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In a previous paper (Zhang et al., 2020), we have demonstrated an adhesive of high fatigue threshold
~300 J/m? using an as-prepared hydrogel of long-chain polymer network. In most applications,
however, hydrogel adhesives are in contact with water. The long-chain hydrogel swells and reduces
the fatigue threshold. Here we demonstrate a type of swell-tolerant and fatigue-resistant hydrogel
adhesive: a long-chain polymer network in topological entanglement with short-chain microgels. The
short-chain microgels restrict swell, and the long-chain network retains the high fatigue threshold.
After the hydrogel adhesives swell in water to equilibrium, the fatigue threshold is 61 J/m? for an
adhesive of a long-chain network without microgels, and is 262 J/m? for an adhesive of a long-chain

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Adhesives are commonly made of polymers, including elas-
tomers, thermoplastics, emulsions, thermosets, and biotissues [1].
In recent decades, hydrogel adhesives have been developed for
tissue repair [2-5], drug delivery [6,7], bioelectronics [8-10], and
implants [11,12]. In these applications, adhesion is commonly
required to retain the wetness and elasticity of the adherends,
the living tissues. Hydrogel adhesives readily achieve wet and
elastic adhesion, but often have low toughness, on the order of
10 J/m? [13]. For example, protein hydrogels have low tough-
ness [2,14] because they have low polymer contents and short
chains [15]. In recent years, several hydrogel adhesives have
achieved high toughness under monotonic load, on the order of
1000 J/m? [2,16]. These hydrogel adhesives achieve high tough-
ness by incorporating sacrificial bonds. The sacrificial bonds, how-
ever, do not increase fatigue threshold under cyclic load. For
example, an alginate-polyacrylamide hydrogel has high tough-
ness [17] and high adhesion energy [2], but the adhesive grows a
crack under cyclic load above a low threshold on the order of 10
Jm? [18].

Several recent papers have reported polymer networks of
high fatigue thresholds [19-24]. Specifically, in a previous paper
we have reported high fatigue threshold of ~300 J/m? using a
hydrogel adhesive of a long-chain polymer network [25]. The
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high fatigue threshold was measured for an as-prepared hydro-
gel adhesive. In most applications, however, hydrogel adhesives
are in contact with water. The long-chain hydrogels are prone
to swell, and a fully swollen hydrogel adhesive is expected to
have a low fatigue threshold. Here we demonstrate a type of
swell-tolerant and fatigue-resistant hydrogel adhesives. Such an
adhesive consists of a long-chain polymer network in topological
entanglement with short-chain microgels. The short-chain micro-
gels restrict swell, and the long-chain polymer network retains
the high fatigue threshold. After the hydrogel adhesive swells in
water to equilibrium, a fatigue threshold of 262 J/m? is achieved.

A long-chain hydrogel adheres two adherends either by bonds
between the adhesive and adherends, or by topological entangle-
ment of the polymer networks of the adhesive and adherends [26].
The hydrogel adhesive achieves high fatigue threshold by the
Lake-Thomas mechanism [27]. Ahead of a crack tip, the covalent
bonds of a polymer chain are stretched near the breaking point
elastically before fracture (Fig. 1a). When a single covalent bond
breaks, the elastic energy in the entire chain dissipates, leading to
tough adhesion. The polymer chains are elastic dissipaters—they
are elastic before breaking. This toughening mechanism operates
under both monotonic load and cyclic load. In our previous
demonstration with polyacrylamide hydrogel adhesives, when
the average number of monomers per chain increases from 380
to around 38000, the fatigue threshold increases from 40 J/m? to
300 J/m?, and the adhesion energy increases from 180 J/m? to
1400 J/m? [25].

Fatigue threshold of a hydrogel changes upon gaining or los-
ing water [28]. Swell can be controlled by several methods, by
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Fig. 1. Adherends bonded by a hydrogel adhesive. (a) In the as-prepared state, the hydrogel adhesive consists of a polymer network and a certain amount of water.

(b) In contact with pure water, the hydrogel adhesive imbibes more water.

increasing crosslink density [29], activating noncovalent interac-
tions [30,31], adding nanoparticles [32,33], copolymerizing hy-
drophilic and hydrophobic monomers [34,35], and casting a hy-
drogel in a non-swelling fabric [36]. Of particular relevance to this
paper is the double network hydrogel of interpenetrating short-
chain network and long-chain network [37]. When submerged
in water to swell to equilibrium, the hydrogel-to-polymer mass
ratio is 100 for a hydrogel of a single long-chain network, and is
6.25 for a double network hydrogel [19]. The short-chain network
restricts swell, and the long-chain network gives high fatigue
threshold [19,20]. None of these swell-tolerant hydrogels have
been demonstrated as fatigue-resistant adhesives.

A double network hydrogel is synthesized by first forming the
short-chain network, immersing it in the precursor of the long-
chain network and then forming the long-chain network. The
method is difficult to use to form adhesives. We have tried to first
cure the short-chain hydrogel adhesive with adherends and then
immerse the adhesive sample in the precursor. We find that due
to the constrains of adherends, the brittle short-chain hydrogel
adhesive swells and fractures into small pieces. By contrast, Hu
et al. prepared the short-chain network in the form of microgels,
and added them to the precursor of long-chain network [38].
We adopt this method to develop microgel-reinforced hydrogel
adhesives (Fig. 2). The networks of microgels are topologically en-
tangled with the long-chain network. The short-chain microgels
have a much lower swelling ratio than the long-chain network
hydrogel. Submerged in water, as long as the microgels do not
rupture, the microgels can effectively restrict the overall swelling
of microgel-reinforced hydrogels.

2. Experiments

Following [38], we prepare poly (2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPS) as short-chain microgels and poly-
acrylamide (PAAm) as long-chain network. To demonstrate the
microgel-reinforced hydrogel as an adhesive, we use two pieces

swollen

adherend 1

adherend 2

short polymer chain A/long polymer chain Ocrosslink

Fig. 2. Microgel-reinforced hydrogel adhesive. The long-chain polymer network
of the adhesive adheres the two adherends and topologically entangles with
short-chain microgels. In the swollen state, the short-chain microgels restrict
the swell of the long-chain polymer network. Ahead of a crack tip, short-chain
microgels firstly fracture and the long-chain polymer chains are released to resist
load.

of nylon cloth as adherends. We compare two adhesives: PAAm
hydrogel adhesives and microgel-PAAm hydrogel adhesives
(MPAAm).
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2.1. Sample preparation

Most of chemical reagents were purchased from Aladdin, in-
cluding acrylamide (AAm, monomer), N,N’-methylenebis
(acrylamide) (MBAA, crosslinker), ammonium persulfate (APS,
initiator), «a-ketoglutaric acid (OA, initiator) and N,N,N,N’-
tetramethylethylenediamine (TEMED, accelerator). 2-acrylamido-
2-methyl-1-propanesulfonic acid sodium salt solution (AMPS,
monomer) was purchased from Sigma-Aldrich. All materials were
used as received.

The pure long-chain PAAm adhesive samples were prepared as
follows. We first prepared the precursor of long-chain network by
dissolving 7 g of AAm, 0.0002 g of MBAA, 0.0025 g of APS, and 7.5
nL of TEMED in 18 g of deionized water. Two pieces of nylon cloth
of the size 75x15x0.85 mm> were overlapped. The precursor
was sprayed in the middle of the two pieces of cloth. The sample
was placed between two glass plates covered by polyester films.
A silicone rubber frame with the inner size of 75x15x1.7 mm?
was also placed surrounding the sample between two glass plates
to prevent the precursor from flowing away before gelation. Then
the sample was cured by an ultraviolet lamp of 15 W and 365 nm
at 25 °C for 8h in the environment full of nitrogen gas. The
average length, width and thickness of the sample are 75 mm,
15 mm and 1.7 mm. To maintain water content, the as-prepared
samples were stored in a sealed polyethylene bag before testing.
The chain length of PAAm hydrogel adhesives is estimated by the
number of monomers between two crosslinks npgam = ZZ?AAB':A =
37957, where naa, and nygaa are the moles of AAm and MBAA in
the AAm solution.

The PAMPS microgels were prepared as follows. We first pre-
pared an aqueous solution of 1 mol/L AMPS and then added to
the solution 4 mol% MBAA and 0.1 mol% OA relative to AMPS.
The aqueous solution was injected into a silicone rubber frame
with the inner size of 10x10x2 mm? and covered with a pair
of glass plates. The PAMPS network was cured by the ultraviolet
lamp at 25 °C for 8 h in the environment full of nitrogen gas.
Then, the PAMPS hydrogel was frozen by liquid nitrogen and
immediately dried by a freeze-drying machine (BIOCOOL FD-1A-
80) for 24 h to sublimate all the water. Finally, the dry PAMPS
polymer was crumbled to small pieces by hand and then ground
into fine particles by a planetary grinder (DECO-PBM-V-0.4L) at a
rotation rate of 1000 r/min for 12 h. The granularity distribution
of dry PAMPS particles was measured by a size analyzer (LS-909,
OMEC MOTORS). The grain size ranges from 0.1 um to 100 pwm
and particles of the largest proportion (11.08%) has a grain size of
6.8 wm. The as-prepared PAMPS particles were stored in a sealed
polyethylene bag to prevent water absorption. The average chain
length of PAMPS is estimated by npayps = 2”,1"42’;”5 = 12.5.

Microgels were originally used as inelastchélissipaters to en-
hance toughness of hydrogels [38]. It was reported that, as the
amount of microgels increases, the hydrogel-to-polymer mass
ratio of swollen microgel-reinforced hydrogels first decreases and
then increases [39]. In the present work, the amount of microgels
was chosen as follows. We simply adopt the ratio of PAMPS
network to PAAm network in double-network hydrogels in our
previous paper [19]. We multiply the ratio by the monomer con-
centration of the AAm precursor and calculate the amount of dry
PAMPS particles to be 0.02 g per gram of the AAm solution. For
the purpose of restricting swell, the optimal amount of microgels
in the present work needs further studies.

The microgel-reinforced hydrogel adhesive samples were pre-
pared as follows. We first prepared the AAm solution as above
and added 0.02 g dry PAMPS particles per gram of the AAm
solution. The solution with microgels was mixed and placed in
a refrigerator at 7 °C for 12 h. After PAMPS microgels swelled
to equilibrium, the transparent aqueous AAm solution changed
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to a homogeneous, viscous, translucent liquid. The as-prepared
mixture was sprayed in the middle of the two cloth layers. The
size of the pores in the cloth (~50 wm) was larger than the
diameter of the swollen microgels (~15 wm). The cloth layers
were placed for 5 min so that the mixture can penetrate the cloth
for a certain depth. The curing procedure is the same as that of
PAAm adhesive samples. The as-prepared samples were stored in
a sealed polyethylene bag before testing.

To measure the water-to-hydrogel mass ratios of hydrogel
adhesives, we prepared bulk hydrogel samples. For PAAm hy-
drogel samples, we prepared the AAm solution as above. For
MPAAm hydrogel samples, we added 0.02 g dry PAMPS particles
to each gram of the AAm solution, and mixed and placed the
mixture in a refrigerator at 7 °C for 12 h to swell the microgels
to equilibrium. The AAm solution and the mixture with microgels
were respectively injected into a silicone rubber frame with the
inner size of 10x10x0.5 mm? and covered with a pair of glass
plates. The PAAm hydrogel and MPAAm hydrogel were cured by
the ultraviolet lamp at 25 °C for 8 h in the environment full of
nitrogen gas. We submerged the as-prepared hydrogel samples
in deionized water for 3 days to swell to equilibrium. We cut the
hydrogels into 3 pieces with the area of 2x2 mm? and measured
the mass of each piece, my.. Then all pieces of hydrogel samples
were frozen by liquid nitrogen and dried by the freeze-drying
machine for 24 h to sublimate all the water. The mass of dry
samples, Mpoymer, Was measured. The water-to-hydrogel mass

. m —m .
ratio, Wyater = M, is measured to be 68% for both

Mge|
the as-prepared PAAm ﬁydrogels and MPAAm hydrogels, 96% for
the swollen PAAm hydrogels, and 88% for the swollen MPAAmM
hydrogels.

2.2. Fracture and fatigue tests

We submerged the as-prepared adhesive samples in deionized
water and recorded the change of mass as a function of time
(Fig. 3a). The swelling mass ratio is the mass of the swollen ad-
hesive samples divided by the mass of the as-prepared adhesive
samples. The equilibrium swelling mass ratios are 2.81 for the
PAAm adhesive sample and 1.75 for the MPAAm adhesive sample.
Both samples reached equilibrium after about 1 day.

We adopted the 180-degree peel to measure the adhesion
energy and fatigue threshold (Fig. 3b) [25]. The as-prepared ad-
hesive samples were precut using a razor blade in the middle of
the two pieces of cloth. The average length of precut is 15 mm.
The swollen adhesive samples were prepared by immersing the
precut as-prepared adhesive samples in deionized water for 3
days to swell to equilibrium. One leg of cloth separated by the
precut was clamped on the fixed lower gripper of the tensile
machine (SHIMADZU AGS-X). The other leg of cloth was clamped
by the movable upper gripper. We used a load cell of 500 N.

Because the elastic modulus of nylon cloth is on the order
of GPa, the cloth-adhesive composite is considered as inexten-
sible. The energy release rate for the 180-degree peel takes the
form [40]

2
_ 2k (1)
w

where F is the force applied by the tensile machine, and w is the
width of the adhesive sample.

We first applied a monotonic load at a velocity of 60 mm/min
to samples to measure the adhesion energy. The force-
displacement curves were recorded by the tensile machine
(Fig. 3c). As the applied force increased, the precut crack first
opened, blunted but did not extend. When the force reached the
plateau, the crack began to propagate and finally reached a steady
state. The adhesion energy is obtained as, I' = 2Fsteqdy—state/W-

G
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Fig. 3. Swelling and adhesion properties. (a) Swelling mass ratios of adhesive samples as functions of swelling time. (b) The 180-degree peel test of a typical adhesive

sample. (c) The force-displacement curves. (d) The adhesion energy.

Each kind of adhesive sample was repeatedly tested for at least
three times. The tests were carried out at 25 °C in the open air.
The duration of each test was less than 90 s. The water content
of each adhesive remained unchanged during the tests.

Next, we applied cyclic loads to study the fatigue of adhesion.
Each load cycle ranged from the minimum force Fyyy = 0 to a
given maximum force Fyuyx. The upper gripper was moved at a
constant velocity of 60 mm/min. The force-displacement curves
of samples under cyclic loads over cycles were recorded by the
tensile machine [25]. Due to the inextensible cloth layers, the
difference of displacement at the maximum force between cycles
is twice of the crack growth, Ad = 2Ac. The fatigue tests were
carried out at 25 °C. To maintain water content, the adhesive
samples were sealed in a homemade acrylic chamber and the
vapor of deionized water was continuously sprayed on the inner
surface of the chamber by a humidifier. The mass of each sample
changed less than 9% during the test.

3. Results

The adhesion energy is calculated by substituting the force at
the plateau in Fig. 3c to Eq. (1). The average adhesion energies
are 642 J/m? for swollen PAAm, 1790 J/m? for as-prepared PAAm,
1967 J/m? for swollen MPAAm, and 2419 J/m? for as-prepared
MPAAm (Fig. 3d).

Fig. 4a-d shows the crack growth as a function of the number
of cycles under cyclic loads of various amplitudes, represented by
the energy release rates G = 2Fyx/w. In the initial thousands
of cycles, the crack growth rate changes, possibly due to the
irregular shape of the precut made by the razor blade. After
around a 1 mm crack growth, the crack propagates at a constant

rate in the steady state. The crack growth per cycle in the steady
state is obtained by a linear fit of this region. When the energy
release rate is below a threshold, no crack growth can be detected
within tens of thousands of cycles. The resolution of crack growth
is estimated by the displacement of the gripper of the tensile
machine, which is listed as 10 wm by the manufacturer.

Fig. 4e-h plots the crack growth per cycle dc/dN in the steady
state as a function of the applied energy release rate G. When
the energy release is far above the fatigue threshold, the crack
grows fast. When the energy release rate approaches the fatigue
threshold, the crack ceases to grow. Compared to the PAAm adhe-
sive samples, the MPAAm adhesive samples have a much smaller
crack growth rate under the same G. In experiments, the mini-
mum crack growth measured are on the order of 108 m/cycle for
swollen PAAm, 10~° m/cycle for as-prepared PAAm, 10~° m/cycle
for swollen MPAAm and 10~'° m/cycle for as-prepared MPAAm.

We adopt the following procedure to estimate the fatigue
threshold [41]. We linearly extrapolate the data points in the
plane of dc/dN and G (Fig. 4e-h). We use the data close to the G
axis and ignore the data far away. The intercept of the G axis gives
the experimental fatigue threshold. The fatigue thresholds are 61
J/m? for swollen PAAm, 257 J/m? for as-prepared PAAm, 262 J/m?
for swollen MPAAm and 393 J/m? for as-prepared MPAAm (Fig. 5).

4. Discussion and conclusion

The adhesion energy of as-prepared MPAAm hydrogel adhe-
sive 2419 J/m? is higher than that of as-prepared PAAm hydrogel
adhesive 1790 J/m?. The toughening mechanism of microgels has
been explained in Ref [38]. Submerged in water, the adhesion
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Fig. 4. Fatigue fracture in four kinds of adhesives subject to cyclic load of several amplitudes, as represented by the values of the energy release rate G. (a-d) The
crack growth as a function of the number of cycles at several values of G. (e-h) The crack growth per cycle as a function of G. The data points near the G axis are

linearly extrapolated to obtain the fatigue threshold.

energy decreased from 1790 J/m? for as-prepared PAAm hydro-
gel adhesive to 642 J/m? for swollen PAAm hydrogel adhesive.
By adding short-chain microgels, the swollen MPAAm hydrogel
adhesive has a high adhesion energy of 1967 J/m?.

Submerged in water, the adhesive at the crack tip is nearly
unconstrained by the adherends and swells freely to equilibrium
(Fig. 1b). Assume the as-prepared adhesive layer has a polymer

volume fraction of ¢ and the corresponding fatigue threshold is
I,. After swelling, the volume fraction of polymer at the crack
tip changes to ¢;. The linear swelling ratio from the as-prepared
state to the swollen state is A; = (¢/¢s)"/>. According to the
Lake-Thomas model, the fatigue threshold of polymer network is
equal to all the released energy of C-C bonds between two layers
of crosslinks as the crack advances per unit area [27]. The model
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ignores the contribution of entropic elastic energy of polymer
chains to the fatigue threshold, because this part is often much
less than the internal energy of C-C bonds. Therefore, for the
swollen polymer, as the crack advances per unit area the number
of encountered polymer chains reduces by A2, so that the fatigue
threshold reduces to Iy = Ip/22.

For the PAAm hydrogel, the water-to-hydrogel mass ratio is
68% for the as-prepared hydrogel, and is 96% for the swollen
hydrogel, giving the linear swelling ratio A = 2.05. The fatigue
threshold is 257 J/m? for the as-prepared hydrogel adhesive. The
calculated fatigue threshold in the swollen hydrogel adhesive
is Iy = Ip/A2 = 257/2.052 = 61 ]J/m?, which happens to
be the same as the measured value. For the MPAAm hydrogel,
the water-to-hydrogel mass ratio is 68% for the as-prepared gel
and is 88% for the swollen gel, giving the linear swelling ratio
As = 1.39. The fatigue threshold of the as-prepared MPAAm
adhesive is 393 J/m?. The calculated fatigue threshold in the
swollen state is 393/1.39? = 203//m?, which is somewhat lower
than the measured value 262 J/m?. The fatigue threshold of the
as-prepared MPAAm adhesive 393 J/m? is higher than that of
the as-prepared PAAm adhesive 257 J/m?. The mechanism of this
difference is unclear to us at this writing.

We demonstrate that microgel-reinforced hydrogel adhesive
has high fatigue threshold after swell in water to equilibrium.
The long-chain network adheres the two adherends, acting as an
elastic dissipater to enhance the fatigue threshold. The microgels
topologically entangle with the long-chain network, restricting its
swell. The microgels also significantly reduce the rate of crack
growth under cyclic load above the fatigue threshold.
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