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ABSTRACT 

Ability to modulate the adhesion of soft materials on-demand is desired for broad applications 
ranging from tissue repair to soft robotics. Research effort has been focused on the chemistry and 
architecture of interfaces, leaving the mechanics of soft adhesives overlooked. Stimuli-responsive 
mechanisms of smart hydrogels could be leveraged for achieving stimuli-responsive adhesives that 
respond mechanically to external stimuli. Such stimuli-responsive adhesives involve complex 
chemomechanical coupling and interfacial fracture phenomena, calling for mechanistic 
understanding to enable rational design. Here we combine experimental, computational, and 
analytical approaches to study a thermo-responsive hydrogel adhesive. Experimentally we show 
that the adhesion and mechanical properties of a stimuli-responsive adhesive are both enhanced 
by the application of stimulus. Our analysis further reveals that the enhanced adhesion stems from 
the increased fracture energy of the bulk hydrogel and the insignificant residual stress on the 
adhesive-tissue interface. This study presents a framework for designing stimuli-responsive 
adhesives based on the modulation of bulk properties, and sheds light on the development of smart 
adhesives with tunable mechanics.  

INTRODUCTION 

Adhesive materials find significant use in engineering and medicine. They can be 
categorized into two classes: mechanically passive adhesives that are designed to maintain their 
structural and mechanical properties after placement, and switchable adhesives that allow for on-
demand modulation of their bonding state and mechanical properties1. The former include pressure 
sensitive adhesives (PSAs)2, cyanoacrylate (super glue)3, and epoxy4, which are commonly used 
in daily life. The latter is exemplified with the Command Strip (3M Company) that can 
attach/detach under different loading conditions, as well as thermo-morphic PSAs that can reshape 
upon the temperature change5. Other switchable adhesives that can detach upon exposure of 
chemical, physical or mechanical stimuli6,7,8,9 are under development. Recent efforts have been 
focused on interfacial mechanisms, such as chemical reactions and wrinkling, confined between 
the adhesive and the adherend. A knowledge gap exists for methodologies to enable on-demand 
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and predictive modulation of both the interfacial and bulk properties of the adhesive. This ability 
is desired for broad applications, ranging from tissue repair, regenerative medicine to soft 
robotics10,11. 

 

Figure 1 Schematics of design and proposed responses of stimuli-responsive adhesives adaptive 
to external stimulation. (a) A stimuli-responsive adhesive is attached to an adherend, with an initial 
crack introduced at the interface and adhesion energy Gc. The adhesive matrix repels water and 
contracts upon stimulation. The stimuli-triggered contraction induces residual stress in the bulk 
hydrogel, yielding energy release rate G to drive the interfacial crack. (b) The interface debonds 
when G is greater than the interfacial adhesion energy Gc. (c) The interface stays intact when G is 
smaller than Gc and the adhesive hydrogel exhibits enhanced mechanical properties such as 
stiffness and adhesion energy.  

Stimuli-responsive hydrogels are appealing for the development of switchable adhesives. 
They are also known as smart hydrogels, whose network can be regulated by chemical (ions, pH, 
proteins)12,13 or physical (temperature, light, electrical or magnetic fields) cues14,15. The molecular-
level regulation results in configurational transition of the hydrogel, as well as its mechanical 
properties. These hydrogels feature tunable mechanical properties6,16–19, dramatic volumetric 
change, and biocompatibility. They are well poised for drug delivery20,21, actuators22–25 and soft 
robotics14,26. Recently, a thermo-responsive PNIPAm-based hydrogel was engineered into active 
wound dressings, which can adhere strongly to tissues and contract the edge of a wound in response 
to skin temperature, demonstrating accelerated wound closure in vitro and in vivo27. However, 
little is known about the effects of stimulation on the mechanical properties of the hydrogel 
adhesive. The interplay between the stimuli-responsive mechanism and the performance of the 
adhesive remains elusive and calls for further investigation.  
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Here we report a design of switchable adhesive, based on stimuli-responsive mechanisms 
of smart hydrogels. The stimulation applied externally could elicit phase transition and contraction 
of the adhesive matrix, thus modulating the bonding state and bulk properties of the adhesive. 
Specifically, together with the mechanical constraint by the adherend, the contraction could raise 
residual stress in the adhesive matrix, which yields an energy release rate G for an initial crack on 
the interface. We hypothesize that when G exceeds the adhesion energy Gc, the adhesive would 
debond, otherwise the mechanical properties of the adhesive such as stiffness and toughness could 
be modulated (Figure 1). To demonstrate the design principle of stimuli-responsive adhesives, we 
use a thermo-responsive adhesive consisting of PNIPAm-alginate double network hydrogel as a 
model system, hereafter referred to as the dually crosslinked (DC) hydrogel since both networks 
are crosslinked. This system can form strong tissue adhesion28,29, expel water and shrink at around 
32 oC30 due to PNIPAm.  

To test our hypothesis, we combine experimental, theoretical, and computational 
approaches to study the stimuli-responsive behavior of the adhesive. We first characterize the 
mechanical properties of the stimuli-responsive adhesive before and after stimulation, 
demonstrating its responsiveness to temperature. We develop a finite element (FE) model to 
simulate the stimuli-responsive adhesive attached on a rigid substrate upon stimulation. By 
leveraging the FE model and an analytical model, we then evaluate quantitatively the effects of 
stimulation on the interfacial fracture process. We find a good agreement among experiments, FE 
simulations and analytical estimations. This work presents a comprehensive framework and 
valuable insights for designing stimuli-responsive adhesives and is expected to motivate the 
development of future adhesives with unprecedented properties.   

THEORETICAL SECTION  

Free energy function. Following previous studies31–33, we assume the Helmholtz free 
energy of the hydrogel matrix of the stimuli-responsive  adhesive to be the total free energy due to 
mixing of the polymer and the solvent (Wmix) and stretching of the network (Wstretch): 
 mix stretchW W W   (1) 
This assumption is also known as the Flory-Rehner model. The free energy due to stretching of 
the polymer chains is assumed to follow the Gaussian-chain model34: 
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stretch 1 2 3 1 2 3
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2

W NkT             , (2) 

Where N is the nominal chain density, 𝜆ଵ, 𝜆ଶ, 𝜆ଷ are the principle stretches. The free energy due to 
mixing is formulated based on the Flory-Huggins model35,36: 
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, (3) 



 4

where k is the Boltzmann constant, T is the absolute temperature, Ω is the volume of a water 
molecule, C is the nominal number of water molecules per unit volume, and χ is the Flory 
interaction parameter.  

From Eqns. (1)-(3), the hydrogel matrix can be fully characterized once the Flory 
interaction parameter 𝝌 and the nominal crosslink density N are specified. Since the PNIPAm 
network is thermo-responsive, the Flory parameter χ is temperature-dependent, and is assumed to 
follow the form below37 : 
 0 1( , )T       (4) 

where 𝝌଴ ൌ 𝐴଴ ൅ 𝐵଴𝑇, 𝝌ଵ ൌ 𝐴ଵ ൅ 𝐵ଵ𝑇, and C is the volume fraction of the polymer in 
the hydrogel. Due to the presence of alginate, the four coefficients (A0, B0, A1, B1) for the PNIPAm-
alginate hydrogel are expected to differ from those measured with the PNIPAm hydrogel, which 
are to be determined in the following experiment.  
 

Determination of Flory interaction parameter. In the Flory-Rehner theory, the nominal 
chain density 𝑁 is related to the shear modulus 𝜇 by:  

 1/3
1/3

NkT NkT
J

   , (5) 

where J = ϕ-1 is the equilibrium swelling ratio. The shear modulus can be measured using various 
methods such as rheological23 or tensile38 tests. The Flory interaction parameter χ can be obtained 
by fitting the equations of states for ideal elastomeric gels39.  The equation of states of the 
elastomeric gel is given by: 

 
   stretch mix

, , d
d

i j k
i

j k i
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J

   
  


  

 
, (6) 

where 𝜎௜  is the true stress, 𝜑  is the chemical potential of ambient water, and 𝑖, 𝑗, 𝑘  are the 
permutation notation 1, 2, 3. Note that repeated indices do not imply summation (i.e., the 
summation convention is not adopted here). By substituting Eqns.(2) and (3) into (6), we obtain 
the condition for the hydrogel to reach the swollen equilibrium at a specified temperature 𝑇, which 
together with the stress-free condition under free swelling yields a fitting function: 

 2 0 1 1
2 3

1 1( 1) log 1 2 0f
NkT kT

J J J J J
   

              
, (7) 

where λf = J 1/3. This equation can be characterized as follows. A hydrogel is submerged in an 
aqueous solution and swells to equilibrium at a certain temperature. The equilibrium swelling ratio 
𝐽 and the corresponding temperature 𝑇 are recorded. Repeating the procedure for the same type of 
hydrogel under different temperatures enables the establishment of Eqn.(7), from which the Flory 
interaction parameter 𝜒 can be fitted.  
 It needs to be pointed out that the direct characterization of χ for the PNIPAm-alginate DC 
hydrogel is complicated by the fact that the ionic crosslinker of the alginate network, Ca2+, can 
migrate out from the DC hydrogel during swelling, thereby altering the crosslinking density of the 
hydrogel. To bypass the confounding effect, we adopted an alternative strategy by testing the 
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PNIPAm-alginate hydrogel without Ca2+ crosslinks, denoted as the singly crosslinked (SC) 
hydrogel. Furthermore, we submerged the SC hydrogels in an alginate solution of the same 
polymer content to equate the chemical potential of water in the hydrogel and in the solution, such 
that the chemical potential 𝜑 vanishes in Eqn.(7). 

EXPERIMENTAL SECTION 

 
Adhesion energy measurement. We adhered the adhesive onto the model tissue and 

divided the samples into two groups. The first group were kept at the room temperature before 
testing. The other group were stimulated at 37 ℃ for 3 hours and then returned to the room 
temperature, with the surface water removed by tissue paper. Before the adhesion measurement, a 
PET film was glued onto the back of the hydrogel to constrain the deformation. The model tissue 
was clamped onto a sliding tray and the hydrogel adhesive was peeled off using a universal testing 
machine (Model 5965; Instron, Norwood, MA, USA). During the peeling process, the angle 
between the adhesive and the tissue substrate was fixed at 90 degrees, and the loading rate was 
maintained at 0.5 mm∙s-1. The force and the displacement were recorded.  

 
Free swelling test. The SC hydrogel samples (10×10×10 mm3 in size) were submerged in 

2% w/v alginate solution at different temperatures for one week such that the hydrogels had 
sufficient time to reach the equilibrium swelling. The samples were then taken out from the 
solution and blotted with tissue paper to remove the excessive liquid on the surface and were 
weighed immediately using an analytical scale at the room temperature to determine the mass 𝑚୥ୣ୪. 
After that, the samples were transferred to a freeze dryer (FreeZone 2.5L; Labconco, Kansas, MO, 
USA)  for complete dehydration for 5 days, after which they were weighted again to determine the 
mass of the dry polymer 𝑚ୢ୰୷. The free swelling ratio was calculated using the gravimetric method: 
ሺ𝑚୥ୣ୪ െ 𝑚ୢ୰୷ሻ𝜌୮୭୪୷୫ୣ୰/𝑚ୢ୰୷ ൅ 1, where we have used 𝜌୵ୟ୲ୣ୰ ൌ 1 g/cmଷ; the weighted average 
of the two polymers within the hydrogel 𝜌୮୭୪୷୫ୣ୰ ൌ 1.05 g/cmଷ. 

 
Fracture energy measurement. The fracture energy of the DC hydrogel was measured 

using pure shear test40. Two samples were tested with one sample containing a notch and the other 
not. In the undeformed configuration, the hydrogel under the room temperature had a width of 
𝑤 ൌ 80 mm , thickness of 𝑡 ൌ 1.5 mm  and height of ℎ ൌ 6 mm  (the distance between two 
clamps). In the notched sample, an initial crack of length 30mm was introduced by a razor blade, 
and the sample was pulled until rupture to record the critical stretch ratio 𝜆௖. The unnotched sample 
was pulled to the same stretch ratio 𝜆௖. The force and displacement were recorded. The fracture 
energy of the pure shear specimen can be calculated as: 
  cW h  , (8) 

where 𝑊ሺ𝜆௖ሻ is the strain energy stored in the unnotched sample subjected to stretch 𝜆௖, and can 
be evaluated by the area underneath the nominal stress-stretch curve up to 𝜆௖.  



 6

 
 Rheological measurements. The complex shear modulus of the SC hydrogel was 
measured using a rheometer (TA instruments). Cylindrical samples, 5 mm in diameter and 2 mm 
in thickness, were subjected to a constant shear strain of 1% with angular frequency ramping from 
0.5 to 0.05 rad/s.  

 
 

Figure 2 Adhesion and fracture energy measurements (a)-(c) The adhesion energy 
measurement. (a) Schematic of the 90-degree peeling test. (b) Representative curves of force/width 
versus displacement with topohesives containing 6% w/v reagents. (c) Initial and post-stimulation 
(PS) adhesion energies with topohesives containing different concentrations of the coupling 
reagents. (d)-(f) Fracture energy measurement. (d) Schematic of the pure shear test with a notched 
specimen. (e) Representative nominal stress-displacement curves for the unnotched specimens. 
The critical stretch corresponding to the onset of the crack propagation in the notched sample is 
marked using “x” marker.  (f) Initial and post-stimulation (PS) shear modulus  and fracture energy 
 for the PNIPAm/alginate DC hydrogel. Sample size N=3.  

RESULTS AND DISCUSSIONS  

Modulating adhesion via stimulation. The adhesion between the hydrogel adhesive and 
the tissue surface is established by means of topological adhesion19, which consists of two parts. 
The first part is due to the interfacial bridging network (chitosan) formed in-situ, with its one end 
in topological entanglement with the hydrogel network, and the other end anchored on the tissue 
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surface via covalent bonding and physical interpenetration29.  To drive an interfacial crack, either 
the hydrogel network or the stitching network needs to break. Then, the force needed to break the 
bridging network is transmitted into the bulk hydrogel, leading to the breakage of sacrificial bonds 
(the ionically crosslinked alginate hydrogel) and consequently substantial bulk energy 
dissipation29,41. The effects of stimulation are expected to be two-fold: the stimuli-triggered 
transition could alter the bulk properties of the adhesive, while resulting in a residual stress and an 
energy release rate to drive the interfacial crack, which offsets the adhesion energy of the stimuli-
responsive adhesive. We first demonstrated the stimulation could trigger debonding of the stimuli-
responsive adhesive. Given the absence of covalent bonding on the interface and a low adhesion 
energy 𝐺ୡ, the adhesive hydrogel came off the tissue substrate after phase transition at 37 ℃, 
leaving behind an observable thin layer of water on the interface. The result supports our 
hypothesis shown in Figure 1(b) that the interface debonds when the stimulation-triggered 𝐺 
exceeds 𝐺ୡ.  

We then hypothesized that the debonding could be arrested when 𝐺ୡ is sufficiently large, 
and that the post-stimulation (PS) adhesive is expected to exhibit higher stiffness and adhesion 
energy [Figure 1(c)]. To test the hypothesis, we characterized the adhesion property of the stimuli-
responsive adhesives before and after stimulation when introducing covalent bonding to the 
interface (Supporting information). We observed that the stimuli-responsive adhesive applied on 
the tissue substrate experienced large volume changes (~50% volume reduction, see Figure S2). 
After returning to the room temperature, the volume reduction due to stimulation was retained, 
since the sample accessed no additional solvent. Notably, in the presence of a relatively weak 
interfacial adhesion (corresponding to 2% w/v coupling reagents in the topohesive), localized 
debonding was observed near the edge of the interface (Figure S3). When a strong interfacial 
adhesion is present (e.g., 6% w/v coupling reagents in the topohesive), such localized debonding 
was not observed.  

We conducted the 90-degree peeling test to measure the initial and the PS adhesion 
energies [Figure 2(a)]. Figure 2(b) shows two representative force-displacement curves with the 
topohesive containing 6% w/v coupling reagents. The initial portion of the two curves fall together, 
but their plateaus values deviate from each other, with the peel force in the PS state being 
considerably higher. The adhesion energies with different concentrations of topohesives are 
calculated via42: 
 p /cG F w , (9) 

where 𝐹௉ is the plateau peeling force and 𝑤 the width of the adhesion region. Note that the width 
of the contact surface decreased slightly (~14.7 mm and 14 mm with 6% and 0% w/v reagents, 
respectively) compared to the initial value (~15 mm). Figure 2(c) shows that the PS adhesion 
energy is higher than the initial counterpart under all the tested conditions. For example, the 
averaged PS adhesion energies are 540 J/m2 and 40 J/m2 at 6 and 2% w/v of coupling reagents, 
respectively. They are higher than the initial values, 280 J/m2 and 28 J/m2, with the same 
concentrations of coupling reagent. Note that the initial adhesion energy with 0% w/v reagents is 
too low to be measured by the peeling test, hence not shown in the figure. Additionally, the 
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toughening effect was observed with varying concentrations of couple regent. As expected, the 
initial and PS adhesion energies both rise with increasing coupling reagents in use, due to enhanced 
interfacial bonding43,44. These results demonstrate that the adhesion is retained and even becomes 
stronger after stimulation, despite the significant deformation and possible localized debonding 
near the edges of the interface (Figure S2 and S3). To the best of our knowledge, this is the first 
observation of hydrogel adhesion toughening by a stimuli-responsive mechanism. Furthermore, 
the adhesive is believed to restore its initial state under the room temperature with the presence of 
enough water supply, e.g., in a humid ambient. Thus, the enhanced adhesion in the PS state can be 
suppressed for reciprocating smart adhesion.  

It should be noted that the PS adhesion energy measured above might differ from the exact 
value corresponding to the interface between the stimulated adhesive and the substrate. The 
difference is attributed to the residual stress created by stimulation, which results in an energy 
release rate G for the edge crack (Figure 1) that tends to decrease the peel force and thus the 
measured adhesion energy. From the molecular perspective, this can be understood as the 
contraction of the bulk hydrogel matrix induced by stimulation pulls the stitching network, thus 
generating pre strain in it. As a result of which, one needs to apply a smaller peel force to drive the 
edge crack. The enhanced adhesion in the PS state indicates that G did not exceed the interfacial 
adhesion energy, because otherwise debonding would have occurred after stimulation. 
Nevertheless, the energy release rate G due to residual stress acts to offset the PS adhesion energy 
and thus needs to be quantified. It will be studied with analytical and computational models to be 
shown later.   
 

Modulating mechanical properties via stimulation. To delineate the effect of 
stimulation on the bulk properties of the stimuli-responsive adhesive, we next characterize the 
shear modulus and the fracture energy of the adhesive hydrogel before and after stimulation using 
the pure shear test [Figure 2(d)]. Figure 2(e) shows that the nominal stress-stretch curve for the 
unnotched PS specimen exhibits larger initial slope, higher strength, but slightly lower 
stretchability. The measured shear modulus and the fracture energy are plotted in Figure 2(f). The 
initial shear modulus of the hydrogel is 𝜇୧୬୧୲୧ୟ୪ ൌ 19 kPa and increases to 𝜇୔ୗ ൌ 30 kPa after 
stimulation [Figure S4 (a) and (b)]. The stiffening effect is attributed to the increased polymer 
content of the shrunken hydrogel, as indicated by Eqn.(5). Note the scaling relationship ሺ𝜇 ∝ 𝜙ଵ/ଷ) 
is applicable to hydrogels which were prepared in their dry state and stressed upon swelling45,46. 
In our case, however, the hydrogels were formed in the solution, thereby stressed in the dry state. 
In addition, there are also cases where the shear modulus of the hydrogel does not scale with 𝜙 
upon the exponent 1/3 depending on the properties of the precursor solution and of the state of 
observation47,48, but all showing the positive correlation between 𝜇 and 𝜙. As well, we observed a 
considerable increase in the fracture energy in the PS state. This positive correlation between the 
fracture energy and the polymer content can be interpreted with Lake-Thomas theory49. The 
detailed comparison is not pursued here as the DC hydrogel features substantial amount of bulk 
dissipation that dominates the fracture energy, which is not considered in the Lake-Thomas theory. 
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Future work is still required to investigate how the enhanced fracture energy is correlated to the 
change of the molecular structure of the DC hydrogel by applying stimulation. 

Along with the measured adhesion energy, all the measured quantities of the adhesive are 
raised by the stimulation. Interestingly, we found they followed a similar scaling relation with 
respect to the swelling ratio J [Figure S4(c)]. The observations coincide with a recent work in our 
group50. In particular, we showed that a tough hydrogel composed of alginate-Ca2+ and 
polyacrylamide (PAAM) exhibits a universal negative scaling relation of shear modulus, adhesion 
energy and fracture energy as a function of swelling ratio. The phenomenon was attributed to the 
unique double-network structure, in which the bulk dissipation dominates both the adhesion and 
fracture energies. Taken together, our results demonstrate that the stimulation allows for on-
demand modulation of the mechanical properties of the stimuli-responsive  adhesive, while leaving 
the interface bonding intact. To predict and control the behavior of the adhesive quantitatively, we 
next perform experiments to characterize the thermodynamic properties of the adhesive matrix in 
pursuit of finite element modelling.  

 
Characterization of stimuli-responsive behavior. The free energy function of the 

adhesive matrix was characterized with rheological and free swelling tests. We focus on the SC 
hydrogel, which was composed of covalently crosslinked PNIPAm network but un-crosslinked 
alginate chains of the same polymer content as filler [Figure 3(a)]. The SC hydrogel swells freely 
in the alginate solution till equilibrium [Figure 3(b)]. Based on the postulation in the Flory-Huggins 
theory that the free energy due to mixing is independent of the crosslink density, it is reasonable 
to assume that 𝜒 for the SC hydrogel resembles that of dually crosslinked (DC) hydrogel. As such, 
we can avoid the complication of ion exchange of the DC hydrogel during the swelling. Figure 
3(c) illustrates the storage and the loss shear modulus 𝜇′ and 𝜇′′ of the SC hydrogel measured using 
the rheometer. The storage modulus 𝜇′ decreases monotonically with the frequency, and the low-
frequency storage modulus linked with the crosslink density was estimated by linearly 
extrapolating the last three data points in the range of 0.05 - 0.13 rad/s. Besides, since 𝜇′ is 
approximately 8 times larger than 𝜇′′ across the whole test frequency, we approximate the complex 
shear modulus with the storage modulus |𝜇| ൌ |𝜇ᇱ| ൌ 171 Pa. Using Eqn.(5), the dimensionless 
crosslink density of the SC hydrogel is determined, 𝑁Ωௌே ൌ 3.9 ൈ 10ି଺.  
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Figure 3 Rheological and swelling measurements. (a) Schematics of PNIPAm-alginate 
hydrogels with both covalent and ionic crosslinks (DC hydrogel), and with covalent crosslinks 
solely (SC hydrogel). (b) Schematic of the free swelling test using the SC hydrogel. (c) Complex 
modulus of the PNIPAm-alginate SC hydrogel measured using rheometer. (d) Equilibrium 
swelling ratio J for the SC hydrogel at different temperatures (yellow). The swelling ratio of the 
as-prepared DC hydrogel is also plotted at 294 K and 310 K (blue).  
 

To establish Eqn.(7), we measured the equilibrium swelling ratio 𝐽 for the SC hydrogel 
using free swelling tests at different temperatures. Figure 3(d) shows that the 𝐽  value for the 
swollen-equilibrium SC hydrogel is initially 25 under the room temperature, then drastically 
decreases with the increasing temperature and eventually approaches 2 in the high temperature 
range. This is clearly different from the pure PNIPAm hydrogel, which approaches swelling ratio 
of 1 at elevated temperatures. The difference is attributed to the presence of the hydrophilic 
alginate polymer in the hydrogel. As well, we measured the swelling ratio 𝐽 for the as-prepared 
DC hydrogel in the initial and the PS states, which is also plotted for comparison. Note that the as-
prepared DC hydrogel adhesive is not in the swollen-equilibrium state. Different from the swelling 
test, the DC hydrogel in the PS state is obtained by phase transition in an enclosed bag to avoid 
dehydration. The 𝐽  value in the initial state for the as-prepare DC hydrogel is 8.8, which is 
considerably smaller than the equilibrium 𝐽 value for the SC hydrogel due to the higher crosslink 
density. The 𝐽 value in the PS state is comparable with the equilibrium 𝐽 value for the SC hydrogel. 
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Lastly, we plugged the measured dimensionless crosslink density 𝑁Ωௌே  into the fitting 
function [Eqn.(7)] to fit the equilibrium swelling ratio 𝐽 for the SC hydrogel. As can be seen, the 
fitted curve agrees very well with the experimental results [Figure 3(d)]. The fitted 𝜒 is defined 
with the following parameters: 𝐴଴ ൌ െ1.95, 𝐵଴ ൌ 0.00868Kିଵ, 𝐴ଵ ൌ െ2.64, 𝐵ଵ ൌ 0.00929Kିଵ. 
These efforts lead to the establishment of a free energy function of the stimuli-responsive  adhesive 
matrix, which will be utilized in the finite element simulation later.  
 
Analytical estimation of the energy release rate G. The problem analyzed here is illustrated in 
Figure 4(a). The two materials are assumed to be isotropic and elastic. The upper part represents 
the hydrogel adhesive with shear modulus 𝜇  and initial thickness ℎଵ , while the lower one 
represents the model tissue with initial thickness ℎଶ. The model tissue is much stiffer than the 
hydrogel adhesive, and is hence approximated to be rigid in this analysis. We assume ℎଵ ൌ
ℎଶ based on the dimensions of the specimen in the experiment. The bi-material specimen is 
subjected to a combined loadings and moments 𝑃௜ and 𝑀௜ (i = 1, 2, 3) (Figure S11). 
 

 
Figure 4 Analytical estimation of the strain energy release rate G on the hydrogel-tissue 
interface. (a) schematics of an interfacial crack embedded in a bi-material specimen subjected to 
the general and equivalent loadings. (b) the strain energy release rate G plotted against the residual 
stress in the hydrogel for ℎଵ ൌ ℎଶ ൌ 1.5mm.  
 

Following Suo and Hutchinson51, the general loadings and moments applied to the bi-
material specimen are first converted to the equivalent loading and moment 𝑃௥  and 𝑀௥  [Figure 
4(a)]. Upon stimulation, the hydrogel adhesive undergoes phase transition and shrinks. An analogy 
can be drawn from the shrunken adhesive to a residually stressed one, such that 𝑀௥ ൌ 0 and 𝑃௥ ൌ
𝑆௥ℎଵ, with 𝑆௥ being the residual stress. By taking the difference between the energies stored far 
ahead of and far behind the crack tip, the strain energy release rate 𝐺 is given by (Supporting 
information): 

 
2

1

8
rS hG


 . (10) 

Eqn.(10) reveals that 𝐺 is quadratic in 𝑆௥ (Figure 4b) and the task to estimate G has become how 
to estimate the residual stress 𝑆௥ in the hydrogel adhesive due to the shrinkage. 𝑆௥ is estimated to 
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be 33 kPa for the adhesive hydrogel during the phase transition (Supporting information), thus the 
strain energy release rate G due to the residual stress in the PS state is 𝐺ሺ𝑆௥ ൌ 33 kPaሻ ൌ 6.6 J/m2.  
This value is much smaller than the measured adhesion energies with topohesives containing 6 
and 2 % w/v coupling reagents [Figure 2(e)]. Importantly, it needs to be pointed out that Eqn.(10) 
is only valid for small deformation, so it only gives a first-order approximation (Figure S2). 
Provided that the hydrogel adhesive undergoes large deformation during the phase transition, for 
a more accurate estimation, the next section will show the implementation of the free energy 
function in the finite element model to estimate the strain energy release rate 𝐺. 
 

Finite element simulation of the stimuli-responsive  adhesive. We conduct finite element (FE) 
simulations with a commercial package ABAQUS (2020, Simulia). The Flory-Rhener free energy 
function [Eqn.(1)] is implemented in the FE model using a user-defined subroutine for hyperelastic 
materials (UHYPER).  To validate the UHYPER subroutine, a free swelling test is performed for 
the DC and the SC hydrogels. Briefly, a cubic block of a hydrogel, 8 ൈ 8 ൈ 8 mmଷ in size, is 
subjected to a temperature increase from 294 K to 320 K. The equilibrium swelling ratio J 
calculated from the FE model agrees well with those predicted by Eqn.(7) and measured in the 
experiments (Figure S6). The FE model simulates the swollen equilibrium state (i.e., transient 
solvent migration process is not included in the simulations). We estimate the equilibrium swelling 
ratio of the initial DC hydrogel as J0 = 10.1, by using the measured shear modulus 𝜇୥ୣ୪ ൌ 19 kPa 
and numerically iterating Eqns.(5) and (7). This value is not far from the experimentally measured 
swelling ratio J0 = 8.8 of the as-prepared DC hydrogel, which further justifies the use of the FE 
model.  
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Figure 5 Finite element model of the stimuli-responsive  adhesive. (a) FEM profile of the 
hydrogel adhesive and the substrate in the undeformed configuration. (b) Enlarged views of the 
crack tip region,  boxed with dashed lines in (a), when temperature is at 315 K with  𝐺௖ ൌ 11  J/m2 

(top) and 𝐺௖ ൌ 4 J/m2 (bottom) assuming a mode-independent crack. For 𝐺௖ ൌ 4 J/m2, most of the 
adhesive (99% in area) is detached from the substrate as temperature reaches to 315 K. (c) The 
strain energy release rate 𝐺  on the adhesive-tissue interface for Mode-I dominant and mode-
independent cracks with 𝜇 ൌ 19 kPa. (d) The strain energy release rate 𝐺 on the adhesive-tissue 
interface with different shear modulus given a Mode-I dominant crack. The adhesive matrix with 
higher moduli exhibits higher plateau values of 𝐺. The inset shows the equilibrium swelling ratio 
J of the DC hydrogels as a function of temperature. 

With the validated model for the stimuli-responsive adhesive, we next build a two-
dimensional plane-strain model to simulate the adhesion between the adhesive and the model tissue. 
This model consists of an adhesive layer ሺ80 ൈ 1.5 mmଶሻ on top and a rigid substrate ሺ100 ൈ
3 mmଶሻ underneath to represent the model tissue [Figure 5(a)]. At the interface, an edge crack of 
10 mm is introduced in the left end, and the rest of the interface is bonded through a cohesive zone 
model, which is set as mode-independent and defined by a prescribed adhesion energy Gc (Figure 
S7). The cohesive zone model has been widely implemented to model bulk and interfacial cracks52–

54. Notably, it was used to successfully model the peeling process of a tough hydrogel from a rigid 
substrate in recent studies41,55. A typical simulation starts from 294 K to higher temperature under 
a prescribed adhesion energy Gc. Figure 5(b) plots two simulations at 315 K but with different Gc 
values. The interfacial crack is trapped when Gc = 11 J/m2 [Figure 5(b) top], but propagates when 
Gc = 4 J/m2 [Figure 5(b) bottom]. As the temperature increases, the energy release rate 𝐺 ramps 
from zero due to volume shrinkage of the adhesive matrix. When 𝐺  reaches the prescribed 
adhesion energy Gc at a certain temperature, the interface crack starts to propagate. Therefore, the 
debonding is governed by the critical condition 𝐺 ൌ 𝐺ୡ. Note that the debonded portion of the 
adhesive undergoes free deswelling upon stimulation, which explains why the debonded adhesive 
for Gc = 4 J/m2 [Figure 5(b) bottom] appears to be shorter than that for Gc = 11 J/m2 [Figure 5(b) 
top]. 

Numerical estimation of the energy release rate 𝑮. After the establishment of the FE model, we 
leverage the critical debonding condition 𝐺 ൌ 𝐺ୡ to estimate the energy release rate 𝐺 at a given 
temperature 𝑇. As can be seen below, the approach is facile to determine G without invoking 
sophisticated analysis. We conduct a series of above-mentioned FE simulations with varying 
adhesion energy Gc, which allows us to determine a specific temperature when the interfacial crack 
starts to propagate. Note that these simulations do not account for bulk hysteresis in the adhesive 
matrix (Figure S5), which have been shown to enhance the adhesion energy 𝐺௖. This is because 
our focus here is on estimating 𝐺 at different temperatures and thus 𝐺௖ is treated as a prescribed 
variable. The critical condition 𝐺 ൌ 𝐺ୡ for the onset of crack propagation is still valid in case of 
bulk hysteresis, as long as the contribution of bulk hysteresis is incorporated into 𝐺௖

56. Although 
the exact values of 𝐺௖ under different testing conditions are not pursued here, it is worth noting 
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that they can be characterized by fatigue test and  recently be incorporated into the FE simulations 
to determine the apparent adhesion energy57.  

Given the severe modulus mismatch between the hydrogel and the model tissue, the 
interface crack is expected to be subjected to a mixed-mode fracture condition. To probe the effect 
of mixed-mode condition on the 𝐺  estimation, we also conduct simulations with Mode-I dominant 
cohesive zone model, in addition to the mode-independent counterpart (Supporting Information). 
The Mode-I dominant model relaxes the resistance to slippage on the interface than the former, 
which could result in distinct deformation modes near the crack tip58  (Figure S8 and S9). Figure 
5(c) shows that the two types of cohesive zone models lead to a quantitative difference in the G 
estimation, which is attributed to the different deformation modes of the interface crack, as 
observed in Figures S8 and S9. However, the two cases, Mode-I dominant or mode-independent, 
follow a qualitatively similar trend, i.e., 𝐺 increases monotonically with the temperature 𝑇 and 
then approaches a plateau at sufficiently high 𝑇 in both cases. The plateau in 𝐺 is due to the fact 
that the incremental volume shrinkage of the DC hydrogel becomes much smaller when 𝑇 exceeds 
310 K.  
 
Rational design of the bonding of stimuli-responsive adhesive. These results provide a rational 
guideline to control the bonding state of the smart adhesive upon stimulation. When the adhesion 
energy is set beyond the plateau value, no debonding is found in simulation, indicating the phase 
transition is insufficient to drive the interfacial crack propagation. Specifically, the plateau value 
of 𝐺 at high temperature is about 9 J/m2 for the mode-independent crack, slightly lower than that 
of the Mode-I dominant crack (~11 J/m2). These two plateau values, on the same order of 
magnitude as that estimated by the analytical model (6.6 J/m2), provide a threshold band of the 
adhesion energy Gc as illustrated in Figure 5(c). When Gc is below this band, crack propagation 
would occur under both the Mode-I dominant and mode-independent cases. When 𝐺௖ is above this 
band, debonding would not occur in neither case.  

 Besides the adhesion energy 𝐺௖, the shear modulus of the adhesive matrix could be tuned 
to manipulate the bonding state. Since Eqns.(10) and Error! Reference source not found. imply 
that the energy release rate 𝐺 induced by the residual stress is positively correlated to the shear 
modulus 𝜇 of the DC hydrogel, we also vary 𝜇 in the FE model and investigate the corresponding 
range of 𝐺. To this end, we set the shear modulus 𝜇 to be 19 kPa, 200 kPa or 1 MPa (an accessible 
range for hydrogels) and plot the values of 𝐺 at different temperatures in Figure 5(d). It should be 
noted that the equilibrium swelling ratio J is also affected by 𝜇 as predicted by Eq. (7), i.e., the 
relative volume change due to phase transition decreases with increasing shear modulus [Inset in 
Figure 5(d)]. For example, if 𝜇 ൌ 19 kPa, the swelling ratio J changes from 10.2 to 2.5, as the 
temperature 𝑇 increases from 294 K to 310 K.  However, if 𝜇 ൌ 1 MPa,  J changes from 3.7 to 2.2 
over the same temperature range. Despite the smaller relative volume change accompanied with 
the increasing shear modulus, the plateau 𝐺 value still increases considerably, i.e., from 10 J/m2 
for 𝜇 ൌ 19 kPa to 300 J/m2 for 𝜇 ൌ 1 MPa . The result shows a good agreement with the trend 
predicted by Eqns.(10) and Error! Reference source not found.. The study sheds light on 
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potential avenues to achieve high-level control over the adhesion and mechanics of adhesive 
materials. 
 
Applicability of our results. Lastly, we discuss the applicability and implication of this work. 
The analytical and computational models above were built upon several assumptions. Firstly, the 
tissue is assumed to much stiffer than the adhesive. It is a reasonable assumption for skin and other 
tissues such as cartilage, which exhibit large moduli and/or potent strain-stiffening effects. 
Considering very soft tissues such as brain and adipose, the tissue substrate can deform to offset 
the deformation of the adhesive upon stimulation. Thus, a lower G is expected on the interface 
compared to the prediction from our analysis. While the toughening effect of the stimulation on 
the adhesive still holds, we expect robust adhesion of the stimuli-responsive adhesive, independent 
of stimulation, for other substrates with a wide range of stiffness. The point is supported by our 
prior work and other ongoing studies, showing robust adhesion of the stimuli-responsive  adhesive 
on porcine skin and rodent skin in vivo27. 

 Secondly, we demonstrate the design principle of the stimuli-responsive adhesive using the 
PNIPAm-alginate hydrogel, because its stimulus, temperature, is easily controllable and its utility 
for wound management has been demonstrated. Given the diversity of stimuli-responsive 
hydrogels, our design is not limited to this specific material system, but can be applied to other 
material systems responsive to other stimuli such as pH and light, as long as they can form 
appreciable adhesion with different adhesive strategies27–29. Moreover, the analytical model 
developed in this work is applicable to other material systems, while the finite element model can 
be extended by incorporating the formulations for other stimuli-responsive mechanisms, as 
reported in the literature59.   

 
CONCLUSIONS  
To summarize, we developed a design principle of switchable adhesives based on stimuli-
responsive behavior of hydrogels. We demonstrated that the bonding of the adhesives can be 
modulated with stimulation, depending on the interfacial bonding. With sufficient initial adhesion 
energy, such adhesives were able to stiffen and toughen on-demand in response to external stimuli 
like temperature. In particular, the stimulation doubled the adhesion energy of the adhesive on a 
tissue-mimicking collagen substrate, suggesting the post-stimulation deswelling as a toughening 
mechanism. Also, we characterized the free-energy function of the stimuli-responsive adhesive, 
and developed both analytical and finite element models to quantitatively study the interplay 
between the stimulation and the interfacial fracture process. Our analysis determined the 
quantitative contribution of the stimulation to the strain energy release rate that drives the 
interfacial crack. We further presented strategies to modulate the interfacial fracture process, for 
instance, by tuning the modulus and thickness of the adhesive. The design principle of stimuli-
responsive adhesives offers enormous design space to accommodate different stimuli-responsive 
hydrogels and adhesive strategies. Particularly, opportunities exist for non-covalent bond based 
hydrogel adhesives, as the relatively weak interfacial adhesion energy can withstand the low 
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energy release rate due to stimulation, and the apparent adhesion energy can be enhanced due to 
the toughening mechanism induced by deswelling. This study establishes a rational design of 
stimuli-responsive  adhesive and is anticipated to spark the interest and motivate the development 
of smart adhesives. 
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Materials 

Materials. Chemicals used in this work were purchased without further purification. 

Poly(N-isopropylacrylamide) (NIPAm, monomer) was purchased from TCI (Portland, USA); 

N,N’-methylenebis (acrylamide) (MBAA, covalent crosslinker), N,N,N’,N’-

tetramethylethylenediamine (TEMED, accelerator), ammonium persulfate (APS, initiator), 

calcium sulfate (ionic crosslinker), N-hydroxysulfosuccinimide (NHS), and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) were purchased from Sigma Aldrich (St. Louis, 

Missouri, USA). Alginate (I-1G) was purchased from KIMICA Corporation (Tokyo, Japan). 

Chitosan (deacetylation degree 95%, medium to high molecular weight) was purchased from Xi’an 

Lyphar Biotech (Shanxi, China). Glass and acrylic sheets were purchased from McMaster-Carr to 

make reaction molds. Collagen casing was purchased from a local grocery store and then stored in 

the fridge at 4℃ before use.  

Synthesis of stimuli-responsive hydrogel adhesive. Following previously reported 

protocols1,2, the stimuli-responsive adhesive is made of two layers: a dissipative matrix made of 

PNIPAm/alginate hydrogel and a topohesive surface (chitosan, EDC and NHS) to form a bridging 

network with tissues. To synthesize the hydrogel, 6.3 g of NIPAm monomers and 1 g of sodium 

alginate were first dissolved in 50 mL of deionized water. Then, 10 ml of the NIPAm-alginate 

solution was mixed with 22.54 µL of MBAA aqueous solution (0.28 mM) and 5.8 µL of TEMED 

(3.7 mM) within a syringe. Meanwhile, 234.7 µL of APS solution (6.5 mM) and 179.72 µL calcium 

sulfate slurries (CaSO4, 0.15M) were mixed in another syringe. The two syringes were connected 

with a Luer Lock connector and syringe-mixed quickly to form a homogeneous solution. The 

mixture was immediately injected into a mold with 80×15×1.5 mm3 in size, covered with a glass 

plate and subsequently kept at 4 ℃ for 24 hours to complete the reaction. The same procedure was 

followed for synthesizing the PNIPAm/alginate single-network (SC) hydrogel, except that the 

calcium sulfate slurries were replaced by deionized water of the same volume.  

To prepare the topohesive surface, 1 g of chitosan powder was firstly dissolved in 50 mL 

deionized water with 400 µL of acetic acid for a final pH of 4.5. The mixture was stirred overnight 

to form a homogenous solution and then kept at 4 ℃ before use. Then, varying concentrations (0, 

2 and 6% w/v) of coupling reagents (EDC and NHS at equal weights) were added into 1 mL of the 

2% w/v chitosan solution to tune the level (Table S1).  

Fabrication of the model tissue. We fabricated a model tissue substrate with a collagen 

casing and an acrylic sheet. The dry collagen casing was soaked in deionized water for 30 minutes 

and subsequently glued onto the acrylic sheet (Figure S1). The model tissue provides abundant 

amino and carboxyl groups from collagen casing for covalent bonding with the adhesive. It is 

considered as a rigid substrate due to the high elastic modulus of the acrylic (on the order of 1 

GPa). Also, the model tissue is flat and smooth. The hydrogel adhesives were attached onto the 

model tissues with topohesives of varying chemical reagent inputs, while other conditions, for 

example, the applied compression and the reaction time, were kept the same. An initial crack of 

15 mm was introduced near the one end of the sample, and the length of the overlapping joint was 

65 mm for adhesion energy measurements. After the placement of the adhesive, the samples were 
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clamped between two acrylic sheets for compression and then stored in a seal bag at 4 oC for 24 

hours.    

 

Table S1: Composition of coupling reagents added onto stimuli-responsive adhesives for 

tissue adhesion 

Sample Amounts of reagents  

(EDC+NSH) (mg) 

2% w/v chitosan +varying concentration 

coupling reagents 

1 60  6% w/v 

2 20 2% w/v  

3 0 0% w/v 
 

 

 

 

Figure S1 Fabrication of the model tissue and the application of the stimuli-responsive 

adhesive. The stimulation is realized by placing the specimen in an incubator of 37 oC.  
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Figure S2 Images and contours of the stimuli-responsive adhesive adhered onto the model 

tissue substrate before and after stimulation. (a) Images of the stimuli-responsive adhesive 

before and after stimulation and the contours (b) overlaid in the x-y plane. Scale bar, 1 cm. The 

ratio of the contour areas is calculated. The strong adhesion formed with 6% w/v coupling reagents 

results in in-plane contraction (area ratio ~0.87) limited to the initial crack region. Without any 

coupling reagent, the adhesion is weaker, enabling substantial in-plane contraction (area ratio 

~0.76) at all edges of the specimen. (c) Images and (d) cross-sectional profiles of the stimuli-

responsive adhesive before and after the stimulation in the x-z plane. Scale bar, 1.65 mm. The 

profiles shown in (d) is magnified for better illustration. The thickness reduction with 6% w/v 

reagent is slightly larger than that with 0% w/v reagent. Notably, one end of the adhesive with 0% 

reagent tilts up upon stimulation, indicative of delamination.  
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Figure S3 Time series images of the stimuli-responsive adhesive with 2%w/v reagents. (a) 

plots deformation change with incubation time. (b) Enlarged view of the adhesive hydrogel at 2hrs 

40 mins in (a). (c) Enlarged view of the highlighted region in (b), showing localized debonding 

near the edge of the interface. 
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Figure S4 Stress-stretch curves of the stimuli-responsive adhesive before and after 

stimulation in pure shear tests. Representative nominal stress-stretch curves for the initial (a) 

and the post stimulation (b) states.  The elastic modulus is measured by assessing the slope of the 

initial portion of the curve, 𝜕𝑆/𝜕(𝜆 − 1) = 4𝐸/3 . (c) Adhesion energy, bulk fracture energy and 

shear modulus plotted as functions of swelling ratio 𝐽. The adhesion energy corresponding to the 

case with topohesives containing 6% w/v reagents. Sample size n = 3. 
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Figure S5 Nominal stress-stretch curves for the PNIPAm/alginate DC hydrogels in a pure shear 

specimen (inset) loaded up to different stretches. The loading-unloading curves form hysteresis 

loops, indicative of significant energy dissipation. 
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ADDITIONAL INFORMATION ON FINITE ELEMENT MODELING 

 Finite element (FE) simulations were performed using the commercial software ABAQUS 

(version 2020, Simulia, Providence, RI, USA). Below described are two types of simulations 

performed in this work, i.e., free swelling and interface debonding.   

 Free swelling. A cubic block, 8 × 8 × 8mm3  in size, was used to represent the DC 

hydrogel in the FE model and was meshed using the 3D continuum element C3D8HT (512 

elements in total). The hydrogel was subjected to a temperature change from 294K to 320K 

throughout the simulation. The simulations were performed using the coupled temperature-

displacement analysis. Figure S6 shows the volume change of the hydrogel block in the FE model, 

when the temperature is elevated. The FE results is compared with the analytical estimation of the 

equilibrium swelling ratio J curve, i.e., the fitting function H(J, T) for the shear modulus of the 

hydrogel  𝜇 = 19 kPa. The two results show a good agreement. Moreover, the experimental results 

for the swelling test of the as-prepared DC hydrogel is also plotted in Figure S6 for comparison, 

showing a qualitative agreement with both the FE and the analytical results. The quantitative 

difference is due to the fact that the as-prepared DC hydrogel is not in swelling equilibrium under 

the room temperature, nor under 320 K due to the limited stimulation time. 

 

Figure S6 Equilibrium swelling ratio 𝑱: analytical estimate (solid line), FE results (dashed line) 

and experimental data (symbols). The insets illustrate the volumetric deformation of a hydrogel 

cube subjected to the temperature increase. The color contour shows the swelling ratio defined as 

EVOL, the ratio of the current volume versus the initial volume. 

 

 Interface debonding. A two-dimensional plane strain model was developed to study the 

interface debonding between the hydrogel adhesive and the model tissue. The model consists of a 

hydrogel adhesive on a substrate representing the model tissue [Figure S7]. The substrate was 
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modelled as a rigid body with the bottom surface fixed in all degrees of freedom. The hydrogel 

adhesive was modelled using the Flory-Rhener free energy function [Eqn. (1) – (4)] via the 

UHYPER user subroutine. The interface between the hydrogel adhesive and the model tissue was 

modelled using a cohesive zone model, which was defined by prescribing a relation between the 

mechanical traction and the relative separation between the two contacting surfaces.3 Here we 

adopted a simple bilinear traction-separation law for the cohesive zone model, as illustrated in 

Figure S7. The cohesive zone model features a few parameters: 𝛿f and 𝜎max are the maximum 

separation and strength, respectively, while 𝐾 is the initial stiffness and 𝐺c =  𝜎max𝛿f/2 is the area 

underneath the traction-separation curve, representing the adhesion energy between the interface. 

Complete interface failure occurs when 𝛿𝑓 is reached and the traction reduces to 0. In this work, 

we used 𝛿f = 0.5 mm and  𝐾 =  1011 N/𝑚3. The schematic in Figure S7 only shows the traction-

separation law along one direction. However, in simulations the interface is subjected to tractions 

both in its normal and tangential directions. To account for tractions in these two directions, we 

used the following quadratic stress criterion for the damage initiation: 
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with 𝜎𝑛  and 𝜎𝑡  representing tractions normal and tangential to the interface, respectively. As 

mentioned in the main text, two types of cohesive zone models were used: i) mode-independent, 

and ii) Mode-I dominant. In the former model, we set 𝜎𝑛,max  = 𝜎𝑡,max and 𝐺c depends on both the 

normal and tangential directions in an isotopic manner. In the latter model, we set 𝜎𝑛,max  =

20𝜎𝑡,max such that the adhesion energy 𝐺c is dominated by traction along the normal direction.  

In the simulations, the hydrogel adhesive and substrate were initially at 294K. They were subjected 

to a temperature increase until the crack started to propagate on the interface, after which the 

temperature was held until most of the interface (i.e., >90% in area) delaminates. Different 

adhesion energies 𝐺𝑐 were prescribed to determine the temperature at the onset of interface crack 

propagation. Examples showing the deformed configurations of the mode-independent and Mode-

I dominant cases are shown in Figure S8 and Figure S9, respectively. In the mode-independent 

case, we observed that the deformed crack surface deflected forward and exhibited a fingertip-like 

shape [Figure S8 (a) and (b)), leading to the excessive distortion in the elements near the crack tip 

and causing convergence issue. As a result, for the mode-independent case, the 6-node modified 

displacement and temperature element CPE6MHT was used [Figure S8(c)] to suppress mesh 

distortion. The size of the element was set to be uniformly 0.25 mm, which was half of 𝛿𝑓 and 

capable of capturing the interfacial behavior of the system. In the Mode-I dominant case, the 

absence of the fingertip-like shape near the crack tip enables us to use a more refined mesh to 

capture the large deformation of the hydrogel near the interface. The 4-node bilinear displacement 

and temperature element CPE4HT with a transition mesh [Figure S9(c)] was adopted for the 

hydrogel with the smallest element size being ~0.03 mm. In addition to the pre-existing crack at 

the left side of the hydrogel, a new crack can initiate and propagate from the right edge of the 

hydrogel [Figure S8(a) and S9(a)]. The critical temperature at the onset of crack propagation were 

extracted from FE simulations based on the damage parameter of the cohesive zone. Once the 

damage parameter of the first few cohesive elements near the crack tip reaches 1, the crack, either 
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the pre-existing one or the new one initiated at the right edge, can propagate steadily. Figure S10 
shows the energy release rate G versus temperature for the two cases with mode-independent and 
Mode-I dominant cohesive zone models. The energy releaser rate for the pre-existing crack (left 
edge) and the new crack initiated (right edge) are close to each other, especially for relative high 
temperature (e.g., T > 305 K). For consistency, we adopted the results for the pre-existing crack in 
Figure 5 of the main text.  

 

Figure S7 FE model geometry and cohesive zone. (a) The FE model consists of a hydrogel 
adhesive bonded to the top of a rigid substrate. (b) Adhesion on the interface between the hydrogel 
adhesive and the substrate is simulated using a cohesive zone model with bilinear traction-
separation law. 
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Figure S8 FE model with mode independent cohesive zone. (a) A representative deformation 
profile of the hydrogel adhesive. (b) Zoomed-in view of the crack tip. (c) Mesh used in the 
hydrogel adhesive. 

 

 

Figure S9  FE model with the Mode-I dominant cohesive zone. (a) A representative deformation 
profile of the hydrogel adhesive. (b) Zoomed-in view of the crack tip. (c) Mesh used in the 
hydrogel adhesive. 
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Figure S10 Energy release rate under temperature increase. (a) The energy release rate G for 
both the pre-existing crack (left edge) and the new crack (right edge) using the mode independent 
cohesive zone. (b) The energy release rate G for both the pre-existing crack (left edge) and the new 
crack (right edge) using the Mode-I dominant cracks. The dashed lines in (a-b) represent the 
maximum values of G found in the simulation.   

 

ADDITIONAL INFORMATION ON ANALYTICAL MODELING 

Interface crack between two elastic layers. In Suo and Hutchinson4, the strain energy 
release rate G is given by: 

  (S2) 

with the geometrical factors given by: 

  (S3)

  
where  (  and  are the thickness of the hydrogel adhesive and the model tissue, 

respectively). We set  based on the dimensions of the specimen in the experiment. In our 
problem, the actual loadings and moments applied to the specimen are shown in Figure S11:  
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The equivalent loads and moments are shown in Figure 5(a): 
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Substituting Eqn.(S5) into (S2) yields Eqn.(10). 

 

Figure S11 schematic of the interfacial crack embedded in a bi-material specimen subjected to the 

general loadings. 

 Estimation of residual stress 𝑆𝑟 in the adhesive hydrogel under phase transition. 

 

Figure S12 schematic illustrating the stretch-and-fit procedure. Axes 1, 2, are parallel to the 

interface while axis 3 is normal to the interface. 

  

To estimate residual stress, we consider an imaginary two-step process [Figure 4(c)]. The hydrogel 

adhesive is initially under the room temperature with the swelling ratio J0 = 8.8. In the first step, 

its temperature increases to 310 K and it shrinks freely to the intermediate state with the swelling 

ratio J1 = 3.9. In the second step, the shrunken hydrogel adhesive is biaxially stretched by 𝜆 in 

directions 1 and 2 with respect to the dry polymer state and fitted onto the tissue substrate such 

that λ=(J0/J1)
1/3 =1.31. The deformation gradient reads  

 

 



 S14 

 2

1
 


=  +  + 1 1 2 2 3 3F e e e e e e  (S6) 

If assuming the hydrogel adhesive can be described by a Neo-Hookean material, the true stress is 

given by: 
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The hydrostatic pressure 𝑝 can be calculated using the fact that the hydrogel is stress free in the 

out-of-plane direction: 𝜇PS (
1

𝜆4 − 1) + 𝑝 = 0. Taken together, the true stress component in the 

biaxial directions (direction 1 and 2 in Figure S12) is given by: 

 2
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As well, under biaxial stretch the nominal stress is associated with the true stress by 𝑆𝑟𝜆 = 𝜎𝑟: 

 PS 5

1
rS  



 
= − 

 
 (S9) 

By substituting values of 𝜇PS and 𝜆 into Eqn. (S9), 𝑆𝑟 is estimated to be 33 kPa. 
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SCHEMATIC OF STIMULI-RESPONSIVE HYDROGEL ADHESIVE-TISSUE 

ADHESION   

 
Figure S13 Schematic showing the adhesion between the adhesive hydrogel and the tissue 

surface. The adhesion is established by the bridging network (chitosan) with its one end in topological 

entanglement with the hydrogel network, and the other end covalently bonded on the tissue surface. 

Upon an interfacial delamination, a process zone formed near the crack tip, in which significant amount 

of alginate network breaks, leading to energy dissipation. 
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