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Abstract  

 As polymer networks infiltrated with water, hydrogels are major constituents of animal 

and plant bodies and have diverse engineering applications. While natural hydrogels can robustly 

adhere with other biological materials such as bonding of tendons and cartilages on bones and 

adhesive plaques of mussels, it is challenging to achieve such tough adhesions between synthetic 

hydrogels and engineering materials. Recent experiments show that chemically anchoring long-

chain polymer networks of tough synthetic hydrogels on solid surfaces can give adhesions 

tougher than their natural counterparts, but the underlying mechanism has not been well 

understood. It is also challenging to systematically tune the adhesion of hydrogels on solids.  

Here, we provide a quantitative understanding of the mechanism for tough adhesions of 

hydrogels on solid materials via a combination of experiments, theory and numerical simulations. 

Using a coupled cohesive-zone and Mullins-effect model validated by experiments, we reveal 

the interplays of intrinsic work of adhesion, interfacial strength and energy dissipation in bulk 

hydrogels in order to achieve tough adhesions. We further show that hydrogel adhesion can be 

systematically tuned by tailoring the hydrogel geometry and silanization time of solid substrates, 

corresponding to the control of energy dissipation zone and intrinsic work of adhesion, 

respectively. The current work further provides a theoretical foundation for rational design of 

future biocompatible and underwater adhesives. 

 

Keywords Adhesion, Hydrogels, Soft materials, Mullins effect 

 

  



4 
 

1. Introduction 

 As polymer networks infiltrated with water, hydrogels are major constituents of animal 

bodies. While the soft and wet nature of hydrogels enables flexibility and transport of 

biomolecules, it also makes hydrogels by themselves unsuitable to serve as stiff load-bearing 

structures. Therefore, hybrid structures of hard materials such as bones and soft hydrogels such 

as tendons and cartilages are widely found in nature. Robust adhesions of the hydrogels on the 

diverse solids are critical to maintain the integrations of these biological hybrid structures. For 

example, in many animals the interfacial toughness of cartilages on bones and tendons on bones 

can reach up to 800 J/m
2
 [1, 2]. Tough bonding of hydrogels can also be found in mussel plaques 

adhered on rocks [3-5], which is crucial for the survival of mussels under harsh environments 

with repeated wave impacts.  

 Hydrogels also have important technological applications in areas as diverse as tissue 

engineering and drug delivery [6, 7], biocompatible stretchable electronics [8, 9], actuators for 

optics [10] and microfluidics [11], soft robotics and machines [12]. In many applications, it is 

critical to achieve robust adhesions between hydrogels and solid materials such as metal, ceramic, 

silicon and polymers in order to maintain robust integrations and proper functions of hydrogels 

in the devices and systems. However, it has been challenging to robustly bond synthetic 

hydrogels on engineering solids [13] and the interfacial toughness between synthetic hydrogels 

and solids is usually much lower than their natural counterparts [14]. For example, 

nanocomposite hydrogels with crosslinked poly(ethylene glycol) and silicate were found to 

adhere to various surfaces [15] with interfacial toughness at the level of 10 to 30 J/m
2
. Rose et al. 

[16] recently developed a nanoparticle-based glue for hydrogels and biological tissues and 

demonstrated the capability of wet adhesion with interfacial toughness from 1.6 to 25 J/m
2
. 
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Studying the robust adhesion of mussel plaques, it was found that amino acid 3,4-dihydroxy-L-

phenylalanine (DOPA) plays a crucial role in the underwater adhesion [17-20]. A great number 

of DOPA based adhesive hydrogels have been developed and found to have moderate adhesion 

(interfacial toughness less than 100 J/m
2
) [21-24]. For a special case of porous solid substrate, 

Kurokawa et al. [25] reported a strong interface due to locking deformation of the double 

network hydrogel inside the solid pores. However, the adhesion performances of the synthetic 

hydrogels on common (nonporous) solid surfaces are still far below their biological counterparts 

such as cartilages on bones and mussel’s plaques on rocks. 
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Fig. 1 a Schematic show of the peeling test. b Curves of the peeling force per width of hydrogel 

sheet versus displacement for hydrogels with and without chemically anchors on the solid 

surface. c Photos of the peeling process of a tough hydrogel with its long-chain network 

chemically anchored on a glass substrate. d Photos of the peeling process of a tough hydrogel 

physically attached on a glass substrate. 
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 A breakthrough in the field was recently made by Yuk et al. [26, 27], who developed a 

strategy to achieve tough bonding of hydrogels on various nonporous solids via chemically 

anchoring the stretchy polymer networks of tough hydrogels to the solid surfaces. Through 

peeling tests (Fig. 1a), the interfacial toughness of the bonding was measured to be over 1,500 

J/m
2
 (Fig. 1b). Furthermore, only minor reductions of the interfacial toughness were found after 

swelling the hydrogel-solid structures in water, showing high robustness of the bonding in wet 

environments. It was experimentally demonstrated that the chemical anchorages of stretchy 

polymer networks of tough hydrogels on solid surfaces and energy dissipation of bulk hydrogels 

(see Fig. 1b-c) were the key factors to achieve tough bonding of hydrogels on solids [27]. 

Consistently, very weak adhesion was found for tough hydrogels only physically attached to 

solid substrates without chemical bonds (Fig. 1d). This design strategy is expected to enhance the 

interfacial toughness of various hydrogel-solid hybrids for diverse applications and thus calls for 

more in-depth theoretical understanding of the mechanisms of the tough bonding. Furthermore, 

such fundamental understanding can also shed light on the mechanisms for tough adhesions of 

biological hydrogels such as mussel’s plaques [4]. 

 While the toughening mechanisms of hydrogel adhesion have been rarely studied, there 

has been significant research on adhesion of elastomers, which is relevant to hydrogel adhesions 

and thus briefly reviewed as follow. It is known that the adhesion between two materials is not 

only determined by the interfacial properties, such as interfacial strength and intrinsic work of 

adhesion, but also by the bulk properties of the materials, such as viscoelasticity, plasticity and 

fracture toughness [28-31]. Ahagon and Gent [32] investigated the adhesion of an elastomer 

layer on a rigid substrate with various types of interfacial chemical bonds and found the chemical 

bonds can dramatically influence the interfacial toughness. Most soft elastomeric adhesives 
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exhibit strong rate-dependent adhesion behaviors [33-35], which are largely attributed to the 

viscoelasticity of the elastomers [36-38]. The plasticity of bulk materials was also found to have 

a significant effect on adhesion [39-41], especially for the adhesion of elastomers on metals [40]. 

If a relatively brittle material is bonded with a tough interface, the failure mode can switch from 

the interfacial failure to the cohesive failure of the bulk materials [34, 40], therefore the fracture 

toughness of the bulk materials can become the limit of the interfacial toughness. Surface 

roughness has also been found to play an important role in elastomer adhesion [25, 42, 43]. For 

example, Hoefnagels et al. [43] showed that the work of separation of a rough copper-rubber 

interface can reach over 1,000 J/m
2
, which was attributed to the energy dissipation stored in the 

formation, deformation and rupture of fibrils between elastomers and the extra rough surfaces 

[44-46].  

 Previous studies on elastomer adhesions have been focused on the effects of 

viscoelasticity, plasticity and fracture toughness of the elastomers. Since significant energy 

dissipations in hydrogels, usually manifested as Mullins effect, have only been achieved recently 

[47, 48], few studies have been conducted to understand the role of Mullins effects on hydrogel 

adhesions. Our group recently showed that the Mullins effect is one key factor for hydrogels to 

achieve high fracture toughness [49]. It is expected that the energy dissipation from Mullins 

effect inside a process zone near the interfacial crack will contribute to the interfacial toughness 

[26, 27]. However, a quantitative understanding on the interactions between intrinsic work of 

adhesion and Mullins effect is still missing in studies of hydrogel adhesions.  

 Here we systemically examine the fundamental mechanisms underlying the tough 

adhesions of hydrogels on various solid surfaces. The rest of the paper is organized as follows. 

Section 2 presents the experimental measurements on the interfacial toughness of hydrogels on 
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solid substrates. Section 3 discusses the coupled Mullins-effect and cohesive-zone model for the 

simulations of peeling tests. Validation of the model and comparisons between simulation results 

and experimental data are shown in Sect. 4. Section 5 explores the design principles for tough 

and tunable adhesion of hydrogels by varying materials parameters, including interfacial strength 

and maximum energy dissipation. Concluding remarks and outlook are given in Sect. 6. 

 

2. Experiments  

 The interfacial toughness of hydrogels bonded on glass substrates is measured using the 

standard 90
°
 peeling test (ASTM D 2861) with mechanical testing machine (2 kN load cell; 

Zwick / Roell Z2.5) and 90
° 
peeling fixture (G50; Test Resources). Borosilicate glass substrates 

are prepared with 7.62 cm in width, 12.7 cm in length and 0.32 cm in thickness. Before bonding 

hydrogels, the substrates are treated with silane solution following the previously reported 

method [27] to covalently bond stretchy polymer networks of the hydrogels on the substrate 

surfaces. Hydrogels are prepared and bonded on the substrates by curing hydrogel pre-gel 

solution within acrylic mold with area of 110 mm × 30 mm. The thickness of hydrogels is 

controlled by using glass spacers with different heights (0.1˗6 mm). As a stiff backing for the 

hydrogel, silane-treated ultrathin glass films are used with an additional protective layer of 

transparent Scotch tape (3M) on top of the glass film (with thickness of 25 μm). The prepared 

samples are tested with the standard 90
°
 peeling test setup (Fig. 1a). All the

 
peeling tests are 

carried out with the constant peeling speed of 50 mm/min, which is slow enough to neglect the 

contribution from bulk viscosity of hydrogels [27]. The measured force reaches a plateau as the 

peeling process enters steady state, and this plateau force is calculated by averaging the 

measured force values in the steady-state region with common data processing software (Fig. 1b). 
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The interfacial toughness 𝛤 is determined by dividing the plateau force F by the width of the 

hydrogel sheet W. In all experiments, polyacrylamide-alginate tough hydrogels with the physical 

and chemical hybrid crosslinks are used. Briefly, the polyacrylamide-alginate tough hydrogels 

are synthesized by mixing 10 mL of a carefully degassed aqueous pre-gel solution (12.05 wt.% 

acrylamide, 1.95 wt.% sodium alginate, 0.017 wt.% β-methylamino L-alanine (MBAA) and 

0.043 wt.% ammonium persulfate) with calcium sulfate slurry (0.1328 times the weight of 

sodium alginate) and tetramethylethylenediamine (TEMED) (0.0025 times the weight of 

acrylamide) following the previous reported protocols [27, 48]. 
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Fig. 2 a-c (Color online) Schematic show of the tough hydrogel during peeling test. The yellow 

thin layer in plot a represent the interface between hydrogel and glass, which is formed by 

chemical anchoring long chain polymer to the glass surface (plot b). The fracture of the polymer 

chain or its detachment from the glass substrate gives a relatively high intrinsic work of adhesion 

and high interfacial strength. The dissipation, as shown in plot c further contributes to the total 

interfacial toughness. d The interface failure is modeled with a standard cohesive zone model 

with a triangular traction-separation law. e The schematic show of the energy dissipation in the 

tough hydrogel, which is modeled as the Mullins effect due to the local material damage. 
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3. Development of the model  

 Interfacial toughness characterizes the energy required to propagate an interfacial crack 

by a unit area. The interfacial toughness accounts for the energy for creating new free surfaces, 

also known as the intrinsic work of adhesion, and the dissipated energy inside the bulk materials 

(Fig. 2a). For the hydrogel-solid hybrid system, the scission of chemical bonds connecting the 

hydrogel and the solid substrate gives the intrinsic work of adhesion 0  (Fig. 2b), while the 

energy dissipation due to deformation of hydrogel near the interface (Fig. 2c) further contributes 

to the interfacial toughness by the amount of D . Therefore, the total interfacial toughness   

can be expressed as [27, 30, 31, 39-41, 50]  

0 D     .                                                               (1) 

To describe the intrinsic work of adhesion of the interface, we adopt the cohesive zone 

model (Fig. 2d). This technique has been employed to simulate the adhesive behaviors of a wide 

range of materials, including pure elastic [51, 52], viscoelastic [53, 54] and plastic materials [41, 

55, 56]. The specific model used in the current study is characterized by a triangular cohesive 

law with interfacial strength Sinterface and maximum separation distance δmax (Fig. 2d). The 

damage of the cohesive interface follows the quadratic nominal stress criterion, 

2 2

interface interface

1n st t

S S

   
    

   
,                                               (2) 

where  t  represents the nominal surface tractions on the crack surface, and the subscripts n and 

s indicate normal and tangential directions, respectively. When the surface tractions satisfy the 

criteria in Eq. (2), the cohesive interface enters into the softening regime, which is described by 
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the linear damage evolution function depicted in Fig. 2d. The cohesive-zone model prescribes 

the intrinsic work of adhesion of the hydrogels to be 

0 nterface max

1

2
iS  .           (3) 

 Since the peeling process is much faster than water diffusion in the hydrogel [27], we 

model the hydrogel as a hyperealstic material with Mullins effect for energy dissipation. We 

choose the well-known Ogden-Roxburgh model [57] to characterize the hydrogel in the current 

study, as this model has been implemented in ABAQUS. The free energy function (i.e., free 

energy per unit volume of the material at reference state) of a pure hyperelastic material can be 

expressed as   

   
22 0

ela dev vol 1 2 32 1
2

K
W W W J              

 ,                       (4) 

where elaW is the strain energy density, devW  and volW  denote the deviatoric and volumetric part 

of the strain energy density, respectively, K0 and 𝜇 denote the initial bulk and shear moduli of the 

hydrogel, respectively, 𝛼  the Ogden parameter, 𝜆̅𝑖 = 𝐽−1/3 𝜆𝑖  ,  𝜆𝑖  the ith  principal stretch 

(i=1,2,3) and 𝐽 the total volume change. The modified free energy function that incorporates the 

Mullins effect can be expressed as 

 dev volW W W     ,                                                     (5a) 

      mp 1 mp

dev dev
1

erf 1 d ,m W r W


                                            (5b) 

   mp mp

dev dev dev

1
1 erf ,W W m W

r
      

                                        (5c) 

where 𝜂 is a damage variable (0 <  𝜂 ≤  1), mp

devW  denotes the maximum strain energy density in 

the primary loading, the function 𝜙(𝜂) is referred to as the damage function, erf is the error 

function, and β is a positive number to avoid overly stiff response at the initiation of unloading 
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from relatively large stretch levels, and r and m are constants that characterize the damage 

properties of the material.  

 A typical stress-strain curve from a loading-unloading cycle is schematically shown in 

Fig. 2e, where the energy inside the loop will be dissipated and denoted as DU . It has been 

shown that the energy dissipation DU  corresponds to the maximum value of the damage function 

𝜙(𝜂) [57, 58] 

 
2

mp mp mp mp

dev dev dev dev
D mp mp mpmp

dev devdev

erf 1 exp
π

W m W W W
U

m W m W rW


 

 

        
          

          

,      (6) 

where  mp mp

mp dev dev

1
1 erf W m W

r
     

 represents the maximum damage of the material. We 

define the hysteresis ratio of the material under pure-shear tensile deformation as [49] 

Dh U U ,                                                           (7) 

where mp mp

vol devU W W   and DU  are the mechanical work done on and the energy dissipation in a 

unit volume of the hydrogel under external loading (i.e., pure-shear tensile deformation), 

respectively. For nearly incompressible materials like hydrogels, we can assume mp mp

vol devW W  so 

that the hysteresis ratio can be expressed as 

2
mp mp mp

dev dev dev
mp mpmp

dev devdev

1
erf 1 exp

π

W m W W
h

m W m W rW



 

        
         

          

  .            (8) 

Since the hysteresis ratio h can be obtained through cyclic loading of a sample to different 

maximum stretches, Eq. (8) provides an explicit formula to fit the key parameters in the Ogden-

Roxburgh model for Mullins effect, including r, m and   from the experimental measurements. 

In addition, we use m

DU  and mU  to represent the maximum energy dissipation and the maximum 
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work done in a unit volume of the hydrogel under pure-shear tensile test up to its failure, and 

define the corresponding maximum hysteresis ratio as 

     m m
max D= /h U U .      (9) 

When mp
devW  in Eq. (8) is set to be its maximum possible value from pure-shear tensile test (i.e., 

deformation up to the failure of the material), the hysteresis ratio h  in Eq. (8) reaches maxh

defined in Eq. (9). 

We implement the cohesive-zone and Mullins-effect model into a 2D finite-element 

model to simulate the 90
°
 peeling test of hydrogels bonded on solid substrates, as shown in the 

Fig. 2a. The geometry of the hydrogel layer follows the experiments [27], such as thickness 

equal to 3.2 mm and length 80 mm. The hydrogel layer has a portion initially not bonded to the 

substrate for gripping during the peeling tests. A stiff backing film (i.e., Young’s modulus on the 

order of GPa, thickness in the range of 10 to 100 μm) is attached on the top of the hydrogel to 

prevent elongation in the detached part, so that the interfacial toughness can be directly 

converted from the measured peeling force divided by the sample width [59]. The deformation of 

the system is assumed to be under plane-strain condition. The material properties associated with 

the elasticity and dissipation are fitted with previous experimental tests on the hydrogels [27, 48]. 

The shear modulus 𝜇  and the Ogden parameter 𝛼  are fitted to be 36.57 kPa and 1.473, 

respectively. The best fitting parameters for the Mullins effect are r = 1.1, m = 4.076 kJ/m
3
, and 

β = 0.2818 [27]. We perform all the numerical simulations with ABAQUS/Explicit [58], where 

the hydrogel and stiff backing are modeled with CPE4R element, and the cohesive interface is 

modeled with COH2D element. The Poisson’s ratio of the hydrogel is set to be 0.499 to 

approximate incompressibility. Mass scaling technique is adopted to maintain a quasi-static 

process during the peeling simulations. To model a quasi-static peeling process with explicit 
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simulations, we choose the mass scaling parameters that keep the total kinetic energy less than 1% 

of the total deformation energy. To numerically simulate the 90
° 
peeling test, the left edge of the 

film is first rotated 90° and then moved vertically at a constant velocity. The reaction force (force 

per unit length in the 2D simulation) on the left edge of the film is recorded, and the steady-state 

value gives the interfacial toughness. 

Since the 2D finite-element model cannot characterize the fingering instability 

experimentally observed in peeling tests of hydrogels as shown in Fig. 1c, it is important to 

verify the predictability of the 2D model before applying it to explain experimental observations. 

Therefore, we further develop 3D finite-element models for peeling test of hydrogels and 

compare the stress and energy dissipations from 2D and 3D simulations. The 3D simulation is 

performed with the C3D8R element with smallest mesh size as 0.1 mm. The cohesive-zone 

model is not included in this comparison, as it leads to severe numerical instabilities (i.e., 

element distortions) in 3D simulation. The numerical instabilities may be alleviated by reducing 

time step in explicit simulation, but this will lead to prohibitively long time simulations and 

definitely call for more efficient numerical methods for future studies. 
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Fig. 3 a (Color online) Von-Mises stress distribution in 2D (top rows) and 3D (bottom rows) 

simulations for the peeling test at different peeling force showing the initiation and coarsening of 

the fingering patterns. b Simulated curves of the peeling force per width of hydrogel sheet versus 

displacement for 2D and 3D model. c Simulated curves of the total dissipated energy in hydrogel 

sheet versus displacement for 2D and 3D model. 
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 As shown in Fig. 3a, the 3D finite-element model can successfully capture the initiation 

and coarsening of fingering patterns with the increase of the peeling force before the propagation 

of interfacial crack, as observed in the experiments (Fig. 1c). In addition, the critical peeling 

force for the onset of fingering instability in the simulation is 520 N/m, consistent with the 

experimental value (300˗500 N/m) (shown as supplementary material: Movie S1). Now that we 

have validated that the 3D model can capture the fingering instability experimentally observed, 

we will compare its prediction with 2D model’s results.  Despite missing the fingering patterns, 

the 2D model indeed predicts very similar reaction force and energy dissipation (both normalized 

by sample width) as those from the 3D model before crack propagation, as shown in Fig. 3b and 

3c, respectively. 

 

4. Comparison of experimental and numerical results of tough and tunable adhesion 

It has been known that high intrinsic work of adhesion and high energy dissipation are 

the key factors for achieving tough hydrogel adhesions [26, 27]. There, however, lacks a 

systematic study on how the hydrogel geometry and interfacial properties will influence the 

hydrogel adhesion. In addition, tunable adhesion is also desirable for different applications of 

hydrogels. For example, while hydrogel glues for biomedical devices may require very tough 

adhesion, skin adhesives based hydrogels should give moderate adhesion for detachment after 

usage. To explore the tough and tunable hydrogel adhesions, we conduct a systematic set of 

experiments and finite-element simulations on the adhesion of polyacrylamide-alginate 

hydrogels on solid surfaces with different thicknesses of hydrogel layers and interfacial 

properties.  
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Thickness effect. The effect of hydrogel-layer thickness on adhesion can be understood 

as follows. Since the maximum size for the process zone of the interfacial crack cannot exceed 

the thickness of the hydrogel layer, there is an upper limit for the interfacial toughness of the 

hydrogel on solid substrates [41],  

m

max 0 DU t    ,                                                       (10) 

where m

DU  denotes the maximum energy dissipation in a unit volume of the hydrogel, t  is the 

thickness of the hydrogel layer, t  gives the size of the process zone, and   is a non-

dimensional parameter close to unity for thin hydrogel layers. From Eq. (10), we define a critical 

length scale to determine whether the contribution of mechanical dissipation in the bulk hydrogel 

to interfacial toughness can be significant  

      0
c m

D

l
U


 .         (11) 

If the thickness of the hydrogel is much smaller than the critical length scale, i.e., ct l , the 

contribution from bulk hydrogel dissipation to interfacial toughness is negligible compared with 

the intrinsic work of adhesion.  Therefore, the interfacial toughness is expected to reach a plateau, 

0  as the thickness of the hydrogel layer decreases. On the other hand, when the hydrogel layer 

is sufficiently thick, the interfacial toughness measured from peeling test is expected to reach 

another plateau, since only a portion of the hydrogel layer will be significantly deformed to 

contribute to dissipation during the peeling test.  
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Fig. 4 a Experimental curves of the peeling force per width of hydrogel sheet versus 

displacement for samples with various thickness. b The measured interfacial toughness versus 

the thickness of hydrogel sheet. c Simulated curves of the peeling force per width of hydrogel 

sheet versus displacement for samples with various thickness. d The simulated enhancement 

ratio of the interfacial toughness versus the thickness of hydrogel sheet normalized by the critical 

length scale, lc of the hydrogels used here. Values in plot b represent the mean and standard 

deviation (n = 3,4,5). 
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 To quantitatively understand the variation of interfacial toughness with hydrogel 

thickness, we perform experiments on samples with thickness varying from 0.1 to 6 mm.  The 

curves of peeling force vs. displacement from experiments are given in Fig. 4a and the measured 

interfacial toughness are summarized in Fig. 4b. Two plateaus of the interfacial toughness can be 

clearly identified from samples with very thin (e.g., 100 μm) and thick (e.g., 3.2 mm) hydrogel 

layers, as shown in Fig. 4b.  The intrinsic work of adhesion of the hydrogel is thus taken as the 

experimentally measured interfacial toughness of the lower plateau, which is about 500 J/m
2
. 

(Note this value is higher than reported intrinsic work of adhesion of hydrogels, possibly due to 

the dissipation induced by complicated deformation in the thin hydrogel layer.) Further taking 

m 3

D 1500 kJ mU   [27], the critical length scale cl can be estimated to be 0.33 mm, consistent 

with our experimental results.  In the corresponding numerical model, we vary the thickness of 

the hydrogel layer from 0.2 to 15 mm.  We further take the interfacial strength Sinterface = 300 kPa 

and maximum separation δmax = 1.5 mm. Therefore, the resultant intrinsic work of adhesion is 

2

0 225 J m  , and the critical length scale c 0.15 mml   given  m 3

D 1500 kJ mU  [27]. The 

curves of peeling force vs. displacement from simulations are given in Fig. 4c, and the calculated 

interfacial toughness is summarized in Fig. 4d. When the hydrogel layer is very thin or very thick, 

the calculated interfacial toughness from the model also approaches the intrinsic work of 

adhesion or another higher plateau, respectively, consistent with the theory and experimental 

results (Fig. 4d). The experiments and simulations further show that the tough hydrogel adhesion 

can be tuned by controlling the thickness of the hydrogel layer. 
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Fig. 5 a Experimentally measured values of the interfacial toughness of the hydrogel versus 

silanization time of the glass substrate. b Interfacial toughness versus the intrinsic work of 

adhesion obtained from simulation. Values in plot a represent the mean and the standard 

deviation (n = 3,4,5). 
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 Effect of intrinsic work of adhesion. To vary the intrinsic work of adhesion in 

experiments, we systematically increase the silanization time of the glass substrate from 0 to 30 

min. The density of silane molecules on the substrate and thus the density of covalent bonds 

between the hydrogel and substrate increase with the silanization time [60, 61]. Therefore, the 

intrinsic work of adhesion and interfacial strength are expected to increase with the silanization 

time. As shown in Fig. 5a, the measured interfacial toughness indeed increases significantly from 

10 to 1000 J/m
2
 as the silanization time increases from 0 to 30 min, and they demonstrate an 

approximately linear relation (Fig. 5a).  

 In the finite-element model, we correspondingly vary the interfacial strength Sinterface and 

maximum separation δmax and thus the intrinsic work of adhesion 0  in two ways: one is varying 

δmax from 0.5 to 2.5 mm while keeping Sinterface as 300 kPa, and the other is varying the Sinterface 

from 100 to 350 kPa while keeping δmax as 2 mm. The thickness of the hydrogel layer is taken as 

3.2 mm in all the simulations, which is thick enough to give the upper plateau of interfacial 

toughness vs thickness (Fig. 4d). As shown in Fig. 5b, the calculated interfacial toughness 

increases with the intrinsic work of adhesion 0 approximately linearly for both the cases of 

varying Sinterface and varying δmax. In addition, the calculated interfacial toughness   is indeed 

multiple times (e.g., ~ 3 times) higher than the corresponding intrinsic work of adhesion 0 , due 

to dissipation in the hydrogel layer under deformation. The experimental and simulation results 

further confirm the significant tunability of hydrogel adhesions by varying interfacial properties 

such as interfacial strength and intrinsic work of adhesion. 
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5. Design principles for tough and tunable adhesion of hydrogels 

With the rapid progress of the research on soft materials, it is possible to dramatically 

tune the bulk material properties of the hydrogels, such as energy dissipation and shear modulus 

[48, 62, 63]. Taking the polyacrylamide-alginate hydrogel as an example, the shear modulus and 

energy dissipation can be controlled by changing the concentrations of the ionic and covalent 

crosslinking densities [48]. Furthermore, the interfacial strength between the hydrogels and solid 

substrates can be potentially altered by tuning the density of the chemical bonds between 

hydrogels and solid surfaces. These tunable parameters greatly enlarge the design space for 

adhesion of hydrogels, and therefore it calls for systematic studies and optimizations of the 

effects of these parameters. We next perform a parameter study for a modeled hydrogel (i.e., 

𝛼 = 2 in Eq. (4)) with different material properties, including the shear modulus (𝜇) and energy 

dissipation (m and hmax) of the hydrogel and the failure strength (Sinterface) of the cohesive 

interface. From the dimensionless analysis, we can have the following functional form for the 

interfacial toughness enhancement 

interface
max

0

, ,
S m

G h


  

 
  

 
 ,                                           (12) 

where  refers to the interfacial toughness for a sufficiently thick hydrogel layer (i.e., toughness 

reaches the higher plateau) and G is a dimensionless function for the interfacial toughness 

enhancement.  

A series of simulations have been conducted to explore the influence of each 

dimensionless variable (  mS ,interface  and maxh ) on the final interfacial toughness by varying 

one parameter at a time. For the simulations in this section, we set the film thickness t to be 3.2 

mm, the film shear modulus to be 1 kPa, the intrinsic work of adhesion 0  to be 4 J/m
2
, and the 
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numerical parameter  in Eq. (5) to be 0.1. We vary the damage parameter r in Eq. (5) to tune 

the maximum hysteresis ratio hmax and calculate the associated interfacial toughness with finite-

element simulations. In these calculation, we further change m and Sinterface to investigate their 

influences on the relationship between interfacial toughness and hmax. 
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Fig. 6 a The effect of energy threshold for activating energy dissipation m of the bulk hydrogel 

sheet and interfacial strength on the interfacial toughness. The enhancement ratio of the 

interfacial toughness versus the maximum energy dissipation ratio hmax for different m. b The 

enhancement ratio of the interfacial toughness versus the maximum energy dissipation ratio hmax 

for various interfacial strengths. 
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We first discuss the effects of m and hmax on the calculated interfacial toughness. In this 

set of simulations, we set the interfacial strength as 8interface S  and δmax = 1 mm. Figure 6a 

shows the corresponding interfacial toughness as a function of hmax for different m. It can be seen 

that the interfacial toughness monotonically increases with hmax and decreases with m. This trend 

can be understood as follow. For hydrogels with the same m, a larger value of hmax  gives higher 

capability of energy dissipation and therefore higher enhancement of the interfacial toughness. 

On the other hand, for hydrogels with the same hmax, a smaller value of m (normalized by the 

shear modulus 𝜇) gives a faster transition from the low energy-dissipation state to the high 

energy-dissipation state of the hydrogel [49], which leads to higher enhancement of the 

interfacial toughness. 

We then investigate the influence of the interfacial strength Sinterface (normalized by the 

shear modulus 𝜇) and hmax on the interfacial toughness. In this set of simulations, we adjust the 

maximum separation δmax accordingly to maintain the intrinsic work of adhesion 0 constant. 

The m parameter is also taken to be zero in this set of simulations. The calculated interfacial 

toughness for different values of Sinterface and hmax are presented in Fig. 6b. For hydrogels with the 

same hmax, the interfacial toughness increases with Sinterface. This is consistent with the 

experimental observation that a higher density of covalent crosslinkings between hydrogel 

polymers and substrate gives higher Sinterface and tougher interface. 

Interestingly, the relation between the interfacial toughness enhancement and hmax for 

different values of m and Sinterface can be well described by the following equation with one fitting 

coefficient   

0 max

1

1 h



 



 ,                                                      (13) 
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which follows a similar form for the fracture toughness enhancement of hydrogels due to the 

Mullins effect [49]. From the above sets of simulations (Fig. 6), we further show that the fitting 

coefficient   defined in Eq. (13) is a monotonic increasing function of interfaceS   and 

monotonic decreasing function of m .  

 

6. Conclusions and discussions  

 In this paper, we combine experiments and numerical simulations to explain the 

mechanisms for tough and tunable adhesion of hydrogels on solid substrates.  The tough 

adhesion relies on chemically anchoring stretchy polymer networks in tough hydrogels on solid 

substrates, which gives high intrinsic work of adhesion to trigger significant energy dissipation 

of the bulk hydrogel during detachment [26, 27]. We show that the hydrogel-solid interfacial 

toughness linearly scales with its intrinsic work of adhesion, and the contribution form energy 

dissipation of the bulk hydrogel to the interfacial toughness can be much higher than the intrinsic 

work of adhesion. In addition, our experiments and simulations capture the dependence of 

interfacial toughness on the thickness of hydrogel layer. A critical length scale has been defined 

to estimate whether the contribution from mechanical dissipation in the bulk hydrogel to 

interfacial toughness is significant. When the thickness of the hydrogel layer is much larger or 

smaller than the critical length, the interfacial toughness reaches two plateaus, respectively. 

When the hydrogel thickness is comparable with the critical length, the interfacial toughness 

increases monotonically with the hydrogel thickness, which prescribes the size of process zone. 

Our experiments and simulations also show that the interfacial toughness can be significantly 

tuned by varying the density of chemical anchorage of hydrogel polymers on solid surfaces. We 

further explore the principles to design tough and adhesive soft materials by systematically 
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varying their bulk and interfacial properties. For a material with given shear modulus and 

intrinsic work of adhesion, it is found that high interfacial strength and capacity of energy 

dissipation (i.e., large values of hmax and interface /S   and small value of m) are key to the 

significant enhancement of interfacial toughness.  

 Although the current model can reasonably predict the enhancement of interfacial 

toughness compared with experiments, a number of factors, including fingering instabilities, 

cavitation and viscoelasticity, are not included yet and deserve future studies.  The current model 

utilizes experimentally measured bulk mechanical properties of the tough hydrogels but requires 

the fitting of interfacial strength Sinterface and maximum separation distance δmax of the cohesive 

zone to compare with experiments. It is highly desirable to develop a multiscale model to 

incorporate the values of Sinterface and δmax calculated from molecular-scale models into the 

current continuum model.  

 Beyond the intrinsic material properties, the geometry of the adhered structures will also 

influence the overall adhesion, a strategy widely adopted in nature, such as the adhesion of gecko 

[64] and mussel [3]. The hierarchical structure in gecko’s feet is utilized to achieve a strong and 

reversible adhesion from weak van der Waals interactions [65]. Although mussel’s superior 

under water adhesion is usually attributed to chemicals like DOPA [17, 18], it is recently shown 

that mussel also optimizes the plaque shape and the mechanical properties of thread to further 

achieve significant enhancements of the interfacial toughness compared to the plaque material 

itself [4]. It would be interesting to explore other strategies for the design of adhesive, soft tough 

materials from the structure optimization inspired by nature, such as Gecko and Mussel adhesion. 
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