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ABSTRACT: Self-healing of hydrogels has attracted intensive
research based on dynamically exchangeable bonds. However, this
typically leads to decreased elasticity and increased energy
dissipation during mechanical deformations, which is not desirable
in, for example, soft robotic applications. Thus, there exists an
unmet demand for low hysteresis, that is, resilient, materials to
quickly recover the mechanical properties after damage. Here, we
show low-hysteresis chemically cross-linked hydrogels with on-demand local light-triggered fast self-adhesion, with time-dependent
adhesion strength controlled by the duration of irradiation. Low mechanical hysteresis is achieved by swelling of the loosely cross-
linked poly(N-isopropylacrylamide) network. Rapid self-adhesion is followed by localized photothermal heating of embedded gold
nanoparticles, causing collapse and promoting local entanglements of the thermoresponsive poly(N-isopropylacrylamide) chains.
This provides 95.7% initial recovery of the original mechanical properties, while the interface undergoes gradual rehydration and
disentanglement depending on the irradiation details, leading to a decrease of the adhesive strength to zero within 7 h. The concept
can be combined with conventional slow self-healing that is allowed by additional clay nanoplatelets for long-standing healing. The
application potential is demonstrated by oscillations, time-programmed release of the adhered object, and on-demand assembly of
designed hydrogel shapes. The proposed mechanism with facile, efficient, and light-controlled temporal profiles that are time-
programmed can be applied to soft robotics, biomedical applications, and flexible electronics.
KEYWORDS: self-adhesion, resilience, hydrogels, light, self-healing

1. INTRODUCTION
In the past decade, self-healing hydrogels have attracted
significant research interest, since they can greatly enhance the
durability and safety of soft devices, offering enormous
application potential in soft robotics, tissue engineering, and
drug release.1,2 The self-healing mechanisms typically involve
dynamically exchangeable covalent bonds3−6 or physical
interactions, such as hydrogen bonding,7 electrostatic inter-
actions,8 hydrophobic interactions,9 and host−guest inter-
actions.10 However, the mechanisms providing self-healing
properties such as using ionic bonds often lead to energy
dissipation during mechanical deformations, that is, leading to
hysteresis loop during cyclic tensile tests.8,11 Low hysteresis,
that is, resilience in cyclic mechanical tensile tests has recently
emerged as an attractive property in hydrogels, which could
provide low energy loss and high reversibility during
deformations, highly desirable for, e.g., soft robotic applica-
tions.12,13 Despite the promising potential of combining low
hysteresis with self-healing in soft materials, only few examples
of self-healing polymeric materials with low mechanical
hysteresis exist so far,14,15 due to the intrinsic limitations of
self-healing materials to date.

On the other hand, various mechanisms for hydrogel
adhesion have been developed, which rely on the synergy of
chemistry, topology, and mechanics.16 Recent studies have

focused on stimuli-triggered hydrogel adhesion mechanisms,
for example, based on pH change,17 electrical stimulus,18

temperature,19 and UV light.20 Photodetachable adhesion of
hydrogels has been achieved by utilizing light-sensitive
stitching polymer networks, which undergo sol−gel transition
upon UV irradiation.20 Recently, self-adhesion in hydrogels has
been highly sought after in tissue engineering21,22 and
bioelectronics.23 In this study, we will explore light-triggered
transient self-adhesion in resilient hydrogels with low
hysteresis, where the recovery efficiencies are comparable to
self-healing hydrogels. We exploit strong self-adhesion based
on polymer entanglements across the interfaces, induced by
local photothermal heating using embedded gold nanoparticles
(AuNPs) and subsequent thermoreversible phase transition
(lower critical solution temperature, LCST) of the poly(N-
isopropylacrylamide) (PNIPAm) gel matrix. We examine the
hypothesis that phase-transition-induced entanglement can be
used for self-adhesion, where PNIPAM is suitable for the
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transition and gold nanoparticles for photothermal heating.
Unlike classic self-healing with dynamically reconstituting
dynamic bonds, such an approach could allow reduced
hysteresis in cyclic loading, that is, reduced energy dissipation
and thus promoted resilience. The duration of irradiation and
its effect on the recovery efficiency of the resilient gel are
studied. The resilience of the hydrogel and the time scale of
self-adhesion are investigated by various control experiments.
The mechanism was further explored by time-development
studies of adhesion and simulation of temperature distribution
during the photothermal heating process. Notably, the self-
adhesion mechanism can be synergistically coupled to more
conventional self-healing mechanisms. This provides additional
temporal control over the interfacial strength, in contrast to
time-dependent self-healing, which is useful for constructing
complex shapes using light-driven adhesions.

2. RESULTS AND DISCUSSION
2.1. Resilient and Self-Adhesive AuNPs/PNIPAm

Hydrogels. Though nanocomposite hydrogels based on
gold nanoparticles and PNIPAm have long been explored for
their photothermally triggered volumetric changes and
actuation, e.g., for soft robotics,24,25 their self-adhesive and
resilient properties have not been explored. The dynamic
bonds employed for self-healing are expected to decrease the
resilience of the material, as also shown in cyclic compression
tests in a Au−thiolate coordination system.26 Here, we
demonstrate that high resilience can be achieved by extensive
swelling of a loosely cross-linked PNIPAm network, while fast
localized photothermal heating at the contact surface can lead
to on-demand strong temporary self-adhesion, as shown in
Figure 1. The hydrogel consists of PEGylated 14.5 ± 0.9 nm
gold nanoparticles (Figure S1) embedded in a PNIPAm
network cross-linked by N,N′-methylenebis(acrylamide)
(BIS), as shown in Figure 1a. To synthesize the hydrogel, an
aqueous monomer solution containing 13.8 wt % NIPAm, 0.86
wt % AuNPs, and 0.046 mol % BIS relative to NIPAm was
polymerized by the addition of the initiator ammonium
persulfate (APS) and accelerator N,N,N′,N′-tetramethylenedi-
amine (TEMED). After polymerization, the gel samples were

removed from the glass tube and left to swell in deionized
water overnight, where the diameter of the samples increased
from 4.1 to 6.0 mm; the swelling ratio over time is listed in
Figure S2a. The obtained gels had a characteristic transparent
red appearance due to the presence of AuNPs. The LCST of
the hydrogel was determined to be 34 °C by transmittance
measurements (Figure S2b). The self-adhesion of the hydrogel
is schematically shown in Figure 1b. The strength of the self-
adhesion was characterized by the adhesion strength between
two end-to-end attached hydrogels. The swollen hydrogel has
low self-adhesion at room temperature due to lack of strong
interactions between the PNIPAm chains, as shown in Figure
1d. Upon irradiation with an LED at 525 nm (8.49 W/cm2),
close to the absorption maximum of the AuNPs (Figure S1c),
the interfacial strength dramatically improves due to the light-
induced local heating and subsequent collapse and phase
transition of PNIPAm. This promotes entanglements of
PNIPAm chains due to hydrophobic interactions, as the
PNIPAm chains become hydrophobic above the LCST.27 The
entanglement enables an interfacial strength comparable to
that of the pristine hydrogel right after irradiation at room
temperature (Figure 1c,d), where 4 min irradiation leads to the
recovery of an ultimate tensile stress of 105 ± 24.6% and a
strain of 95.7 ± 25.5%. Figure 1c shows that the local heating
also caused dehydration of the hydrogel, where the hydrogel at
the irradiated region shrunk by 42% in diameter. Once the
irradiation is switched off, the hydrogel is cooled down to
room temperature, and the PNIPAm becomes hydrophilic
again, while the entanglement remains temporarily. Thus, the
strength of adhesion is time-dependent and decreases gradually
as the dehydrated region becomes rehydrated by the water
diffusion from the bulk of the hydrogel. After 7 h at room
temperature, the sample splits as the adhesion loses its strength
(Figure 1c).

In addition to the light-triggered self-adhesion, the swollen
AuNPs/PNIPAm hydrogel is also resilient, which is a highly
desirable property for soft robotic applications, where precise
control over the deformation and reversibility depends on the
resilience of the material.28 As shown in Figure 1e, the cyclic
tensile tests of both the pristine and self-adhered hydrogels

Figure 1. Light-triggered self-adhesion based on polymer entanglement at the interface. (a) Structure of the PNIPAm hydrogel. (b) Schematic
illustration of the polymer entanglement−disentanglement mechanism, wherein the dotted region highlights the entanglement of the chains. (c)
Photographs of the hydrogel during the self-adhesion process. Scale bar represents 6 mm. (d) Comparison of the pristine sample, sample adhered
without irradiation, and self-adhered samples right after or 5 h after irradiation. (e) Comparison of pristine and self-adhered samples in cyclic tensile
testing. The strain of the pristine sample is shifted by 0.5 for clarity. Tensile tests have been repeated at least 3 times.
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show only a small hysteresis loop. Recent reports have
demonstrated several mechanisms to achieve resilience, such
as strain-induced crystallization in a slide ring hydrogel,29

nanoparticle-reinforcement in a nanocomposite hydrogel,30

and gelatin-based biogels.31 In the current AuNPs/PNIPAm
system, the resilience is a result of the low cross-linking degree
and swelling, that is, extensive stretching of the network.
Control experiments demonstrate that higher cross-linker
concentrations leads to increasing hysteresis (Figure S3a),
while the addition of AuNPs only leads to minor strengthening
of the PNIPAm and did not alter the resilience of the system
(Figure S3b). In addition, the resilience is not limited to the
PNIPAm hydrogel, as hydrogels synthesized with acrylamide'
monomers also exhibit similar resilience (Figure S3c). Raising
the PNIPAm content to 20 wt % and reducing the BIS
concentration to 0.0001 mol % also led to similar results in
terms of resilience (Figure S3d).
2.2. Resilience in AuNPs/PNIPAm Hydrogels. Figure 2

demonstrates different aspects related to the resilience of the
present hydrogel. Figure 2a illustrates the stress−strain curves
for AuNP/PNIPAm hydrogels in nonswollen and swollen
states. As mentioned above, a low cross-linker concentration
and a high swelling degree result in resilience and low
hysteresis in the AuNPs/PNIPAm hydrogels, which align with
previous reports on polyacrylamide hydrogels.13,30 During
swelling, the network of the hydrogel significantly expands,
thus reducing the polymer−polymer interactions.13 Therefore,
the dissipative interactions decrease, and the hydrogel acts
predominantly as an elastic spring.32 Swelling reduced the
ultimate tensile strength of the sample from 11.9 ± 1.6 kPa at a
strain of 8.3 ± 1.8 to 2.3 ± 0.7 kPa at a strain of 4.8 ± 1.5 due
to the stretching of the chains (Figure 2a). The swollen
PNIPAm samples have lower mechanical strength and
maximum elongation, which have been commonly observed
in other hydrogels.33 Commonly, the strengthening mecha-
nism of nanoparticles is caused by the interaction of the
nanoparticles with the network via physical interactions as

hydrogen bonds.34 In the case of gold nanoparticles, the
surface does not employ any specific interactions with the
polymer chain to have a noticeable increase in mechanical
strength. Besides, the concentration of AuNPs in the hydrogel
is 0.86 wt %, much lower than that of common nanocomposite
hydrogels using a filler content of few wt %. Notably, swelling
results in the reduction of the hysteresis during cyclic tensile
testing, as shown in Figure 2b. Swelling is commonly attributed
in many hydrogels to be the key factor for obtaining low
hysteresis in cyclic tensile testing because water can act as a
lubricant with its low viscosity and it reduces the polymer−
polymer interactions.30,35 The effect of the swelling can be seen
in Figure 2b,c. The dissipation of nonswollen samples is 17.3 ±
5.7% and swollen samples is 2.5 ± 2.1%, as seen in Figure S4b.
Figure 2d shows the high resilience of the hydrogel up to a
strain of 2, above which some degree of hysteresis appears as a
result of energy dissipation due to, e.g., rupture of bonds and
irreversible disentanglement.13 Furthermore, resilience and low
viscosity also contributed to low fatigue, as elastic deformation
prevails. Even after 50 cycles up to a strain of 2, the tensile
curve stays practically invariant with the same low hysteresis
(Figure 2e). The resilience can be characterized by the
dissipation of the elastic energy during the tensile test, using
the area below the tensile curves during loading (often denoted
as the modulus of toughness) and the corresponding unloading
cycles, as shown in eq 1 and Figure 2f.

= ×A A
A

Dissipation 100%load unload

load (1)

where Aload is the area below the loading tensile curve (i.e.,
modulus of toughness) and Aunload is the area below the
unloading tensile curve. The dissipation thus indicates the area
between the two curves, where 0% indicates no dissipation in
the elastic energy and 100% indicates full dissipation in the
elastic energy. As shown in Figure 2f, the dissipation of the
AuNPs/PNIPAm hydrogel is typically at 0.8 ± 5.7% during the
80 measured cycles, where the negative and deviating values

Figure 2. Investigation of the resilience in the AuNPs/PNIPAm hydrogel. (a) Change in mechanical properties in tensile testing after swelling.
Scale bar: 6 mm. (b) Comparison of hysteresis in swollen and nonswollen hydrogels. The swollen sample is shifted by 0.5 for clarity. Each
measurement represents the first cycle. (c) Step strain relaxation tests of swollen and nonswollen hydrogels. Solid lines serve as a guide for the eye.
(d) Resilience at different tensile strains of the swollen hydrogel. Data are shifted by a strain of 0.65 for second measurement and 1.3 for third
measurement for clarity. Each measurement represents the first cycle. (e) Resilience preserved after 50 cycles of testing. Data are shifted by a strain
of 0.5. (f) Dissipation of energy in 80 cycles and an illustration of dissipation. Tensile tests have been repeated at least 3 times.
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are a result of noise error in the measurement (the unloading
curve is higher than the loading curve of cycles, see Figure
S4a.)
2.3. Light-Triggered Self-Adhesion in AuNPs/PNIPAm

Hydrogels. We next studied the influence of irradiation on
the self-adhesion process in Figure 3. The temperature change
of the hydrogel was measured by an IR camera and simulated
using the finite-element method in COMSOL (Figure 3a).
Upon irradiation, the maximum temperature measured from
the side of the hydrogel shows a quick increase in the first 20s,
where it reaches the LCST at 8 s. This time interval can be
accurately simulated, and the internal temperature distribution
at the cross-section of the hydrogel from the simulation is
shown in the insets in Figure 3a and Figure S5. Due to light
absorption by the AuNPs, a gradient of temperature exists at
the cross-section of the hydrogel. The temperature difference
between the top surface (incidence of light) and the bottom
surface reached around 24 °C at 20 s (Figure S5a). At t = 20 s,
the temperature of the whole cross-section is above the LCST
of the hydrogel at 34 °C. The simulation deviates substantially
from the measured results after 20 s, which can be attributed to
increased shrinking and dehydration of the hydrogel,
evaporation of the exuded water, and scattering of light due
to phase transition, which are not included in the simulation.

The influence of the irradiation time (tirrad) on the self-
adhesion strength is shown in Figure 3b. Here, we define the
self-adhesion efficiency ηadhesion as the ratio between the tensile
strain at failure of a self-adhered (εadhered) sample and that of a
pristine sample(εpristine) in eq 2.

= ×100%adhesion
adhered

pristine (2)

A minimum tirrad is required to maintain the adhesion after
irradiation stops, as shown in Figure 3b. The stress-relaxation
test of a sample irradiated for 1 min in Figure S6 shows the
detachment of the sample right after the removal of light at a
strain of 1. Optimum self-adhesion is achieved at tirrad = 4 min,
where the recovery of a tensile strain of 95.7 ± 25.5% can be

achieved compared to the pristine hydrogel. For irradiation at a
shorter duration, e.g., 3 min, the phase transition is not
sufficient to achieve strong entanglement at the interface, and
the recovery efficiency is 58.9 ± 14.7%. After 3 h, the adhesion
efficiency is greater for 3 and 5 min of irradiation than for 4
min of irradiation, which we attribute to the difference in the
rehydration response. Three minutes of irradiation dehydrates
less than at 4 min of irradiation and therefore the change in
rehydration is less impactful. Five minutes of irradiation has a
higher degree of dehydration on the sample, which causes
increased stiffness. During rehydration of the irradiated area,
the sample becomes more stretchable, and its adhesion
efficiency therefore increases. In the time span of 3−5 h, the
sample is still not as rehydrated as the sample which has been
irradiated for 4 min. On the other hand, the interfaces undergo
excessive dehydration and stiffening when the irradiation lasted
for 5 min, resulting in a decrease in the adhesion strength to
56.4 ± 23.0%. The stiffening can also be observed in the tensile
test curve shown in Figure 3b, where the self-adhered sample
after 5 min of irradiation shows a higher modulus and a smaller
strain at failure. The increased ultimate tensile strength for the
5 min sample is also due to dehydration, also observed in the
as-prepared hydrogel in Figure 2a. Importantly, the self-
adhered hydrogels show the opposite trend in the adhesion
strength compared to the self-healing hydrogels, where the self-
healing efficiency increases with time until certain maximum.2

In the present self-adhered hydrogels, the adhesion strength
decreases with time due to rehydration of the irradiated area
and gradual disentanglement of the polymer chains (Figure
3c−f). The individual measurements of the self-adhered
samples can be found in Figure S7. After 3 min of irradiation,
the hydrogel is able to maintain an adhesion efficiency at
around 58.9 ± 14.7% for 3 h, after which the efficiency
decreases to 8.9 ± 9.3% at 5 h (Figure 3d). For 4 min of
irradiation, the adhesion efficiency is 95.7 ± 25.5% right after
irradiation but declines to 5.9 ± 6.9% after 7 h. Curiously, the
adhesion efficiency of 5 min sample (Figure 3f) reaches its
maximum of 74.5 ± 15.7% at 3 h after the irradiation,

Figure 3. Light-triggered self-adhesion in the AuNPs/PNIPAm hydrogel. (a) Temperature evolution of the hydrogel upon irradiation starting at t =
0 s. Insets show the cross-sectional distribution of temperature from simulation. (b) Effect of irradiation duration on the optimal self-adhesive
strength. (c) Tensile properties of an irradiated sample (tirrad = 4 min) at different recovery times (trecover). (d) Time evolution of the adhesion
efficiency after 3 min of irradiation. (e) Time evolution of the adhesion efficiency after 4 min of irradiation. (f) Time evolution of the adhesion
efficiency after 5 min of irradiation. Curves are given as an eye guide for the boxplots. Tensile tests have been repeated at least 5 times.
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presumably due to the partial rehydration of collapsed polymer
chains36 at the interface that leads to more uniform
entanglement and a higher interfacial strength. Since the
interface is largely dehydrated, a longer time is needed for
water to diffuse back to the interface, resulting in the more
durable adhesion at the interface. In addition, increasing the
polymer content of PNIPAm to 20 wt % and reducing the BIS
concentration to 0.0001 mol % also resulted in a similar self-
adhesion effect (Figure S8).
2.4. Synergistic Effect between Self-Adhesion and

Self-Healing. Notably, the present quick self-adhesion
concept can be coupled with conventional slow self-healing
mechanisms to achieve a synergistic combination of both time-
dependent effects. The classic self-healing mechanism provides
a time-dependent increase in the interfacial strength, while the
initial strength upon reattachment is typically weak, for
instance in nanocomposite Laponite/PNIPAm hydrogels,
which requires tens of hours to achieve 100% self-healing
(Figure 4a(i)).34 By contrast, the present self-adhesion
mechanism allows fast realization of high initial adhesion
strength within a few minutes, which then decreases with time
due to the lack of dynamic bonds (Figure 4a(ii)). We next
exemplify the synergistic combination of the two different
mechanisms in a AuNPs/Laponite/PNIPAm hydrogel in
Figure 4. Due to the chemical cross-linking of the PNIPAm
network, which decreases the self-healing efficiency,8 the
Laponite/PNIPAm hydrogel shows a minor increase in the
self-healing strength to 21.5 ± 3.4% even after 48 h. However,
by first inducing the self-adhesion in the AuNPs/Laponite/

PNIPAm hydrogel, an initial high adhesion efficiency of
around 83.5 ± 14.8% can quickly be achieved (Figure 4b). The
adhesion efficiency slowly increases with time and remains at
almost 84.5 ± 35.6% up to 48 h, in strong contrast to the
temporary self-adhesion in AuNPs/PNIPAm hydrogels. The
results indicate that a synergistic effect took place where the
initial temporary self-adhesion transitioned into self-healing
between the PNIPAm and the Laponite platelet. Control
experiments show that the Laponite/PNIPAm hydrogel
without AuNPs do not form adhered interfaces under
irradiation (Figure S9). We postulate that the light-triggered
entanglement of the PNIPAm network also assisted in
adsorption of the PNIPAm chains on to the Laponite platelets
as the self-healing mechanism,34 and thus the high interfacial
strength remained throughout the tested time frame.
2.5. Application Demonstrations of Low-Hysteresis

and Time-Programmable Adhesion. In Figure 5, we
demonstrate the application potential of low-hysteresis and
light-triggered self-adhesion in the hydrogels. Low hysteresis
indicates low loss of elastic energy during deformations, which
is a highly desired property, e.g., resilience and precise control
of shapes in soft robots.28 Figure 5a−c shows the free damped
oscillation of a metal sphere attached to a piece of low-
hysteresis (swollen) or high-hysteresis (nonswollen) AuNPs/
PNIPAm hydrogel. The metal sphere (weight = 2 g) was
attached to the free end of the hydrogel (Figure 5a), which was
then elongated and released to freely oscillate. The displace-
ment of the metal sphere was measured and is shown in Figure
5b. The swollen hydrogel clearly produced much lower

Figure 4. Synergistic combination of self-healing and self-adhesion mechanisms. (a) Illustrations of self-healing (i), self-adhesion (ii), and
combined (iii) mechanisms and their typical response over time. (b) Measurement of time-dependent interfacial strength measured by recovery of
strain at failure for PNIPAm samples containing Laponite (nonswollen), AuNPs (swollen), and AuNPs and Laponite (swollen). All samples were
irradiated for 4 min. Curves are given as an eye guide for the boxplots. Tensile tests have been repeated at least 5 times.

Figure 5. Demonstrations of low-hysteresis, self-adhesion, and synergistic self-healing applications. (a) Free damped oscillation of a metal sphere
attached to the AuNPs/PNIPAm hydrogel. (b) Measurement of displacement during free oscillations and damping fitting. (c) Calculated Young’s
modulus and viscosity of nonswollen and swollen samples from the free oscillation experiment. (d) Self-adhered AuNPs/PNIPAm hydrogels with
controlled release of the attached object by addition of a water droplet at 7 h. (e) Quick and permanent assembly of letter A using 3 individual
AuNPs/Laponite/PNIPAm hydrogel pieces. Scale bar: 6 mm.
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damping of the oscillation and longer oscillations for more
than 4 s compared to the nonswollen hydrogel, which fully
damped below 1 s. The damping in both cases can be fitted
with a damped harmonic oscillator equation; see the
Supporting Information. The damping coefficient of non-
swollen hydrogels in the fitting equation is roughly ten times
higher than that of swollen hydrogels, which is in good
accordance with the previously observed low hysteresis. In
addition, the Young’s modulus and viscosity could be
calculated using the damped oscillation equations. The
Young’s modulus is calculated as

=E
f mL
r

4 2
0

2 (3)

where f represents the oscillation frequency, m is the mass of
the metal sphere, and L0 and r are the length and radius of the
cylindrical sample at rest of E = 6.78 kPa for the nonswollen
sample and 3.03 kPa for the swollen sample, respectively.

The viscosities of the samples were calculated as

=
mL
t r

2 0

0
2 (4)

where t0 represents the oscillation decay time. According to the
analysis, η is 6.43 Pa s for the nonswollen sample and 1.73 Pa s
for the swollen sample. Derivation of the equations can be
found in the Supporting Information. The results are
summarized in Figure 5c, where it can be clearly seen that
both the Young’s modulus and the viscosity decreased
dramatically upon swelling, while the viscosity decreased
more than the Young’s modulus. Therefore, the ratio of
Young’s modulus to viscosity in the swollen sample is much
higher than that in the nonswollen hydrogel, which explains
the lower hysteresis due to increased elasticity.

On the other hand, the self-adhesion mechanism can be
utilized for temporal control over the nonpermanent adhesion
strength, which is conceptually desired, for example, in wound
dressing.16 Figure 5d shows the time-controlled on-demand
detachment of an adhered weight using the self-adhered
hydrogels. After the irradiation treatment, a sample has been
stuck to the ceiling of a box with a metal weight (2 g), and then
the relative humidity of the box has been increased to 100%.

The interface initially preserved sufficient strength to
withhold the weight, and the weight was spontaneously
released after 6 h due to the decreased adhesive strength.
Additionally, the release of the weight can also be readily
triggered on demand by the addition of water to the interface,
which provides additional temporal control over the interfacial
strength (Figure S10).

Another key feature of the self-adhesion mechanism is that
any surfaces of the hydrogel can be adhered on-demand, which
does not require a freshly cut surface as in many self-healing
hydrogels. We demonstrate the potential of this feature by
assembling simple cylindrical hydrogels into designed shapes,
as exemplified in Figure 5e. Letter A was constructed by
irradiation at dedicated points in three pieces of hydrogels,
which formed permanently adhered and healed interfaces due
to the presence of Laponite platelets. After storage for 1 day in
an undeformed state at 21 °C and 99% relative humidity, see
Figure S11, the assembled object preserved its structural
integrity and can withstand large deformations as shown in
Figures 5e and S12. Such property can be potentially utilized

for quick prototyping of soft objects with designed shapes,
such as for soft robotic applications.

3. CONCLUSIONS
We demonstrate low hysteresis and light-triggered transient
time-programmed on-demand self-adhesion in a swollen
AuNPs/PNIPAm nanocomposite hydrogel. Quick and strong
self-adhesion is achieved by efficient photothermal heating of
AuNPs inside the PNIPAm network. Upon the phase
transition induced by heating for a couple of minutes, the
polymer chains at the interface strongly entangle to achieve an
adhesion efficiency close to 100% measured by the tensile
strain at failure. After turning the light off, the entangled chains
gradually disentangle via rehydration of the interface by water
diffusion from the bulk, which results in the decrease of
adhesion strength to almost 0 after 7 h. The mechanical
properties and recovery of strain are programmable with
irradiation time. Notably, the self-adhesion mechanism can be
combined with the self-healing mechanism in conventional
Laponite-based nanocomposite hydrogels, which allows quick
and strong self-adhesion and -healing, thus reducing the typical
time of dozens of hours to a few minutes in self-healing
hydrogels. We also demonstrate the application potential of the
hydrogel in free damped oscillations of a metal-weight, time-
programmed release of the adhered weight, and quick and
permanent assembly of simple hydrogel shapes into designed
geometries. The reported self-adhesion mechanism and
demonstrations provide implications for self-healing and self-
adhesive soft materials and their application potential in soft
robotics or biomedical applications.

4. METHODS
4.1. Materials. N-Isopropylacrylamide (NIPAm, ≥99%),

N,N,N′,N′-tetramethylethylenediamine (TEMED, 99%), potassium
persulfate (KPS, ≥99.0%), sodium citrate tribasic dihydrate
(≥99.5%), gold(III) chloride trihydrate (≥99.9%), acrylamide
(≥99%), APS (≥98%), and poly(ethylene glycol)methyl ether thiol
(OH-PEG2k-SH, Mw = 2000) were purchased from Sigma-Aldrich.
Deionized water (Milli-Q) was used throughout the experiments.
4.2. Gold Nanoparticle Synthesis. 37.91 mg of gold chloride

trihydrate was dissolved in 100 mL of water with 205.99 μL of sodium
hydroxide (1.0 M). The solution was brought to the boiling point in
an oil bath, and 880 μL of citrate tribasic dihydrate (100 mg mL−1)
was quickly injected into the solution under vigorous stirring. After 20
min of continuous refluxing, the solution containing AuNPs was taken
out of the bath. After cooling, 3 mg of OH-PEG2k-SH was added to
80 mL of AuNPs solution, which was incubated overnight. The
solution was purified three times by centrifugation at 10,000g for 30
min, removal of the supernatant, and redilution to the original
volume. Finally, a concentrated stock solution of 2 mL was obtained,
which contained 4 mg mL−1 AuNPs.
4.3. Hydrogel Synthesis. 160 mg of NIPAm was dissolved in 735

μL of water, to which 10 μL of BIS solution (10 mg mL−1) and 250
μL of AuNPs solution (4 mg mL−1) were added. The solution was
vortexed and then bubbled with nitrogen for 5 min to remove the
oxygen. Afterward, 5 μL of APS aqueous solution (10 wt %) and 0.5
μL of TEMED were added and gently stirred. The solution was
quickly injected into glass tubes in nitrogen-purged vials at 20 °C for
polymerization. After 2 h, the samples were taken out of the tubes and
put into Milli-Q water overnight.
4.4. Tensile Testing. The Instron model 5567 tensile tester with a

100 N load cell was used. The traverse speed was 100% min−1.
4.5. Resilience Testing. For resilience testing, samples were

allowed to soak overnight in a Milli-Q water-filled vial. The traverse
speed was 100% min−1. Fatigue resistance was tested by repeating the
cyclic tensile test for several cycles in a 100% relative humidity
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environment. The area below the curve was determined by integrating
via the trapezoidal rule between each measurement step.
4.6. Light-Induced Self-Adhesion Tests. Either a cut sample or

two different samples were used for light-induced self-adhesion
testing. The surfaces of the connecting site were adhered to each
other and then irradiated by a LED (Thorlabs Solis-525C) at a power
of 2.4 W. The room humidity was controlled to be 30% RH during
irradiation. Then, the samples were transferred to the tensile tester
after storage in a closed vessel with 5 water droplets for certain
durations. The traverse speed was 100% min−1.
4.7. Step Strain Testing. A sample was extended until a strain of

2 at a traverse speed of 200% s−1, and then it was held at the same
strain for 5 min.
4.8. Free Damped Oscillation. A metal ball (weight = 2 g) was

adhered to one end of a hydrogel sample with a length of 20 mm. The
hydrogel sample was stretched by 10 mm, and the ball was released to
freely oscillate. Videos were captured with a Canon 80D camera, and
the position of the metal ball was analyzed by the tracking software
Kinovea (V0.9.5).
4.9. Numerical Simulation. The simulation of the photothermal

heating process was carried out in COMSOL Multiphysics 5.5. A
cylindrical piece of hydrogel was fabricated on top of a Teflon
substrate with the same dimensions as used in the experiments. The
hydrogel was assumed to have the same physical properties as water,
and the physical properties from COMSOL’s library were directly
used. The heat transfer in the solid module was coupled with the
radiative beam in the absorbing media module to reflect the
photothermal heating process of a Gaussian beam with a power of
2.3 W. A time-dependent study was used with a step size of 1 s.
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