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Abstract

Tough adhesive hydrogels find increasing use in engineering and medicine by virtue of 

high toughness of matrix and strong adhesion to diverse substrates. In many applications,

tough adhesive hydrogels are exposed to various environmental and loading conditions. 

One example is prolonged cyclic loading when the hydrogels are used as tissue 

adhesives interfacing with repeatedly deforming tissues such as heart and lung. Another 

example is swelling when implanted hydrogels contacting with body fluids, which 

deteriorate mechanical performance. Although hydrogel adhesion has been studied, how 

the tough adhesive hydrogels behave under cyclic loading and upon swelling remains

elusive. In this thesis, a combination of experimental, computational and analytical 

methods is deployed to address these questions. First, modified lap-shear tests are 

applied to exert three types of loading (monotonic, static, and cyclic loads) to tough 

adhesive hydrogels. The results show two interfacial fracture phenomena: fast debonding 

and interfacial fatigue fracture. The existence of interfacial fatigue threshold is confirmed 

and compared with theoretical calculation and fatigue of bulk hydrogels. To investigate 

how fracture properties of tough adhesive hydrogels evolve with swelling process, tough 

adhesive hydrogels are swollen controllably for varying polymer fractions and 

characterized for their cohesion and adhesion energies, respectively. The results show a 

similar scaling law (ϕv) of these two quantities as a function of the polymer fraction (ϕ). 

The results are further analyzed through scaling analysis and finite element simulation, 

finding that it stems from the scaling of shear modulus. This thesis will advance the 

fundamental understanding of tough adhesive hydrogels, promote investigation on 

fracture of hydrogel adhesion, and motivate the development of next-generation tissue 

adhesives.
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RÉSUMÉ

Les hydrogels adhésifs résistants trouvent une utilisation croissante dans l'ingénierie et 

la médecine en raison de la ténacité élevée de la matrice et de la forte adhérence à divers 

substrats. Dans de nombreuses applications, les hydrogels adhésifs résistants sont 

exposés à diverses conditions environnementales et de charge. Un exemple est le 

chargement cyclique prolongé lorsque les hydrogels sont utilisés comme adhésifs 

tissulaires s'interfaçant avec des tissus à déformation répétée tels que le cœur et les 

poumons. Un autre exemple est le gonflement lorsque des hydrogels implantés entrent 

en contact avec des fluides corporels, ce qui détériore les performances mécaniques. 

Bien que l'adhérence des hydrogels ait été étudiée, le comportement des hydrogels 

adhésifs résistants sous charge cyclique et lors du gonflement reste insaisissable. Dans 

cette thèse, une combinaison de méthodes expérimentales, computationnelles et 

analytiques est déployée pour répondre à ces questions. Tout d'abord, des tests de 

cisaillement par recouvrement modifiés sont appliqués pour exercer trois types de 

charges (charges monotones, statiques et cycliques) sur des hydrogels adhésifs 

résistants. Les résultats montrent deux phénomènes de fracture interfaciale : le 

décollement rapide et la fracture de fatigue interfaciale. L'existence d'un seuil de fatigue 

interfaciale est confirmée et comparée au calcul théorique et à la fatigue des hydrogels 

en vrac. Pour étudier comment les propriétés de rupture des hydrogels adhésifs durs 

évoluent avec le processus de gonflement, les hydrogels adhésifs durs sont gonflés de 

manière contrôlée pour différentes fractions de polymère et caractérisés pour leurs 

énergies de cohésion et d'adhérence, respectivement. Les résultats montrent une loi 

d'échelle (ϕv) similaire de ces deux quantités en fonction de la fraction de polymère (ϕ). 

Les résultats sont ensuite analysés par une analyse de mise à l'échelle et une simulation 

par éléments finis, concluant qu'ils découlent de la mise à l'échelle du module de 

cisaillement. Cette thèse fera progresser la compréhension fondamentale des hydrogels 

adhésifs résistants, favorisera l'étude de la fracture de l'adhésion des hydrogels et 

motivera le développement d'adhésifs tissulaires de nouvelle génération.
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Chapter 1. Introduction

1.1. Background

Hydrogel tissue adhesives are promising in surgical purposes, since they can 

provide wound closure and hemostasis while controlling drug delivery and 

preventing fluid leakage [1]. Compared with traditional wound dressing methods, 

such as suturing and stapling, hydrogel tissue adhesives have several remarkable 

advantages, including easy using, rapid working and less secondary damaging [2]. 

Thus, hydrogel tissue adhesives are increasingly used in many branches of 

medicine.

Despite their versatile applications, hydrogel tissue adhesives still have several 

unsolved issues, in particular limited mechanical properties [3], which directly 

determine their performance. Thus, commercial hydrogel tissue adhesives are still 

limited in clinical use to date. 

Recently developed tough adhesive hydrogels successfully overcome these 

problems by virtue of superior toughness of hydrogel matrix and strong adhesion 

to diverse tissue [4, 5]. Inspired by tough adhesive hydrogels, a series of tissue 

adhesives with superior mechanical properties are invented, such as photo-

controllable adhesives [6], degradable adhesives [7], and thermo-responsive 

adhesives [8]. All these adhesives would open a plethora of applications where 

tissue adhesives should withstand repeated stress arising from dynamic 

movement of tissue.

The capacity to sustain cyclic loading is mission-critical for tough adhesive 

hydrogels since many organs and tissue are always in repeatedly deformed state 

in human body. For example, a heart beats 60 to 100 times per minute [9] and 

tendon is stretched in every step when we walk [10]. To apply tough adhesive 

hydrogels in these scenarios, for instance, sealing a wound on a beating heart and 

repairing an injured tendon, it is necessary to study fracture behaviors of tough 

adhesive hydrogels under prolonged cyclic loading, i.e., interfacial fatigue fracture. 
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While fracture mechanics of tough hydrogel adhesion has been explored, previous 

research mainly focuses on monotonic loading [4]. Also, recent studies on fatigue 

fracture of hydrogels investigate bulk failure rather than interfacial failure [11-13], 

thereby leaving a gap on the response of tough adhesive hydrogels under cyclic 

loading. 

Another key challenge posed by hydrogel adhesive applications is swelling and 

following deterioration of mechanical properties. Because human body is full of 

body fluids, implanted hydrogel adhesives would readily contact with fluids and 

immediately swell. This results in polymer fraction reduction (i.e., increasing water 

content) and alteration of fracture properties [14]. Previous studies on hydrogel 

swelling have focused on single network hydrogels and bulk properties [15-17]. 

The correlation between swelling and fracture properties of tough adhesive 

hydrogels is still unexplored. Thus, to develop tissue adhesives meeting the use 

inside the body, it is necessary to investigate fracture behaviors of tough adhesive 

hydrogels, including bulk and adhesion performance, in response to swelling 

process.

In this thesis, the overall goal is to investigate fracture behaviors of tough adhesive 

hydrogels. We seek to understand the mechanisms underlying fracture behaviors

under cyclic loading and in swelling process. This work is expected to advance the 

understanding on hydrogel fracture. Also, these findings might be conducive to the 

development of next-generation tissue adhesives.

1.2. Thesis Structure

This thesis includes six chapters as follows. Chapter 1 introduces the background 

of the study and thesis structure. Chapter 2 provides a literature review on tough 

hydrogels, tough hydrogel adhesion, recent progress in fatigue fracture of 

hydrogels, and the coupling of swelling and fracture of hydrogels. Chapter 3 

describes the work done on interfacial fatigue fracture behaviors of tough adhesive 

hydrogels under cyclic loading based on modified lap-shear tests and theoretical 
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interpretation. Chapter 4 presents the evolvement of fracture properties of tough 

adhesive hydrogels during the swelling process, analyzed by Brown's model and 

finite element simulation. Chapter 5 provides the conclusion of this thesis along 

with recommendations for future work in this research area.
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Chapter 2. Literature Review

2.1. Tough Hydrogels

Section 2.1 reviews tough hydrogels and mechanisms behind their superior 

mechanical properties, in addition to their promising applications.

2.1.1. Introduction

As an important class of biomaterials, hydrogels consist of a three-dimensional 

polymer network with crosslinked hydrophilic chains. Due to the high water content, 

hydrogels have been utilized in a broad range of biomedical applications such as 

tissue engineering scaffolds [18, 19],  carriers for drug delivery [20, 21], tissue 

adhesives [22, 23], biological models [24, 25] and contact lenses [26]. Furthermore, 

potential applications of hydrogels have tremendously expanded from clinical use 

to engineering devices including sensors [27, 28], soft robotics [29, 30] and 

electronic components [31, 32]. By controlling the synthesis process and 

compositions, researchers can tune the properties and functions of hydrogels to 

meet practical requirements.

Despite their outstanding characteristics such as biocompatibility, biodegradability 

and responsiveness to external stimulations, conventional hydrogels are 

mechanically weak (elastic modulus ≈ 10 kPa and toughness < 10 Jm-2) [33], 

which dramatically limits their use in load-bearing situations. Especially, given that 

biological tissues usually exhibit high stiffness, high strength and high toughness, 

such as cartilage (toughness > 1000 Jm-2) [34] and tendon (strength > 50 MPa)

[35], intensive efforts have been made to develop hydrogels with enhanced 

mechanical properties [36-38].

The poor mechanical properties of conventional hydrogels can be attributed to 

three factors, including 1) structure inhomogeneity resulting from irregular 

aggregation of crosslinking points and dispersity of polymer chain lengths [39]; 2) 

high water content [40]; 3) lack of energy dissipation mechanism [41]. Recently, 
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many strategies have been proposed to improve mechanical properties of 

hydrogels, for instance, ionic interactions [42], double networks [37] and fiber-

reinforced composite [43]. Briefly, these strategies are aimed to: 1) form ideal 

polymer networks with homogeneous structure; 2) enhance energy dissipating 

capability; 3) leverage high-functionality crosslinkers. Examples of tough hydrogels 

fabricated by these approaches will be described in the next section.

2.1.2. Tough Hydrogels with Reinforced Mechanical Properties

Ideal Polymer Networks

Tetra-poly(ethylene)glycol (Tetra-PEG) Hydrogels

To make homogeneous hydrogels with uniform chain length, Sakai et al. reported 

a tetra-PEG hydrogel combining two symmetrical tetrahedron-like 

macromonomers of equal sizes [44]. The obtained networks were found to be 

extremely uniform with negligible topological defects such as entanglements and 

loops [45]. Due to the extremely homogeneous 3D tetrahedral structures, these 

hydrogels exhibit high mechanical strength comparable to cartilage (compressive 

strength of 2.5 MPa and compression modulus of 40 kPa). It should be noted that, 

in this method, symmetrical macromers are necessary to fabricate homogeneous 

hydrogels, thus limiting the available range of polymers.

Networks with Energy Dissipating System

Double network (DN) Hydrogels 

Pioneered by Jianping Gong in 2003, double network (DN) hydrogels consist of 

two interpenetrating polymer networks: the first network is stiff and brittle; the 

second network is soft and ductile; showing remarkable mechanical properties [37]. 

DN hydrogels with 90% water content exhibit elastic modulus of 0.1-1.0 MPa, 

tensile strength of 1-10 MPa, failure strain of 1000%-2000% and toughness of 

1000 Jm-2 [46]. According to theories proposed by Tanaka et al. [47], upon loading, 

the first brittle network breaks and microcracks appear, forming a process zone 

around the crack tip and responsible for energy dissipation. At the same time, the 
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second ductile network prevents the propagation of microcracks and sustains large 

deformation, thereby maintaining the integrity of hydrogels. Notably, the concept 

of double network is general and not limited to certain combinations of polymer 

pairs.

Alginate/PAAm Tough Hydrogels

Zhigang Suo and coworkers reported a highly stretchable hydrogel made of 

covalently crosslinked polyacrylamide (PAAm) and ionically crosslinked alginate

[38]. This hybrid hydrogel can be stretched 20 times of initial length and achieve 

tensile strength of 156 kPa and toughness of 9000 Jm-2. During deformation, ionic 

crosslinks in the alginate network are unzipped, thereby dissipating energy while 

the PAAm network retains structure integrity, which is credited for its relatively high 

fracture toughness. After unloading, ionic bonds between alginate and Ca2+

crosslinker can be reformed, allowing for the recovery of mechanical properties, 

which can never be achieved in DN hydrogels. Also, alginate/PAAm hydrogels 

show excellent biocompatibility, since the implantation of these hydrogels induces 

a minimal inflammatory response in rats after 8-week implantation [48]. Based on 

the same method, a series of tough hydrogels with dual crosslinks have been 

reported, such as PAA/PVA-H2SO4 [49], PAM/agar-Li+ [50] and CCP/MCP-Zn2+

[51].     

Networks with High-Functionality Cross-Links

Nanocomposite Tough Hydrogels

Another approach is to incorporate nanostructures into hydrogel network. One 

example is that water-swellable silicate nanoplatelets are introduced to make 

nanocomposite (NC) hydrogels with excellent mechanical properties [52]. The clay 

nanosheets absorb polymer chains through ionic and coordination interactions, 

acting as multifunctional crosslinkers. Since multiple polymer chains can attach to 

a single clay nanosheet, every individual chain must be disconnected from clay 

sheets to let crack propagation happen, thus imparting NC hydrogels with high 

toughness. For example, NC hydrogels composed of poly(N-isopropylacrylamide)
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(PNIPAm) polymer network and hectrite clays demonstrate high stretchability 

(maximum strain larger than 1000%) and can withstand 90% compression, proving 

their robustness [53].

2.1.3. Applications of Tough Hydrogels

Thanks to the excellence properties of tough hydrogels, they have been proposed 
and developed for a variety of applications, which are introduced briefly below. 

Biosensor

Zhang et al. developed a PVA/Mxene hydrogel used as soft strain sensor with high 

gauge factor (Figure 2.1) [54]. The hydrogel had a gauge factor of 25 at 40% strain. 

Because MXene nanosheets worked as multi-functionality crosslinkers, the strain 

sensitivity and mechanical properties of hydrogels were much improved. 

Figure 2.1 (a-e) Resistance changes of PVA/Mxene hydrogel in response to different 
actions and expressions. (Reproduced from [54], copyright 2018, AAAS).
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Soft Actuators

Because hydrogels are able to swell/shrink in response to environmental stimulus, 

hydrogel-based soft actuators tremendously expand applications of robotics. Yuk 

et al. developed a bilayer actuator constructed by alginate/PAAm tough hydrogel 

which could be actuated by hydraulic pressure (Figure 2.2) [29]. Compared to other 

hydrogel actuators relying on swelling/deswelling driven by osmotic pressure, the 

responsive time of this hydraulic actuator is much shorter, leading to the 

development of soft robotics in aqueous environments.

Figure 2.2 (a) Schematic illustration of the structure of hydraulic hydrogel actuator. (b) 
Fast actuation of hydraulic hydrogel actuator driven by hydraulic pressure. (Reproduced 
from [29], copyright 2017, Springer Nature).

Drug Delivery

Tough hydrogels have been intensively studied for controlled drug delivery. In 

2018, Li et al. formulated an alginate-clay nanocomposite hydrogel to deliver IGF1 

mimetic protein (Figure 2.3) [55]. This hydrogel is ideal for drug delivery with its 

biocompatibility and responsiveness to pH. At a neural pH, proteins are absorbed 
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to the surface of clay nanoparticles. While at low pH due to injured tissue, hydrogel 

matrix degrades, and drugs are released.

Figure 2.3 Composite hydrogel loads and releases IGF1 proteins. Gray disks: clay 
nanoparticles; red spheres: adsorbed and free drug molecules; gray bubbles: micro-sized 
cavities. (Reproduced from [55], copyright 2018, Wiley-VCH).

2.2. Tough Adhesion of Hydrogels

Section 2.2 reviews several methods for achieving tough adhesion of hydrogels 

with different materials, followed by their potential applications in engineering and 

medicine.

2.2.1. Introduction

Adhesion research has a long history, which can trace back to the ancient 

civilization. Hydrogel adhesion refers to forming adhesion between one hydrogel 

and the other material such as another hydrogel, tissue, glass, metal or any other 

materials. Achieving strong hydrogel adhesion is critical in a range of applications 

including wound dressing [56], drug delivery [57, 58], artificial skins [59], tissue 

repair [60] and bioelectronics [61].

However, achieving effective hydrogel adhesion has been a long-lasting challenge. 

This is because the majority component of hydrogel is water molecule which does

not participate in binding processes or transmit force, thereby preventing adhesion. 

Traditional adhesives, such as cyanoacrylate, is cytotoxic and only works for dry 
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surfaces, since it solidifies instantaneously in contacting with water [62]. Thus, it is 

an urgent need to develop a new way for wet adhesion.

Recently, a series of methods have achieved strong and tough hydrogel adhesion 

on diverse substrates, including metals, glass, polymers and tissues, by combining 

chemistry, topology and mechanics [4, 5, 63-65]. In general, the design principle 

of tough hydrogel adhesion is to first form strong linkages at the interface, such as 

covalent bonds [66], non-covalent links [67], bridging polymers [4] and 

nanoparticles [68]. Then the hydrogel matrix must be tough enough to dissipate 

energy during detachment. The total adhesion energy is a sum of intrinsic 

adhesion energy dominated by interfacial linkages and the energy dissipation 

inside hydrogel matrix. The synergy of these two mechanisms yields high adhesion 

energy, unseen with conventional hydrogel adhesives. 

2.2.2. Strategies for Tough Hydrogel Adhesion

Covalent Bonding

Covalent bonds have been widely used to create adhesion between hydrogels and 

various materials, including carbon-carbon [69], carbon-nitrogen [4], silicon-

oxygen [70] and carbon-sulfur [71] bonds. Yuk et al. first achieved strong hydrogel 

adhesion by anchoring polymer chains of alginate-PAAm hydrogel on substrates

[5]. In this case, substrate surfaces are first modified by silanes to add 

methacrylate groups. After casting the precursor, the surface-modified substrates 

are covalently grafted to alginate-PAAm hydrogel network via in situ polymerization 

during cure. Due to the superior fracture properties of alginate-PAAm hydrogel, a 

significant amount of energy is dissipated during detachment, thus achieving high 

adhesion energy from 1000 Jm-2 to 1500 Jm-2 on metals, glass, silicon and 

ceramics. Notably, this method is not limited to alginate-PAAm hydrogel, and it is

expected to work for any hydrogel synthesized by free radical polymerization.
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Bridging Polymers

Since it involves toxic chemicals, the above covalent bonding method is not 

applicable to tissue adhesion. Recently, Li et al. successfully employed bridging 

polymers to bond alginate-PAAm hydrogels and tissues [4]. A species of polymers 

containing primary amine group can be adopted as bridging polymers, such as 

chitosan, polyallylamine and polyethylenimine. When an aqueous solution of 

bridging polymers mixed with 1-ethyl-3-(3- dimethylaminopropyl)carbodiimide 

(EDC) and N-hydroxysulfosuccinimide (NHS) is cast between hydrogel and tissue, 

the NH2 groups on the bridging polymer and the -COOH groups on the tissue and

alginate form amide bonds through EDC chemistry. Meanwhile, the bridging 

polymer interpenetrates into hydrogel and tissue, forming a network as a 

topological stich. This method synergizes interfacial bridging and energy 

dissipation of tough hydrogels, achieving an adhesion energy over 1000 Jm-2 on 

various tissues including skin, heart and liver, even in the presence of blood.

Physical Crosslinks

Various physical crosslinks such as crystalline domains [67], glassy staples [72]

and hydrogen bonds [73] can be adopted to achieve strong hydrogel adhesion. 

Because each physical crosslink can connect multiple polymer chains, intrinsic 

adhesion energy is largely enhanced. For example, Liu et al. implemented 

nanocrystalline domains to adhere PVA hydrogels on diverse engineering 

materials [67]. First, PVA hydrogels are synthesized on cleaned substrates. After 

dry-annealing treatment, PVA hydrogels form nanocrystalline domains which 

strongly bond to substrates via high-density hydrogen bonds. Because it requires 

much higher energy to fracture nanocrystalline domains at the interface than 

polymer chains, this method can even achieve higher adhesion energy (7500 Jm-

2) than tough alginate-PAAm hydrogel adhesion (1500 Jm-2). In addition, it shows 

excellent fatigue-resistant adhesion with an interfacial fatigue threshold of 800 Jm-

2, comparable to the adhesion of tendons, ligaments and cartilages [34, 74, 75].

However, this method is limited to the specific material system and by the lengthy 

processing steps. 
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Mechanical Interlocking

To apply the concept of mechanical interlocking in hydrogel adhesion, Cha's group 

designed a microneedle patch inspired by sandbag worms [76]. The microneedle 

patch contains a mussel adhesive protein-based sticky shell for adhesion and a 

silk fibroin-based rigid core for fixation. After piercing into soft tissues, the outer 

microneedle shell swells and forms mechanical interlocking with surrounding 

tissue. The microneedle patch could achieve a high adhesion strength (~ 190 kPa) 

on wet and dynamic tissue. More interestingly, microneedle tips could be loaded 

with drugs to provide controlled drug delivery in a minimally invasive way. 

2.2.3. Applications of Hydrogel Adhesion

With strong hydrogel adhesion achieved, researchers have been exploring its 
application in various settings, summarized below. 

Stretchable Circuits

Yuk et al. developed a conductive hydrogel adhesive that can bond two electrodes

(Figure 2.4) [5]. The circuit made of electrodes and hydrogel enables powering a 

LED light under stretching. Further, the conductivity of hydrogel-electrodes circuit 

is not affected even after undergoing 1000 loading cycles. This hydrogel adhesive 

promotes the development of soft electronics.

Figure 2.4 Stretchable circuit based on the adhesion of tough hydrogels. (left) The circuit 
is conductive to power a LED light under a stretch of 4.5 times. (right) The conductivity of 
the circuit is not affected after undergoing 1000 loading cycles. (Reproduced from [5], 
copyright 2015, Springer Nature)
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Tissue Adhesives

Zhao's group invented a hydrogel adhesive that can adhere to various tissues in 

less than 5 seconds (Figure 2.5) [56]. Due to its self-adhesive ability, the hydrogel 

adhesive can be easily used for wound dressing, drug delivery and adhering 

biosensors without preparing additional glues.

Figure 2.5 Potential applications of double-sided tape hydrogel. (a) Sealing of an air-
leaking porcine lung. (b) Sealing of a fluid-leaking porcine stomach. (c) A drug-loaded 
patch on a porcine heart. (d) Diffusion of drug into heart tissue. (e) Adhering a strain sensor 
on a porcine heart. (f) Normalized electrical resistance of the strain sensor. (Reproduced 
from [56], copyright 2019, Springer Nature)

Drug Delivery

Hydrogels capable of adhering to the skin can be used for transdermal drug 

delivery. For example, Jung et al. proposed a polyacrylamide/polydopamine 
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hydrogel embedded with mesoporous silica nanoparticles (MSNs) as a 

transdermal drug delivery patch (Figure 2.6) [58]. The incorporation of MSNs not 

only enhances the cohesion of hydrogel patch, but also further increases the 

adhesiveness. With drugs laden in MSNs, this hydrogel patch demonstrates a 

simple but effective transdermal drug delivery system.

Figure 2.6 (a, b) Schematic illustration of adhesive hydrogel patch for transdermal drug 
delivery. (c) Interactions among nanoparticles, polymer chains and tissues. (Reproduced 
from [58], copyright 2020, Wiley-VCH)

2.3. Fracture Behaviors of Hydrogels

Section 2.3 first reviews experimental methods for measuring cohesion energy (i.e.,

toughness) and adhesion energy of hydrogels. This is followed by a brief summary 
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of fatigue fracture of hydrogels. The effect of swelling on fracture properties of 

hydrogels is discussed in the end.

2.3.1. Experimental Measurement of Fracture Properties

Cohesion Energy

Cohesion energy (i.e., toughness) characterizes the resistance of materials to 

crack growth. The critical energy release rate G during crack propagation is often 

used to calculate cohesion energy. When the energy release rate G at the crack 

tip determined by external loading reaches cohesion energy, the crack starts to 

grow.

Figure 2.7 Test configurations for measuring cohesion energy. (a) Pure shear test. (b) 
Simple extension test. (c) Single edge crack test. (d) Tearing test.

Pure shear test

Pure shear test proposed by Rivlin and Thomas is extensively adopted to measure 

the toughness of soft materials, such as rubbers and hydrogels [77-79]. In the pure 

shear test, the sample geometry is a long thin strip. In other words, width, height 

and thickness are L0, H0 and b0, satisfying L0>>H0>b0 (Figure 2.7a). The sample is 

pre-cut with a long edge crack before loading. When the sample is stretched 

vertically, the energy release rate is calculated by [77]:
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𝐺 = 𝑊(𝜆)𝐻0 (1)

where W is the strain energy density given by the area under the stress-stretch 

curve when stretching an uncracked sample of the same geometry. 𝜆 is the stretch 

imposed to the pre-cut sample. 

Simple extension test

In simple extension test, the sample geometry is similar to that in pure shear test. 

The sample has a length of L0, a height of H0 and a thickness of b0. Upon loading, 

two arms at the cracked end are stretched and peeled apart as shown in the Figure

2.7b. The energy release rate G is written as [77]:

𝐺 =
2𝜆𝐹

𝑏0
− 𝑊𝐻0 (2)

where F is the force applied to the arms, 𝜆 and W are the stretch and strain energy 

density of the arms. When the deformation of the arms is restricted or neglected, 

the equation (2) is reduced to 𝐺 =
2𝐹

𝑏0
. Notably, if the deformation in arms is large, 

the strain energy density W and the stretch 𝜆 cannot be neglected.

Single edge crack test

Single edge crack test was initially used by Greensmith [80] to measure the 

toughness of vulcanized natural rubbers. If the sample geometry meets the 

requirement c<<L0<<H0 (Figure 2.7c), the energy release rate is approximately 

given by [80]:

𝐺 =
6

√𝜆
𝑊(𝜆)𝑐 (3)

where W is the strain energy density of an uncracked sample under uniaxial 

tension. 

Tearing test

Tearing test, also known as trouser-tear test, has been used to measure the 

fracture of rubber [81], elastomers [82] and tough hydrogels [83]. In the tearing test, 

two arms are stretched to the opposite direction by an out-of-plane loading (Figure 
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2.7d), named as Mode Ⅲ failure. However, from the energetic view, the energy 

release rate G is the same as that in simple extension test. If the deformation of 

arms is neglected, the equation (2) can be reduced to 𝐺 =
2𝐹

𝑏0
.

Adhesion Energy

Adhesion energy is defined as the energy required for a crack to grow per unit area 

at interface. To characterize the quality of adhesion, three types of mechanical 

tests (i.e., probe pull, lap shear and peel) are usually adopted. Typically, the probe 

pull and lap shear tests are used to measure adhesion strength (Figure 2.8a&b),

and the peel test is used for adhesion energy (Figure 2.8c&d). However, recent 

studies showed lap shear could also be used to measure adhesion energy of 

hydrogels [84-86]. It is worth noting that adhesion strength and adhesion energy 

are two independent properties. 

Figure 2.8 Test configurations for measuring adhesion. (a) Probe pull test. (b) Lap shear 
test. (c) 90° peel test. (d) 180° peel test.

Lap shear test

In the lap shear test, two adherends are bonded together by a thin layer of 

adhesive (Figure 2.8b). The overlap area is called lap shear joint. When the applied 

force is parallel to adherends, a crack initiates and propagates along the interface, 
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simulating a common failure of adhesive joint. In this case, the energy release rate 

is the difference between the elastic energy per unit length of two adherends [87]:

𝐺 =
𝑏0

4𝐸
(

𝐹

𝑤𝑏0
)

2

(4)

Where 𝑏0, 𝐸, 𝑤 are the thickness, elastic modulus and width of adherends, 

respectively.

Peel test 

Peel test is typically carried out at a constant peel velocity or under a constant load. 

Peel angle is usually fixed at 90° (Figure 2.8c) or 180°(Figure 2.8d) for simplicity

[88]. The advantage of peel test is that in a steady crack propagation state at a 

constant peel velocity, the applied peel force directly translates into the interfacial 

fracture energy, i.e., adhesion energy. Two adherends are usually glued with stiff 

backings to restrict the deformation of two arms during peel tests. In 90° peel test, 

the adhesion energy is given by:

𝐺 =
𝐹

𝑤
(5)

Where 𝑤 is the width of the adherends. In 180° peel test, namely T-peel test, the 

equation becomes 𝐺 =
2𝐹

𝑤
.

2.3.2. Fatigue Fracture of Hydrogels

Fatigue fracture has been extensively studied in engineering materials, such as 

metals, plastics, ceramics and composite materials [89-92]. Only recently, several 

papers reported the fatigue fracture of hydrogels [11-13, 93-96]. Fatigue fracture 

refers to the crack grows under cyclic loading, eventually leading to the fracture of 

sample. And fatigue threshold is defined as a critical load below which the crack 

does not grow no matter how long the cyclic loading is applied. Here, we 

summarize representative data of fatigue of hydrogels.
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Polyacrylamide (PAAm) Hydrogels

Tang et al. first reported delayed fracture and cyclic fatigue fracture of PAAm 

hydrogels [13]. The toughness of the PAAm hydrogel synthesized from 2.2 M 

monomer and 0.156% crosslinker is reported to be 56.8±3.8 Jm-2. For a pre-cut 

PAAm hydrogel under static loading, delayed fracture happens when the energy 

release rate is between the fracture toughness and the threshold for delayed 

fracture which is reported to be 35.4 Jm-2. For a pre-cut PAAm hydrogel under 

cyclic loading, fatigue failure is observed when the energy release rate is higher 

than the cyclic-fatigue threshold measured at 7.03 Jm-2. According to the Lake-

Thomas model [97], the crack would gradually extend by cutting polymer chains 

ahead of the crack when the applied load is above the fatigue threshold, which 

indicates the fatigue threshold increases with polymer fraction and polymer chain 

length [94]. Zhang et al. further studied fatigue fracture of PAAm hydrogels with 

different water contents and confirmed that the fatigue threshold increases with the 

polymer fraction [94].

Double-network (DN) Hydrogels

Gong et al. reported the first double-network hydrogel with high toughness (~4000 

Jm-2) [37]. The DN hydrogel consists of a soft PAAm network and a stiff PAMPS 

network. Zhang et al. studied the fatigue fracture of DN hydrogel under cyclic 

loading and found that DN hydrogel has a high fatigue threshold over 400 Jm-2 [96]. 

Because PAMPS network is covalently connected, the fatigue damage in DN 

hydrogel is completely irreversible, which means DN hydrogel would severely 

suffer from cyclic loading.

Alginate-PAAm Hydrogels

Sun et al. invented an alginate-PAAm hydrogel whose toughness is above 8000 

Jm-2 [38]. In alginate-PAAm hydrogel, PAAm forms a covalently crosslinked 

network providing elasticity and alginate forms an ironically crosslinked network 

dissipating energy. Sun et al. also found that alginate-PAAm hydrogel could heal 

from fatigue damage by heating the hydrogel, since Ca2+-alginate bonds could 

recover at elevated temperature [12, 38]. The self-recovery property of the 
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hydrogel might affect its fatigue behavior. So, Bai et al. investigated fatigue fracture 

of alginate-PAAm hydrogel under cyclic loading [12]. At a fixed cyclic stretch, the 

crack growth speed is fast at beginning, but gradually reaches a steady state. The 

fatigue threshold of alginate-PAAm hydrogel is reported to be 53 Jm-2. 

PVA-PAAm Hydrogels

Bai et al. also studied fatigue fracture of PVA-PAAm hydrogels [11]. PVA chains 

could form hydrogen bonds with themselves and with PAAm networks. Under 

loading, hydrogen bonds break, imparting hydrogel energy dissipation capability. 

They found that a PVA-PAAm hydrogel without precut is free from fatigue damage, 

as hydrogen bonds reform in unloading stage and the hydrogel recovers. However, 

cyclic fatigue fracture is observed in a PVA-PAAm hydrogel with a precut. The 

fatigue threshold of PVA-PAAm hydrogel is measured to be 9.5 Jm-2, similar to that 

of PAAm hydrogel [13], proving that the fatigue threshold mainly depends on 

covalent network.

2.3.3. Effects of Swelling on Fracture Properties of Hydrogels

Swelling behaviors of hydrogels have been extensively studied [98]. Various 

models based on kinetics and thermodynamics of swelling have been proposed

[99-101]. Among them, the most well-known model connecting swelling and 

mechanics is Flory–Rehner (F-R) model [102]. Assuming the free energy of 

network is the summation of that of individual chains and all chains follow Gaussian 

distribution [103], F-R model successfully describes the relationship between 

microscopic molecular structure and macroscopic elastic properties. For example, 

according to F-R model, the elastic modulus E has a scaling with respect to 

polymer fraction, i.e., 𝐸~𝜙1/3 [104].

Even though many models built on scaling theory capture the elastic response of 

hydrogels in swelling, few studies pay attention to fracture properties. Chen et al. 

compared toughness of agar-PAAm hydrogels in as-prepared state and swollen 

state [105]. Typically, swelling weakens mechanical properties. But Chen et al. 

found that the effect of swelling could be minimized by increasing agar 
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concentration, achieving similar toughness in as-prepared state (3988 Jm-2) and 

swollen state (3960 Jm-2). Chen's study demonstrates high toughness could be 

obtained in both as-prepared state and swollen state, broadening applications of 

hydrogels in aqueous environment.

Kundu et al. quantitatively investigated the effect of swelling on elasticity and 

toughness of PAAm hydrogels [106]. By using a simple experiment, cavitation 

rheology, Kundu et al. measured elastic modulus E and fracture toughness Gc of 

hydrogels with various polymer fractions 𝜙 . The results show that the elastic 

modulus E and toughness Gc have a scaling relationship with polymer fraction φ, 

i.e., 𝐸~𝜙2.3 and 𝐺𝑐~𝜙5/24. A scaling theory is adopted to capture the transition 

from elastic deformation to fracture.

Even though F-R model is widely used to interpret the elastic response of swollen 

hydrogels, Li et al. points out that the scaling exponent is not all the same, which 

cannot be explained by F-R model [107]. By measuring elastic modulus of PAAm 

hydrogels in swollen state and dehydrated state separately, Li et al. discovered 

that the scaling laws are different in two states [107]. A scaling theory is proposed 

and successfully explains the discrepancy. Furthermore, Li et al. proposed a 

theoretical model expressing the fracture threshold as a function of polymer 

fraction and found that the fracture threshold obeys the same scaling law as elastic 

modulus. A connection between elastic modulus and fracture threshold is 

established.
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Abstract

Tissue adhesive hydrogels find increasing use in the clinic, but their response to 

prolonged cyclic deformation remains unexplored. The lack of understanding 

hinders the development and application of tissue adhesive hydrogels, particularly 

in the applications interfacing with repeatedly deforming tissues such as heart and 

lung. Here we study the interfacial fatigue fracture of a tissue adhesive hydrogel 

based on tough hydrogel, called tough adhesive (TA), using a fracture mechanics 

approach. We perform modified lap-shear tests with three types of loading (e.g., 

monotonic, static, and cyclic loads). We observe shakedown of the load-

displacement curves during cycling and two interfacial fracture phenomena: fast 

debonding and interfacial fatigue fracture. We confirm the existence of a fatigue 

threshold (24.4 J m-2) for the TA-skin interface, below which the interface is 

immune against prolonged cyclic deformation. The threshold is lower than the 

adhesion energy (580 J m-2) for fast debonding. We also compare the interfacial 

fatigue fracture with the fatigue of bulk hydrogels. This work will promote further 

mechanistic investigation on interfacial fatigue fracture and the development of 

fatigue-resistant tissue adhesives. 

mailto:jianyu.li@mcgill.ca
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3.1. Introduction

Tissue adhesive hydrogels stick to biological tissues and close wounds. They have 

been deemed to be promising reinforcements and replacements for sutures and 

staples [1,2]. Examples of clinically used tissue adhesive hydrogels include 

Coseal (Baxter), BioGlue (CryoLife), TISSEEL (Baxter) and Evicel(Ethicon). 

They find increasing use in many branches of medicine, including tissue repair [3–

5], surgical sealants [6–8], drug delivery [9,10], device fixation [11], and wound 

dressings [12]. However, the performance of tissue adhesive hydrogels remains 

unsatisfactory due to their limited mechanical properties. They are often vulnerable 

to rupture or debonding from tissues especially under mechanically demanding 

tissue environments [3]. To overcome the limitations, new tissue adhesive 

hydrogels based on tough hydrogels, called tough adhesive (TA), are developed 

recently, which combine superior toughness and tissue adhesive properties [3]. 

There are other tissue adhesives with enhanced mechanical performance, 

including thermalresponsive adhesives [12], mussel-inspired adhesives [13], 

photo-controllable adhesives [14] and degradable adhesives [15]. They are 

promising to expand the application scope of tissue adhesive hydrogels to the 

areas involving mechanically dynamic tissues such as heart, tendon, and cartilage. 

Preclinical studies suggest that the improvement of mechanical properties of tissue 

adhesives can help mitigate surgical complications and promote wound healing, 

for instance, in skin wound management [12] and tendon repair [16].

Cyclic deformation is ubiquitous in the human body, for instance, a heart beats for 

2.5 to 3 billion times [17] and a lung gets inflated and deflated for 500 to 800 million 

times [18] in one’s life. To interface such tissues with tissue adhesive hydrogels, 

one must study the interfacial fatigue fracture of tissue adhesive hydrogels, i.e.,

how they respond to the prolonged cyclic deformation. Previous studies on tissue 

adhesive hydrogels focus on either monotonic loading or basic characterization 

under cyclic deformation without examining crack extension behavior [3]. Recent 
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studies report the fatigue fracture of bulk hydrogels, including polyacrylamide 

hydrogels [19], tough hydrogels [20], double network hydrogels [21] and self-

recovering hydrogels [22]. However, the interfacial fatigue fracture of hydrogels, in 

general, remains largely unexplored till now. 

The interfacial fatigue fracture is traditionally studied on engineering materials such 

as metals [23]  ceramics [24], and epoxy [25]. To study the interfacial fatigue 

fracture of tissue adhesive hydrogels, it is urgent to develop new testing methods. 

The common testing methods for tissue adhesives focus on the adhesion strength 

or the failure force under monotonic load. But the fracture processes better relate 

to the fracture energy or the critical energy release rate [26]. The widely used 

methods and equipment for measuring fracture energy cannot be directly applied 

in the interfacial fatigue study of tissue adhesives due to the geometric constraints 

of biological tissues, the loading control (displacement versus force-controlled) and 

the dehydration issue. Further development is needed for characterization 

methods that allow for facile determination and control of the energy release rate 

over cycles.  

Here we will explore the interfacial fatigue fracture of tissue adhesive hydrogels. 

We will choose the TA as a model tissue adhesive hydrogel, as they demonstrate 

superior tissue adhesive property and translation capacity [3]. To study the 

interfacial fracture behavior of TA on porcine skin, we will modify the lap-shear 

method and test three types of loading: monotonic, static, and cyclic loads. We will 

characterize the crack extension behavior under different loading, determine the 

adhesion energy for fast debonding and the threshold, if any, for interfacial fatigue 

fracture. We will also compare the interfacial fatigue fracture with the fatigue of 

bulk hydrogels. This study will answer fundamental questions regarding the 

interfacial fatigue fracture of tissue adhesive hydrogels. For instance, does the 

tissue adhesion fatigue? What is the interfacial fatigue threshold? It will also 

provide insights into the development of tissue adhesive hydrogels with high 

fatigue resistance.
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3.2. Experimental section

3.2.1. Materials

Most of the chemical reagents were purchased from Sigma Aldrich, including 

acrylamide (AAm, monomer), N,N'-methylenebis(acrylamide) (MBAA, crosslinker), 

N,N,N',N'-tetramethylethylenediamine (TEMED, accelerator), ammonium 

persulfate (APS, initiator), calcium sulfate, N-hydroxysulfosuccinimide (NHS), and 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). Alginate (I-1G) was 

purchased from KIMICA Corporation. Chitosan (deacetylation degree 95%, 

medium to high molecular weight) was purchased from Xi’an Lyphar Biotech 

(Shanxi, China). We purchased acrylic sheets from McMaster-Carr used to make 

reaction molds. Fresh porcine skin was purchased from a local grocery store. 

Figure 3.1 Schematics of the specimen and testing method. (a) A modified lap-shear 
specimen is enclosed inside a closed chamber and stretched unidirectionally. (b) Grips 
pull the specimen with a force F and a prescribed displacement d. The outer surfaces of 
the adhesive and the skin are glued to rigid plastic films to concentrate the work at the 
crack tip. The initial length of the specimen is L and the nominal strain applied onto the 
adhesive joint is ε=d/L.



26

3.2.2. Specimen Preparation 

The tough adhesive as a model tissue adhesive hydrogel was synthesized with a 

two-step method following a protocol reported previously [3]. We first synthesized 

alginate-polyacrylamide tough hydrogels as the adhesive matrix and then 

activated their surface with chitosan and coupling reagents (i.e., EDC and NHS). 

Briefly, we dissolved 6.76 g of AAm monomers and 1.128 g of sodium alginate in 

50 mL of deionized water. We mixed 20 ml of the AAm-alginate solution with 72 

μL of MBAA aqueous solution (0.02 g mL-1) and 16 μL of TEMED within a syringe. 

Meanwhile, 452 μL of APS solution (0.066 g mL-1) and 382 μL calcium sulfate 

slurries (CaSO4, 0.207 g mL-1) were drawn into another syringe. Two syringes were 

mixed with a Luer Lock connector to form a homogeneous solution. The mixture 

was immediately injected into a 65 × 15 × 1.5 mm3 acrylic mold covered with a 

glass plate and kept at room temperature for 24 hours to complete the reaction. 

We dissolved 1 g of chitosan powder into 50 mL of deionized water with 400 μL of 

acetic acid added for a final pH of 4.5. The mixture was stirred overnight to form a 

homogenous solution and kept at 4 oC before use.

We cut the fresh porcine skin into slices of area 65 × 15 mm2. We first mixed 60 

mg of EDC and 60 mg of NHS to 1 mL of the chitosan solution. We spread the 

mixture onto the epidermal surface of the porcine skin and immediately placed the 

tough hydrogel on top. The length of the overlapping joint was 45mm for adhesion. 

An initial crack was made with a thin polyethylene terephthalate film (PET, 15  5 

 0.1 mm3) on one edge of the hydrogel using Krazy glue, as illustrated in Figure 

3.1. The mold was covered with an acrylic sheet and clamped with binder clips for 

a gentle compression (Figure 3.6). The whole mold was stored in a zip bag at 4 oC 

overnight. Before testing, we glued PET films on the back of the adhesive and the 

skin to constrain their deformation. Following the same procedure above, we 

prepared the TA-hydrogel specimens by replacing the pigskin with another slice of 

alginate-PAAm hydrogel adhering to TA. 
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3.2.3. Mechanical testing

To study the interfacial fatigue fracture, we adopted the modified lap-shear method 

under prescribed displacements of different magnitudes (Figure 3.1a) since the 

widely used mechanical testing systems (e.g., Instron, MTS) are typically 

displacement-controlled. This choice of the testing method enables a stable crack 

extension to aid the crack measurements during the cyclic tests. It is a contrast to 

the commonly used tests for interfacial fracture (e.g., peeling and tear tests), which 

are difficult, if not impossible, to maintain the mechanical load at the crack tip using 

a displacement-controlled testing system given a gradual crack extension. The lap-

shear method is widely used to characterize tissue adhesives and the resulting 

loading condition is relevant to that experienced by the tissue adhesives used in 

vivo. Both TA and the adherend (either skin or hydrogel) were glued with rigid PET 

films, to constrain the energy dissipation at the interface and facilitate the 

determination of energy release rate G over cycles. An Instron machine (model 

5965), equipped with a 1 kN load cell and a closed chamber, was used (Figure 

3.7). We enclosed the whole specimen in the closed chamber and sprayed 

deionized water frequently on the inner chamber surface, to maintain high humidity 

and to prevent dehydration of the adhesive and the skin. We confirmed the mass 

loss of the adhesive and the tissue was within 5% throughout the tests (Figure 

3.11). 

The Instron machine stretched the two arms of the specimen unidirectionally with 

a force F and a prescribed displacement d. Three kinds of loading were tested: 

monotonic, static and cyclic loads. The displacement rate was fixed at 30 mm min-

1 for monotonic and static loads. For cyclic loads, the loading frequency is fixed at 

1 Hz. As the initial length of the adhesive joint was L and the width w, the applied 

line load P and the nominal strain  are F/w and d/L, respectively. The force and 

displacement were recorded throughout the test and used to plot the load-strain 

curves. To determine the length of adhesive joint L, a digital camera (AUSDOM 

AM615) was used to record the crack extension. To facilitate the determination of 

the crack extension, we attached a ruler liner onto the side of the specimen (Figure 
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3.7). The energy release rate G is defined as the reduction of the potential energy 

associated with the crack advancing by a unit area. With known load P and joint 

length L, the G takes the following form:

G = t
A
W
A
+ t

T
W
T

where t is the thickness, W is the strain energy density of the sheared region under 

a certain load, and subscriptions A and T refer to the adhesive and the tissue, 

respectively (See Supporting Information). Our measurements showed that the 

elastic modulus of the skin was >100 times than that of the adhesive, while tA and 

tT are in the same order of magnitude. The elastic moduli of the adhesive matrix 

and the skin were determined with unidirectional tensile tests (Figure 3.8). 

Therefore, WT can be safely neglected and G equaled to tAWA. In support of this, 

we observed that the skin deformed minimally in our experiments. In the case of 

the TA-hydrogel specimen, the hydrogel was identical with that used as the 

adhesive matrix; the G is calculated by 2tAWA. Given the initial crack much smaller 

than the adhesive joint, we can approximate G with the area under the shear load-

strain curve of the modified lap-shear specimen, i.e., 𝐺 = ∫ 𝑃𝑑𝜀. Our tests also 

validated the approximation by showing similar shear stress-strain curves 

measured with the modified lap-shear specimen and the simple shear specimen 

consisting of the adhesive alone (Figure 3.9).

3.3. Results and Discussion

3.3.1. Fast debonding

We first characterize fast fracture of the TA-skin interface under monotonic load 

(Figure 3.2a and 3.2b). The applied strain increases monotonically until the initial 

crack extends through the interface and a fast debonding occurs. The critical load 

Pc and the critical strain εc to separate the TA and the skin are recorded (Figure 

3.2b). As both the TA and the skin are constrained with rigid PET films, the critical 

energy release rate for the interfacial fracture, or the adhesion energy, equals to 
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tAWA(Pc). The adhesion energy defines the work required to advance a crack by a 

unit area at the adhesion interface. The results show the adhesion energy is 

580.0±105.8 Jm-2, reconfirming that the TA forms strong adhesion on the skin. The 

measured adhesion energy is in a reasonable error range considering the variance 

of biological tissue. It is worth mentioning that the value is lower than that 

measured with 180-degree peeling tests [3]. It can be attributed to the difference 

in the testing method (lap-shear versus peeling), and loading conditions (loading 

rate), which deserves further investigation but isn’t pursued here. The critical strain 

and the adhesion energy inform us of the upper bound of the loading condition for 

the fatigue study below.   

3.3.2. Static fatigue tests

To examine whether the crack advances under static load, we stretch and hold the 

lap-shear specimens at a certain strain for an extended period of time (Figure 3.2c). 

Figure 3.2 Fast and static fatigue tests. (a) Loading profile of monotonic load. (b) 
Load-strain curves of the four tested specimens. Variation is typical in fracture tests.
(c) Loading profile of static load. (d) Load relaxation during static fatigue tests. The 
applied strains are as labelled.
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The load and the extension of the crack are recorded throughout the test (up to 3 

hours). The applied strains are lower than that to initiate fast debonding (εc~0.5). 

As expected, we observe the load relaxes over time due to the viscoelasticity of 

the adhesive matrix [27] and the skin [28]. Interestingly, no crack extension is 

observed under our testing conditions (G = 174.5 Jm-2 and 229.4 Jm-2), though 

they approach the critical condition for fast debonding. The initial crack remains 

stationary indefinitely in our tests, in contrast to the delayed fracture phenomena 

observed on bulk hydrogels [19]. The tests confirm with us the range of applied 

strains where no static fatigue occurs, and in which we explore the effect of cyclic 

fatigue fracture as follows. 

3.3.3. Cyclic fatigue tests

We next study the crack extension under prolonged cyclic loading. The modified 

lap-shear specimens are stretched cyclically with a triangular strain profile 

(frequency 1 Hz unless specifying). The choice of frequency is based on the limit 

of displacement rate of the Instron machine and an attempt to mimic the typical 

deformation frequency of biological tissues such as lung (0.2-0.3 Hz [18]) and heart 

(~1.0 Hz [29]). The strain is cycled between 0 and a maximum value ε below the 

critical strain for fast debonding (Figure 3.3a). The tests stop at 330,000 cycles or 

when the crack propagates through the interface. The load and the crack extension 

are recorded throughout the test. With known loads and strains, we can calculate 

the energy release rate as a function of the number of cycles. 

Shakedown

We observe that the TA-skin specimens exhibit shakedown under cyclic load, 

similar to bulk hydrogels [20]. It is manifested as the gradual decrease of the 

maximum load and the area of the hysteresis loop as a function of the number of 

cycles (Figure 3.3b-d). The long-termed characteristics of the shakedown behavior 

depend on the magnitude of the applied strain. Under a relatively large strain (ε = 

0.375), the initial crack grows progressively and runs through the entire interface 

(Figure 3.10). As a result, the ability of the adhesive joint to carry cyclic load is lost 
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within 5,000 cycles; in contrast, the same joint can sustain the static load of the 

same magnitude over time as shown above (Figure 3.2d). 

Under intermediate strains (ε = 0.225, 0.25), the maximum load drops rapidly 

initially then reaches a steady-state over 10,000 cycles (Figure 3.3b), 

accompanying a gradual extension of crack. Under small strains (ε = 0.125, 0.175), 

the maximum load approaches a steady state, but no crack extension is observed. 

The load-strain curves reveal large areas of hysteresis loops in the first few cycles 

and then become elastically in the steady-state (Figure 3.3c&d). The observed 

shakedown generally accounts for both the crack advancing at the interface and 

the energy dissipating processes in the specimen including breaking of ionic cross-

links within the TA matrix and the viscoelasticity of the skin [28]. But it is due to the 

energy dissipation under small strains (ε < 0.25) since the crack doesn’t propagate 

throughout the test. When the energy dissipating events get depleted and the load 

is eventually carried with the elastic substructures in the specimen (i.e., the PAAM 

network), the hysteresis becomes negligible and the load-strain curve reaches a 

steady-state (Figure 3.3c). For instance, at the 10,000th and 20,000th cycle, the 

load-strain curves are almost the same, i.e., the TA-skin interface has shaken 

down. The finding is in accord with the recent studies on the fatigue of bulk 

hydrogels [20].

To further confirm the existence of the steady-state and to examine the frequency 

dependence of the shakedown behavior, we vary the loading frequency from 1 Hz 

to 0.5 Hz with fixed applied strain ε=0.125 (Figure 3.3c and 3.3d), in this case, the 

crack didn’t propagate. In the first few cycles, the load-strain curves are different, 

indicative of the rate-dependent nature of the energy dissipating events (e.g., bond 

breaking and viscoelasticity). The difference becomes subtle when the load-strain 

curves reach the steady-state, indicating the response of the elastic substructures 

of the specimen. The maximum loads at either frequency approach 250 Nm-1 at 

the 20000th cycle. The results confirm that the shakedown behavior is attributed 

to the energy dissipating events under zero or small rates of crack extension and 

the lap-shear specimen can bear certain mechanical load indefinitely over cycles. 
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Interfacial fatigue fracture 

We next characterize the crack extension under cyclic load. The crack extension 

Δc is plotted as a function of the number of cycles N (Figure 3.4a). In our tests, the 

initial crack always extends along with the interface between the TA and the skin. 

No crack kinking is observed. Figure 3.4a shows three crack extension behaviors: 

At large strain (ε = 0.375), the crack extends rapidly; at intermediate strains (ε = 

0.225, 0.25), the crack extends slowly as the cycle number increases; at small 

strains, the crack either remains stationary (ε = 0.125) or stops after small 

extension in the first few cycles (ε = 0.175). 

Figure 3.3 Shakedown under cyclic load. (a) Schematic profile of cyclic load. (b) 
Maximum load decreases with cycles and approaches a steady state. The applied 
strains are varied. Shakedown phenomena under different frequencies with fixed 
applied strain ε=0.125: 1 Hz (c) and 0.5 Hz (d). The tests are performed with 
displacement control. The displacement is cycled between 0 and the maximum 
prescribed value. The strain is defined as 𝜀 = 𝑑/𝐿. The cycle numbers are as labelled.
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To quantify the effect of mechanical load on crack extension, we report the 

amplitude of load in terms of the energy release rate G. When calculating the G 

using the equation shown above, we need to map the applied strains (i.e., the 

displacement divided by the real overlap length as crack growing) and the load-

strain curves at each cycle. Because the crack length may vary with cycles and 

the load-strain curves shake down. When plotting Figure 3.4c, we calculate the 

crack growth rate dc/dN by normalizing the crack extension with the cycle number 

increment between two adjacent data points in Figure 3.4a and average the energy 

release rate G at the corresponding cycles in Figure 3.4b (see details in Supporting 

Information). We choose this method instead of a linear fitting method because the 

crack extension curves are highly nonlinear (Figure 3.4a) and the cycle intervals 

(10,000 cycles) are sufficiently large. Under most of the testing conditions (ε < 

0.375), the G decreases and reaches a steady value after ~10,000 cycles. Notably, 

the G remains stable during the process of slow crack propagation (ε = 0.225), as 

the load decreases and the real strain increases coordinately.

Interfacial fatigue threshold

With the G-N plot, we plot the crack extension rate dc/dN as a function of the 

energy release rate G (Figure 3.4c). We calculate dc/dN from the Δc-N curves and 

map the corresponding G. From the dc/dN-G curve, we estimate the threshold for 

interfacial fatigue fracture o with a linear regression method following a method 

Figure 3.4 Fatigue fracture characterization. (a) Crack lengths as a function of the 

number of cycles N and the applied strains . (b) Energy release rate as a function of 
the number of cycles N. (c) Extension of crack per cycle is plotted as a function of 
energy release rate G. A threshold is estimated between two points of the lowest crack 
growth rate. A red line is a linear regression of the experimental data.  
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reported previously [20]. From our measurements, we find the interfacial fatigue 

threshold for the TA-skin interface is 24.4 Jm-2. This value is much lower than the 

adhesion energy (~580 Jm-2) for fast debonding measured under monotonic load 

(Figure 3.2b). Indeed, the results are consistent with the previous reports on the

fatigue of bulk hydrogels, where the fatigue threshold is typically much lower than 

the fracture energy. Similar to the fatigue of bulk hydrogels, this finding can be 

understood that the fatigue threshold depends primarily on the covalently cross-

linked network bridging between the adhesive and the skin. The toughening 

mechanisms like the breaking of Ca-alginate bonds contribute little to the fatigue 

threshold, despite its potent improvement on the adhesion energy. It is worthwhile 

to note that the interfacial fatigue threshold is obtained under a fixed cycling rate 

(frequency 1 Hz); the potential frequency dependence requires further 

investigation to explore.

The interfacial fatigue threshold has practical significance. If the mechanical load 

is below the threshold, the TA-skin interface is immune to the cyclic loading and 

the adhesive can theoretically sustain an infinite number of cycles without 

debonding. Although the threshold of the TA is lower than its adhesion energy, the 

value of the fatigue threshold remains larger than the adhesion energy (1-10 Jm-2) 

of many existing tissue adhesives, including nanoparticles [30], clinically used 

surgical glues and bandages [12]; it can be attributed to the fact that the long-chain 

chitosan enables the interfacial bonding (i.e., amide bonds) of high density and 

large bond energy between the adhesive and the skin. The result implies that TA 

can sustain infinite cycles of the mechanical loading of the magnitude that can fail 

the other tissue adhesives at one loading. This study reveals the need to develop 

fatigue-resistant tissue adhesive with high interfacial fatigue threshold. To this end, 

it is appealing to explore composite tissue adhesives with fiber reinforcement, as 

recent progresses show that the composite strategy increases the fatigue 

threshold of bulk hydrogels to 1000 Jm-2 [31,32].
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Comparison with the fatigue of bulk hydrogels

To reveal the underlying mechanism of the interfacial fatigue fracture, we next 

compare the fatigue of the TA-skin interface with the fatigue of TA-hydrogel 

interface and bulk hydrogels. We replace the skin with the alginate-polyacrylamide 

hydrogel as adherend for the cyclic fatigue tests. As the hydrogel is identical to the 

matrix of TA, the TA-hydrogel specimen mimics a bulk alginate-polyacrylamide 

tough hydrogel to some extent. Figure 3.5a shows that under the same cyclic strain, 

the crack growth at the TA-hydrogel interface is slower than that at the TA-skin 

interface. The effect can be attributed to the toughening mechanism of the 

hydrogel adherend, which helps dissipate more energy than the skin and thus slow 

down the crack growth. As the hydrogel adherend can better facilitate the diffusion 

of the bridging polymer and the formation of covalent bonds at the interface, we 

hypothesize the fatigue threshold of the TA-hydrogel interface would be larger than 

that of the TA-skin interface. Indeed, our result shows o at 31.3 J m-2 measured 

with the same method above. The threshold of the TA-hydrogel interface is slightly 

larger than that of the TA-skin interface.  

Figure 3.5b compares the TA-skin interface with the TA-hydrogel interface and the 

bulk hydrogel in terms of the fatigue fracture behavior. The data associated with 

the bulk hydrogels is extracted from a recent report where an alginate-

polyacrylamide tough hydrogel of compositions similar to the matrix of TA was 

tested with cyclic load under pure-shear configuration [20]. Figure 3.5b shows that 

the interfacial crack growth is faster than that occurs in the bulk hydrogel and that 

the fatigue threshold of bulk hydrogel (~50 J m-2) is larger than those measured at 

the interface. We conjecture that it is due to the difference of primary networks at 

the crack tip: the chitosan-based bridging network at the interface is not as strong 

as the polyacrylamide network in the bulk hydrogel. The fatigue thresholds reflect 

the chemical networks participating in the fracture process. It is important to note 

the different loading modes used here and in the previous study on bulk hydrogels. 

The loading mode is known to affect the fatigue crack extension in metals [33], 
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polymers [34] and ceramics [35]. It deserves further investigation but is out of the 

scope of this study.

The Lake-Thomas model has been adopted to predict the fatigue threshold of 

hydrogels [19,21,22,36,37]. According to this model, we depict that a bridging 

network consisting of covalently cross-linked alginate and chitosan contributes to 

the fatigue threshold and the crack only disassociates the polymer chains ahead 

of the crack lying across the crack plane when the applied load is above the fatigue 

threshold. The average number n of monomers per chains of the bridging network 

is difficult to measure, unlike the bulk hydrogel where n is often determined from 

the shear modulus. Thus, we approximate n with the segment number (~1000) of 

the bridging polymers. The intrinsic fatigue threshold is thus calculated via [19]

Γ0 = 𝜙
2
3𝑏𝑈𝑙√𝑛

where 𝜙 is the volume fraction of the chitosan and alginate, b is the average 

number of inter-monomer C-O bonds per unit volume of the chitosan and alginate 

in a dry state, 𝑈 is the C-O bond energy, and 𝑙 is the average length of each 

segment unit. The analysis gives the threshold of interfacial fatigue 5 Jm-2 (see

details in Supporting Information), much lower than the experimentally measured 

value of 24.4 Jm-2. A similar discrepancy is reported in a recent report on the 

Figure 3.5 Comparison with interfacial and bulk fatigue fracture. (a) Crack lengths 
at the TA-skin and TA-hydrogel interfaces as a function of the number of cycles N. (b) 
Crack growth rate as a function of energy release rate G.
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fatigue of tough hydrogels, showing that the theoretical and experimentally 

measured fatigue thresholds are 9.1 Jm-2 and 35 Jm-2, respectively [36]. The result 

implies that entanglements and other polymer interactions might contribute to the 

fatigue threshold, which is not considered in the Lake-Thomas theory.

3.4. Conclusion

To sum up, we presented a systematic study on the interfacial fracture of tough 

adhesives on skin. We tested three kinds of loading: monotonic, static and cyclic 

loads and observed fast debonding and interfacial fatigue fracture. Under cyclic 

load, the load-strain curve exhibited substantial shakedown over cycles. We 

characterized the crack growth rate as a function of the energy release rate. The 

threshold for the interfacial fatigue fracture was measured at 24 Jm-2, below which 

no crack extension at the TA-skin interface was observed. The fatigue threshold 

was much lower than the adhesion energy of the TA for fast debonding but 

remained higher than the adhesion energy of commercially available surgical 

adhesives and bandages (1-10 Jm-2). By comparing with the fatigue of bulk 

hydrogel, we also showed that the crack extension rate at the interface was higher 

than that in the bulk hydrogel and that the interfacial fatigue threshold was lower 

than the fatigue threshold of the bulk hydrogel. Our study answered fundamental 

questions regarding the interfacial fatigue of tissue adhesive hydrogels. It is hoped 

that this study would stimulate more study on the interfacial fracture of tissue 

adhesives and promote the development of tissue adhesives of high fatigue 

threshold.
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3.7. Supporting Information

3.7.1. Sample Preparation

(a)

(b)

initial crack tissue adhesive

skin

Figure 3.6 Schematics of specimen preparation. (a) An edge crack is introduced at the 

interface of the tissue adhesive and the skin (Left). Gentle compression is applied to form 

the adhesion (Right). (b) Specimen undergoes shear deformation under lap shear.
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3.7.2. Experimental Setup

3.7.3. Tensile Curves of Tough Hydrogel and Skin 

Figure 3.8 Tensile stress-strain curves of the adhesive and the skin. (a) Stress-strain 
curves of the adhesive matrix made of alginate-polyacrylamide tough hydrogel. (b) Stress-
strain curves of the porcine skin. Multiple specimens are tested and color-coded. (c) 
Elastic moduli of the adhesive matrix and the skin. Sample size N=3-5.

Figure 3.7 Experimental setup for humidity control. (a) A digital image of a clamped 
specimen with an attached ruler line. (b) A closed chamber maintains high humidity and 
prevents the specimen from dehydration.
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3.7.4. Loading Curves of Lap Shear and Simple Shear Tests

Figure 3.9 Stress-strain curves under lap shear and simple shear loading.

3.7.5. Digital Images of Cyclic Fatigue Failure

Figure 3.10 Digital images of the specimen under cyclic loading. The crack surface 
is highlighted in red and the cycle number (N) is indicated below.
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3.7.6. Mass Change of Specimen

Figure 3.11 Mass change of specimen in a closed chamber over time. W0 denotes 
initial weight. Water loss of specimen is within 5% in 12 hours.

3.7.7. Derivation of Energy Release Rate G

A stripe of tissue adhesive and a stripe of adherend of the same width w are 

adhered to form a joint length L. An initial crack with length c was introduced before 

the test. The thicknesses of the adhesive and the tissue are tA and tT, respectively. 

Both the adhesive and the adherend are supported with rigid PET films to prevent 

the elongation of materials in the pulling direction.

Upon stretching, the interface of the joint bears the shear stress, 

τ = F/(wL), (S1)

presumably that the distribution of shear stress over the joined region is uniform. 

Figure 3.6b shows that the joint parts thus are in a simple shear state with shear 

strain γA and γT, indicating the tangents of shear angles of the adhesive and the 

tissue, respectively. The integration of shear stress over the shear strain defines 

the strain energy density stored at the joint parts, 
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( )  = i i iW d
,  (S2)

where the subscript i represents the adhesive with A, and the tissue with T. 

Meanwhile, the unjointed part, subject to the constraint from rigid backing films, 

their deformation is negligible. The deformation of the transition from joint parts to 

unjoint parts is complicated but remains constant over an infinitesimal growth of 

the crack. Therefore, its contribution to the energy release rate is nulled. 

Considering a constant force loaded, the free energy includes the potential energy 

of the load, -Fd, where d is the displacement between loading ends was caused 

by the shear of the shear-lap region, i.e., A A T T +t t
. The total free energy of the 

system is:

( )A A T T A A T T=   + − +W t Lw W t Lw F t t
(S3)

We allow the crack length c extends, which reduces the joint length L with 

the same amount. We determine the energy release rate by 
( )/− w c

, or 

equivalently, by 


=


G

w L . (S4)

Combining with Eq. S1-S3 into Eq. S4 yields:

A T
A A A T T T

A T
A T

A A T T

=
  

 
 

  

 
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3.7.8. Mapping Δc-N and G-N Curve to dc/dN-G Curve 

Figure 3.12 Fatigue fracture characterization. (a) Crack lengths as a function of the 

number of cycles N and the applied strains . (b) Energy release rate as a function of the 
number of cycles N. (c) Extension of crack per cycle is plotted as a function of energy 
release rate G. A threshold is estimated between two points of the lowest crack growth 
rate. A red line is a linear regression of the experimental data.

We map adjacent two points in Figure 3.12a&b to the corresponding point in Figure 

3.12c. For example, the crack length difference divided by the cycle number 

increment between point ① and ② in Figure 3.12a is the ordinate of point A in 

Figure 3.12c. The mean G of point ① and ② in Figure 3.12b is the abscissa of 

point A in Figure 3.12c. 

3.7.9. Estimating the fatigue threshold using Lake-Thomas model

According to the Lake-Thomas model, the theoretical fatigue threshold takes the 

form

Γ0 = Φ2/3bUl√n

Where Φ is the volume fraction of the polymers in hydrogel, 𝑏 is the number of 

inter-segment bonds per unit volume of the dry polymer, 𝑈 is the bond energy, 𝑙 is 

the length of each monomer unit and 𝑛 is the number of monomer units in a 

polymer chain. In the case of the tough adhesive hydrogels, we have 
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Φalginate =

(1-Wwater) ×
malginate

mPAAm + malginate

ρalginate
× ρgel

Φchitosan =
mchitosan/ρchitosan

mmixture/ρmixture

where m is the mass, ρ is the density, the subscriptions denote alginate and 

chitosan respectively. The density of both alginate and chitosan is 1.6 g/cm3. The 

density of the mixture solution is 1 g/cm3. The volume fraction of alginate Φalginate

is 1.22 vol%, the volume fraction of chitosan chains in the mixture solution 

Φchitosan is 1.25 vol%. The ratio of alginate versus chitosan is 0.0932 : 0.0955. The 

average number of inter-segment bonds per unit volume of the dry polymer is 

estimated by the average number of monomers per volume of the dry polymer, 

b =
Aρalginate

MG residue
× 0.0932 +

Aρchitosan

Mglucosamine
× 0.0955 = 5.4 × 1027m-3 , where A is the 

Avogadro number (6.022 × 1023) and 𝑀 is the unit molecular weight of alginate 

(176 g/mole) and chitosan (179.172 g/mole). The energy of a C-O bond UC-O is 6.1 

× 10−19 𝐽. The length of the monomer is estimated by l = (b)-1/3 = 0.57 nm. The 

number of monomer units in a bridging polymer chain n is around 1000. 

Accordingly, the fatigue threshold of tissue adhesive hydrogel is predicted to be 

5.04 Jm-2.
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Abstract

Tough adhesive hydrogels find broad applications in engineering and medicine. 

Such hydrogels feature high resistance against both cohesion and adhesion failure.

The superior fracture properties may, however, deteriorate when the hydrogels 

swell upon exposure of water. The underlying correlation between the polymer 

fraction and fracture properties of tough adhesive hydrogels remains largely 

unexplored. Here we study how the cohesion and adhesion energies of a tough 

adhesive hydrogel evolve with the swelling process. The results show a similar 

scaling law (𝜙𝜐) of the two quantities as a function of the polymer fraction (𝜙). Our 

scaling analysis and computational study reveal that it stems from the scaling of 

shear modulus. The study will promote the investigation of scaling of hydrogel 

fracture and provide development guidelines for next-generation tough adhesive 

hydrogels.

4.1. Introduction

Tough adhesive hydrogels are highly resistant to crack growth within the matrix, 

and capable of adhering strongly to diverse substrates such as biological tissues 

and elastomers [1,2]. The tough adhesive hydrogels are in contrast to conventional 

hydrogels, which are vulnerable to cohesion failure (i.e., fracture in the bulk) and 

adhesion failure (i.e., debonding at the interface). Thanks to the exceptional 

properties, tough adhesive hydrogels open a plethora of applications such as 
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tissue adhesives [3,4], wound dressings [5], soft robotics [6,7], and implantable 

devices [8,9]. In many applications, the hydrogels are exposed to water and readily 

swell. The resulting change of the polymer fraction (i.e., the water content) may 

significantly alter the fracture properties of the hydrogels [10]. The underlying 

correlation is thus fundamental and practically important to explore.  

The coupling between the swelling and fracture of tough adhesive hydrogels poses 

challenges to theoretical analysis [11,12], and computational modeling [13,14]. It 

is in part because both the cohesion and adhesion failure of tough adhesive 

hydrogels involve stress/strain fields of highly nonlinear nature and complex 

physicochemical interactions. To this end, the scaling theory by de Gennes [15]

and many others is appealing. Because it can capture key structure-property 

relations, such as the dependence of elastic modulus and polymer content, to 

reveal the fundamentals and enable material design. However, few reports have 

been seen on the scaling of fracture properties (e.g., cohesion and adhesion 

energies). One exception is a recent work, reporting the elastic modulus and the 

intrinsic cohesion energy (i.e., intrinsic toughness with no background hysteresis 

involved) of polyacrylamide hydrogels scale in the same way as a function of the 

polymer fraction [16]. In the case of tough adhesive hydrogels, the fracture 

properties (either cohesion or adhesion) are dominated by background hysteresis, 

whereas the intrinsic toughness plays a minor role (Figure 4.4) [17]. Little is known 

about the scaling of the polymer fraction and the cohesion and adhesion energies, 

which is the focus of the current study. We will swell the tough adhesive hydrogels 

for varying polymer fractions and then characterize their cohesion and adhesion 

energies, respectively. The results will be further analyzed with a scaling theory 

developed by Brown [18] and finite element (FE) simulation. This work would lead 

to insights and experimental methods to control and predict the mechanics of tough 

adhesive hydrogels.
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4.2. Results and Discussion

In this study, we choose an alginate-polyacrylamide hydrogel as the model 

hydrogel and porcine skin as the model substrate [19]. The hydrogel is extremely 

tough and can form tough adhesion on various substrates, including hydrogels and 

tissues, using recently developed strategies [1,2,20]. We synthesized and swelled 

the alginate-polyacrylamide hydrogels in PBS for different durations (0-6 hours). 

The PBS is chosen to mimic the physiological environment in biomedical 

applications of tissue adhesive hydrogels. Note that, in addition to the swelling, the 

ionic crosslinks of the hydrogel can dissociate due to the ion exchange with the 

solution. The resulting hydrogels with varying polymer fractions were then placed 

in a sealed bag for a homogeneous water distribution inside (Figure 4.1a). We then 

activated the hydrogel surface with chitosan and EDC/NHS, and compressed the 

hydrogel to porcine skin to form tough adhesion1. We measured the weight of the 

wet gel and that of solid content after lyophilization, and then calculated the 

polymer fraction 𝜙 (See Experimental Methods). With longer swelling, the 

hydrogels absorb more water and further lower the polymer fraction (Figure 4.5), 

which can be varied between 5% and 10%. In addition to the change of the polymer 

fraction, the nominal crosslink density of the Alginate-Ca2+ network was 

progressively dissociated upon swelling, due to the ion exchange between the 

hydrogel and PBS.

Next, we characterize the cohesion energy and adhesion energy of the swollen 

hydrogels using tear and 180-degree peeling methods, respectively. The tear 

testing has been widely used to measure cohesion energy (i.e., toughness) of 

materials such as hydrogels [21] and elastomers [22], and is chosen in this study 

to ensure crack propagation through the bulk matrix. While the arms of the 

specimen are pulled unidirectionally at a constant speed, the pulling force 

increases to a plateau (Figure 4.1b-d). The averaged plateau force F is used to 

calculate the cohesion energy via 2 /C F t = . As expected, the cohesion energy

decreases as the hydrogel matrix swells. We also characterize the adhesion 

energy between the tough adhesive hydrogel and the porcine skin with 180-degree 
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peeling tests (Figure 4.1e-g). From the peeling tests, the plateau peeling force is 

used to calculate the adhesion energy via 2 /A F w = . Similar to the cohesion 

energy, the adhesion energy exhibits a positive correlation with the polymer 

fraction. Interestingly, when the polymer fraction is below 5%, no tough adhesion 

is formed. Because the adhesion is so weak that the interface debonds well before 

the two arms of the specimen are stretched to 180 degrees. The phenomenon can 

Figure 4.1 Fracture measurements of tissue adhesive hydrogels with varying polymer 
fractions. (a) As prepared alginate/PAAm hydrogels were soaked in PBS solutions for 
varying durations, then activated with chitosan and coupling agents to form adhesion 
with tissues under compression. (b-d) Cohesion energy measurement with tearing test. 
(b) A specimen of thickness t is pulled vertically with a constant speed. (c) Tearing force 
per thickness of hydrogels as a function of extension and polymer fraction. The region 
between 40 mm and 120 mm is considered as plateau and averaged to calculate 
cohesion energy. (d) Cohesion energy as a function of polymer fraction. (e-g) Adhesion 
energy measurement with 180-degree peeling test. The specimen width is w. (f) 
Peeling force per width as a function of extension and polymer fraction. The region 
between 40 mm and 120 mm is considered as plateau and averaged to calculate 
adhesion energy. (g) Adhesion energy as a function of polymer fraction, empty circles 
indicate weak bonding. Sample size N=3.
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be understood that the large mesh size of the swollen hydrogel exceeds the limit 

for the formation of entanglements between the chitosan chains and the hydrogel 

network at the interface, which has been shown critical for the tough adhesion of 

the hydrogel used in this work [1]. As a result, poor adhesion was observed in the 

extremely swollen hydrogel. To overcome this limit, there exist a variety of 

strategies to form direct chemical bonding between the substrate and the hydrogel 

matrix [2,23,24]. As such, the interfacial bonding is achieved without forming 

entanglements at the interface. Together, the results show that modulating the 

polymer fraction can tune cohesion and adhesion energies of tough adhesive 

hydrogels over a wide range, and that there is a positive correlation between the 

polymer fraction and the fracture properties.

We then study the quantitative scaling of the cohesion and adhesion energies as 

a function of the polymer fraction. Figure 4.2 plots the preceding results in a log-

log scale, showing an exponent of 2.2 and an identical scaling law (𝜙2.2) for the 

cohesion and adhesion energies. First, we hypothesize the scaling relation is 

attributable to the dependence of elastic modulus on the polymer fraction. To test 

the hypothesis, we perform a scaling analysis based on the Brown’s model for the 

fracture of double network hydrogels [18]. This model can be applied to the tough 

hydrogel in this study. Because our measurements confirmed that the elastic 

modulus 1E at loading stage before yielding is much larger than that at unloading 

stage 2E (Figure 4.6), meeting the key assumption of the Brown’s model. It is 

worth noting that the 1st network (alginate) and the 2nd (polyacrylamide) both 

contribute to the initial regime of the stress-strain curve (slope 1E ), but the former 

dominates since the 1st network (alginate) is much stiffer than the 2nd network 

(polyacrylamide). When the strain reaches a critical value 𝜀1 , the 1st network 

undergoes progressive damage, as manifested by a yielding regime at a critical 

stress 𝜎1 = 𝐸1𝜀1 (region 2). When the sample is further loaded to the maximum 

strain 𝜀2, the 1st network damages completely, and the 2nd network bridges the 

crack and bears all the load. As such, the stress-strain curve undergoes an abrupt 

decrease to a stress level 𝜎2 = 𝐸2𝜀2 (region 3). After that, the 2nd network 
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dominates the unloading response with a slope 𝐸2 (region 4). This model allows 

us to relate the cohesion energy (i.e., fracture energy) to the elastic modulus 

without invoking complex fields as follows.  

Consider a steady crack propagation within the damage zone, which resembles a 

sub-pure shear specimen, the first stiff network is assumed to be completely 

damaged and the material response is dominated by the 2nd network. By 

leveraging the energy release rate expression for the pure shear specimen 𝐺𝑡𝑖𝑝 =

𝑊ℎ, the critical condition for steady crack propagation 𝐺𝑡𝑖𝑝 = Γ𝐶𝑜 and the fact that 

the intrinsic cohesion energy is governed by the 2nd network, we can thus 

approximate the critical energy release rate to rupture the 2nd network with Γ𝐶𝑜 ≈

𝐸2𝜀2
2ℎ, where ℎ is the height of the sub-pure shear specimen. On the other hand, 

the apparent cohesion energy equals the energy per unit length required to expand 

the damage zone from 0 to h in the undeformed configuration, and thus 

approximates 𝐺𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 = Γ𝐶 ≈ 𝜎1ℎ𝜀2 . Note in the above expression of the 

apparent and intrinsic cohesion energies, the numerical pre-factors have been 

dropped. To compare with the experimental results in Figure 4.2, we recast the 

expression of the cohesion energy into the form Γ𝐶𝑜 ≈ (𝐸1𝜀1)/(𝐸2𝜀2) . It is 

reasonable to assume that the critical strain 𝜀1 corresponding to the yield stress of 

Figure 4.2 Scaling relations between mechanical properties and polymer fraction. (a)
Tensile stress-strain curve of a loading-unloading cycle in Brown’s model divided into 
4 parts. Inserted figures: i) Illustration of structure of double network hydrogel. ii) Pure 
shear configuration. (b) Log-log plot illustrating the cohesion and adhesion energies, 
shear modulus as a function of polymer fraction. Sample size N=3.



55

the 1st network and the maximum strain at which the same network is completely 

broken 𝜀2 have the same scaling with respect to the polymer fraction. Since the 2nd

network is essentially polyacrylamide hydrogel as investigated by Li et al. [16], we 

adopt their finding that the intrinsic cohesion energy Γ𝐶𝑜 (fatigue threshold) and the 

elastic modulus 𝐸2 of the polyacrylamide network share the same scaling with 

respect to the polymer fraction. Also, we find that the scaling exponent between 

intrinsic cohesion energy Γ𝐶𝑜 and polymer fraction of the tough hydrogel is 0.76 

(Figure 4.7), which is close to that between the elastic modulus and polymer 

fraction of a single network PAAm hydrogel.[16] Thus, we assume the Γ𝐶𝑜~𝐸2

relationship of tough hydrogels matches that of the PAAm hydrogels. It should be 

noted that the assumption calls for experimental validation in future work. As the 

shear modulus of the tough hydrogel 𝜇~𝐸1, we conjecture the cohesion energy 

and the shear modulus share the same scaling as a function of polymer content,

Γ𝐶~𝜇. 

To testify the hypothesis, we then characterize the shear modulus 𝜇 of the tough 

adhesive hydrogel using a rheometer (TA HR-2 hybrid rheometer). The swollen 

hydrogels are gently compressed between parallel plates on the rheometer and 

subject to a shear strain of 1%. As expected, the shear modulus decreases with 

the polymer fraction. Remarkably, the result reveals the same scaling relation (𝜙2.2) 

between the shear modulus and the polymer fraction (Figure 4.2b). The 

interpretation of the exponent 2.2 requires further investigation and is out of the 

scope of this work, as different scaling relations have been reported for hydrogels 

with different solvent contents and network configuration [25-27]. To further testify 

this finding with other material systems, we also measured toughness and shear 

modulus of PNIPAm/Alginate-Ca2+ hydrogel at various polymer fractions. The 

result shows that the scaling for toughness (𝜙1.8) is close to that for shear modulus 
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(𝜙1.6) (Figure 4.8). This result confirms the proceeding hypothesis and supports 

the scaling analysis based on Brown’s model for tough hydrogels.  

We further perform a finite element (FE) study to delineate the correlation between 

the cohesion and adhesion energies (Figure 4.3). Our experimental results reveal 

a simple relation between the cohesion energy Γ𝐶 and the adhesion energy Γ𝐴

(Figure 4.3a). By defining an energy enhancement 𝜉𝑖 due to the bulk energy 

dissipation of the adhesive hydrogel, the ratio of adhesion and cohesion energies 

Figure 4.3 Relationship between adhesion energy and cohesion energy. (a) Adhesion 
energy is about one quarter of cohesion energy. Sample size N=3. (b) Damages zones 
near a bulk crack and an interfacial crack in the reference configuration of a pure shear 
specimen during the steady-state crack propagation. (c) A similar plot to (b) with 

contour plots showing the distribution of the dissipated energy per unit volume dU  

when ( ) ( )interface interface/ / 12
C A

S S = = . The white horizontal lines denote the initial 

cracks. (d) plots the dU distribution across the height extracted from the vertical axes 

in (c). The colored area enclosed by the dU curve and the y-axis denotes the total 

dissipated energy in the specimen of height 2H.



57

can be formulated as Γ𝐴/Γ𝐶 = (Γ𝐴𝑜/Γ𝐶𝑜)(𝜉𝐴/𝜉𝐶), where Γ𝑖𝑜 is the intrinsic energy; 

the subscription i can be C or A, referring to the cohesion or adhesion case, 

respectively. Due to the substantial amount of bulk dissipation dominating both the 

cohesion and adhesion energies, the energy enhancements can be estimated as 

the dissipated energy normalized by the corresponding intrinsic energy in the 

adhesion or cohesion case. The decoupling between Γ𝑖𝑜 and 𝜉𝑖 has been validated 

both computationally and analytically [12,13]. We also adopt the FE model by 

Zhang et al. [13] to simulate the fracture of a pure shear specimen (Figure 4.9a). 

We find that the energy enhancement 𝜉𝐴 and 𝜉𝐶 are indeed independent of Γ𝐴𝑜

andΓ𝐶𝑜 , respectively, indicative of the separable dependence of Γ𝐴/Γ𝐶 on 𝜉𝐴/𝜉𝐶

and Γ𝐴𝑜/Γ𝐶𝑜 (Figure 4.9c). For the ratio of energy enhancement𝜉𝐴/𝜉𝐶, we resort to 

the FE simulation. For convenience, the intrinsic adhesion energy is set to be equal 

to the intrinsic cohesion energy in the FE model. We hypothesize that the region 

of background hysteresis of a crack into the bulk hydrogel (cohesion) is 

approximately two times that of an interfacial crack between the hydrogel and the 

skin (adhesion), as the skin is much stiffer thus contributing to negligible dissipation 

(Figure 4.3b). For steady crack propagation at critical stretch 𝜆𝑐 corresponding to 

the peak pulling force (Figure 4.9b), the dissipated energy can be determined by 

integrating the maximum dissipated energy of a unit volume ahead of the crack tip 

in its loading history 𝑈𝑖𝑑 over the height of the specimen (2H) [12]. With the same 

intrinsic toughness, we have 𝜉𝐴/𝜉𝑐 = ∫ 𝑈𝐴𝑑(𝑦)𝑑𝑦/ ∫ 𝑈𝐶𝑑(𝑦)𝑑𝑦
𝐻

−𝐻

𝐻

−𝐻
. As can be seen 

in Figure 4.3c, the upper and the lower parts in the cohesion case contribute 

equally to the total energy dissipation, whereas in the adhesion case only the upper 

part (adhesive hydrogel) contributes to the energy dissipation and the lower part 

(tissue) shows negligible energy dissipation. Figure 4.3d plots the energy 

dissipation distributions across the height in the adhesion and the cohesion cases. 

Upon the observation, the 𝑈𝐴𝑑 and 𝑈𝐶𝑑 distributions in the upper parts show a 

qualitatively similar trend. By adopting a customized definition of the size of the 

dissipation zone within which 90% of the total energy dissipation in the hydrogel 

adhesive is manifested, we have ℎ𝐴 = ℎ𝑐/2 ≈ 0.8𝐻 , which confirms our 
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hypothesis. The ratio of energy enhancement 𝜉𝐴/𝜉𝐶,  however, is not exactly 
1

2
, 

likely due to the different crack tip fields in the pure-shear and the interracial crack 

specimen, which is not the focus of our current study. Furthermore, the above 

discussion assumes the same bulk-interface coupling in the cohesion and 

adhesion cases, which can be captured by a dimensionless parameter

(𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝑖/𝜇 , where (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝑖 is the cohesive (or adhesive) strength. 

Specifically, with a higher (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝑖/𝜇 value, larger strain is expected in the bulk 

hydrogel leading to higher dissipated energy [13,14]. To account for different bulk-

interface couplings in the adhesion and cohesion cases, we perform additional FE 

simulations and the results nicely collapse on to a master curve, showing a linear 

relation between 𝜉𝐴/𝜉𝐶 and the strength ratio of the adhesion to the cohesion case

(𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝐴/(𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝐶 (Figure 4.9d). It is reasonable to consider the adhesive 

strength is smaller than the cohesive strength because otherwise the interfacial 

crack could propagate into the bulk hydrogel, leading to cohesive failure.  The ratio 

𝜉𝐴/𝜉𝐶 approximately varies from 0.4 to 0.7 when (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝐴/(𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝐶 varies 

from 0.5 to 1. The intrinsic cohesion and adhesion energies of the as-prepared 

tough hydrogel we measured were 62.7 Jm-2 and 26.4 Jm-2 (Figure 4.10), 

respectively, which are consistent with the data reported in literature [28, 29]. 

Altogether, we calculate the ratio of adhesion and cohesion energies with Γ𝐴/Γ𝐶 =

(Γ𝐴𝑜/Γ𝐶𝑜)(𝜉𝐴/𝜉𝐶) , yielding a range between 0.16 and 0.3, which is in a good 

agreement with the experimental result (0.26). 

4.3. Conclusion

In summary, we study the coupling between the swelling and fracture behavior of 

tough adhesive hydrogels. Our results reveal that both cohesion and adhesion 

energies of tough adhesive hydrogels decay with the swelling process. Thanks to 

the unique toughening nature of the tough adhesive hydrogel, a simple scaling law 

exists for the cohesion and adhesion energies as well as the shear modulus to the 

polymer fraction. The scaling law is corroborated with the scaling analysis and 

finite element simulation. It is worth noting that the findings are limited to tough 
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hydrogels whose fracture behavior is governed by background hysteresis. Besides, 

the scaling value may vary for different types of hydrogels in different solution 

environments, but our conclusion that Γ𝐴~Γ𝐶~𝜇 still retains. This study provides a 

facile approach to control and predict the fracture properties of hydrogels. It also 

calls for further development in the scaling theory of tough hydrogels as they gain 

increasing impacts in broad areas.
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4.6. Supporting Information

4.6.1. Materials

Chemicals used in this work were purchased without further purification. 

Acrylamide (AAm, monomer), N-isopropylacrylamide (NIPAm, monomer), N’-

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

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

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

dimethylaminopropyl) carbodiimide (EDC) were purchased from Sigma Aldrich. 

Alginate (I-1G) was purchased from KIMICA Corporation. 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. Fresh porcine skin was purchased from a local 

grocery store, then stored in the fridge at -20℃ and thawed at 4℃ before use. 
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4.6.2. Experimental Methods

Hydrogel adhesive synthesis 

PAAm/Alginate hydrogel: Firstly, 6.76 g of AAm monomers and 1.128 g of 

sodium alginate were dissolved in 50 mL of deionized water. Then, 20 ml of the 

AAm-alginate solution was mixed with 72 µL of MBAA aqueous solution (0.02 g 

mL−1) and 16 µL of TEMED in a syringe. Meanwhile, 452 µL of APS solution (0.066 

g mL−1) and 382 µL calcium sulfate slurries (CaSO4, 0.207 g mL−1) were drawn 

into another syringe. Two syringes were connected with a Luer-Lock connector, so 

the two solutions were syringe-mixed to form a homogeneous solution. The 

mixture was immediately injected into three groups of molds covered with glass 

plates and then kept at room temperature for 24 hours to complete the reaction. 

Group One is a 80 × 20 × 1.5 mm3 rectangular acrylic mold (for cohesion energy 

measurement), Group Two is a 80 ×15 × 1.5 mm3 rectangular mold (for adhesion 

energy measurement) and Group Three is a circular mold with 15 mm in diameter 

and 1.5 mm in thickness (for shear modulus measurement). 

PNIPAm/Alginate hydrogel: 6 g NIPAm and 1 g alginate power were dissolved 

in 50 ml DI water. Then we added MBAA (weight ratio to NIPAm is 0.00037), 

TEMED (weight ratio to NIPAm is 0.0037), APS (weight ratio to NIPAm is 0.000013) 

and CaSO4 (weight ratio to NIPAm is 0.0022). The precursor solution was mixed 

and injected into Group One and Three molds covered with glass plates to 

complete reaction.

Synthesis of tough adhesive hydrogels: One gram of chitosan powder was 

dissolved into 50 mL of deionized water with 400 µL of acetic acid added for a final 

pH of 4.5. The mixture was stirred overnight to form a homogenous solution and 

then kept at 4 oC before use. The fresh porcine skin was cut into slices with an 

area 80 × 15 mm2. The swollen hydrogels (group Two) were cut into pieces with 

the same size as that of the skin. Lastly, 30 mg of EDC and 30 mg of NHS were 

added into 1 mL of the chitosan solution to form an interfacial bonding solution for 

tissue adhesion, which was subsequently spread onto the epidermal surface of 
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porcine skin to form adhesion with the swollen hydrogels of varying polymer 

fractions placed on the top. The length of overlapping joint is 75 mm for adhesion 

energy measurement. The mold was covered with an acrylic sheet and clamped 

with binder clips for gentle compression, and then stored in a sealed zip bag at 4 

◦C overnight. Before testing, PET films were glued onto the back of the hydrogel 

and the skin to constrain their deformation.

Controlled swelling experiments

Before applying the interfacial bonding solution (e.g., chitosan and EDC), per-

formed hydrogels were soaked in a PBS solution of volume 100 times larger than 

that of the hydrogels. The swelling duration varied between 0, 0.5, 1, 2, 3, 4, 5 and 

6 hours; the 0-hour condition refers to as-prepared hydrogels without swelling. To 

ensure homogenous water distribution within the hydrogel matrix, the swollen gels 

were placed in a sealed bag for additional 12 hours. Considering the diffusivity of 

small molecules (e.g., water molecules and ions) in water 10 2 -1D 10 m s− and half 

of the thickness of swollen hydrogel is 1 mm, we estimate the time period from 

taking hydrogel out of water to reaching homogeneity to be 

2 4/ 10 s 3 hoursDL  = . Thus, 12 hours are enough for homogenous water 

distribution process. 

The polymer content of hydrogels was measured after lyophilization. The as-

prepared hydrogel samples were placed in a freezer (-20 ℃) for 5 hours and then 

moved to a deep freezer of -80 ℃ for 12 hours. The frozen samples were 

transferred into a freeze dryer immediately and dehydrated for 48 hours. The 

weight of dry samples was measured and denoted by polymerm . The weight of 

hydrogel samples with various water content was measured and denoted by gelm . 

The density of dry polymer polymer is taken to be the weighted average of those of 

alginate and acrylamide, which is 1.172 gcm-3. The density of gel gel is 

approximately 1 gcm-3. The polymer fraction is defined as the following:
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polymer polymer

gel gel gel

polymer /

/

V m

V m


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
= = .

Mechanical testing

A tearing test was adopted to measure the toughness of hydrogel. After swelling, 

rectangular hydrogel samples with various water content (Group One) were cut to 

be 20 mm in width and 80 mm in length. The thickness of each sample was 

measured and recorded with a vernier caliper. Then PET films with 10 mm width 

and 80 mm length were glued on the top and bottom surfaces of the hydrogel 

covering half of each surface of the sample using the Krazy glue with no 

observable gap in the midline. Afterwards, an initial crack of 15 mm was cut along 

the midline of the hydrogel using a razor blade, forming two arms of 10 mm width 

and 15 mm length. Two arms were stretched by grips of a tensile testing machine 

(Instron 5965) with a 1 kN load cell. During the tearing test, the machine maintained 

a constant loading speed (0.5 mm s-1) and recorded the force. 

180-degree peeling test was adopted to measure the adhesion energy of tough 

adhesive hydrogels (TA). After specimen prepared, free arms of TA and the 

substrate were attached to plastic sheets stretched by machine grips. An Instron 

machine (Model 5965 with load cell of 1 kN) was used to apply unidirectional 

tension, while recording the force and the extension. The loading speed was kept 

constant at 0.5 mm s-1.

Rheological test was adopted to measure the shear modulus of hydrogel. After 

swelling, circular hydrogel samples with various water content were cut to be 20 

mm in diameter. Rheological measurements were carried out using TA-Discovery 

HR-2 rheometer equipped with a 20 mm steel parallel plate at 25 ℃. Frequency 

sweeps were carried out at 1% strain from 0.05 Hz to 1 Hz, while recording storage 

modulus. The first three values of storage modulus were used to extrapolate the 

value at f=0 Hz, which is considered as shear modulus.  
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Pure-shear fatigue test was adopted to measure the intrinsic cohesion energy of 

hydrogel. Following reported procedures1, 2, a hydrogel sample was cut with a 20 

mm crack at middle, and then stretched by a cyclic loading at various maximum 

stretch. The loading frequency was kept as 0.5 Hz. During test, the whole sample 

was put inside a biobath with water droplets spread on the inner surface to 

minimize dehydration. A digital camera recorded crack length growth. The crack 

growth speed dc/dN was plotted as a function of energy release rate. By linear 

extrapolation, the interception with x-axis gives intrinsic cohesion energy Co .

180-degree peeling fatigue test was adopted to measure the intrinsic adhesion 

energy of hydrogel. Following reported procedures2, we applied cyclic peeling 

force with fixed amplitude F. The interfacial crack length c was recorded from 

Instron tensile machine as together with cycle number N. The applied energy 

release rate was 2 /G F w= . Then interfacial crack growth speed dc/dN was plotted 

as a function of energy release rate G. By linear extrapolation, the interception with 

x-axis gives intrinsic adhesion energy Ao .

4.6.3. Finite Element Simulation

The commercial package ABAQUS (2020, Simulia) was used for the finite element 

analysis. The FE model developed by Zhang et al.3 was adopted in the current 

study, which has been validated in a previous work4. Briefly, a crack is introduced 

to a pure shear specimen, shown in Figure 4.9a, with the top boundary subjected 

to a progressively increased displacement and the bottom boundary constrained. 

The model is based on the plane-stress assumption (the in-plane dimensions are 

much larger than the out-of-plane dimension) and the hydrogel is modelled using 

the combined Ogden and the modified Ogden-Roxburgh model: ( )W W  = + , 

where  is the damage variable ( = 1 and 0 represents the material in its 

undamaged and completely damaged state, respectively); 1 2 32

2
( 3)W   
  


= + + −

is the free energy function without energy dissipation;  and  are the Ogden 
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coefficients and , 1,2,3i i = is the thi principle stretch; 

1

1

( ) ( )erf ( (1 ))m mm W r W d



    − = + − −  is the damage function; mW the maximum 

strain energy density before unloading erf the error function. The Mullin’s 

parameters , ,r m  along with the Ogden coefficients for the hydrogel and skin are 

shown in Table S1. The parameters for the hydrogel are obtained by performing a 

series of cyclic loading tests using the pure specimen; those for the skin are 

obtained by fitting the material model mentioned above to the results reported in 

an experimental literature5. A qualitative loading-unloading curve of a material 

point near the crack tip is shown in the upper inset of Figure 4.9a. The area 

enclosed by the curve represents the energy dissipation density dU (highlighted in 

yellow)。

Table 4.1 Ogden and Mullin’s coefficients for Skin and Gel

Ogden Mullins Parameters

𝜇(𝐤𝐏𝐚) 𝛼 𝑟 𝑚(kJm−3) 𝛽

Skin 272.2 22.25 1.255 1.012 0.720

Gel 10.81 2 1.516 4.274 0.1

The upper and lower parts are bonded using a layer of cohesive elements, which 

is characterized by a triangular traction-separation law [lower inset of Figure 4.9a]. 

𝛿𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 and 𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 are the maximum displacement and strength, respectively, 

and the area under the curve is the intrinsic work of adhesion Γ0 (highlighted in 

yellow). The cohesive elements are assumed to be crack mode-independent and 

the damage initiation is governed by the quadratic nominal stress criterion 

(
𝑡𝑛

𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
)2 + (

𝑡𝑠

𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
)2 = 1, where tn and ts are the cohesive tractions in the 

directions normal and tangential to the interface, respectively. 
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4.6.4. Cohesion and Adhesion Failure

Figure 4.4 Schematic illustration of cohesion (a) and adhesion (b) failure of tissue 
adhesive hydrogels before and after swelling. Swelling reduces the polymer fraction 
and the concentration of bound Ca2+, lowering the energy dissipation capacity of the 
hydrogel matrix.
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4.6.5. Polymer Fraction Decreasing as Swelling

Figure 4.5. Polymer fraction decreases with soaking time.

4.6.6. One Cycle Loading Curve of Tough Hydrogel 

Figure 4.6 The stress-stretch curve of tough hydrogel under one cycle loading in a 
pure shear specimen. The elastic modulus at loading stage 𝐸1 is one order of magnitude 

larger than that at unloading stage 𝐸2.
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4.6.7. Intrinsic Cohesion Energy vs. Polymer Fraction

Figure 4.7 The relationship between intrinsic cohesion energy and polymer fraction. 
(a)-(c) The crack growth speed dc/dN is plotted as a function of energy release rate G at 
various polymer fraction to obtain intrinsic cohesion energy 𝛤𝐶𝑜. (d) The scaling exponent 

between intrinsic cohesion energy and polymer fraction is 0.76.
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4.6.8. A Scaling Law in PNIPAm/Alginate Hydrogel

4.6.9. FEM of Cohesion and Adhesion Failure

Figure 4.9 Finite element simulation of the cohesion and adhesion failure. (a) Pure-
shear specimen in the deformed configuration. The specimen has an initial length of 𝐿0

and an out-of-plane thickness 𝑡0. The upper-right inset shows the nominal stress-stretch 
curve of a bulk material along the loading and unloading path; the lower-right inset shows 

Figure 4.8 Log-log plot of cohesion energy and shear modulus as a function of 

polymer fraction for PNIPAm/Alginate hydrogels.
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the traction-separation low for the cohesive elements on the interface. (b) Normalized 
pulling force plotted against the stretch ratio for the cohesion and the adhesion cases with 
(𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒/𝜇)𝐴 = (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒/𝜇)𝐶 = 12. (c) Ratio of the enhancement factors 𝜉𝐴/𝜉𝐶 plotted 

against 𝛤𝐴𝑜/𝛤𝐶𝑜. Data are obtained from simulations with different 𝛤𝐴𝑜 and 𝛤𝐶𝑜 varying from 
60 to 120 J/m2 and (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒/𝜇)𝐴 = (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒/𝜇)𝐶 = 12. (d) Ratio of the enhancement 

factors 𝜉𝐴/𝜉𝐶 as a function of (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝐴/(𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝐶 . Data are obtained from 

simulations with different (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝐴 and (𝑆𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒)𝐶 varying from 60 to 120 kPa. 

4.6.10. Intrinsic Cohesion Energy and Intrinsic Adhesion Energy

Figure 4.10 Intrinsic cohesion energy (a) and intrinsic adhesion energy (b) are 
measure from fatigue tests. (a) crack growth speed dc/dN is plotted as a function of 

energy release rate. A threshold gives 𝛤𝐶𝑜 = 62.7 𝐽𝑚−2. (b) 𝛤𝐴𝑜 = 26.4 𝐽𝑚−2.
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Chapter 5. Conclusion and Recommendation

5.1. Conclusion

In this thesis, we studied the fracture behaviors of tough adhesive hydrogels under 

cyclic loading and in swelling conditions, revealing the fatigue fracture and the 

correlation among modulus, toughness and adhesion energy of tough adhesive 

hydrogels.

First, we systematically studied the interfacial fracture of tough adhesive hydrogels 

under three kinds of loading (monotonic, static and cyclic loads) and observed two 

fracture behaviors (fast fracture and fatigue fracture). Furthermore, we 

investigated the fatigue fracture by applying different maximum stretch. The 

interfacial fatigue fracture threshold was found to be 24 Jm-2 through measuring 

the crack growth rate under different loading. We also compared the fatigue 

threshold of tough adhesive hydrogel with that of bulk hydrogel, showing the

interfacial fatigue threshold is lower than the fatigue threshold of bulk hydrogel.

Moreover, we studied the effect of swelling on the fracture behaviors of tough 

adhesive hydrogels. The results show that fracture properties (cohesion and 

adhesion energies) of tough adhesive hydrogels deteriorate as swelling. We 

discovered a scaling law of cohesion energy, adhesion energy and shear modulus 

to the polymer fraction, which is analyzed by scaling theories and finite element 

simulation. 

Our studies reveal fracture behaviors of tough adhesive hydrogels under common 

loading conditions and found a simple way to control fracture properties of 

hydrogels. These findings would be helpful to promote study on the fracture of 

hydrogels and develop next-generation tissue adhesives.
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5.2. Recommendations

Recent years, hydrogel adhesives have rapidly evolved. Many approaches were 

proposed to achieve strong hydrogel adhesion. However, some challenges still 

remain to be solved. In the following, we recommend several future research 

directions.

Our results in Chapter 3 show interfacial fatigue fracture is prone to happen for

tough adhesive hydrogels under cyclic loading, despite the measured high 

adhesion energy under monotonic loading. The underlying reason could be linked 

with the bridging polymer, which is likely mechanically weaker than the polymer 

networks in hydrogel matrix. Thus, future research could include developing 

fatigue-resistant tissue adhesive hydrogels. Based on previous studies about 

fatigue of hydrogels [11-13, 94, 96], a fundamental principle is recognized that 

tougheners greatly enhance the toughness, but contribute negligibly to the fatigue 

threshold. Currently, there are some strategies that could achieve high fatigue 

threshold of hydrogel adhesion, for example, using extremely long polymer chains 

[108] or nanocrystalline domains [67]. However, these strategies can not be 

directly applied to tissue adhesion due to the harsh preparation condition and toxic 

precursors. According to the progress in fatigue-resistant hydrogels [109-111], 

cracks are required to be pinned or deflected to resist fatigue failure. Fiber 

reinforcement and nanocrystalline formed in a biocompatible manner are possible 

choices.

In Chapter 4, we discovered and established a simple universal scaling law for 

fracture properties and elastic modulus of tough hydrogels as a function of polymer 

fraction. But the fundamental mechanism underlying this scaling law is still unclear

and calls for further investigation, as well as its applicability to other hydrogel 

systems. Because fracture behaviors of tough hydrogels involve complex energy 

dissipation mechanism, currently there is no scaling theory that can capture such 

relation. In the future, we plan to investigate the physical mechanism behind the 

scaling law. Even though it is already known swelling would greatly weakens 
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mechanical properties of hydrogels, the effect of dehydration is still lack of 

investigation. Previous study shows that the scaling exponent for PAAm hydrogel 

is different in swelling process and dehydration [107], indicating swelling and 

dehydration influence hydrogels in a different manner. Because hydrogels easily 

lose water in open air, investigating the effect of dehydration on mechanical 

properties is critical to exploit hydrogels in real applications.

With increasing use of tough adhesive hydrogels in broad applications, the study 

of the fracture behaviors of these hydrogels under various application setting and 

loading conditions is critical both from the fundamental and practical perspectives. 

This research area remains in a nascent stage but is expected to grow in 

importance in years to come. 
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