions of the simulation results 
(solid lines) that agree well with the experimental measurements (dots). 

Fig. 5. Computational model for calculating the energy release rate for crack propagation in homogeneous monolayer hydrogels. (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 height of the sheet are w and 
d, respectively. The length of the crack is c. In the deformed state, the hydrogel sheet is pulled to a length of λd. (c) The blunted crack tip modeled with a finite radius 
ρ. The hydrogel sheet is densely meshed with CPS4 elements in ABAQUS. 
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rate Gm as the J-integral [58] using the finite element code ABAQUS. 
Then, values of the dimensionless function g

( c
w,

c
d, λ
)

can be computed 
according to Eq. (1), and stretch at break λcr can subsequently be ob-
tained by solving Eq. (2). In the simulations to calculate Gm, we model a 
pre-notched hydrogel sheet of width w, height d, and crack length c, as 
shown in Fig. 5b. Here, these geometry dimensions of the sheet are set to 
be identical to those of the monolayer PAA samples used in the afore-
mentioned experiments. The hydrogel sheet is under a vertical stretch λ. 
Incompressible neo-Hookean model with shear modulus μf = 3 kPa is 
adopted for the hydrogel according to the mechanical test on PAA 
hydrogels (Appendix A). Considering the symmetry of the geometry, 
only the top half of the hydrogel sheet is modeled, where the symmetric 
boundary condition is set along the symmetry plane and the stretch λ is 
exerted on the upper edge of the model. A blunt crack tip, with a small 
radius ρ = c/1000 in the undeformed configuration, is modeled to avoid 
singularity at the crack tip. The model is meshed with CPS4 elements, 
with dense meshes in the region near the crack tip (Fig. 5c). 

Given the above numerical solving of dimensionless function g
( c

w,
c
d,

λ
)
, once the fracture toughness Γf of the hydrogel film is given, stretch at 

break λcr of the monolayer hydrogel sheet can be determined using Eq. 
(2). To obtain the theoretical results (i.e., red solid lines) in Figs. 3 and 4, 
w = 20 mm and d = 17 mm are taken for Fig. 3, while cw = 0.5 and wd = 20

17 
are employed for Fig. 4, both consistent with the hydrogel dimensions 
used in the experiments. As can be seen from Figs. 3 to 4, when setting 
the hydrogel sheet’s fracture toughness Γf = 69.9 J/m2 according to the 
pure-shear test (Appendix B), the theoretical predictions match the 
experimental results (i.e., red dots in Figs. 3 and 4) very well, which 
shows that stretches at break decrease with increasing flaw length and 
overall sample size, confirming the flaw-sensitive and size-dependent 
fracture behavior of homogeneous hydrogels. 

3.2. Fracture behavior of heterogeneous bilayer hydrogels 

3.2.1. A theoretical framework of co-evolving channel cracking and 
interfacial delamination 

We next consider a bilayer hydrogel under uniaxial stretch λ, which 

Fig. 6. Simulations of the fracture process of heterogeneous bilayer hydrogels. (a) Schematics of a bilayer hydrogel consisting of a pre-notched hydrogel film adhered 
to a hydrogel substrate. (b) The experimentally observed interfacial delamination in heterogeneous bilayer PAAm-PAA hydrogels. Photographs showing the crack 
morphology (I) without and (II) with interfacial delamination, respectively. With increasing stretch, interfacial delamination occurs in the proximity of the crack root, 
then co-evolves with the channel crack. (c) The computational model for the determination of the interfacial delamination length Ld. (I) Schematics of the propa-
gation of interfacial delamination in the wake of the channel crack. (II) Finite element model for calculating the energy release rate for lateral interfacial delami-
nation in the direction of tension. (d) The computational model for calculating the energy release rate of the channel crack and the accompanying interfacial 
delamination (i.e., the ⊥-shaped crack) in heterogeneous bilayer hydrogels. The elastic energy released by the channel crack and the accompanying interfacial 
delamination 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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consists of a pre-notched PAA hydrogel layer (i.e., the film) adhered to a 
PAAm hydrogel layer (i.e., the substrate) (Fig. 6a). Considering that a 
salient feature of stretched bilayer hydrogels observed in the experi-
ments is the interfacial delamination near the root of channel crack 
(Fig. 6b), whose effect on the crack pattern and the driving force of 
cracking has been demonstrated to be not negligible [51,59], a theo-
retical framework is developed for analyzing the co-evolving channel 
cracking and interfacial delamination in systems consisting of soft films 
on soft substrates to study the fracture behavior of bilayer hydrogels and 
then explain the experimental results. 

The co-evolution of film cracking and interfacial delamination is a 
prevalent phenomenon observed in substrate-film bilayer systems sub-
jected to large deformation [60–62], owing to the mutual facilitation 
between channel cracking and interfacial delamination. For one thing, 
the severe stress concentration at the interface in close proximity to the 
channel root stimulates interfacial delamination. For another, the partial 
detachment of the film from the substrate engenders an augmented 
driving force, propelling the propagation of channel cracks. Fig. 6c il-
lustrates this co-evolution of channel crack and interfacial delamination 
in bilayer hydrogels under uniaxial tension. When subjected to suffi-
ciently large tension, the stress concentration near the channel root 
becomes pronounced, leading to the initiation of interfacial delamina-
tion. As to be shown later, during the propagation of interfacial 
delamination, its driving force drops as it advances along the direction of 
tension. As a consequence, when the driving force decreases to a level 
lower than the interfacial toughness, the propagation of interfacial 
delamination in the tensile direction ceases, ending up with a delami-
nation length Ld in the undeformed configuration [63]. On the other 
hand, the vertical channel crack and the accompanying horizontal 
interfacial delamination of length Ld together form a ⊥-shaped crack, 
and continue to propagate in the direction normal to the applied tension 
(Fig. 6c). This process is defined as the steady-state co-evolution of 
channel crack and interfacial delamination. 

3.2.1.1. Interfacial delamination along tensile direction in the wake of the 
channel crack. In this section, we first consider lateral interfacial 
delamination emanating from the root of the channel crack (Fig. 6c I). 
Note here that for a long, straight channel crack, the bilayer hydrogel 
can be regarded as deforming under the plane strain conditions far 
behind the channel front. Focus on the energy release rate for propa-
gation of interfacial delamination in the tensile direction Gd, dimen-
sional considerations indicate that it takes a form that 

Gd = q

(
hs

hf
,
μs

μf
,

L
hf
, λ

)

μf hf (4) 

Then the normalized energy release rate for delamination far behind 

the channel root can be defined as: Gd
μf hf

= q
(

hs
hf
,

μs
μf
, L

hf
, λ
)

. Herein, the 

dimensionless function q depends on four dimensionless parameters: the 
thickness ratio hs/hf and shear modulus ratio μs/μf between the substrate 
and film, the normalized delamination length L/hf, and the stretch λ. 

To evaluate the normalized energy release rate Gd/μfhf for any given 
combination of hs/hf, μs/μf, L/hf, and λ, we simulate a slice of material of 
unit thickness far behind the crack front (Fig. 6c II), and the driving force 
for interfacial delamination along the direction of tension Gd can be 
computed as the energy release rate at the delaminating front using the 
J-integral function provided by ABAQUS. In the simulations, the length 
of the film–substrate interfacial delamination is set to be L on each side 
of the channel root. Regarding the overall dimensions, the height and 
the width of the slices are identical to those of the bilayer PAAm-PAA 
samples used in the experiments, i.e., w = 20 mm and d = 17 mm. 
The slices are meshed with the CPE4RH element (i.e., the four-node 
bilinear hybrid plane strain quadrilateral element with reduced inte-
gration). To guarantee the precision of the computation, the region in 
the proximity of the delamination front in the slice far behind the crack 

front is densely meshed. Regarding boundary conditions, a stretch λ 
parallel to the hydrogel layers is applied to the lateral sides of the slices. 
The incompressible neo-Hookean model is adopted for both the hydro-
gel film and substrate. In the simulations, as suggested by Eq. (4), we 
vary the thickness ratio hs/hf and the shear modulus ratio μs/μf, 
respectively, to investigate its effect on the energy release rate for 
interfacial delamination. 

Fig. 7a plots the calculated normalized energy release rate at the 
delamination front in the direction of tension (i.e., the normalized 
driving force for lateral interfacial delamination) Gd/μfhf as a function of 
the applied stretch λ for various thickness ratios hs/hf, with shear 
modulus ratio fixed at μs/μf = 0.2. In contrast, in plotting Fig. 7b, we set 
the thickness ratio hs/hf = 1 but vary the shear modulus ratio μs/μf. The 
normalized delamination length L/hf = 1 is employed for Fig. 7a and b. 
As evident in the figures, the normalized energy release rate rises non-
linearly with increasing applied stretches and is more significantly 
affected by the shear modulus ratio compared with the thickness ratio. 
Then, in Fig. 7c and d, Gd/μfhf is plotted as a function of normalized 
delamination length L/hf for various thickness ratios hs/hf and shear 
modulus ratios μs/μf, respectively. The shear modulus ratio μs/μf is set to 
0.2 for Fig. 7c, and the thickness ratio hs/hf = 1 is set for Fig. 7d. For both 
figures the applied stretch λ is fixed to 5. As illustrated in Fig. 7c and d, 
the normalized energy release rate decreases with increasing delami-
nation length and changes little when the thickness ratio varies. When 
the delamination length is small, the normalized energy release rate 
decreases as the shear modulus ratio μs/μf increases. While for large 
delamination, an opposite trend is seen as the normalized energy release 
rate increases when the shear modulus ratio increases. The trends can be 
understood as follows: For small interfacial delamination, the crack 
opening displacement in the top hydrogel film can be constrained by the 
bottom hydrogel substrate; a stiff substrate can more effectively restrain 
the opening of interfacial cracks. Therefore, the stiffer the substrate, the 
lower the normalized energy release rate Gd/μfhf for interfacial delam-
ination. And when the delamination length is large, the constraint of the 
substrate become weaker. In such conditions, under a given stretch, the 
elastic energy stored in the substrate increases as the shear modulus of 
the substrate increases, resulting in more elastic energy released during 
the advancement of interfacial delamination. 

According to fracture mechanics theory, the initiation and propa-
gation of interfacial delamination are contingent upon the comparison 
between the driving force, Gd, and the interfacial toughness, Γi. As 
revealed in the figure, at the channel root, it is possible for delamination 
to initiate when the film-substrate interfacial toughness is modest, as the 
driving force for interfacial delamination is markedly large for small 
delamination length due to the pronounced stress concentration around 
the channel root. However, it can be observed that the driving force 
progressively decreases as the delamination propagates along the 
interface between the film and substrate in the tensile direction. Once 
the driving force decreases to the value equal to the interfacial toughness 
(i.e., Gd = Γi), the propagation of delamination comes to a halt with the 
final delamination length being Ld. Substituting Eq. (4) into the above 
equation, the steady-state delamination length Ld can be obtained by 
solving the following dimensionless equation, 

q

(
hs

hf
,
μs

μf
,
Ld

hf
, λ

)

=
Γi

μf hf
(5) 

The geometric significance of Eq. (5) is also illustrated in Fig. 7: once 
the normalized adhesion energy Γi/μfhf (represented by the horizontal 
dashed lines in Fig. 7) is given, one can determine Ld by finding the 
intersection of the dashed line and the calculated energy release rate 
curve in Fig. 7c and d. In the following sections, we will numerically 
obtain this steady-state delamination length Ld for subsequent analysis 
of the steady-state channel cracking. 
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3.2.1.2. The steady-state channel cracking with concomitant interfacial 
delamination. Then, we consider the steady-state ⊥-shaped crack prop-
agation in the direction perpendicular to the applied tension, where far 
behind the channel crack front the delamination reaches a constant 
length of Ld as analyzed above. Both layers are taken to be incom-
pressible hyperelastic materials. It should be noted that for bilayer 
hydrogel systems, propagation of channel crack will reach a steady state 
upon the crack length c reaching a few times the film thickness hf [64, 
65]. After that, the crack opening displacement profile becomes uniform 
along the channel cracking direction and remains unchanged as the 
crack advances, which is no longer affected by the crack length c and the 
in-plane overall dimensions w and d. Taking the above considerations 
into account, through dimensional analysis, we can identify the elastic 
energy U released as the channel crack and the accompanying interfacial 
delamination advancing a unit distance as follows, 

U = f

(
hs

hf
,
μs

μf
,
Ld

hf
, λ

)

μf h
2
f . (6) 

Herein, the dimensionless function f depends on four dimensionless 
parameters including the thickness ratio hs/hf and shear modulus ratio 
μs/μf between the substrate and film, the normalized delamination 
length Ld/hf, and the stretch λ. 

Then the energy release rate for the ⊥-shaped crack to advance in the 
direction perpendicular to the applied stretch can be written in a form 
similar to Eq. (4) as 

Gb = U
/

hf = f

(
hs

hf
,
μs

μf
,
Ld

hf
, λ

)

μf hf . (7) 

The subscript b refers to bilayer hydrogels. As mentioned above, by 
finding the intersection of the straight line representing normalized 
adhesion energy and the numerically calculated energy release rate 
curve for lateral interfacial delamination, Ld can be determined for any 
given combination of hs/hf, μs/μf, λ, and Γi/μfhf. Following this, the 
released elastic energy U can be computed by 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 [64] (Fig. 6d), where the elastic energies of the two slices are 
obtained by numerically solving two plane-strain boundary-value 
problems, and the energy release rate Gb can be evaluated by U/hf after 
U is calculated. 

3.2.2. The application of the theoretical framework: the determination of 
the stretch at break for bilayer hydrogels 

Aiming at comparing theoretical predictions with experimental re-
sults shown in Figs. 3 and 4, we subsequently employ the theoretical 
framework developed to determine the stretch at break of bilayer 
hydrogel structures – at which the channel crack in the hydrogel film 
and the concomitant film-substrate interfacial delamination start prop-
agating steadily perpendicular to the tensile direction. The criterion for 
steady-state ⊥-shaped crack propagation is given by Gb = Γf + 2ΓiLd/hf 
[35], where Γf is the fracture toughness of the pre-notched layer (PAA 
hydrogel in this work) and Γi is the toughness of the bilayer interface. 

Fig. 7. The normalized energy release rate for interfacial delamination along tensile direction in bilayer hydrogels. (a) Gd/μfhf plotted as a function of the applied 
stretch λ for various normalized substrate thickness hs/hf. The shear modulus ratio μs/μf is fixed at 0.2. Inset: schematics of the bilayer hydrogel with lateral interfacial 
delamination. (b) Gd/μfhf as a function of the applied stretch λ for various normalized substrate shear modulus μs/μf. The fixed thickness ratio hs/hf = 1 is used. The 
normalized delamination length L/hf = 1 is employed for (a) and (b). (c) Gd/μfhf plotted as a function of normalized delamination length L/hf for various normalized 
substrate thickness hs/hf, where the fixed shear modulus ratio μs/μf = 0.2. (d) Gd/μfhf as a function of normalized delamination length L/hf for various normalized 
substrate shear modulus μs/μf and the thickness ratio hs/hf is fixed to 1. For both (c) and (d) the applied stretch λ is fixed to 5. 
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Substituting the fracture criterion into Eq. (7) yields the critical condi-
tion in a dimensionless form as follows, 

f

(
hs

hf
,
μs

μf
,
Ld

hf
, λcr

)

=
Γf

μf hf
+

2ΓiLd

μf h2
f
. (8) 

Notably, in contrast to Eqs. (2) and (3) for homogeneous hydrogels, 
Eq. (8) does not contain crack length c and in-plane overall dimensions w 
and d. Therefore, the stretch at break λcr – i.e., the solution of Eq. (8) for 
bilayer hydrogels is irrelevant to the flaw length and the hydrogel’s in- 
plane dimensions. 

To numerically evaluate this stretch at break λcr, 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, and obtain the 
energy release rate Gb through computing the elastic energy difference 
between the two slices as previously noted. The simulations are con-
ducted with the commercial finite element code ABAQUS. Also, we 
compute the driving force for interfacial delamination in the direction of 
tension again, to determine the steady-state delamination length Ld, as 
the energy release rate at the delamination front in the slice far behind 
the crack front. 

In the simulation, the overall dimensions, namely the height and the 
width of the slices as well as the thicknesses of the substrate and film, are 
also set to be identical to those of the PAAm-PAA experimental samples. 
That is, w = 20 mm and d = 17 mm are adopted for obtaining the 
theoretical results in Fig. 3, wd = 20

17 is employed for Fig. 4, hf = hs = 1.5 
mm are used for both figures. The material parameters are set as μf = 3 
kPa, μs = 2.4 kPa and Γf = 69.9 J/m2 according to the mechanical tests 
(Appendix A and B), and the interfacial toughness Γi of the PAAm-PAA 
interface is taken to be 63 J/m2 according to the literature [56]. In the 
simulations, based on the criterion for steady-state co-evolving channel 
cracking and delamination, we vary the applied stretch λ to determine 
the stretch at break λcr for steady-state crack propagation. The rest of the 
simulation settings remain the same as in previous simulation for 
calculating the energy release rate for interfacial delamination Gd. 

Fig. 8a plots the calculated energy release rate Gd for interfacial 
delamination along the tensile direction as a function of normalized 
delamination length L/hf for various applied stretches λ. It can be 
observed from the figure that, as noted before, delamination may start to 
form at the channel root, and the driving force drops as it advances in the 
tensile direction. When the driving force falls to a level in line with the 
adhesion energy, i.e., Gd = Γi, propagation of the delamination will ul-
timately stop, where the final delamination length is Ld. Hence, from the 
interfacial toughness Γi of the PAAm-PAA interface valuing 63 J/m2 

(represented by the horizontal dashed line in Fig. 8a) evaluated by the 
literature [56], we can determine the normalized steady-state delami-
nation length Ld/hf in the undeformed configuration under any given 
applied stretch λ – by identifying the intersection point between the 
dashed line and the corresponding energy release rate curve calculated 
in Fig. 8a. 

Meanwhile in Fig. 8b, the energy release rate for steady-state 
⊥-shaped crack propagation Gb for various applied stretches λ is 
plotted as a function of the normalized steady-state delamination length 
Ld/hf, and it can be noticed in the figure that Gb increases significantly as 
the steady-state delamination length increases. This can be explained by 
the vast quantities of elastic energy released from the newly formed 
delaminated region of the hydrogel film in propagation of the channel 
cracking and the concomitant interfacial delamination because of losing 
substrate constraint. For instance, Gb increases almost fourfold when Ld/ 
hf = 2 compared with the case Ld/hf = 0.1 when λ = 4.5. In contrast, 
without interfacial delamination, only a confined region in the hydrogel 
film along the channel crack surface is relaxed and thus the elastic 

energy released will be modest. As previously discussed, the steady-state 
delamination length Ld for any given applied stretch λ can be determined 
in Fig. 8a, by finding the intersection of the horizontal dashed line 
symbolizing the interfacial toughness and the energy release rate curve. 
Then from the obtained normalized steady-state delamination length Ld/ 
hf, which is represented by the vertical dashed line in Fig. 8, we can 
evaluate the energy release rate Gb for steady-state crack propagation 
under that stretch by identifying the intersection point of the vertical 
dashed line and the corresponding energy release rate curve in Fig. 8b. 

To this end, one can determine whether a given stretch is the stretch 

Fig. 8. Simulation results of the co-evolving channel cracking and interfacial 
delamination. (a) Energy release rate for interfacial delamination along tensile 
direction as a function of normalized delamination length L/hf. Inset: sche-
matics of the interfacial delamination along tensile direction. (b) Energy release 
rate for channel cracking and concomitant interfacial delamination perpen-
dicular to tensile direction as a function of normalized steady-state delamina-
tion length Ld/hf. Inset: schematics of the steady-state channel cracking and 
interfacial delamination perpendicular to tensile direction. Dash lines: based on 
the interfacial toughness Γi of the PAAm-PAA interface evaluated by the liter-
ature, the normalized steady-state delamination length Ld/hf under any given 
applied stretch λ can be determined from (a), from which the stretch at break λcr 
for steady-state crack propagation can be further determined in (b) with the 
criterion for steady-state co-evolving channel cracking and interfacial delami-
nation Gb = Γf + 2ΓiLd/hf. 
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at break λcr for steady-state crack propagation based on whether the 
energy release rate for it satisfying the criterion for steady-state ⊥-sha-
ped crack propagation (represented by the dashed straight line in 
Fig. 8b). For instance, as illustrated in Fig. 8a, when setting λ = 4 the 
intersection between the horizontal dashed line and the green energy 
release rate curve determines the normalized steady-state delamination 
length Ld/hf = 0.152. Correspondingly in Fig. 8b, from the obtained Ld/ 
hf and the calculated green energy release rate curve, the energy release 
rate Gb for steady-state crack propagation can be evaluated at 69.9, 
noticeably lower than the value on the dashed straight line corresponds 
to Ld/hf = 0.15. Apparently, this discrepancy indicates that λ = 4 is not 
the critical stretch at which the propagation of steady-state ⊥-shaped 
crack – comprising both channel crack and concomitant interfacial 
delamination – occurs. At an increased applied stretch of λ = 4.25, 
following the same method, it can be found that the obtained Gb still 
remains below the corresponding value on the dashed straight line in 
Fig. 8b. Eventually, by increasing the applied stretch to 4.5, Gb satisfies 
the criterion for steady-state channel cracking and delamination, for it 
matching the vertical coordinate value on the dashed straight line in 
Fig. 8b, and the stretch at break for steady-state crack propagation λcr =

4.5 has been determined through this procedure. 
As is conveyed by Figs. 3 and 4, following the procedure for deter-

mining the stretch at break λcr described above, the theoretical results – 
which are represented by the solid blue lines in the figure – are in good 
agreement with the experimental measurements (i.e., blue dots), further 
confirming the anomalous fracture behavior of soft layered materials, 
exemplified by their advantages of flaw insensitivity and size 
independence. 

4. Conclusions and remarks 

In this work, we experimentally and theoretically uncover the 
anomalous fracture behavior of soft layered materials and the underly-
ing physics by investigating bilayer hydrogels – a representative layered 
soft material. It is revealed that the stretch at break of soft layered 
materials is independent of the flaw size and the overall dimensions of 
the soft material, and thus they exhibit significantly enhanced stretch at 
break than homogeneous soft materials. This is a highly desirable 
feature absent for common homogeneous hydrogels: the larger the 
hydrogel dimensions or the longer the flaw size, the lower the stretch at 

break, leading to reduced mechanical reliability. In comparison, soft 
layered materials containing long flaws or having large sizes can 
maintain high stretchability because of their anomalous size- 
independent and flaw-insensitive fracture behavior. 

The findings presented in this study universally hold for a broad 
range of soft materials such as hydrogels, elastomers, and biological 
tissues, unveiling the mechanical mechanism underpinning the preva-
lence of soft layered materials in natural selection and engineering 
design. One example is the epithelium of diverse organs that possess 
layered structures, whose superior stretchability comes from its inde-
pendence of the flaw size and overall dimensions, so that it can function 
robustly under repeated significant levels of stretch during adult life 
[66], which is a potent stimulus for growth, differentiation, remodeling 
and gene expression [22,67,68]. Results in this work offer a universal 
and feasible-to-implement approach to designing tough soft materials 
with size-independent fracture behaviors for a broad spectrum of ap-
plications [69], which advance existing research on the fracture be-
haviors and toughening methods of soft materials [70]. 
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Appendix A 

To evaluate the shear moduli of PAA and PAAm hydrogels used in this work, we measure their uniaxial stress-stretch curves using the mechanical 
testing machine SAS CMT-6103 with a loading rate of 30 mm/min. Then the experimental data1 is fitted to the incompressible neo-Hookean model 
using the curve-fitting module of the finite element code ABAQUS. Fig. A1 shows that proper fit can be obtained under moderate stretches, yielding a 
shear modulus of 3 kPa for the PAA hydrogel and 2.4 kPa for the PAAm hydrogel. 

1 These experimental data are also used in a previous publication of the authors (Cai et al. [51]) due to the similar material selection. 
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Fig. A1. Stress–stretch curves of PAA and PAAm hydrogels under uniaxial tension. The shear moduli of PAA and PAAm hydrogels are obtained by fitting the 
incompressible neo-Hookean model (dashed curves) to the experimental stress–stretch curves (solid curves). 

Appendix B 

To evaluate the fracture toughness Γf of the PAA hydrogel film, we conduct pure-shear tests on PAA hydrogels. The dimensions of the PAA samples 
being tested are 70 mm (width W) × 17 mm (gauge height between grips H) × 1.5 mm (thickness), and the length of the pre-crack is 0.4W. In the test, 
the notched PAA sample is stretched to λc at which the crack propagates, with the stress-stretch curves recorded as the dark blue lines in Fig. B1. Then, 
the same stretch λc is applied on the unnotched hydrogel sheet and the corresponding stress-stretch curves are recorded (the cyan lines in Fig. B1). The 
tests are conducted with the mechanical testing machine SAS CMT-6103 and the loading rate is 30 mm/min. Based on the raw data in Fig. B1,2 the 

fracture toughness of the hydrogel can be calculated as Γ = H
∫λc

1

sdλ, where H is the height of the PAA sample and s is the measured nominal stress. The 

experimentally measured fracture toughness of the three PAA samples is 61.6 J/m2, 73.2 J/m2, and 74.9 J/m2, respectively, where the average is 69.9 
J/m2.

Fig. B1. The nominal stress-stretch curves of PAA hydrogels in pure-shear test for measuring the fracture toughness.  
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