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Tough adhesion between soft and wet materials is important to many applications in medicine
and engineering. Examples include implants, wound dressing, and soft machines. Recent work has
highlighted a general principle: tough adhesion can be realized through the synergy of interlink and
toughener. Here we develop an adhesive double-network hydrogel to achieve tough adhesion through
noncovalent interlinks and covalent tougheners. We show that the noncovalent interlinks can be strong
enough to unzip many covalent tougheners. Adhesion energy above 500 J/m? is achieved. Interplay
between noncovalent interlinks and covalent tougheners provides new possibilities for toughening
mechanism. This work will guide material designs for tough adhesion, as well as contribute to
fundamental mechanics of adhesion.

© 2020 Published by Elsevier Ltd.

1. Introduction

Since the 1960s, hydrogels have been developed for medi-
cal applications, including contact lenses, drug delivery, and tis-
sue regeneration [1-3]. In more recent years, hydrogels have
been used as stretchable, transparent, ionic conductors to enable
unusual devices, such as soft machines [4-6], ionotronics [7-
12], and noise cancellations [13]. Many tough hydrogels have
been developed [3,14-18]. For example, when a double-network
(DN) hydrogel is stretched, the short-chain network breaks over
a substantial volume and the long-chain network remains in-
tact, leading to high toughness (~1000 J/m?) [14,19]. In such a
DN hydrogel, polymer chains of each network are crosslinked
by covalent bonds. The hydrogel is chemically stable and fully
swollen. The DN hydrogel resolves the stiffness-threshold con-
flict in single-network hydrogels: the short-chain network pro-
vides high stiffness, and the long-chain network provides high
fatigue threshold [20]. The combined attributes of stability, stiff-
ness, toughness, and fatigue resistance make the DN hydrogel
promising for many applications.

Tough adhesion has been achieved recently between hydro-
gels and other materials, such as nonporous inorganics [21],
elastomers [22], and living tissues [23]. Tough adhesion requires
not only a tough hydrogel as dissipative matrix, but also strong
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interlinks. Diverse interlinks including covalent bonds [21-24],
noncovalent bonds [25-27], and topological entanglement [28-
30] have been developed. We have recently shown that noncova-
lent interlinks can be strong enough to unzip many noncovalent
tougheners to achieve instant and tough adhesion [31]. So far,
the DN hydrogel adhesion has been achieved only with a porous
solid interface by in-situ polymerization [32]. Tough adhesion of
pre-formed DN hydrogel has not been reported yet, but is poten-
tially significant in antifouling coating, cartilage regeneration, and
bioimplants [14,33].

Here we apply the synergy of interlink and toughener to
design an adhesive DN hydrogel, which can strongly adhere to DN
hydrogels with covalent tougheners through noncovalent inter-
links. We show that noncovalent interlinks can be strong enough
for many covalent tougheners to unzip. To illustrate the prin-
ciple, we use chemically crosslinked poly(acrylic acid) (PAA) as
the long-chain network and poly(2-acrylamido-2-methylpropane
sulfonic acid) (PAMPS) as the short-chain network. Then, we ad-
here the PAMPS-PAA hydrogel to another DN hydrogel with the
same covalent tougheners (PAMPS), but chemically crosslinked
polyacrylamide (PAAM) as the long-chain network (Fig. 1).
Hydrogen-bonding interlinks can form between carboxyl groups
in PAA network and amide groups in PAAM network [31,34].
Although an individual hydrogen bond is weak, dense array of
hydrogen bonds has been shown to be as strong as a covalent
interlink. When an external force separates the adhesion, the
covalent polymer networks transmit the force to the separation
front. The interlinks need to be stronger than the tougheners,
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Fig. 1. Adhesive double-network hydrogel. The adhesive double-network hydrogel consists of two interpenetrating covalent networks: long-chain PAA network and
short-chain PAMPS network. The PAMPS-PAA hydrogel adheres to a PAMPS-PAAM hydrogel through hydrogen bond formed between carboxyl groups in PAA and
amide groups in PAAM. The PAMPS network serves as tougheners in both hydrogels and ascertains the formation of dense array of hydrogen bonds at the interface
due to its acidic nature. When an external force separates the adhesion, the force is transmitted by the covalent networks to the separation front. The crosslinks
remain intact, but the tougheners and interlinks unzip. The interlinks need to be strong enough to unzip many tougheners. Along with the advance of separation, a

process zone at the separation front dissipates energy.

so that many tougheners unzip and dissipate energy, leading
to tough adhesion. Along with the advance of the separation,
a process zone at the separation front dissipates energy as the
PAMPS network breaks.

The adhesion strongly depends on the amount of hydrogen
bond formed at the interface [31]. PAA is a weak acid, with pK,
4.5 at room temperature. When pH < pKj, more carboxyl groups
are available to form hydrogen bond. The precursor of PAMPS has
a pH of 0.6, and the precursor of PAA has a pH of 1.5, ensuring
dense array of hydrogen bonds at the interface.

2. Material synthesis

We adopt an established two-step polymerization method [14]
to fabricate the PAMPS-PAA hydrogel. As shown in Fig. 2, the
first network was synthesized from an aqueous solution of 1M 2-
acrylamido-2-methylpropanesulfonic acid (AMPS; Sigma-Aldrich,
818667), 4 mol-% N, N'-methylenebisacrylamide(MBAA; Sigma-
Aldrich, M7279), and 0.1 mol-% 2-oxoglutaric acid (OA; Sigma-
Aldrich, 75890) via UV photo-polymerization. In the argon gas
environment, the prepared AMPS precursor was injected into a
mold, which consists of two glass plates spaced by a 0.5 mm-thick
U-shape silicone rubber. The mold with precursor was exposed
to UV (15 W, 365 nm wavelength) for 8 h. Then, the PAMPS
hydrogel was soaked in an aqueous solution of 4M acrylic acid
(AA; Sigma-Aldrich, 147 230), 0.004 mol-% MBAA, and 0.1 mol-
% OA for 24 h. Upon fully swollen, the sample was carefully
sandwiched by two glass plates and coated with a transparent
polyethylene membrane to avoid dehydration. The PAA network
within the PAMPS network was subsequently synthesized by
another 8-hour illumination under UV. The PAMPS-PAA hydrogel
was soaked in deionized (DI) water for 48 h before use. The DI
water was renewed every 8 h.

The synthesis of the PAMPS-PAAM hydrogel followed the
same procedure as described above, with the same recipe: an
aqueous solution of 4M acrylamide (AAM; Sigma-Aldrich, A8887),
0.004 mol-% MBAA, and 0.1 mol-% OA. The thickness of PAMPS-
PAA hydrogel and PAMPS-PAAM hydrogel are 1.25 mm and
1.65 mm, respectively.

3. Mechanical properties of PAMPS-PAA hydrogel

The as-prepared PAMPS-PAA hydrogel wih dumbbell-shape
was loaded by a tensile machine (SHIMADZU AGS-X) for uniaxial
tensile test The loading rate was 100 mm/min. Five samples
were tested. To compare, we also tested five PAMPS-PAAM hy-
drogel samples (Fig. 3a and b). Each sample has an effective
length of 12 mm and a width of 2 mm. The nominal stress is
the force divided by the initial cross-section area. Before rup-
ture, the measured nominal stress at each stretch shows good
consistence for all the PAMPS-PAA and PAMPS-PAAM samples.
The stress-stretch curves of PAMPS-PAA hydrogel and PAMPS-
PAAM hydrogel show rather different behaviors. PAMPS-PAAM
hydrogel is more stretchable and has noticeable strain stiffening,
while PAMPS-PAA hydrogel yields at a stretch smaller than 3
and ruptures subsequently. Since the elasticity of DN hydrogels
mainly depends on the long-chain network, the difference in
stress-stretch curve indicates the difference between PAAM and
PAA in stretchability. It is noticed that the maxmium stretch of
one PAMPS-PAA sample reaches 4.5. During this process, necking
happens sequentially on two sections of the sample. A possible
explanation is the more serious inhomogeneity of PAMPS-PAA
hydrogel. When a DN hydrogel is stretched to certain amount,
necking is observed [35]. If the DN hydrogel is stretched more,
more PAMPS clusters are created. These clusters increase the in-
homogeneity of the hydrogel and serve as physical crosslink [19,
36]. Therefore, the variation in stress-stretch curve among sam-
ples is large.

Fig. 3c shows the averaged modulus of both hydrogels in
small-strain status. The early stage of the stress-stretch curves
is used for fitting to the neo-Hookean model:
WZ%M(A§+A§+A§—3), (1)
where W is the Helmholtz energy density, A 3 3 are the principal
stretches, and wu is the shear modulus. As A; is prolonged in
uniaxial stretch and the hydrogel is taken to be incompressible,
we have A, = A3 = 1/4/A;. The nominal stress s; is derived by
the derivation of W to the principle stretch Aq:

S1 = ,LL()\.] — )\]—2) (2)
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Fig. 2. Two-step polymerization method for the synthesis of the PAMPS-PAA hydrogel. An aqueous solution of 1M AMPS, 4 mol-% MBAA, and 0.1 mol-% OA was
prepared. In the argon gas environment, the AMPS precursor solution was injected into a mold sandwiched by two glass plates and exposed to UV for 8 h. The first
network was then soaked in an aqueous solution of 4M AA, 0.004 mol-% MBAA, and 0.1 mol-% OA for 24 h to reach a fully swollen state. After that the sample
sandwiched by two glass plates was exposed to UV for 8 h. Last, the synthesized PAMPS-PAA hydrogel was soaked in deionized (DI) water for 48 h to remove the

residual reactants.
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Fig. 3. Mechanical properties of the PAMPS-PAA hydrogel and the comparisons to PAMPS-PAAM hydrogel. Unless otherwise specified, the PAMPS-PAA hydrogel and
the PAMPS-PAAM are fully swollen and have a thickness of 1.25 mm and 1.65 mm, respectively. (a) Nominal stresss vs stretch of PAMPS-PAA. (b) Nominal stress vs
stretch of PAMPS-PAAM. (c) Shear modulus and water concentration of PAMPS-PAAM and PAMPS-PAA. (d) Toughness of PAMPS-PAAM and PAMPS-PAA, measured

by pure shear test.

For the linear section of the stress—stretch curve, A; is around 1,
and the above equation can be simplified to s; = 3u(A; — 1). The
initial slope of the stress-stretch curve is three times the shear
modulus. Since the PAMPS network contributes to the stiffness,
PAMPS-PAA and PAMPS-PAAM have similar Young’s modulus, so
as the measured water content (Fig. 3¢). In addition, we measure
the toughness of the DN hydrogels by pure shear test (Figs. 3d and
4). Although the stretchabilities of the synthesized DN hydrogels
vary a lot, the PAMPS-PAA hydrogel and PAMPS-PAAM hydrogel
have similar toughness of about 4000 J/m?.

We use pure shear test to measure the fracture toughness
(Fig. 4), where a notched sample and an unnotched sample are
required. Accordingly, two sets of samples are prepared from the
same piece of DN hydrogel with the same geometry, 50 mm
x 10 mm. For the notched sample, a pre-cut crack with 20 mm
length is introduced (Fig. 4a and b). Both of the notched and
unnotched samples are subjected to a monotonic stretch until
rupture. The loading rate is 30 mm/min. For static fracture, the
measurement of one sample only takes several minutes, so the
samples are exposed to open air. Stress-stretch curves of the
notched and unnotched samples are measured for PAMPS-PAAM
with 1.65 mm thickness (Fig. 4c and d) and PAMPS-PAA with
1.25 mm thickness (Fig. 4e and f). The stretch limit A. at which

the crack starts to propagate is recorded and used to calculate
the fracture toughness. According to the definition of fracture
toughness, the critical energy release rate for crack propagation
is calculated by the integration of stress—stretch below A, (Fig. 4d
and f). For each measurement, three samples are tested.

4. Adhesion energy

We measure the adhesion energy between PAMPS-PAA hydro-
gel and PAMPS-PAAM hydrogel by 90-degree peel test (Fig. 5a).
The prepared 1.65 mm thick PAMPS-PAAM hydrogel and 1.25 mm
thick PAMPS-PAA hydrogel were cut into rectangular samples
with a length of 100 mm and a width of 2 mm. The PAMPS-
PAAM was glued to a rigid acrylic substrate using cyanoacry-
late (superglue), while PAMPS-PAA was glued to a 50-pum thick
polyethylene terephthalate (PET) film as inextensible backing
layer. The increment in the pull distance equals the extension of
the crack in the steady state. The acrylic substrate and PET film
were washed with ethanol and DI water, then dried before use.
Since both PAMPS-PAA hydrogel and PAMPS-PAAM hydrogel are
acidic, the surfaces were treated with a few drops of 0.1 mol/L
NaHCOs solution for 5 min and then dried before applying super
glue. A small piece of PET film was inserted to the interface of
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Fig. 4. Pure shear test for fracture toughness measurement. (a) Notched sample and (b) unnotched sample are subject to a monotonic stretch. (c) Stress-stretch
curve of the notched PAMPS-PAAM. The stretch limit A. is recorded. (d) Stress-stretch curve of the unnotched PAMPS-PAAM. The fracture toughness equals to the
product of the area enclosed by the stress-stretch curve of the unnotched PAMPS-PAAM at the stretch limit A. and the thickness. (e) Stress-stretch curve of the

notched PAMPS-PAA. (f) Stress-stretch curve of the unnotched PAMPS-PAA.

the two hydrogels to introduce a pre-crack. The PAMPS-PAA and
PAMPS-PAAM samples were made into contact and a weight of
1 kg was applied for 5 min before test. The loading rate was
100 mm/min. The adhesion energy was calculated by the average
force at the plateau of the force-displacement curve divided by
the sample width.

After peel, no hydrogel residues are observed on the sur-
faces of the hydrogels, indicating an adhesion failure mode. As
shown in Fig. 5b, the adhesion energy between PAMPS-PAA and
PAMPS-PAAM exceeds 500 ]/m?. By contrast, the adhesion energy
between PAA and PAMPS-PAAM is about 180 J/m?2, which is
comparable to the fracture toughness of PAA [31]. It means that
the interlinks are strong enough and the adhesion is limited by
the brittleness of PAA. The viscoelasticity of PAA has been shown
to be negligible [31]. It corroborates that the adhesion origi-
nates from the interlinks on the interface. The force-displacement
curves of the adhesion between PAMPS-PAA and PAMPS-PAAM
and the adhesion between PAA and PAMPS-PAAM are shown in
Fig. 5c and d, respectively.

5. Discussion and conclusion

Tough adhesion is analogous to tough hydrogel. Besides the
hydrogel matrix with toughener used as adhesive and/or ad-
herend, it incorporates an additional player: interlink on the
interface. Achieving tough adhesion requires not only the synergy

of elastic network and tougheners, but also the cooperation of
interlinks. When a force separates the adhesion, the strechable
polymer network in the adhesive and/or the adherend trans-
mits the force through the bulk matrix to the separation front,
which concentrates stress. For weak interlinks, they unzip, but
the tougheners remain zipped. So, strong interlinks are essential
to elicit the energy dissipation process. The diversity of covalent
and noncovalent bonds provides enormous design space to real-
ize tough adhesion. Table 1 summarizes the available methods. It
is well known that the dissociation energy of noncovalent bond,
such as ionic interaction (42-82 kJ/mol), hydrogen bond (12-29
kJ/mol), and hydrophobic association, is much lower than that of
covalent bond (several hundred kJ/mol) [33]. Covalent interlinks
and non covalent bonds inside the matrix as tougheners are firstly
selected to design a tough hydrogel adhesion [21-23,37]. For
this family of adhesives, the reaction between primary amine
groups and carboxylic acid groups under the coupling reagents
is commonly used to form covalent interlinks on the interface.
When a force separates the adhesion, a number of tougheners
formed by the ligands-Ca?* group or hydrogen bond unzip before
the covalent interlinks break.

Replacing slowly formed covalent interlinks with noncovalent
interlinks is more convenient for time-sensitive applications, such
as wound closure, bio-implants, and rapid prototyping. As the
strength of three players (i.e., hydrogel matrix, toughener, and
interlink) relates to not only the energy of a single bond, but also
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Table 1
Examples of tough hydrogel adhesion.

Interlink

Covalent bond

Noncovalent bond

Covalent bond NA
Toughener

This work

Noncovalent bond

Li, et al. [23], Yuk, et al.
[21,22,37], Liu et al. [24]

@ Yang, et al [28] Gao, et al. [29]
® Wang, et al. [31], Shen, et al. [38]
® Roy,et al [39], Xu, et al. [40]

(@ Topological interlink; @) interlink on stretchable network; ® interlink on sacrificial network.

the number of bond, various noncovalent interlinks (e.g., hydro-
gen bond, -7 stacking, metal complexation, and hydrophobic
interaction) have been widely used to unzip noncovalent tough-
ners [28,31]. Generally, this method includes three types. One is
topological adhesion incorporating additional stitching polymers
to form the interlinks [28,29]. The other two are direct formations
of interlinks by the functional groups on the stretchable [31,38]
or sacrificial network [39,40] of the hydrogel matrix. Our previ-
ous study has demonstrated that hydrogen bond can be strong
enough to unzip ionic tougheners [31]. Here, we have successfully
filled the blank of Table 1 labeled with noncovalent interlink
and covalent toughener. However, tough hydrogel adhesion via
covalent interlinks between hydrogels with covalent tougheners
has not been demonstrated so far.

In conclusion, we have designed an adhesive double-network
hydrogel to achieve tough adhesion through noncovalent inter-
links. We show that noncovalent interlinks can be strong enough
for many covalent tougheners to unzip by adhering the adhe-
sive double-network hydrogel to another double-network hydro-
gel with covalent tougheners. Adhesion energy above 500 J/m?
has been reached. This work broadens the strategies of energy
dissipation for tough adhesion.
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