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1 Introduction

Hydrogels, as soft materials composed of water-infiltrated

Fracture Toughness of Hydrogel
Laminates: Experiments, Theory,
and Modeling

Possessing enhanced mechanical durability and multiple novel functions, hydrogel lami-
nates have found wide applications in diverse areas, including stretchable and bio-
integrated electronics, soft robotics, tissue engineering, and biomedical devices. In the
aforementioned scenarios, hydrogels are often required to sustain large deformation
without mechanical failure over a long time. Compared to the fast movement in functions
design, the failure mechanism of hydrogel laminates has been much less explored and
researched, as well as laminates’ fracture toughness—a key parameter characterizing
their fracture behavior. To address this largely unexplored issue, this article further
studies the fracture toughness of hydrogel laminates both experimentally and theoretically.
A kind of modified pure-shear test suitable for measuring the fracture toughness of hydrogel
laminates is proposed, which is then applied to testing a PAAm-PAA laminate’s toughness.
Through theoretical analysis and numerical modeling, the experimentally observed
enhancement in the fracture toughness of PAAm-PAA laminates is explained—the fracture
toughness of the laminates covers the energy required for both the crack and concomitant
interfacial delamination to propagate, and the theoretical predictions agree well with the
experimental results. The results from this study provide quantitative guidance for under-
standing the fracture behavior of hydrogel laminates. [DOI: 10.1115/1.4063144]

Keywords: hydrogel laminates, fracture toughness, interfacial delamination, toughness
measurement, fracture energy

that can be applied in mechanically demanding environments
and enable new functions.
As a matter of fact, in everyday life, there have already existed

polymer networks, possess unique chemical and mechanical char-
acteristics similar to biological tissues and desirable electronic
properties. Benefitting from these superiorities, hydrogels have
set off a craze in biomedical fields serving as wound dressing
[1], tissue repair [2], and cell stimulators [3], as well as in non-
medical areas as ionic loudspeakers [4], artificial muscles [5], arti-
ficial skins [6], ionotronic luminescent devices [7], soft robots [8],
and all solid-state supercapacitors [9]. Nevertheless, improving the
mechanical durability of hydrogels has long been an important
task for researchers, considering that hydrogels consist of sparse
polymer networks infiltrated by a large amount of water and are
naturally brittle. Notably, there exist soft materials that are
mechanically robust and stable in various environments, such as
elastomers and double-network gels. Since the merits of such
soft materials and hydrogels are complementary to each other, it
is naturally desirable to integrate them into laminate structures
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numerous natural and synthetic hydrogel laminates, which tend to
bear certain mechanical loads in their application scenarios. In
nature, mammalian skins laminate elastomer-like epidermis and
hydrogel-like dermis into hybrids with robust interfaces (e.g., inter-
facial toughness over 100 J/m?) [10] and functional microstructures
(e.g., blood and lymphatic vessels). Also, in industry, as a new type
of material system for environmental and health monitoring, a
hydrogel interferometer based on a single hydrogel thin film
covalently bonded to a reflective substrate is reported, which is
designed to be a simple and universal adaptive color platform
with high robustness [11]. Inspired by the deformation mechanism
of Drosera leaves, a novel method for lipophilic drug release based
on a dual pH-responsive hydrogel actuator is proposed, where the
capsule switch is fabricated with a double-layer structure made of
two kinds of pH-responsive hydrogels that can meet the specific
environmental needs [12]. To harness their unique biomedical prop-
erties, in the current era of mobile health, hydrogels are also selected
as ideal protective matrix/coating materials for electronics and
devices to achieve long-term effective bio-integrations [13,14].
Moreover, by integrating stretchable functional electronic compo-
nents such as conductors, microchips, transducers, resistors, and
capacitors into tough hydrogel matrices that contain significant
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amounts of water (e.g., 70-95 wt%), hydrogel-based electrical
devices possessing mechanical robustness, high stretchability, and
multiple novel functions are developed [4,15-17].

Yet, although it is known that forming laminate structures can
help hydrogels sustain large mechanical loads without failure—
which, moreover, has found wide application in mechanically
demanding environments, concrete analysis about it is deficient,
and the mechanisms behind it remain ill defined. Compared to the
fast movement in functions design, the failure mechanics of
layered hydrogel hybrids have been much less explored, where
present studies of soft laminate structures’ fracture behavior
mainly focus on their performance of stretchability [18-23]. Very
recently, Cai et al. intensively studied the superior fracture proper-
ties of hydrogel laminates distinct from homogeneous hydrogels
and proposed a structure-based strategy for enhancing the fracture
resistance of hydrogels by regulating the energy release rate accord-
ingly [24]. However, in the aforementioned study, the critical
stretch for crack propagation is adopted to evaluate the hydrogel
laminates’ fracture performance, and there is still a paucity of
further research on laminates’ fracture toughness—a key parameter
characterizing their fracture behavior. Aiming to address this
largely unexplored issue, in this article, the fracture toughness of
hydrogel laminates is experimentally measured and theoretically
analyzed. Here, considering that the prevailing fracture mode of
soft layered materials is channel cracking in its surface layer [20],
we define the fracture toughness of the hydrogel laminates as the
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energy required to advance a crack in the film by a unit area. The
rest of this article is organized as follows. A kind of modified pure-
shear test suitable for measuring the fracture toughness of hydrogel
laminates is proposed, as the traditional method does not apply to
hydrogel laminates. The method is then applied to test the fracture
toughness of a hydrogel laminate consisting of polyacrylamide
(PAAm) hydrogel and poly-(acrylic acid) (PAA) hydrogel in Sec.
2. Through theoretical analysis and numerical modeling, the exper-
imentally observed enhancement in the fracture toughness of
PAAm-PAA laminates is explained in Sec. 3. Concluding
remarks are provided in Sec. 4.

2 Experimental Section

2.1 Modified Pure-Shear Test for Hydrogel Laminates. To
measure the fracture toughness of homogeneous soft materials such
as elastomers and gels, one generally accepted method is to conduct
the classical pure-shear test [25-28]. Let us consider the case of
monolayer hydrogels; as Fig. 1(a) illustrates, two identical hydrogel
pieces are prepared using the same material, and their geometry
sizes, including thickness 7, width W, and height H, are also
equal, where W>H>T. Both of them are gripped by rigid
clamps, which are placed along the width direction of the speci-
mens. A precrack whose length is ~0.5 W is introduced into the
first specimen, and then it is gradually stretched along the height
direction until the crack starts to propagate, with the critical

% 0 iiiF

I; = [ Fdu/wT
.

=QL-I=

_

Jo(Fy — Fy)du
WT;

imen without

specimen with a

—_—
Joe(Fy = Fy)du 1
WTy

penetrating crack

0 10 20 30 40 50
Displacement (mm)

Pure-shear test on monolayer hydrogels and modified pure-shear test on hydrogel laminates. (a) Schematics illustrat-

ing the pure-shear test for measuring fracture toughness of monolayer hydrogels: (i) a piece of a hydrogel with a notch was
stretched to a critical stretch of A until the crack propagates; (ii) the same piece of hydrogel but without notch was stretched
to 4. with the applied force F recorded; and (iii) the fracture toughness of the hydrogel can be calculated as I't = (| :°qu) JWT.
(b) Schematics illustrating the modified pure-shear test for measuring fracture toughness of hydrogel laminates: (i) a specimen
of hydrogel laminates with a notch was stretched to a critical stretch of 4. until the crack propagates; (ii) the second specimen
without precrack and the third specimen with a penetrating channel crack were stretched to 4. with the applied force F, and F,
recorded; and (iii) the fracture toughness of the laminates can be calculated as I} = [j;“ (F1 — F2)du]/WT;. (c) (i) and (ii) Photos of
the modified pure-shear test on the PAAmM-PAA hydrogel laminate, and (iii) the corresponding force-displacement curves of

the specimens tested.
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stretch A, recorded. Subsequently, the second specimen without pre-
crack is uniformly pulled to the same stretch of 4. times of its unde-
formed length, where the applied force F' is noted as a function of
the displacement u. Considering that W>> H in the first specimen,
part of the hydrogel far ahead of the crack front or far behind the
crack front is either uniformly deformed or fully relaxed, respec-
tively. Hence, the extension of the crack can be treated as a transfor-
mation from a uniformly deformed part to a fully relaxed part with
the same width, and the energy demanded for the crack to propagate
forward a unit area at the undeformed state (i.e., the fracture tough-
ness) can be obtained by the formula I'y = ( g“ Fdu)/WT, where F
and u have been measured by stretching the second specimen and
u.=H(.—1).

To measure the fracture toughness of the hydrogel laminates
composed of two dissimilar materials, it is necessary to modify
the experimental setup of the classical pure-shear test considering
the laminates’ unique characteristics. Unlike testing monolayer
hydrogels, three identical specimens of hydrogel laminates are pre-
pared with the same material and geometry sizes, including film
thickness 7%, substrate thickness T, width W, and height H, where
W> H> Ty~ T,. As mentioned earlier, the hydrogel laminate’s
fracture toughness is defined as the energy needed for a crack in
the film to advance a unit area. So, a notch with a length of
~0.5 W is introduced into the film of the first specimen (Fig. 1(b1)),
forming a channel crack. The second specimen (Fig. 1(bii)) is pre-
pared without precrack, and the third specimen’s (Fig. 1(biii)) film
is slit through, which forms a penetrating channel crack in the
width direction. As illustrated in Fig. 1(b), all pieces of specimens
are clamped along the width direction, and then the first specimen
with a precrack of ~0.5 W is gradually pulled in the height direction
until the crack starts to propagate in the width direction, with the
critical stretch A recorded. Similar to the situation in the pure-shear
test on monolayer hydrogels, considering that W is substantially
larger than H, the region of the laminate far ahead of the crack
front or far behind the crack front is either uniformly deformed or
in the plane strain state, respectively, in the first specimen, while
the region lying between the uniformly deformed region and the
plane strain region is in a complex deformation state due to the
crack tip. In this case, an increase in the crack length of amount
dc measured in the undeformed state of the specimen does not
alter the state of strain in the complex deformed region but just
essentially shifts this region along the crack propagation direction
by a distance of dc. That is to say, the increase in crack length leads
to the plane strain region growing in size by dc at the expense of the
uniformly deformed region, accompanied by a change in the spec-
imen’s elastic energy. Thus, the energy required for advancing
the crack length dc equals the elastic energy stored in a volume
of H(T¢+ Ty)dc of the specimen in the uniformly deformed region
minus the elastic energy stored in a volume of H(T;+ Ty)dc of the
specimen in the plane strain region. Thereafter, the second specimen
without precrack and the third specimen with a penetrating channel
crack are uniformly stretched to the same critical stretch A, sepa-
rately, with the applied force F and F, recorded as a function of
displacement u. Based on the aforementioned results, the fracture
toughness of the hydrogel laminates can be obtained as
I =U/T; = [, (F\ = F2)du]/WT;, where u.=H(i. — ).

2.2 Experimental Results and Analysis. In the actual test, we
chose the PAA and PAAm hydrogels as materials for fabricating the
hydrogel laminate. The raw materials were purchased from Macklin,
Shanghai, China (acrylic acid, AA, A800293; acrylamide, AAm,
A800656) and  Sigma-Aldrich, Shanghai, China (N,
N'-methylenebis(acrylamide), MBAA, M?7279; o-ketoglutaric
acid, 75890). To synthesize the hydrogel laminate, we need to
synthesize the monolayer PAA hydrogel as the hydrogel film in
the first place. Accordingly, we prepare the PAA hydrogel precursor
by adding 6.255 g AA into 30 ml de-ionized water, where at the
same time, 0.0088g MBAA (0.024 wt%) and 0.0125g
a-ketoglutaric acid (0.034 wt%) are also mixed into the solution as
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the cross-linker and the photo-initiator, respectively. Then the pre-
cursor is injected into an acrylic mold and subjected to 365 nm ultra-
violet radiation (8 W) for 2 h for curing. After cross-linking, the
PAA hydrogel is shaped by the mold into a cuboid with the follow-
ing geometry sizes: 70 mm in width, 30 mm in height, and 1.5 mm in
thickness. Next, the substrate of the laminate is fabricated from the
PAAm hydrogel as scheduled with similar procedures. To prepare
the precursor, we add 6.809g AAm and 0.0041 g MBAA
(0.0072 wt%) as the cross-linker, and 0.0136 g a-ketoglutaric acid
(0.024 wt%) as the photo-initiator into 50-ml de-ionized water.
Then we inject the precursor into the same mold and put it under
UV radiation for an hour for curing. As expected, the mold shapes
the PAAm hydrogel into the same geometry size as the hydrogel
film, namely, a cuboid of 70 mm x 30 mm X 1.5 mm. To avoid con-
tamination on the surface, freshly synthesized PAA hydrogels and
PAAm hydrogels are instantly sticked together with the contact
time set to be 30 s. The adhesion is performed at ambient conditions,
and there is no applied contact pressure. After the preparation of the
hydrogel laminate, a precrack is introduced in the film by a razor
blade if necessary. Subsequently, we perform pure-shear tests and
modified pure-shear tests on monolayer PAA hydrogel film and
PAAm-PAA hydrogel laminates, respectively. The specific
methods of the tests have been explained in the previous part. The
initial distance between the two clamps is 17 mm, and the stretch
rate is set to 2 per minute, and the photos of the experimental
process are shown in Fig. 1(c).

Also, Fig. 1(c) gives the force—displacement curves of the two
specimens measured for the modified pure-shear tests. With the
information included in these curves, the fracture toughness of
the laminate can be calculated according to the method mentioned
in Sec. 2.1. Accordingly, Fig. 2 plots this computed toughness of
the PAAm-PAA laminate, and the measured toughness of the
monolayer PAA hydrogel is also included in the figure as a refer-
ence. It can be found that there exists a huge difference between
the fracture toughness of the monolayer hydrogel and the laminate,
where the latter toughness is almost twice the former. From this per-
spective, the fracture properties of hydrogel laminates are evidently
superior to that of monolayer hydrogels, as it requires much more
energy to advance a crack in hydrogel laminates than in hydrogel
monolayers, considering that there exists unneglectable energy dis-
sipation during crack propagation. This is due to the film—substrate
interfacial delamination’s influence on the laminate’s toughness,
which can be observed in the experiments—as illustrated by the
inset of Fig. 1(c), when delamination happens, the crack opens
widely in the wake of the crack front, with nearly uniform crack
opening displacement through the film thickness. Previous studies
[24,29-31] have shown that when a multilayer structure consisting
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Fig. 2 Fracture toughness of monolayer PAA hydrogels and

PAAmM-PAA hydrogel laminates measured by pure-shear tests
and modified pure-shear tests, respectively
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Fig. 3 Computational model for studying the fracture toughness of hydrogel laminates:
(a) Schematics illustrating steady-state co-evolving channel cracking and interfacial delami-
nation. (b) Finite element models for calculating the energy release rate for co-evolving
channel cracking and interfacial delamination. Example of finite element mesh for calculating
the energy release rate for (c) channel cracking and interfacial delamination perpendicular to
tensile direction and (d) interfacial delamination along tensile direction. In the region near the
tip of the interfacial delamination, both the film and the substrate are densely meshed with the

CPE4H element.

of brittle film and compliant substrate sustains large deformation,
the interfacial delamination is likely to occur subsequently after
the channel cracking of the film and then co-evolve with the
channel crack, the specific circumstance of which is illustrated in
Fig. 3(a). This happens because near the channel root of the
crack, stress concentration will take place, and when it is severe
enough, the interfacial delamination will occur and propagate
along the tensile direction. Once the delamination exists, the neces-
sary condition for the crack’s advancing in the direction vertical to
the applied tension is that it is accompanied by the propagation of
interfacial delamination near the root of the crack front, which
will create extra demand for energy. Hence, the fracture toughness
of the laminates covers the energy required for both the channel
crack and the interfacial delamination to propagate. A theoretical
and quantitative analysis, along with numerical simulations, of
the co-evolving channel cracking and interfacial delamination in
hydrogel laminates will be carried out in the next section, aiming
to complete the aforementioned explanation for the laminates’
enhanced fracture toughness.

3 Theoretical Analysis

Recall that in the previous section, we experimentally measured a
PAAm-PAA laminate’s fracture toughness using the modified pure-
shear test method proposed and found a considerable difference
between it and the toughness of monolayer PAA hydrogel. In this
section, to further explain this experimentally observed phenome-
non, we in detail elaborate on the mechanism of the interfacial dela-
mination co-evolving with the channel cracking during the tests
through theoretical analysis and numerical simulations. The expres-
sion of the fracture toughness of the hydrogel laminates is proposed
and then validated by experimental results.

Concentrating on essentials, we model a hydrogel laminate com-
posed of hydrogel film and substrate under uniaxial tension and
analyze the tensile failure of this structure using the finite element
code aBAQus. As illustrated in Fig. 3, when the applied tension is
sufficiently large, cracks may initiate from hidden defects in the
hydrogel film and then further propagate until a channel crack is
formed, inducing serious stress concentration around the channel

011006-4 / Vol. 91, JANUARY 2024

root, which will then lead to interfacial delamination. 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, the delamination will ultimately stop propagat-
ing in the tensile direction when the driving force decreases to a
level that is lower than the film—substrate interfacial toughness.
For another, the channel crack, accompanied by the interfacial dela-
mination near the root of the crack front, continues to propagate
in the direction normal to the applied tension—a process defined
as the steady-state co-evolution of channel crack and interfacial
delamination.

As a 3D fracture problem, computing the specific stress and
deformation state near the front of the channel crack and the accom-
panied interfacial delamination is costly and sophisticated and, thus,
hard to accomplish. In contrast, it is worth noting that the laminate
can be regarded as deforming under the plane strain conditions far
ahead and far behind the cracking and delamination front. Thus, we
simulate a slice of laminate of unit thickness far behind the cracking
and delamination front, and the driving force for interfacial delami-
nation in the direction of tension can be obtained by computing the
energy release rate at the delaminating front in the same direction,
leveraging the J-integral function of ABAQus. As to the driving
force for both the channel cracking and the interfacial delamination
to propagate in the direction vertical to the applied tension, taking
all materials to be hyperelastic, that can be calculated as the
elastic energy stored in a slice of laminate of unit thickness far
ahead of the channel front minus the elastic energy stored in a
slice of laminate of unit thickness far behind the channel front [32].

In the simulations, the neo-Hookean model is adopted for the
hydrogels, and the material parameters are determined by perform-
ing uniaxial tensile tests on the PAA and PAAm hydrogels synthe-
sized in the previous experiment and measuring their stress—stretch
curves. Here, considering the identical material selection, we reuse
the experimental data employed in a previous publication of ours
[24] instead of retesting. When uy=3 pKa for PAA film and p,=
2.4 pKa for PAAm substrate, the test data fit well into the neo-
Hookean model, supposing that the two hydrogels are both incom-
pressible materials. The geometric dimensions of the hydrogel lam-
inate modeled, namely, the thickness of the hydrogel film A, the
thickness of the hydrogel substrate &, and the length of the laminate

Transactions of the ASME



s, are set to be identical to those of the laminates in the previous
modified pure-shear tests. Far behind the fracture front, the width
of the film—substrate interfacial delamination is d on either side of
the channel root. To study its influence on the energy release rate
for channel cracking and delamination, we vary the ratio d/hy, i.e.,
the normalized delamination width in simulations. In terms of
boundary conditions, along the lateral sides of the slice, the horizon-
tal displacement is set to u, which satisfies that the applied stretch
Aappt =2u/s + 1 is in line with the critical stretch A, recorded in pre-
ceding modified pure-shear tests on hydrogel laminates. In the
region near the tip of the interfacial delamination, both the film
and the substrate are densely meshed with the four-node bilinear
plane strain quadrilateral, hybrid with constant pressure, concentric-
circle elements, i.e., CPE4H element (Fig. 3(c)). Aiming to reduce
the computation time, we generate the mesh for the rest of the model
with bias nodes, where elements near the delamination tip are finer
and elements far away from the delamination tip are coarser.

As noted earlier, the total driving force Gy, for both the channel
cracking and the interfacial delamination to propagate in the direc-
tion normal to the applied tension (e.g., inset of Fig. 4(a)) can be
computed as the difference between the elastic energy stored in a
slice of laminate of unit thickness far ahead of the fracture front
and that far behind the fracture front. Considering the steady-state
fracture process, the width of the film—substrate interfacial delami-
nation far behind the crack front will reach a constant d°. Figure 4(a)
plots Gy as a function of the normalized steady-state delamination
width d°/hy, and it can be noticed in the figure that Gy, increases
significantly as the steady-state delamination width increases.
This can be explained by the vast quantities of elastic energy
released from the newly formed delaminated region of the hydrogel
film in the propagation of the channel cracking and the concomitant
interfacial delamination because of losing substrate constraint. For
instance, G increases almost fivefold when d*/hy=35 compared
with the case d*/hy=0.1. In contrast, without interfacial delamina-
tion, only a confined region in the hydrogel film along the
channel crack surface is relaxed; thus, the elastic energy released
will be modest. Dimensional considerations indicate that the total
driving force Gy, takes a form that

& hy o
Gtotdl <hg h o B julppl)/lfhf (1)

According to Eq. (1), considering that in the simulations the mate-
rial parameters p  and ug as well as the geometric parameters A, and
hg are set to be identical with those of the samples in the experi-
ments, and the applied stretch 4,y is set to the experimentally mea-
sured critical stretch, the predicted energy release rate G only
depends on d°. Thus, based on the experimentally obtained
energy release rate for crack propagation valuing 148 J/m? (repre-
sented by the horizontal dashed lines in Fig. 4(a)), the normalized
steady-state delamination width d*/h¢ for the samples used in the
experiment can be determined as 0.6—by finding the intersection
of the dashed line and the calculated energy release rate curve in
Fig. 4(a).

Next, by computing the energy release rate at the delamination
front in the slice far behind the crack front in the direction of
tension, we obtain the driving force for interfacial delamination
G, (e.g., inset of Fig. 4(b)) and then plot it as a function of normal-
ized delamination width d/h¢ in Fig. 4(b). In the simulations, taking
advantage of the symmetry of the geometry, only half of the hydro-
gel laminate is modeled, with the symmetric boundary condition
set along the symmetry plane (Fig. 3(d)). As illustrated in the
figure, when the delamination width is small (e.g., d/hy < 0.5),
the driving force for interfacial delamination tends to be tremendous
as a result of the severe stress concentration around the channel root,
but this enormous driving force decreases sharply as the delamina-
tion width increases within the range of d/h; < 5. Also, dimensional
considerations indicate that the driving force G, takes a form similar
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Fig. 4 Simulation results of the co-evolving channel cracking
and interfacial delamination. (a) Energy release rate for channel
cracking and interfacial delamination perpendicular to tensile
direction as a function of normalized steady-state delamination
width d*/h;. Insets: Schematics of the steady-state co-evolving
channel cracking and interfacial delamination perpendicular to
tensile direction. (b) Energy release rate for interfacial delamina-
tion along tensile direction as a function of normalized delamina-
tion width d/h;. Insets: The interfacial delamination along tensile
direction. Dash lines: Based on the experimentally obtained
energy release rate for crack propagation, the normalized
steady-state delamination width d*/h; for the samples used in
the experiment can be determined from (a), from which the inter-
facial toughness I'ys of the PAAM-PAA interface can be further
determined in (b).

to Eq. (1) but with a different dimensionless function f that

d h p
Gy f(l’l l’l £ s/lappl>/4fhf (2)

The generation and propagation of the interfacial delamination
depend on the comparison between driving force G, and film—
substrate interfacial toughness I'g according to the theory of fracture
mechanics. It can be observed in Fig. 4(b) that delamination may
start to form at the channel root when the film—substrate interfacial
toughness is modest, and the driving force drops as it advances
along the interface between film and substrate in the direction of
applied tension. And when the driving force falls to a level in line
with the interfacial toughness, i.e., G; =1, propagation of the dela-
mination will ultimately stop, where the final delamination width is
d’. Substituting Eq. (2) into the aforementioned equation, it can be

JANUARY 2024, Vol. 91 / 011006-5



found that d° depends on four dimensionless parameters: the thick-
ness ratio hy/h and shear modulus ratio uy/u; between the substrate
and film, the applied stretch A, and the normalized interfacial
toughness ['g/ushs. Given this, in the simulations, these parameters
remain to be identical with those used in the experiments. Then
based on Eq. (2) and preceding simulation settings, from the previ-
ously obtained steady-state delamination width d° in the experi-
ment, we can evaluate the interfacial toughness Iy of the
PAAmM-PAA interface as 60.57 J/m>, which is represented by the
horizontal dashed lines in Fig. 4(b).

The critical condition for steady-state co-evolving channel crack-
ing and interfacial delamination is given by

Gota =17 + ersdx/hf 3)

where [y is the fracture toughness of the hydrogel film, and the last
term in the formula denotes the energy necessary for advancing the
film—substrate interfacial delamination accompanying the channel
crack’s per unit area propagation. Substituting the obtained normal-
ized steady-state delamination width d°/h; and interfacial toughness
I'gs as well as the experimentally measured fracture toughness of
PAA hydrogels I't=69.9 J/m* (here, we also reuse the testing
results in our previous publication [24] for identical material selec-
tion) into Eq. (3), the right-hand side of the equation can be calcu-
lated as 143 J/m?, while the left-hand side of the equation, namely,
the experimentally obtained energy release rate for crack propaga-
tion is 148 J/m®. It follows then that the equality holds (neglecting
experimental and simulation errors)—indicating that our theoretical
model is sufficient to explain the experimentally observed phenom-
enon, and the expression for the fracture toughness of the hydrogel
laminates takes the form of I'y+ 2I'yd’/h;. That is to say, the film—
substrate interfacial delamination is indeed the main cause of the
discrepancy in fracture toughness between the PAAm-PAA lami-
nate and the monolayer PAA hydrogel, as the fracture toughness
of the laminates covers the energy required for both the crack and
concomitant interfacial delamination to propagate in the direction
vertical to the applied tension. In addition to boosting the energy
needed for cracking in hydrogel laminates, the interfacial delamina-
tion can introduce the crack morphology’s change and thus relieve
the stress concentration near the channel root, while without delami-
nation the substrate will be prone to fracture for being subject to a
large stress concentration.

4 Conclusion

In this article, to study the failure mechanism of the vast emerg-
ing hydrogel laminates, we conduct an experimental investigation
combined with theoretical analysis and numerical simulations
focusing on their fracture toughness, which is a less explored but
important parameter characterizing the fracture behavior. It is
found that the traditional method to measure the fracture toughness
of soft materials—performing classical pure-shear tests—has limi-
tations when applied to hydrogel laminates. Thus, a kind of modi-
fied pure-shear test suitable for measuring the fracture toughness
of hydrogel laminates with a modified experimental setup is pro-
posed, which is then applied to testing a PAAm-PAA laminate’s
toughness. From the results, it can be found that there exists a strik-
ing enhancement in the fracture toughness of PAAm-PAA lami-
nates when compared with the monolayer PAA hydrogel.
Through theoretical analysis and numerical modeling, this experi-
mentally observed phenomenon is explained—the fracture tough-
ness of the laminates covers the energy required for both the
crack and concomitant interfacial delamination to propagate in the
direction vertical to the applied tension, and the theoretical predic-
tions agree well with the experimental results. The results from this
study provide quantitative guidance for characterizing the fracture
toughness of hydrogel laminates and for in-depth exploration of
their failure mechanisms.
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