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While in-situ underwater adhesives are highly desirable for marine exploration and underwater
robotics, existing underwater adhesives suffer from significantly reduced performance compared to
air-cured adhesives, mainly due to difficulties in removing interfacial water molecules. Here, we
develop a pressure-sensitive in-situ underwater adhesive featuring superabsorbent particles infused
with functional silane and hydrogel precursors. When injected into an underwater crack, the particles
quickly absorb water, swell, and fill the crack. Mechanical pressure is applied to improve particle-
particle and particle-substrate interactions, while heat is utilized to trigger thermal polymerization of
the hydrogel precursors. This process creates porous adhesives via bulk polymerization and forms
covalent bonding with the substrate via surface silanization. Our experiments demonstrate that
mechanical pressure significantly enhances the adhesive’s stretchability (from 3 to 5), stiffness (from
37 kPa to 78 kPa), fracture toughness (from 1 kd/m? to 7 kd/m?), and interfacial toughness with glass

substrates (from 45 J/m? to 270 J/m?).

Rapid and robust in-situ underwater adhesion is highly valuable for
the exploration and utilization of underwater resources’. For offshore
structures’, such as subsea pipelines and ship hulls, returning damaged
items to land for repair is often impractical, making underwater adhesion a
critical component of the repair process. Furthermore, for marine robots*
and underwater electronics’, rapidly evacuating intruding water and
achieving reliable adhesion on damaged components not only reduces
economic losses but also prevents further damage. Despite its importance,
achieving fast and reliable adhesion in an aqueous environment remains a
fundamental challenge due to the presence of the hydration layer, a film of
water molecules that forms between the adhesive and the wet substrates.
This hydration layer hinders both molecular-scale chemical bonding and
macro-scale physical contact between the adhesive and wet substrates,
collectively reducing the overall adhesive strength™.

Traditional underwater adhesives are typically categorized into two
types: glue-based underwater adhesives that consist of liquid precursors, and
tape-based underwater adhesives that consist of solid adherents. Glue-based
underwater adhesives often employ mussel-inspired chemistry’ ™ to pene-
trate the hydration layer or incorporate hydrophobic monomers'"" to repel
the hydration layer. Although these two approaches enable bonding directly
with wet substrates, they face challenges in maintaining an adequate adhesion
area as liquid precursors struggle to maintain intimate contact with wet
surfaces. To address this, some glue-based adhesives incorporate hygroscopic
components'*” to absorb the hydration layer, which remains technical
challenging for achieving substantial water absorption. Additionally, most
liquid precursors in glue-based underwater adhesives tend to spread and leak

into the surrounding aqueous environment during the extended curing
period, which significantly weaken their adhesive performance. In contrast,
tape-based underwater adhesives focus on applying hydrophobic chemicals
on the tape surface’®’ or manufacturing microstructures at the tape
surface” ™ to repel the hydration layer and form physical bonds with wet
surfaces. However, due to the nature of these physical bonds, tape-based
underwater adhesives generally exhibit weaker adhesive strength. In sum-
mary, achieving an in-situ underwater adhesive with adhesive performance
comparable to its counterparts cured in air remains a significant technical
challenge but is highly desirable.

In this work, we develop a pressure-sensitive in-situ (PSIS) underwater
adhesive consisting of three key components: superabsorbent particles,
functional silane, and hydrogel precursors. The superabsorbent particles
form a primary polymer network that rapidly and substantially absorbs
interfacial water molecules™. The functional silane promotes adhesion by
forming covalent bonds with wet substrates through surface silanization™.
Simultaneously, the hydrogel precursors form a secondary polymer network
that links superabsorbent particles while further strengthening individual
particles through bulk polymerization® . Subsequently, we apply
mechanical pressure prior to surface silanization and bulk polymerization,
synergizing with the particles’ osmotic pressure, to enhance particle-particle
and particle-substrate contact. Our experiments show that applying
mechanical pressure increases the adhesive area from 14% to 75% and
reduces the bulk material’s porosity from 82% to 25%. These factors con-
tribute to significant improvements in the PSIS’s bulk and adhesion prop-
erties, including stretchability from 3 to 5, modulus from 37 kPa to 78 kPa,
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Fig. 1 | Working principle of pressure-sensitive in-situ underwater adhesion.

a Schematic illustration of injecting pressure-sensitive in-situ (PSIS) underwater
adhesive into a confined space containing interfacial water. The PSIS particles consist
of superabsorbent polymeric particles, infused with chemicals for bulk gelation (i.e.,
acrylamide (AAm) monomer) and chemicals for surface silanization (i.e., 3-(tri-
methoxysilyl)propyl methacrylate (TMSPMA)). b After the PSIS particles absorb
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interfacial water, the particles swell to fill the confined space. Heat is applied for the
thermal curing of the polyacrylamide (PAAm) polymer, while mechanical pressure is
used to enhance the adhesive’s bulk and interfacial toughness. ¢ After curing, a bulk
porous adhesive forms between the two substrates. The PAAm polymer chains form
covalent bonds with the substrate, interpenetrate with the polymer network within the
superabsorbent particles, and create connections between superabsorbent particles.

fracture toughness from 1 k] m™ to 7 k] m™, and interfacial toughness with
glass substrates from 45]m™ to 270 Jm™. Notably, despite the PSIS’s
enhanced fracture and interfacial toughness, its hysteresis ratio slightly
decreases with increasing mechanical pressure. Additionally, we investigate
the effect of the amount of surrounding water molecules on the PSIS
adhesive to understand its capability for evacuating interfacial water
molecules. This work not only offers design strategies for rapid and tough
in-situ underwater adhesive but also evokes mechanisms to enhance the
adhesive’s toughness without relying on a high hysteresis ratio.

Results and discussion

Working principle

Figure 1 illustrates the working principle of the pressure-sensitive in-situ
(PSIS) underwater adhesive. The PSIS adhesive consists of superabsorbent
particles embedded with functional silane and hydrogel precursors. Upon
injection into an underwater crack, the PSIS adhesive rapidly absorbs and
substantially stores the water molecules of the hydration layer due to the
charged polymer chains within the superabsorbent particles™” (Fig. 1a).
Mechanical pressure is applied, synergizing with the particles’ osmotic
pressure, to further enhance the particle-particle and particle-substrate con-
tacts (Fig. 1b). Concurrently, heat is utilized to initiate thermal polymerization
of the hydrogel precursors. As illustrated in Fig. Ic, the combination of
mechanical pressure and heat creates a porous adhesive via bulk poly-
merization while enabling covalent bonding between the adhesive and the
substrate via surface silanization. Specifically, the functional silane in the PSIS
adhesive covalently anchors long polymer chains (i.e., polyacrylamide poly-
mers) to the substrate to create a robust adhesive bonding. Moreover, the
hydrogel precursors in the PSIS adhesive form long-chain polymer networks
that interconnect adjacent particles and interpenetrate with the primary
polymer network within the superabsorbent particles, yielding a porous
adhesive with superior stretchability and fracture toughness.

Swelling behavior of the PSIS particles

For an underwater adhesive capable of absorbing the hydration layer, the
swelling speed and the water absorption capacity are two crucial parameters.
To evaluate the swelling properties of PSIS particles, we measure the osmotic

pressure of multiple PSIS particles in a water container. When the PSIS
particles encounter interfacial water, the charged groups on the super-
absorbent polymer chains attract the water molecules. This interaction
creates a driving force, known as osmotic pressure, between the particle and
the aqueous medium’*”. To measure the osmotic pressure, we first place a
specific volume ratio ¢, of PSIS particles into a dry container with a porous
cover (Fig. 2a), where ¢, is the volume ratio between the PSIS particles and
the container. The porous cover has multiple penetrated holes that are
designed to block particles from passing through while still allowing water
molecules to flow freely. Next, we rapidly pour enough deionized water to
fully submerge the container, while simultaneously recording the pressure
required to keep the cover in place (Fig. 2a). Due to their tendency to absorb
water, the particles continue to draw water molecules from the exterior to
the interior until equilibrium is reached, where the internal osmotic pressure
equals the externally applied pressure. Generally, as plotted in the Fig. 2b, the
osmotic pressure gradually increases over time until it reaches a plateau,
with its gradient decreasing progressively. When the volume of the particles
is large (e.g., ¢, = 53%), the pressure increases rapidly in the initial 30 s and
reaches a plateau of up to 8.5kPa in around 70s. In contrast, when the
volume of the particles is small (e.g., ¢, = 12%), the particles need around
50's to swell large enough to reach the porous cover, and the measured
pressure increases slowly, reaching a plateau of 3 kPa in about 200 s. The
sharp slope of the osmotic pressure IT versus time curve at t = 0~20 s of the
PSIS particles with ¢, = 53% indicates a strong driving force for swelling. As
the PSIS particles absorb water, the slope of the curve gradually diminishes,
suggesting a reduction in the driving force for swelling as water absorption
progresses. To further assess the swelling properties of PSIS particles, we
capture sequential images of individual particle swelling freely in water
under a light microscope™ (Supplementary Fig. S1). The swelling ratio in
diameter a/a, versus time ¢ is plotted in Fig. 2¢, where a represents the
average swelling particle diameter and a,, is the initial average diameter. The
average diameter a is determined by calculating the square root of particle
area captured in the focal plane. As shown in Fig. 2c, on average, the
individual particles swell to ~3.5 times their initial diameter, which is
approximately a 30-fold increase in volume. Additionally, the swelling ratio
increases rapidly at the beginning and gradually reaches a plateau at around
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Fig. 2 | Swelling behavior of PSIS particles and structure characterizations of
PSIS adhesives. a Schematic illustration of the osmotic pressure measurement of
the particles of pressure-sensitive in-situ (PSIS) underwater adhesive. b Osmotic
pressure IT versus time ¢ for different volumes ratio ¢, of PSIS adhesive particles. ¢,
is the volume ratio between the PSIS particles and the container. ¢ The swelling
ratio in diameter a/a, of individual PSIS particle versus time. a represents the
average diameter of swelling particles and q, is the initial average diameter of
particles. Values represent the mean +s.d. (N =7). d Schematic illustration of the
bulk PSIS adhesive contacts with the substrate. The blue area represents the
adhesive region, while the white area represents voids. e The upper images show

1 Mechanical pressure, P (kPa)

the bulk PSIS adhesive in contact with glass slides, and the lower images show the
processed results, where the black region represents the adhesive area, and the
white region represents the void area. The scale bar is 1 mm. f The surface adhesive
ratio ¢, increases with the applied mechanical pressure P.Values represent the
mean * s.d. (N = 3). g Schematic illustration of the porous PSIS adhesive. The blue
area represents the material, while the white area represents voids. h 3D images of
the PSIS adhesive material and the corresponding histograms showing the rela-
tionship between intensity frequency f,, and intensity I. The scale bar is 400 pum.
i The porosity of the PSIS adhesive decreases with applied mechanical pressure P.
Values represent the mean + s.d. (N = 3).

70 s. Combined with the osmotic pressure experiments, these results indi-
cate that PSIS particles exhibit substantial water absorption capacity along
with a fast swelling speed, making it highly effective for evacuating large
amounts of water in underwater adhesion applications.

Structure characterization of the PSIS adhesive

To characterize the ability of mechanical pressure to enhance particle-
particle and particle-substrate contacts, we examine two key factors: the
contact area between adhesive and substrate (Fig. 2d) and the porosity of the
adhesive material, both of which affect the adhesive’s bulk and adhesive
properties. To investigate the impact of mechanical pressure on these two
factors, we synthesize the bulk material upon transparent glass slides under
controlled mechanical pressure, ranging from 0 to 12kPa. We capture

images of the adhesive surface under white light to quantitively analyze the
adhesive area between the bulk material and the substrate (Supplementary
Fig. S2). The distinct color differences between the air gap and the adhesive
area—white for the air gap and red for the adhesive—allow us to clearly
distinguish the adhesive area in the captured images. Figure 2e shows the
captured images with their processed results, where the black region
represents the adhesive area, and the white region represents the void area.
As mechanical pressure increases, the processed results shift from being
dominated by white (i.e., void area) to black (i.e., adhesive area), indicating
that the adhesive area significantly increases with applied pressure. As
summarized in Fig. 2f, the surface adhesion ratio ¢,, defined as the ratio of
the adhesive area to the total area, increases from 14% to 75% as mechanical
pressure increases. During bulk polymerization, the increased contact area

Communications Physics| (2025)8:6


www.nature.com/commsphys

https://doi.org/10.1038/s42005-024-01921-1

Article

with the substrate provides more chances for polymer chains to chemically
anchor to the substrate, thereby enhancing intrinsic adhesion toughness and
improving overall adhesion performance.

Mechanical pressure impacts not only the contact between the adhe-
sive and substrate but also the internal structure of the porous adhesive
material, particularly its porosity, defined as the ratio of void volume to total
volume (Fig. 2g). Generally, higher porosity results in lower stiffness and
decreased toughness since the void spaces reduce the load-bearing area of
the material™. To determine the porosity of the adhesive material, we scan
the bulk material mixed with fluorescent tracers at a constant area (i.e.,
3600 um x 2700 pm) in the depth direction, taking measurements every
5 um for a total 200 pm depth. Supplementary Fig. S3 shows the confocal
images of the PSIS adhesive captured at different focal depths. We then sum
the pixel intensity across all scanned depths and determine the porosity by
calculating the ratio of the number of pixels with low intensity (e.g., I <0.2)
to the total number of pixels. Figure 2h illustrates 3D volumetric images of
PSIS adhesive, which is constructed from a spatial sequence of 2D images
scanned across different depth, depicting the microscopic-scale PSIS
adhesive formed under various mechanical pressures. Additionally, corre-
sponding histograms are provided, illustrating the relationship between
intensity frequency f,, versus intensity I. For the PSIS adhesive formed
without pressure (i.e., P = 0 kPa), the material consists of dispersed particles
with large void space, and its histogram is primarily concentrated at low
intensity (i.e., I =0). In contrast, for the PSIS adhesive formed under high
pressure (i.e., P = 11.7 kPa), the material consists of densely packed particles
with small void space, and its histogram is primarily concentrated at high
intensity (i.e, I = 1). As summarized in Fig. 2i, the porosity of the bulk PSIS
adhesive decreases from 82% to 25% as the applied mechanical pressure
increases.

Bulk performance of the PSIS adhesive

We next investigate the impact of the applied mechanical pressure on the
bulk performance of the PSIS adhesive. First, we conduct uniaxial tensile
tests (Fig. 3a) to measure the relationship between nominal stress S and
stretch ratio A of the PSIS adhesives formed under various mechanical
pressures P. As shown in Fig. 3b, as the mechanical pressure increases, the
stretchability rises from 3 to 5, while the shear modulus increases from 37 to
78 kPa (Supplementary Fig. S4). This is because the strengthened connection
between particles, resulting from mechanical pressure, improves the mate-
rial’s stretchability. Additionally, as the applied pressure increases, the bulk
PSIS adhesive exhibits lower porosity, indicating a higher polymer density
per volume, leading to increased stiffness. Next, we perform cyclic loading-
unloading tensile tests on the materials at increasing stretch ratios (Sup-
plementary Fig. S5). The corresponding hysteresis versus stretch ratios are
summarized in Fig. 3c. As the stretch ratio increases, the hysteresis con-
sistently rises. Notably, the hysteresis of the material formed under high
pressure (i.e., P = 11.7 kPa) is lower than that of the material formed under
low pressure (i.e., P = 1.3 kPa) at the same stretch ratios. Unlike traditional
tough hydrogels that rely on high hysteresis for toughness enhancement™**,
the PSIS adhesive exhibits enhanced toughness without relying on a large
hysteresis ratio. As the loading force increases, the void space inside the
material enlarges, causing the hysteresis ratio to increase with the stretch
ratio. Moreover, materials formed under higher mechanical pressure exhibit
lower porosity and stronger bonding in the connected areas, which allows
them to bear tensile force more effectively, resulting in lower hysteresis when
subjected to cyclic loading.

To assess the PSIS adhesive’s fracture toughness, which characterizes its
ability to resist crack propagation under a single cycle of loading, we first
conduct pure-shear tensile tests to measure the nominal stress versus stretch
ratio of an unnotched sample (Supplementary Fig. S6). Subsequently, we
perform pure-shear tensile tests on a notched sample to determine the critical
stretch A, which is defined as the stretch ratio before crack propagation. As
shown in Fig. 3d, the solid material around the crack tip undergoes significant
deformation to prevent crack propagation during tensile loading. Given the
measured critical stretch A_, the fracture toughness can be determined using

the equation I’ = H [ ’11 SdA, where H is the initial length of the sample, and S
and A are the nominal stress and the stretch ratio applied on the unnotched
sample. As summarized in Fig. 3e, f, with the increase in mechanical pressure,
the critical stretch ratio is enhanced from 2.9 to 4.6, corresponding to a
significant improvement in fracture toughness from 1 k] m™ to 7 k] m™. The
high fracture toughness achieved in the PSIS adhesive can be attributed to two
factors: the molecular design within the PSIS particles and the structural
alternation induced by the mechanical pressure. When we prepare the PSIS
particles, a hydrogel precursor with a high monomer concentration (water-
to-monomer ratio of 5.7) is used, resulting in a densely entangled long-chain
polymer network within the adhesive. These long polymer chains collectively
distribute the applied load by sliding through molecular entanglements
without breaking, thereby enhancing crack propagation resistance and sig-
nificantly improving the material’s fracture toughness. In addition, the
enhancement in fracture toughness due to mechanical pressure is mainly
attributed to two factors: the reduced porosity of the bulk PSIS adhesive and
the increased bonding strength between neighboring particles. Specifically,
for the PSIS adhesive under high mechanical pressure, its porosity is reduced,
leading to smaller void spaces that increase the load-bearing area, allowing the
material to withstand greater mechanical stress. Additionally, the application
of mechanical pressure during bulk polymerization creates stronger bondings
between particles, further enhancing the material’s resistance to fracture.
These two factors collectively enhance the material’s ability to resist crack
propagation, resulting in an increased fracture toughness with mechanical
pressure. We also test the feasibility of fabricating PSIS adhesive using UV
initiation. The fracture toughness of the PSIS adhesive fabricated with the
photoinitiator increases from 2 k] m™ to 5 k] m™ as the mechanical pressure
increases from 1.3 to 9.1 kPa (Supplementary Fig. S7). The choice between
thermal and UV initiation depends on the specific application requirements.
For example, UV initiation is suitable for optically transparent substrates with
low thermal conductivity, whereas thermal initiation is more appropriate for
optically opaque substrates with high thermal conductivity.

We further investigate the effect of surrounding water molecules on the
PSIS adhesive to understand its capability for evacuating interfacial water
molecules. Specifically, we inject PSIS particles into a confined space with
various water absorption ratios ¢, (the ratio of the volume of interfacial water
divided by the volume of PSIS particles), from 0% to 100%, and then apply
mechanical pressure (P =11.7kPa) to synthesize the bulk PSIS adhesive
(Fig. 3g). As ¢, increases, the average particle diameter gradually increases
from 1.2mm to 1.9 mm (Supplementary Fig. S8). We first compare the
pressure-dependent toughness enhancement of the PSIS adhesive with and
without water absorptions. As shown in Fig. 3f, similar to the PSIS adhesive
without water absorption ¢, = 0%, the fracture toughness of the PSIS with
@,, =20% improves significantly from 50 ] m~to 4 k] m™ as the mechanical
pressure increases. We further investigate the effect of surrounding water
molecules on the modulus and toughness of the PSIS adhesive. As sum-
marized in Fig. 3h, i, the shear modulus of the bulk material decreases from
78 kPa to 15 kPa, with the fracture toughness decreases from 7 kJ m~ to
0.2 k] m™. The reduction in stiffness and toughness can be attributed to two
primary factors. First, upon absorbing water, the particles become softer and
more brittle, reducing their ability to withstand mechanical stress. Second,
water absorption decreases the density of long-chain polymers, resulting in
weaker bonding between particles. Therefore, the material’s ability to resist
crack propagation decreases as the PSIS absorbs interfacial water molecules.
In practical applications, PSIS particles will be rapidly injected into a confined
space, leading to the absorption of a limited amount of water rather than free
swelling, thus preserving good mechanical performance (Supplementary
Fig. 89). In our future work, we will develop an integrated device capable of
injecting PSIS particles, applying mechanical pressure, and supplying heat for
use in underwater adhesion applications.

Adhesive performance of the PSIS adhesive

To further investigate the impact of mechanical pressure on the adhesion
performance of the PSIS adhesive, we carry out standard 90° peeling tests
(Supplementary Fig. S10) at a peeling rate of 0.5 mms™ to measure the
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Fig. 3 | Bulk characterization of the pressure-sensitive in-situ underwater
adhesive. a Images of the dog-bone-shaped pressure-sensitive in-situ underwater
(PSIS) adhesive under uniaxial tension. The scale bar is 10 mm. b The measured
nominal stress S versus stretch ratio A of the PSIS adhesive synthesized under various
mechanical pressures P. ¢ The measured hysteresis /1 versus stretch ratio A of the PSIS
adhesive synthesized under various mechanical pressures P. d Images of a notched
PSIS adhesive under pure shear tensile test. The scale bar is 10 mm. e Nominal stress
S versus stretch ratio A of notched PSIS adhesive synthesized under various
mechanical pressures P. The highest point of each curve determines the critical

Water absorption ratio, ¢, (%)

stretch ratio A, at which the crack propagates. f The fracture toughness I' increases
with the mechanical pressure P. Values represent the mean + s.d. (N = 3).

g Schematic illustrates the volume of PSIS adhesive particles and interfacial water.
V,, represents the volume of PSIS particles, V', represents the volume of interfacial
water, and ¢ represents the water absorption ratio. h The shear modulus y of
adhesive decreases with the increase of water absorption ratio ¢ . Values represent
the mean + s.d. (N = 3). i The measured fracture toughness I decreases with the
increase of water absorption ¢, . Values represent the mean # s.d. (N =3).

interfacial toughness between the adhesive material with glass substrates. As
illustrated in Fig. 4a, a thin transparent nylon film is attached to the adhesive
material to prevent it from stretching along the peeling direction. As the
peeling force increases, the material around the interfacial crack front is
significantly deformed. After the peeling force reaches a critical value, the
crack starts to propagate along the adhesive surface. The interfacial
toughness I';, is defined as the average peeling force F at steady state divided
by the width W of adhesive material. From the peeling process, the mea-
sured interfacial toughness I';, is contributed by two parts: the intrinsic work
of adhesion I', resulting from the scission of anchored polymer chains, and
the dissipation energy I', arising from material deformation™. Figure 4b
presents the curves of peeling force per unit width versus the peeling dis-
placement of adhesive materials formed under various mechanical pres-
sures. As summarized in Fig. 4¢, the interfacial toughness increased from 45
Jm™2 to 270 ] m* with the application of mechanical pressure P. For the

PSIS adhesive material without absorbing interfacial water, its failure occurs
at the adhesive surface, known as adhesive failure, primarily attributed to the
scission of anchored polymer chains. As mechanical pressure increases, the
adhesive area between the material and substrate increases, leading to a
significant improvement in the intrinsic adhesion toughness.
Furthermore, we conduct 90° peeling tests on the PSIS adhesives that
absorb varying amounts of water, with ¢ ranging from 0% to 80%, under a
constant mechanical pressure (P =11.7 kPa) to investigate the impact of
surrounding water molecules on adhesive performance of the PSIS adhesive.
As depicted in the molecular schematics in Fig. 4d, for PSIS adhesive with
low water absorption ratio (i.e., ¢,, = 10%), the adhesive exhibits higher bulk
strength compared to adhesion strength, leading to adhesive failure at the
interface between PSIS adhesive and the solid substrate. During peeling test,
the adhesive detaches from the solid surface, indicating a breakage of the
polymer chains anchored to the solid substrate. In contrast, for PSIS
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Fig. 4 | Adhesion characterization of the pressure-sensitive in-situ underwater
adhesive. a Schematic and image of the pressure-sensitive in-situ underwater (PSIS)
adhesive attached to a glass substrate prior to the 90-degree peeling test. The stiff
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adhesive synthesized under various mechanical pressures P. ¢ The interfacial
toughness I';, increases with the applied mechanical pressure P. Values represent the
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mean * s.d. (N=3). d Schematics and images represent adhesive failure and cohe-
sive failure of the PSIS adhesives with low and high water absorption ratios ¢,,. The
scale bar is 10 mm. e The measured peeling force over width F/W versus dis-
placement d of the PSIS adhesive with different water absorption ratio ¢,,. f The
measured interfacial toughness I';, versus water absorption ratio ¢ . As the water
absorption ratio increases, the peeling failure mode changes from adhesive failure to
cohesive failure.

adhesive with high water absorption ratio (ie., ¢,, = 80%) in Fig. 4d, the
adhesive exhibits lower bulk strength compared to adhesion strength,
leading to cohesive failure within the bulk material. As the peeling force
increases, the interfacial crack starts to kink and propagate through the bulk
PSIS adhesive, resulting in residual adhesive material remaining on the
substrate. As more water is absorbed, the failure mode transitions from
adhesive failure to cohesive failure. Figure 4e presents the curves of peeling
force per unit width versus the peeling displacement of adhesive materials
formed with various water absorption ratios. Additionally, the corre-
sponding interfacial toughness, as summarized in Fig. 4f, exhibits a non-
monotonic trend, initially increasing and then decreasing. Since the intrinsic
work of adhesion is correlated with the contact area between the adhesive
and the substrate, we conducted experiments to measure the surface
adhesion ratio ¢, under the same mechanical pressure (ie., P = 11.7 kPa)
but with different water absorption ratios ¢, (Supplementary Fig. S11). As
the water absorption ratio increases, the contact area between the glass slides
and the PSIS adhesive exhibit a non-monotonic trend, which initially
increases and then slightly decreases. This occurs because, as the PSIS
particles absorb water, they have a stronger driving force to interact with the
substrate and the particle become softer, resulting in enhanced contact
under mechanical pressure. However, when the particles absorb excessive
water, such as at ¢, = 80%, their size increases significantly, creating larger
gaps between them, leading to a slight reduction in the contact area. For PSIS
adhesives with a low water absorption ratio, inadequate contact with the
substrate results in low adhesive strength, despite the material having high
toughness. This combination leads to adhesive failure. In this case, the
intrinsic adhesion energy governs the interfacial toughness. For the PSIS
adhesive with a high-water absorption ratio, the PSIS particles can swell
sufficiently to fully contact the substrate, leading to enhanced adhesion
strength. However, due to the large swelling ratio, the bulk PSIS adhesive
material becomes significantly weaker, resulting in cohesive failure with low
interfacial toughness. For the PSIS adhesive with moderate water absorption
ratios (i.e., ¢, = 40%), both the scission of anchored polymer chains and the
dissipation energy within the material synergistically contribute to the

interfacial toughness, resulting in a high interfacial toughness (~750 ] m™).
The non-monotonic dependence of interfacial toughness on the amount of
interfacial water molecules highlights the importance of controlling the
water content to be absorbed by the PSIS adhesive in practical applications,
an aspect that will be further explored in future studies. To evaluate the
practical application of our PSIS as an underwater adhesive, we build a
customized experiment setup to demonstrate its performance in real set-
tings. We compare the lap shear test results of a sample formed in air under a
mechanical pressure of 10 kPa with a sample cured underwater formed at an
injection rate of 0.5 mL s". The adhesive strength of the underwater sample
is slightly lower than that of the in-air sample, which is due to the swelling of
PSIS particle by absorbing water molecules (Supplementary Fig. S12).

Conclusion

In this paper, we present a pressure-sensitive in-situ (PSIS) underwater
adhesive capable of absorbing large amounts of water and rapidly forming
covalent chemical bonds with substrates in an aqueous environment. This
PSIS adhesive consists of granular superabsorbent polymeric particles
infused with functional silane and hydrogel precursor. Our experiments
demonstrate that the PSIS particles have superior swelling capacity with a
fast-swelling speed, which can absorb water 30 times their volume in 70s.
Moreover, we experimentally investigate the impact of mechanical pressure
on the adhesive material’s structure and find that the contact area between
the adhesive and substrate increases from 14% to 75%, while the porosity of
the adhesive material decreases from 82% to 25%. Furthermore, the adhe-
sive material’s stretchability, stiffness, and toughness are significantly
enhanced by the application of mechanical pressure. This is because the
mechanical pressure not only removes void spaces between particles, but
also allows the long-chain polymers to form robust connections at the
contact area between particles. Moreover, through 90° peeling experiments,
we find that the interfacial toughness is improved by mechanical pressure,
from 45 ] m™ to 270 ] m >, Additionally, we study the impact of absorbed
water on the mechanical properties and adhesive performance. The
experiments demonstrate that a low water absorption ratio results in
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inadequate substrate contact, leading to adhesive failure, while high
absorption reduces the material’s modulus and toughness, causing cohesive
failure. Overall, we propose a design strategy for an adhesive capable of
achieving in-situ adhesion under underwater conditions. In the future, we
will further evaluate the material properties and adhesive performance
under confined aqueous environments, discuss the impact of salt con-
centration, and address long-term durability issues of this PSIS adhesive.

Methods

Materials

Unless otherwise specified, the chemicals used in this work were used
without further purification. The granular sodium polyacrylate homo-
polymers (Superabsorbent Polymer, Waste Lock 770) were purchased from
M2 Polymer Technologies. Acrylamide (AAm, Sigma-Aldrich A8887),
ammonium persulfate (APS, Sigma-Aldrich A3678), N,N,N’N’-tetra-
methylethylenediamine (TEMED, Sigma-Aldrich T9281), acetic acid
(Sigma-Aldrich ~ A6283),  3-(trimethoxysilyl)propyl ~ methacrylate
(TMSPMA; Sigma-Aldrich 440159) used in this work were purchased from
Sigma-Aldrich. The plain microscope slides for 90° peeling tests and contact
area measurement used in this work were purchased from Corning,

Synthesis of the PSIS particles

To synthesize the PSIS particles, we first prepared the silane solution for
surface silanization. The silane solution was prepared by magnetic stirring
(500 rpm) a mixture of 200 mL deionized water, 30 pL acetic acid, and
800 uL TMSPMA for 5h until the mixture became transparent. For the
long-chain polyacrylamide (PAAm) polymer network, acrylamide (AAm)
was used as the monomer, TMSPMA in the silane solution served as the
crosslinker, ammonium persulfate (APS) as the thermal initiator, and
TEMED as the crosslinking accelerator. To prepare the pre-gel solution, we
dissolved 3.5 g of AAm monomer in 5 mL of the silane solution followed by
the addition of 170 uL of 0.1 M APS solution and 7 pL of TEMED to prepare
the pre-gel solution of PAAm-hydrogel. The mixture was vortexed for
1 min. Then, we added 1.5 g of granular superabsorbent particles into the
pre-gel solution and vortexed for 1 min until it evenly absorbed the AAm
pre-gel solution. The PSIS particles were stored in a 5°C refrigerator
before use.

Synthesis of the PSIS adhesive

To synthesize PSIS adhesive with varying amounts of interfacial water
(I mL to 10 mL) for mechanical tests, we first added varying amounts of
deionized water into a poly bag (75 mm x 50 mm), followed by 10 g of
PSIS particles. The poly bag was then sealed using its zip closure, and the
particles were left inside the bag for 10 s to allow the particles to absorb the
water. For each sample, we used a needle with a diameter of 0.7 mm to
create ~100 holes evenly on the surface of each bag. These holes were used
to expel excess air when applying mechanical pressure. Subsequently, we
placed each sample on a hotplate at 80 °C and used a universal testing
machine (CellScale Testing Machine) to apply compression forces of 5 N,
15N, 25N, 35N, and 45 N evenly on them, respectively, for 10 min until
thermal curing.

Data availability

The data supporting the plots within the main text are available in Sup-
plementary Data. Additionally, the original and processed datasets on
swelling behaviors of PSIS particles and mechanical and structural char-
acterizations of PSIS adhesives have been made publicly accessible via the
public repository figshare (https://figshare.com) and are available here:
https://doi.org/10.6084/m9.figshare.28013078. Further information is
available from the corresponding author upon reasonable request.
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