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Abstract 

Hydrogels, as soft and wet materials, have attracted great attention in the field of 

functional materials. It has been used in the field of drug delivery system, 

superabsorbent, biosensor, tissue engineering, wound dressing, conductive device, and 

others. Conventional hydrogels show weak mechanical properties which greatly limits 

the application of hydrogel. Most recently, the designed hydrogels, according to the 

energy dissipation principle, overcome the low mechanical strength, poor toughness, 

and limited recoverability of common hydrogels and show excellent mechanical 

properties. In this work, the prepared hydrogels based on Poly(vinyl alcohol)(PVA) 

possess thermal stability, instantaneous recovery, anti-fatigue, and high toughness. 

In chapter 1, the research background of hydrogel was introduced, including 

hydrogel types, hydrogel applications, research status of tough hydrogel and the 

purpose of this study. 

  In chapter 2, the properties of experiment materials, as well as experimental methods 

and characterizations are presented. 

In chapter 3, a biobased monomer, i.e., epoxidized soybean oil (ESO), was used to 

modify PVA to formulate a series of ESO-crosslinked PVA (PVA-ESO) hydrogels. 

Infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and thermogravimetric 

analyses (TGA) were used to confirm the formation of PVA-ESO copolymer. Scanning 

electron microscope (SEM) revealed that the formed PVA-ESO hydrogels presented a 

distinct porous structure while no obvious pores were observed on pure PVA hydrogel. 

The tensile strength of PVA-ESO hydrogels increased up to 2.4 times when compared 

to that of pure PVA hydrogel. Dynamic mechanical analysis (DMA) indicated that the 

elastic properties of PVA-ESO hydrogels are better than that of pure PVA hydrogel, 

which are similar to that of natural cartilage. In summary, the modification of PVA with 

ESO can improve the thermal stability and mechanical properties of the hydrogels due 

to the improved cross-linking degree and the formed hydrophobic association. 
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In chapter 4, a tough double crosslinked hydrogel (DC-Gel) was obtained from 

polyvinyl alcohol/poly (acrylic acid) (PVA/PAA) by facilely visible light triggered 

polymerization and subsequent salt impregnation. The ionic DC-Gels have been 

proofed with a high toughness (up to 19 MJ/m
3
), recovery property, self-healing ability 

and conductivity. The rubber-like flexible network and homogeneous interconnected 

phase of the ionic DC-Gels were certificated by scanning electron microscope and 

thermodynamics analysis. The tensile strengths and stretches at break of the ionic 

DC-Gels closely depended on the acrylic acid (AA) content. Cyclic tensile test results 

showed that the ionic DC-Gels with the optimized AA content (PVA: AA=1:5) afforded 

a good comprehensive mechanical properties and recoverable energy dissipation; the 

resilience and stress of the hydrogel at a strain of 150% maintained over 85% and 1.8 

MPa, respectively. When the ionic DC hydrogel was applied to assemble a strain sensor, 

the excellent resilience is beneficial for precisely and quickly distinguishing the 

deformation of hydrogel-based sensor. This part provides a potential approach for the 

development of ion hydrogels with stretchable, self-healing, high resilience and 

strain-sensitive properties. 

  In chapter 5, a composite double network ionic hydrogel (CDN-gel) was obtained by 

the facile visible light triggered polymerization of acrylic acid (AA), PVA, and 

hydrolyzed triethoxyvinylsilane (TEVS) and subsequent salt impregnation. The 

resulting CDN-gels exhibited high toughness, recovery ability, and notch-insensitivity. 

The tensile strength, fracture elongation, Young’s modulus, and toughness of the 

CDN-gels reached up to ~21 MPa, ~700%, ~3.5 MPa, and ~49 MJ/m
3
, respectively. 

The residual strain at a strain of 200% was only ~25% after stretch-release of 1000 

cycles. These properties will enable greater application of these hydrogel materials, 

especially for the fatigue resistance of tough hydrogels, as well as broaden their 

applications in damping. 

In chapter 6, the present study is summarized. 
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Chapter 1 Introduction 

1.1 Background  

A Hydrogel is a kind of material with a three-dimensional network structure [1]. The 

hydrophilic structure of which renders them capable of holding large amounts of water 

in their three-dimensional networks [2]. Hydrogel is also being used for everyday 

applications, such as tofu, pectin, contact lens. Moreover, there are many living things 

that possess supporting tissues in nature, supporting tissues play an essential role in the 

body, and include both hard tissues (bone) and soft tissues (tendon, ligament, skin, 

fascia etc.) [3]. Hydrogels have been used as one of the most common tissue 

engineering scaffolds over the past two decades due to their ability to maintain a 

distinct 3D structure, to provide mechanical support for the cells in the engineered 

tissues, and to simulate the native extracellular matrix. Nowadays, there are many 

investigations of hydrogels on many fields, e.g., biology technology [4], environmental 

science [5], and sensor [6]. Literature on this material was found to be expanding, 

especially in the scientific areas of research. 

1.1.1 Definition  

For the hydrogel, experts of different knowledge and understanding in this academic 

area, have different emphasis point on the definition of the hydrogel. The word 

“hydrogel”, according to Lee, Kwon and Park, dates back to an article published in 

1894 [7]. Flory [8] believes that a material must meet the following two conditions 

before it can be called hydrogel: (1) the material has a continuous three-dimensional 

structure on a macroscopic scale and remains unchanged during the research period; (2) 

It has a similar the rheological properties of solids. Hoffman [9] believes that hydrogel 

is a three-dimensional network structure of hydrophilic polymers, which can absorb 

from 10-20% (an arbitrary lower limit) up to thousands of times their dry weight in 
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water. It is chemically stable or degradable. Manjun He defined a defined a hydrogel as 

a three-dimensional structure cross-linked by chemical bonds between polymer chains 

and the cross-linked polymer chains can penetrate or diffuse of small molecules 

through the three-dimensional network, which is absorbable but don’t dissolve (in the 

short term) in water [10]. 

Hydrogel is a kind of soft insoluble materials with a three-dimensional network 

structure that can absorb and retain a large amount of moisture. From a macroscopic 

point of view, it is similar to the solid state. While in molecular aspect, it is similar to 

liquid on the microscopic scale, hydrogels are both elastomer and concentrated 

polymer solution [11]. In a word in brief, hydrogel is a semi-solid substance material, 

which can maintain a fixed geometry. Compared with colloids, hydrogels tend to have 

characteristics such as elasticity and toughness [12]. That is, the hydrogel can partially 

or complete recovery after removing the external force which deformed the hydrogel. 

Compared with water-absorbent sponge, water can be squeezed out under the press of 

external force, while the hydrogel can withstand certain extrusion deformation and 

maintain the moisture [13]. The hydrogel can withstand certain extrusion deformation 

and maintain the water content which is contributed to the hydrophilic polymer 

network structure of the hydrogel [14-16]. It forms hydrogen bonds with water, and a 

large number of water molecules are fixed, forming bound moisture [17]. 

Due to the water content, porosity and soft consistency of hydrogels, they closely 

simulate natural living tissue [18], more so than any other class of synthetic 

biomaterials, and the diffusion coefficient of water-soluble molecules in the hydrogel is 

close to the diffusion coefficient in water, thus can be penetrated by metabolites [19-21]. 

Simultaneously, the high water content of hydrogels can provide an ideal environment 

for cell survival, and structure which mimics the native tissues [3]. In a broad sense, 

living organisms are also hydrogels, such as jellyfish in the ocean, ligaments and 

tendons in the human body. During last two decades, natural Hydrogels were gradually 

replaced by synthetic hydrogels which has long service life, high capacity of water 

absorption, and high hydrogel strength [10, 11, 22]. 
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1.1.2 Types of hydrogels 

Recently, the hydrogel products can be classified on different bases as source, 

structure, composition, and crosslinking method. Natural matirials used to develop 

hydrogels include collagen/gelatin, hyaluronic acid, fibrin, alginic acid, cellulose, 

agarose and chitosan [19, 23, 24]. Synthetic matirials used to prepare hydrogels include 

polyethylene glycol, polyvinyl alcohol, polyhydroxyethyl methacrylate, polyacrylic 

acid, polymethacrylic acid, and polyacrylamide [1]. 

According to origins, it can be divided into two types, including synthetic hydrogels 

and natural hydrogels. Natural hydrogels include sugar hydrogels (chitosan hydrogel 

[25], agarose hydrogel [26], alginate hydrogel [27], cellulose hydrogel[19], starch 

hydrogel [9], etc.), DNA hydrogel [28], silk Protein hydrogel[29], etc. The most 

common systems used to form synthetic hydrogels are water-soluble polymers such as 

poly(acrylic acid) [30], poly(vinyl alcohol) [31], poly(vinyl pyrrolidone) [32], 

poly(ethylene glycol) [33], polyacrylamide[34] and so on. Chemical hydrogels are 

commonly prepared in two different ways: ‘three-dimensional polymerization’ (Fig. 

1.1), in which a hydrophilic monomer is polymerized in the presence of a 

polyfunctional cross-linking agent, or by direct cross-linking of water-soluble polymers 

(Fig. 1.2). Polymerization is usually initiated by free-radical generating compounds 

such as benzoyl peroxide, 2,2-azo-isobutyronitrile (AIBN), and ammonium 

peroxodisulphate or by using UV-, gamma- or electron beam-radiation. 

 

Fig. 1.1 Synthesis of hydrogels by three-dimensional polymerization [11] 
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Fig. 1.2 Synthesis of hydrogels by cross-linking of ready-made water-soluble 

polymers [11] 

The method of preparation leads to formations of some important classes of 

hydrogels. These can be exemplified by the following: (a) Homopolymeric hydrogels 

are referred to polymer network derived from a single species of monomer, which is a 

basic structural unit comprising of any polymer network. Homopolymers may have 

cross-linked skeletal structure depending on the nature of the monomer and 

polymerization technique. (b) Copolymeric hydrogels are comprised of two or more 

different monomer species with at least one hydrophilic component, arranged in a 

random, block or alternating configuration along the chain of the polymer network. (c) 

Multipolymer interpenetrating polymeric hydrogel (IPN), an important class of 

hydrogels, is made of two independent cross-linked synthetic and/or natural polymer 

component, contained in a network form. In semi-IPN hydrogel, one component is a 

cross-linked polymer and other component is a non-cross-linked polymer [1, 35-37]. 

The classification of hydrogels depends on their physical structure and chemical 

composition can be classified as follows: (a) Amorphous (non-crystalline). (b) 

Semi-crystalline: A complex mixture of amorphous and crystalline phases. (c) 

Crystalline [21, 31].  

Hydrogels can be divided into two categories based on the chemical or physical 

nature of the cross-link junctions. Chemically cross-linked networks have permanent 
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junctions, while physical networks have transient junctions that arise from either 

polymer chain entanglements or physical interactions such as ionic interactions, 

hydrogen bonds, or hydrophobic interactions. Hydrogels appearance as matrix, film, or 

microsphere depends on the technique of polymerization involved in the preparation 

process [15, 38-40].  

Hydrogels may be categorized into four groups on the basis of presence or absence of 

electrical charge located on the crosslinked chains: (a) Nonionic (neutral). (b) Ionic 

(including anionic or cationic). (c) Amphoteric electrolyte (ampholytic) containing 

both acidic and basic groups. (d) Zwitterionic (polybetaines) containing both anionic 

and cationic groups in each structural repeating unit [28, 33, 41-43]. 

1.1.3 The applications of hydrogels 

To develop the application of hydrogels, such as introducing different functional 

groups into the main chain of polymer hydrogels to prepare functional hydrogels, or 

composite and assemble with other materials, which can be used for drug delivery[44] 

and actuators [20], supercapacitors [40], sensors [45], and displays [46]. The 

applications of hydrogels are discussed in detail further below. 

The principle of slow release has been utilized since 1950 in the pharmaceutical 

industry but it was not until the mid-1960’s that polymers were used for slow release of 

molecules [47]. Folkman and Long first reported sustained drug release from polymers 

in 1964 [48]. However, it was not until the 1970’s when polymeric hydrogels were 

considered as drug delivery devices[49]. In recent years major emphasis has been put 

on the studying of polymeric hydrogels in biomedical research related to drug delivery 

due to their dynamic properties. For example, a complex between Polyethylene Glycol 

(PEG) and α-cyclodextrins can produce a supramolecular hydrogel that can be tailored 

to respond to numerous specific stimuli, from temperature and pH to electrical fields 

[50]. This third stage of hydrogel development gave rise to the development of 

so-called “smart hydrogels”: these are hydrogels with a vast array of tunable properties 

and possible applications as drug delivery (Fig. 1.3). Polo Fonseca et al. [51] found in 



6 

 

an oral administration simulation that a polyurethane hydrogel was able to deliver the 

hydrophobic acidic NSAID sodium diclofenac in a sustained fashion for up to 40 h in a 

neutral solution and to achieve 80% of cumulative release. 

 

Fig. 1.3 Swelling of a drug delivery hydrogel in response to various chemical and 

physical stimuli. Red and yellow lines indicate the interwoven matrix structure of a 

hydrogel, with the yellow dots representing drug molecules [44] 

Stimuli-responsive hydrogels are particularly relevant to robotic implementations 

targeted for physiological environments. Thermal transitions are the most widely 

employed transformation mechanism in generating mechanical responses in hydrogel 

actuators. More than that deformation of hydrogels can also be triggered by changes in 

ion concentration, pH, light exposure, and electric field [20, 52-54]. A recent example 

of a composite bilayer actuator was presented by Chen and co-workers who prepared a 

hydrogel containing a poly(acrylic acid-co-acrylamide) (p(AAc-co-AAm)) layer and a 

poly(N-isopropylacrylamide) (PNIPAm) layer, which can be used to prepare hydrogel 

actuators that function in open air and can grasp a heated object (Fig. 1.4). 

 

Fig. 1.4 The hydrogel gripper grasps a heated metal wire, lifts it up, and releases it 

when brought in contact with an ice-cold surface [55] 
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The inception of flexible supercapacitors that can work steadily under large 

deformation has been a research hotspot in recent years. These hydrogel-based 

supercapacitors can be immune to the harm caused by external forces and maintain 

good mechanical integrity and electrochemical stability [4, 56, 57]. Developing the 

hydrogel-based supercapacitors can provide a fresh perspective on multifunction 

applications and herald a new territory for flexible energy storage devices (Fig. 1.5). 

Peng et al. [41] report a zwitterionic gel electrolyte that successfully brings the synergic 

advantages of robust water retention ability and ion migration channels, manifesting in 

superior electrochemical performance. When applying the zwitterionic gel electrolyte, 

the hydrogel supercapacitor reaches a volume capacitance of 300.8 F cm-3 at 0.8 A 

cm-3 with a rate capacity of only 14.9% capacitance loss as the current density 

increases from 0.8 to 20 A cm-3, which is better than most among the previously 

reported graphene-based solid-state supercapacitors. 

 

Fig. 1.5 Schematic illustration to potential applications of flexible pressure and 

strain sensors for implantable and wearable devices [58] 

The flexible and stretchable hydrogel is enabled to fabricate slender, lightweight, 

stretchable, and foldable sensors (Fig. 1.5). Keplinger et al. [59] have synthesized 

polyacrylamide (PAAm) based ionic, highly stretchable, fully transparent hydrogel by 

varying the concentration of NaCl for actuators, which can be used as ion wire, speaker, 

etc. Yue et al. [60] synthesised hydrogel which composed of alternating hard layers of a 

polymeric surfactant (PDGI) and soft layers of interpenetrating networks of 
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poly(acrylamide)–poly(acrylic acid). Reversible, wide range switching of the stop‐

band position was achieved using different external stimuli of temperature, pH, and 

stress/strain. 

The landmark paper by Wichterle and Lim on the biomedical usage of PHEMA 

hydrogel as contact lenses captivated the interest of biomaterial researchers around the 

globe [14]. Smeds et al. [61] used two methacrylate modified polysaccharides, alginate 

and hyaluronan to synthesis a viscoelastic hydrogel, which had mechanical properties 

similar to those of nucleus pulposus and meniscus. Myung et al. [62] reported an in 

situ-forming hydrogel of collagen type I crosslinked via multi-functional polyethylene 

glycol (PEG)-N-hydroxysuccinimide (NHS), which exhibited physical and biological 

properties desirable for a corneal stromal defect wound repair matrix that could be 

applied without the need for sutures or an external trigger such as a catalyst or light 

energy. 

The application of high-strength hydrogels produced by imitating organisms in fields 

such as flexible devices and tissue replacement is the current hot research domain. 

However, most hydrogels still have the defects of inhomogeneous structure and poor 

mechanical properties. It is urgent to development hydrogel with high strength and 

versatility by sorting out the classification of hydrogels, the interaction between 

polymer chains and the spatial structure, so as to better broaden the application area. 

1.2 Interaction between polymer chains in hydrogels 

The mechanical properties of hydrogel can be enhanced by the multiple aggregation 

structure and the interaction between macromolecules. This provides important ideas 

for the design and preparation of high-strength hydrogels [63]. The interactions 

between macromolecules in hydrogel preparation are including hydrogen bond, ionic 

bond, coordinate bond, hydrophobic interaction, dipole interaction, host-guest 

interaction, and π-π stacking interaction, etc. Above all, the mechanical properties of 

hydrogels usually can be improved by multiple dynamic bonds/interactions (hydrogen 

bonding, dipolar-dopolar interaction, hydrophobic associations, and ionic 
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bonds/coordination bonds). This part will focus on how the four types of multiple 

dynamic bonds/interactions enhance hydrogels [64]. 

1.2.1 The enhancement of hydrogen bond 

The hydrogen bond (H-bond) represents a fundamental interaction widely existing in 

nature, which plays a key role in chemical, physical and biochemical processes. 

Hydrogen bonds are generally formed between H atoms and other highly 

electronegative atoms (such as O, N) [65].  

 

Fig. 1.6 H-bond crosslinking high strength hydrogel [68] 

H-bonds can be divided into singlet hydrogen bonds and multiple hydrogen bonds. 

Singlet H-bond in hydrogel is prone to easy breakage during deformation, slippage, and 

dislocation, while the multiple H-bonds can easily increase the mechanical properties 

of hydrogels without sacrificing the extensibility and toughness because of its 

directionality, versatility and reversibility. Hydrogen bonding is ubiquitous in natural 

systems and has been widely used to impart various properties into polymer systems 

such as injectable self-healing [45], high toughness [66], and shape memory [67]. 

Sergei S. Sheiko et al. [68] designed a hybrid hydrogel composed of a loose chemical 

network and dense clusters of sacrificial hydrogen bonds to achieve high stiffness (28 

MPa), high strength (2 MPa), and high toughness (9300 J/m
−2

 ), along with complete 

and fast recovery of strain and mechanical properties (100% recovery in 3 min at 37 °C). 

At the same time, the hydrogel also has some problems. For example, the Young's 

modulus is extremely dependent on the pH of the environment. Under weakly alkaline 
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and neutral pH conditions, the Young's modulus drops sharply (Fig. 1.6). 

Chen et al. [69] reported a tannic acid (TA) as a molecular coupling bridge between 

cellulose nanocrystals (CNC) and poly(vinyl alcohol) (PVA) chains for the fabrication 

of a bio-based advanced physical hydrogel via strong multiple H-bonds. This hydrogel 

has ultrahigh tensile strength (~8.7 MPa), large elongation (~1107.6%), and remarkable 

toughness (~58.2 MJ/m
-3

). However, the resilience of TA-PVA/CNC is relatively weak 

(Fig. 1.7). 

 

Fig. 1.7 Schematic for the reversible hydrogen bonds [69] 

1.2.2 The enhancement of hydrophobic association 

Hydrophobic association (HA) can be used as a mechanical dissipation mechanism 

of hydrogels. Some studies have reported that elastin contains alternating hydrophobic 

and crosslinking domains [70]. Hydrophobic interactions play a dominant role in the 

formation of large biological systems [71]. These interactions can occur in synthetic 

hydrogels via incorporating of hydrophobic sequences within the hydrophilic polymer 

network chains [72]. The hydrophilic monomer is copolymerized with hydrophobic 

monomer. When the reaction starts, the hydrophobic micro domain acts as physical 

cross-linking point with sufficient toughness [73]. These crosslinking points are 

connected to other polymer chains to crosslink the hydrophilic polymer chains, forming 

a macroscopic three-dimensional hydrogel network and producing hydrophobic 

association physical hydrogels [74]. Gao et al. reported poly(butyl acrylate)(PBA) latex 
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particles toughening hydrogels with anionic sodium dodecyl sulfate (SDS) and 

amphoteric dodecyl dimethyl betaine [75]. As shown in Fig. 1.8, the attraction between 

the surfactants resulted in a relatively tight alignment to form a mixed micelle. The 

resulting hydrogels exhibited superior mechanical strength (~690 kPa). 

 

Fig. 1.8 Structure and superior characterizations of HA hydrogels with combined 

surfactants [76] 

1.2.3 The enhancement of ionic bond/coordination bond  

Hydrogels using dynamic ionic bond crosslinks have proven well-suited for the 

preparation of functional systems with properties including self-healing, shape memory, 

and stimuli-induced stiffness changes [77-79]. The ionic bond is stronger than the 

hydrogen bond and most of the non-covalent bonds, so it is widely used in self- healing 

hydrogels. Ionic bond self-healing hydrogel is also based on the movement of polymer 

chains as same as H-bond enhanced hydrogel, which can be reconstruction and 

completes the healing. Suo et al. [80] designed and prepared a double-network 

hydrogel with sodium alginate calcium ion cross-linking network and polyacrylamide 

chemical cross-linking network. During the tensile test, there is a synergistic effect 

between the ionic cross-linking network and the chemical cross-linking network, and 

the tensile stress reaches 156 kPa and the strain is 2300%. Shi et al. [3] used -PO4
−
 to 

modify hyaluronic acid and MgSiO3 nanoparticles to prepare a two-component 

injection hydrogel. The Mg
2+

 ions form coordinate bond crosslinking with -PO4
−
 to 
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obtain a hydrogel dynamically crosslinked. The hydrogel is self-healing and is 

expected to be used for smart drug delivery (Fig. 1.9). 

 

Fig. 1.9 Mg
2+

 and -PO4
−
 coordination hydrogel [3] 

1.2.4 The enhancement of Dipole–Dipole interaction 

High strength hydrogels were previously constructed based on dipole–dipole and 

hydrogen bonding reinforcement. In spite of the high tensile and compressive strengths 

achieved, the fracture energy of the hydrogels strengthened with sole noncovalent 

bondings was rather low due to the lack in energy dissipating mechanism. Bai et al. [81] 

fabricated dipole–dipole interaction hydrogels which can withstand tensile stress up to 

3.5 MPa and excellent fatigue resistance. 

. 

Fig. 1.10 Mechanism underlying the energy dissipation of Dipole–Dipole 

interaction hydrogel during the cycling test [82] 

Liu et al. [82] constructed a high strength hydrogel with ultra-toughness by 
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introducing dual physical interactions of dipole–dipole pairings and hydrogen bonding 

into the networks at a much lower chemical crosslinking density. A dipole–dipole 

interacting contributed to the increased stiffness, and hydrophilic weaker hydrogen 

bondings among AAm would be easily fractured to dissipate energy (Fig.1.10).  

1.3 Structure of hydrogels 

More and more novel hydrogels have been reported. We going to introduce the four 

hydrogels with different structure, including nanocomposite gel (NC-gel) [83], 

topological gel (TP-gel) [84], macromolecular microsphere composite hydrogel 

(MMC-gel) [85], and double network gel (DN-gel) [86]. By systematic discussing the 

structure of these hydrogels, find out the relationship between their structure and 

mechanical properties, to develop a universal strategy for significantly enhancing the 

comprehensive mechanical properties of hydrogels. 

1.3.1 Nanocomposite hydrogel 

Nanocomposite hydrogel refers to a type of composite hydrogel in which the 

dispersed phase has a nanometer size (1-100 nm) in at least one dimension. The 

challenges of nanoparticles application could potentially be overcome by incorporation 

into hydrogels, which resulting in decreased risks to human health and the environment. 

In addition, the innovative combination of these two completely different types of 

materials was not only thought of as creating structural diversity but also generating a 

plurality of property enhancements. These performance enhancements were the main 

focus of hydrogel-nanoparticle composite materials research leading to improved 

mechanical strength and stimuli response [87]. For example, recently reported silica 

nanoparticle-hydrogel composite made of silica nanoparticles and modified 

polyethylene glycol demonstrated remarkable improvements in tissue adhesive 

property, mechanical stiffness and bioactivity compared to hydrogel without 

nanoparticles [5]. So far, researchers have reported three different supramolecular 

hydrogel-nanoparticle. i) micro or nano-gels stabilizing single/multiple nanoparticles, 



14 

 

ii) nanoparticles non-covalently immobilized in a hydrogel matrix, and iii) 

nanoparticles covalently immobilized in a hydrogel matrix (Fig. 1.11) [88]. 

 

Fig. 1.11 Concept for combination of nanoparticles and hydrogel to form new 

functional materials [88] 

1.3.2 Topology hydrogel 

The TP-gel is also called the Slide-Ring Gel, which was synthesized by Okumura and 

Ito in 2001. Topological gels are obtained by crosslinking cyclodextrin on different 

chains of polyrotaxane based on PEG/α- cyclodextrin(α-CD) (Fig. 1.12) [50].  

 

Fig. 1.12 Schematic diagram of PR and slide-ring hydrogel [50] 

The difference in microstructure from traditional hydrogel is the random 

crosslinking points formed by the TP-gel, which slide along the segment while 

stretched by an external force, essentially acting like a “pulley”. It can evenly divide the 
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long chain into several short chains so that the force is evenly distributed to each 

segment [89]. The TP-gels usually have good tensibility and large swellability could be 

realized, the polymer chains with bulky end groups are neither covalently cross-linked 

like chemical gels nor attractively interacted like physical gels, but are topologically 

interlocked by figure-of-eight cross-links. Therefore, the polymer chains freely pass 

through the cross-links acting like pulleys, which are supposed to automatically 

equalize the nanoscopic heterogeneity in structure and stress [90]. 

1.3.3 Tetra-PEG hydrogel 

Tetra-PEG hydrogels can be made from tetra-PEG macromers containing functional 

groups such as amines and esters [91]. These hydrogels are a different and unique class 

of tough materials. In this hydrogel, network defects are negligible and there are no 

trapped entanglements between the polymer chains (Fig. 1.13). 

  

Fig. 1.13 Preparation and image of tetra-PEG gels [92] 

Mechanical testing and scattering experiments suggest that the hydrogels consist of 

elastic polymer “blobs” (i.e., coils) that are packed within the hydrogels. For example, 

cross-end coupling of tetra-amine-terminated PEG and 

tetra-N-hydroxysuccinimide-glutaraldehyde-terminated PEG leads to hydrogel 

networks with high cross-linking efficiency and little hysteresis[93]. This behavior is 

very similar to that of an elastic rubber. Scattering studies show that these tetra-PEG 

hydrogels are mostly homogeneous with low concentration fluctuations comparable to 

those of the corresponding solutions [91]. Concentration fluctuations are changes in 

density within the same hydrogel. When the ratio of the reacting macromonomers is not 
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stoichiometric ratio, heterogeneity will occur due to an increase in structural defects. 

Kamata et al. [94] report the synthesis of injectable “nonswellable” hydrogels from 

hydrophilic and thermoresponsive polymers, in which two independently occurring 

effects (swelling and shrinking) oppose each other. The hydrogels can endure a 

compressive stress up to 60 MPa and can be stretched more than sevenfold without 

hysteresis. 

1.3.4 Double-network hydrogel 

DN-gels usually are both hard and strong, with comparable mechanical properties to 

that of rubbers and cartilages. The hydrogels consist of two interpenetrating polymer 

networks with contrasting mechanical properties. The design principle can be 

summarized as follows: first, rigid and brittle polyelectrolyte serves as the first network, 

while soft and ductile neutral polymer serves as the second network; second, the molar 

concentration of the second network is 20~30 times that of the first network; third, the 

first network is tightly (making it stiff and brittle) while the second network is loosely 

cross-linked (making it soft and stretchable) to achieve a strong asymmetric gel 

structure [86, 95-97]. The toughness is the ability of a material to absorb mechanical 

energy and deform without rupture. One of the definitions of material toughness is the 

fracture energy, which is the energy per unit area required to propagate a notch crack. 

DN-gels are tough because the internal fracture of the brittle network dissipates 

substantial amounts of energy under large deformation, while the elasticity of the 

second network is able to return to its original shape after deformation. The fracture 

energy of the double network can always be much larger than those of either of the 

corresponding single networks. Material gains toughness by sacrificing the rupture of 

the covalent bonds of the brittle first network [98]. Gong et al. [99] illustrate this 

brittle-ductile transition in double network gels adopting a two-spring model as shown 

in Fig. 1.14. With stretching, the ductile DN-gel (where the effective chain number 

density of the 2nd network is higher than that of the 1st network) experiences internal 

damage of the 1st network, while the brittle DN-gel (where chain density of the 1st 
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network is higher than that of the 2nd network) undergoes simultaneous fracture of the 

two networks, which leads to sample failure. Therefore, the material gains toughness by 

sacrificing the rupture of the covalent bonds of the brittle first network. The covalent 

bonds serve as “sacrificial bonds,” which used to describe how bones fracture. 

 

Fig. 1.14 Illustration of the tensile stretching of ductile and brittle DN-gels using 

two springs as model [99] 

1.4 Benefits and limitations of hydrogels 

The conventional hydrogels have their unique benefits including, biocompatible, 

can be injected in vivo as a liquid that then hydrogels at body, protect cells, good 

transport properties, timed released of medicines or nutrients, easy to modify, and can 

be biodegradable or bio-absorbable. However, the conventional hydrogels also have 

some limitations, for example, high cost, can be hard to handle, and difficult to sterilize. 

Hydrogels usually have high compressive strength and large elongation, but their 

tensile strength and modulus are not satisfied enough; furthermore, their high elastic 

properties show no hysteresis behavior, thus lacking a mechanism for mechanical 

energy dissipating. As a result, the mechanical properties are observably reduced when 

the hydrogels contain a defect. 
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1.5 Purpose of this research 

Due to the poor mechanical properties of traditional single-crosslinked hydrogels, 

this greatly limits the application of hydrogels. Their resemblance to living tissue opens 

up many opportunities for applications in biomedical areas. Although hydrogels have 

brilliant future in the next decade, the mechanical properties of the hydrogel have some 

distance from their final application. Therefore, our goal is to design a hydrogel with 

the required mechanical properties to meet the requirements of various application 

fields. Recently, a lot of progress has been made in the construction of high-strength 

hydrogels, mainly as follows ideas: 1) Increase the interaction between the chains of 

polymer hydrogels and develop synergistic hydrogels, such as chemical crosslinking, 

hydrophobic interaction, hydrogen bond crosslinking, and ionic bond crosslinking, etc., 

using two or more of them to construct synergistic hydrogels; 2) In terms of spatial 

structure, build multiple networks between polymer networks to develop toughness 

hydrogels; 3) The combination of the above two forms. These construction ideas are 

currently one of the hot spots and development trends in the preparation of 

high-strength hydrogels. 

In order to develop high-strength hydrogels that match the mechanical strength 

required by the application (modulus: 1~10
2
 MPa, water content 50%~90 wt%, tensile 

strength 1~10
2
 MPa, compressive strength 10~10

3
 MPa). Based on the above 

understanding, in this study, three kinds of high-strength hydrogels were prepared 

through different design. 
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Chapter 2 Materials, Experiments and 

Characterizations 

2.1 Materials 

2.1.1 Polyvinyl Alcohol (PVA) 

PVA (Fig. 2.1), a hydrophilic, biodegradable and biocompatible synthetic polymer, 

has been widely used in different areas of the biomedical field. Nano-fillers expose 

their larger surface area for interaction with polymer that is the key concept in the 

enhancement of functional properties of polymeric nanomaterials. The biomedical 

uses of PVA include embolization particles, eye drops, contact lenses, meniscus, 

artificial cartilage, and adhesion barrier. PVA behaves as an embedding mat and 

matrix for metal/inorganic nanofiller for sensing, optoelectronic devices and many 

other applications. PVA nanocomposites may include nanofillers made from metals, 

nonmetals, metal oxides, metal sulfides, inorganic or combinations of these materials. 

Hoffman has successfully used PVA hydrogels to cultivate living cells, because such 

hydrogels have large pores and are capable of degradation. PVA can be used not only 

for bio-artificial materials but also for phantom materials commonly used in medical 

research. Forecasting soft tissue deformation by analyzing therapeutic interventions 

and performing minimally invasive surgery simulations may greatly improve the 

proposed treatment, as well as the accuracy of surgical procedures. Simulation 

experiments require the use of tissue-simulating objects that mimic the properties of 

human or animal tissues [1-3]. 

 

Fig. 2.1 Chemical structure of PVA 
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The mechanical properties of PVA hydrogels strongly depend on many factors 

including molecular weight of PVA, concentration of PVA in aqueous solution and 

synthesis method. The PVA hydrogels with satisfactory mechanical properties were 

hardly prepared from pure PVA precursors. Therefore, it is still a challenge to improve 

the performance of physically cross-linked PVA hydrogels. In this study, PVA 

(polymerization degree: 2000), were purchased from Nacalai Tesque. 

2.1.2 Camphorquinone (CQ) 

In recent years, photopolymerization has emerged as a valuable tool in biomedical 

applications because of its ability to rapidly convert a liquid monomer or macromer 

into 3D polymer networks under physiological conditions with temporal and spatial 

control. Camphorquinone (1,7,7-trimethylbicyclo[2.2.1]heptane-2,3-dione, CQ) 

belongs to the aliphatic a-diketones (Fig. 2.2) and is utilized as a photoinitiator for 

visible-light photo-crosslinking. It is most frequently applied among the commercial 

photo-initiators. CQ was provided by Tokyo Chemical industry Co., Ltd (Japan). 

  

Fig. 2.2 Reaction mechanism of three-component photoinitiator system containing 

photoinitiator (CQCOOH), an electron donor (amine coinitiator), and an electron 

acceptor or accelerator (iodonium salt) [4] 
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2.1.3 Other chemical reagents 

In this research, acrylic acid (AA), lithium chloride (LiCl) were purchased from 

Nacalai Tesque, Inc., (Japan). All chemical reagents were used as received. Distilled 

water was used in all experiments. 

2.2 Synthesis method 

2.2.1 Physically cross-linked hydrogels 

The uniform hydrogel precursor solution was poured into a Teflon mold (2 mm × 

100 mm × 100 mm) and the hydrogels were then fabricated by a FT method (Freezing 

at -20 °C for 24 h; thawing at 25 °C for 3 h). 

2.2.2 Visible-light-trigger polymerized hydrogels 

The hydrogel precursor solution was visible-light-trigger polymerized for 30 min 

using a visible light source (LS-M210, Sumita, Saitama, Japan). 

2.3 Instruments and Characteristics 

2.3.1 Tensile tests 

The uniaxial elongation properties were tested at room temperature using a universal 

testing machine (Instron, 3385, extra 50 N load cell, Instron Co., Ltd., Canton, USA) in 

accordance with standard JIS K6251: 75 mm length, 4 mm width (w), 2 mm height (h), 

and 25 mm gauge length (l0). For the cyclic tensile test, loading–unloading 

measurements were performed using the same universal testing machine at constant  

cross-head speed of 500 mm/min. Tensile stress (σ) was calculated as σ = F/wh; 

Tensile strain (ε) was calculated as ε = (l – l0)/l0 × 100%. Where F and l are the load 

and current length, respectively; The resilience (R) was calculated according to the Eq. 

2-1: 
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𝑅(%) =
∫ 𝛿𝑑𝜀

𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔

∫ 𝛿𝑑𝜀
𝐿𝑜𝑎𝑑𝑖𝑛𝑔

× 100%                   2-1 

2.3.2 Compression tests 

The compression properties were also measured by using the Instron 3385 at a 

cross-head speed of 1 mm/min. Before testing, hydrogels were cut in a disc shape (8 

mm diameter and 2 mm height). The hysteresis energy loss (ΔU) was defined as the 

area of hysteresis loop encompassed by the loading-unloading curve, Eq. 2-2. The 

toughness was the total area under the stress-strain curve. 

∆𝑈 = ∫ 𝛿𝑑𝜀
𝐿𝑜𝑎𝑑𝑖𝑛𝑔

− ∫ 𝛿𝑑𝜀
𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔

                 2-2 

2.3.3 Self-healing property test 

The self-healing efficiency of hydrogel was measured by comparison of tensile 

tests between a healed sample and an original sample. In brief, the original sample 

with dumbbell shape was stretched at a velocity of 100 mm/min to obtain a critical 

stress (So). Then, the healed sample with the same shape and size was also stretched to 

obtain its critical stress (Sh). The healing efficiency (HE) was calculated according to 

the Eq. 2-3: 

HE=Sh/So×100%                         2-3 

2.3.4 Calculation of Fracture energy 

Fracture energy W(L) could be defined as the total mechanical work required per 

unit area of crack growth. Fig. 2.3 is the schematic diagram of calculating W(Lc). One 

sample was non-notched, another sample was notched. The non-notched sample was 

used to measure the force-length curve. The area beneath the force-length curve gave 

the work done by the force to the non-notched sample, W(L); The notched sample was 

used to measure the critical distance between the clamps, Lc when the notch turned 

into a running crack. 
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Fig. 2.3 Schematic diagram of calculating W(Lc) 

2.3.5 Freeze-drying 

The freeze-drying process was conducted by a freeze dryer (DC401, Yamato 

Scientific Co., Ltd., Japan). The wet hydrogels first were cut into a shape 10 mm×5 

mm×2 mm, and then frozen in liquid nitrogen for 10 min. Finally, the frozen 

hydrogels were freeze-dried at 20 Pa for 12 h. The trap cooling temperature is -45 °C. 

2.3.6 Internal network of hydrogel  

The microgel microstructure was observed using a scanning electron microscope 

(SEM) (Hitachi, Ltd S-4300, Japan). The freeze-dried samples were sputter coated with 

gold using an ion sputtering apparatus prior to the test. 
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2.3.7 Swelling experiments 

Swelling experiments were performed by immersing the Gels and dried-Gels in 

conical flasks filled with distilled water. The flasks were placed in a 

temperature-controlled bath at 25 °C until constant. The swelling ratio (Qm) was 

calculated by the following equation: 

Qm = Ws/Wa                                                2-4 

Where Ws is the weight of the swollen hydrogel and Wa is the weight of the 

as-prepared gels. Each swelling experiment was measured at least 3 times. 

2.3.8 Moisture retention experiment 

The hydrogels were exposed in the indoor environment (25 °C and RH =40%). The 

moisture retention ratio (SRr) was calculated according to the Eq. 2-5: 

SRr=We/Wa                             2-5 

where Wa is the as-prepared hydrogel, and We is the weight of the exposed 

hydrogels. Each moisture retention experiment was measured at least 3 times. 

2.3.9 Thermal property  

Thermal gravimetric analyzer (TGA) and Differential Thermal Analysis (DTA) of 

the samples were performed with TG instrument (DTG-60, Shimadzu Co., Ltd., 

Kyoto, Japan) at a scan rate of 10 °C min
−1

 from room temperature to 600 °C in N2 

atmosphere (flow rate of 50 mL/min). Samples (4-6 mg) were placed in aluminum 

crucibles by using an empty aluminum crucible as a reference. All of the samples 

were obtained from freeze-drying. 

2.3.10 Fourier Transform Infrared Spectrometer (FT-IR) 

A Thermo Fischer Scientific Nicolet iN 10MX infrared spectrometer was used for 

the analysis of FT-IR. The sample was measured in the range of 650 – 4000 cm
-1

 with a 

resolution of 4 cm
-1

. Both KBr pellet and ATR technique were adopted in the test. A 
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total of 32 scans were accumulated. 

2.3.11 X-ray diffraction (XRD) 

The crystallinity of hydrogel was examined by X-ray diffraction system (XRD, 

X'pert Pro MPD, Malvern Panalytical, Netherlands) with Cu-Kα radiation at a scan 

step in θ of 0.01° and a range of 2θ from 5° to 70°. 

2.3.12 Vibration experiment  

For the experiments evaluating the damping performance, a commercially available 

test tube mixer was used as the vibration source; the vibration machine was equipped 

with a hydrogel vibration damper, a support plate, and a force sensor. The sampling 

frequency was set at 20 points per second. 
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Chapter 3 Hydrophobic association effect 

enhanced PVA hydrogels 

3.1 Introduction 

Poly(vinyl alcohol) (PVA) has gained more and more interest over the last years due 

to its biodegradability and nontoxicity [1]. The physically cross-linked PVA hydrogels 

formed by freezing-thawing (FT) method has similar viscoelastic behavior with 

articular, making them attractive biomaterials for tissue engineering [2-4]. The high 

mechanical strength of PVA hydrogels is imparted by the large number of hydrogen 

bonds, which can be further strengthened by changing the conditions of FT method. 

The FT process could induce the formation of microcrystalline regions, resulting in 

physically cross-linked PVA hydrogels with enhanced mechanical properties [5]. The 

mechanical properties of PVA hydrogels strongly depend on many factors including 

molecular weight of PVA, concentration of PVA in aqueous solution and FT conditions. 

Table 3.1 listed several reported PVA hydrogels synthesized by FT method. It was seen 

that the PVA hydrogels with satisfactory mechanical properties were hardly prepared 

from pure PVA precursors. Therefore, it is still a challenge to improve the performance 

of physically cross-linked PVA hydrogels.  
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Table 3.1 Comparisons of physically cross-linked PVA hydrogels reported in literatures 

FT condition 

FT 

cycl

es 

PVA 

polymeri

zation 

degree 

PVA 

solution 

concentrat

ion (wt%) 

Modifica

tion/ 

addition 

agent 

Crosslin

ked 

agent 

Tensile 

strength 

(MPa) 

Strai

n 

(%) 

Lite

ratu

re 

-20°C for 24 

h; 21°C for 

24 h 

3 1750±50 15 none none 0.4 - [6] 

-25°C for 12 

h; RT for 12 h 

5 1750±50 20 none none 0.935 - [7] 

-20°C for 21 

h; RT for 3 h 

3 1750±50  10 none phytic 

acid and 

POSS 

0.4 360 [8] 

 

−20°C for 14 

h;  25°C for 

4 h 

3 1750±50 10 MTM none 1.3 300 [9] 

-20°C for 3 h; 

30°C for 6 h 

2 1799 12.5 none none 0.38  340 [10] 

-20°C for 16 

h; RT for 8 h 

3 Not 

available 

15 agarose none 0.9 200 [11] 

RT means room temperature. 

Many strategies have been attempted to improve the mechanical properties of 

physically cross-linked hydrogels. The hydrogel network can be constructed and 

enhanced by introducing hydrogen bonding [12], hydrophobic interactions [13], and 

interpolymer complexation [14]. For instance, physically cross-linked PVA hydrogels 

was strengthened by incorporating clay minerals [15]. Hydrogen bonding was formed 

between PVA and poly(acrylic acid) (PAA) to generate PVA/PAA hydrogels with 

improved properties [16]. Xing et al. [17] fabricated a double network polyacrylamide 
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(PAM)/PVA hydrogel with high tensile strength and good thermal conductivity. 

Another strategy to improve the PVA hydrogels is hydrophobic modification [18-20], 

i.e. the hydrophobically associated PVA hydrogels. These hydrogels presented diverse 

structural components that give them different texture, shape, and mechanical 

properties, which have widely been applied in soft human tissue engineering, drug 

delivery, and biosensors as functional materials [21, 22]. Chen et al. [23] introduced 

hydrophobic urethane and alkyl groups into PVA chains, resulting in an amphiphilic 

structure of PVA with high surface and interfacial activities, which could be used as a 

blood contacting material. Moreover, the mechanical properties and self-healing ability 

of the hydrogels could be improved by hydrophobic effect [13, 24-25]. Physically 

hydrophobic association interactions could toughen the hydrogels because the 

hydrophobic chains could be assembled into micelle-like aggregates by molecular 

entanglements. When the hydrogels were loaded and deformed, the curled hydrophobic 

chains could slide, extend and disentangle along with deformation of micelles, 

dissipating a large amount of energy [26]. 

Soybean oil (SO), consisted of triglycerides, is a relatively inexpensive biobased 

resource [27-31]. Thus, the derived epoxidized soybean oil (ESO) is environmental 

friendly and meets the requirements of green chemistry [32], which has been used to 

synthesize various polymers. It was reported that ESO can improve the thermal stability, 

adhesiveness, and flexibility properties of the modified polymeric blends [33]. For 

example, the long fatty acid chains can drive the use of ESO as plasticizers to toughen 

poly(lactic acid) (PLA) [34]; the stability of poly(vinyl chloride) (PVC) to heat and 

light can be improved by plasticizing with ESO [35]; the hydrophobic components of 

ESO can increase the interfacial adhesion between the grafted fibers and PLA matrix 

[36]. Furthermore, the hydrolyzed ESO-grafted hydroxyethyl cellulose polymeric 

emulsifier had excellent emulsifying properties and thus was used to synthesize 

functional hydrogel with N-vinylcaprolactam. [37]. However, to the best of our 

knowledge, there is no research on the modification of PVA hydrogels with ESO so far. 

Herein, an ESO-modified PVA (PVA-ESO) hydrogel with excellent mechanical 
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properties (up to 1.4 MPa) was successfully prepared via FT for only 3 times. The 

ring-opening reactions between the epoxy rings of ESO and the hydroxyl groups of 

PVA have been proven. The strengthening mechanism and hydrophobically associated 

effect of ESO on the PVA-ESO hydrogels were systematically discussed. 

 

3.2 Experimental 

3.2.1 Materials 

Poly(vinyl alcohol) (PVA, polymerization degree of 2000) was provided by Nacalai 

Tesque, Inc., Japan. Epoxidized soybean oil (ESO, average molar ratio of epoxy 

group/ESO of 4 mol) was purchased from Aladdin Inc., China. Sodium hydroxide was 

purchased from Nacalai Tesque, Inc., Japan. 

3.2.2 Fabrication of hydrogels 

Fig. 3.1 presents the preparation process of PVA-ESO hydrogel. 10 wt% PVA was 

added into distilled water and the mixture was stirred continuously at 90°C for 6 h. 

Then, a certain amount of ESO (0, 1, 10, 15 and 20 wt%) was added to the mixture, 

and the resulting mixture were denoted as PVA, PVA-1% ESO, PVA-10% ESO, 

PVA-15% ESO and PVA-20% ESO, respectively. After adjusting the pH value to 12 

by 10 wt% NaOH, the PVA-ESO solution was stirred continuously at 65 °C for 24 h 

to obtain homogeneous mixture. After being degassed, the PVA-ESO solution was 

cooled to room temperature. The uniform precursor solution was poured into a Teflon 

mold (2 mm × 100 mm × 100 mm) and the PVA-ESO hydrogels were then fabricated 

by a FT method (Freezing at -20 °C for 24 h; thawing at 25 °C for 3 h). The obtained 

hydrogels had a moisture content of ~85%.  
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Fig. 3.1 Schematic of fabrication of PVA-ESO hydrogels 

3.2.3 Characterization 

A Fourier transform infrared spectroscopy (FT-IR, Nicolet iN10MX, Thermo 

Fischer Scientific) was used to investigate the chemical composition and chemical 

states of hydrogels at the range of 500-4000 cm
-1

 with a resolution of 4 cm
-1

 for 32 

scans. The KBr pellet were adopted in the test. 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were 

performed with TG instrument (DTG-60, Shimadzu, Japan) at a scan rate of 

10 °C/min from room temperature to 600 °C in N2 atmosphere (flow rate of 50 

mL/min). Samples (6-10 mg) were placed in aluminum crucibles by using an empty 

aluminum crucible as a reference. Before testing, the hydrogels were completely dried 

in vacuum oven at 40 °C for 48 h. 

The crystallinity of hydrogel was examined by X-ray diffraction system (XRD, 

X'pert Pro MPD, Malvern Panalytical, Netherlands) with Cu-Kα radiation at a scan 

step in θ of 0.01° and a range of 2θ from 5° to 70°. Before testing, the hydrogels were 

completely dried via vacuum oven at 40 °C for 48 h. The crystallinity index (CrI) of 

samples were calculated using the relation [38]:  

                           𝐶𝑟𝐼 =
𝐼𝑓−𝐼𝑠

𝐼𝑓
× 100                        3-1 

Where If is the peak intensity of the fundamental band at 2θ = 18.5° - 22.0° and Is 
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is the peak intensity of the secondary band at 2θ = 22.0° - 25.0°. The CrI is a 

time-save empirical measure of relative crystallinity [39]: 

                ∆(𝐶𝑟𝐼)% =
(𝐶𝑟𝐼)𝑃𝑉𝐴𝐸𝑆𝑂−(𝐶𝑟𝐼)𝑃𝑉𝐴

 (𝐶𝑟𝐼)𝑃𝑉𝐴
× 100                  3-2 

The tensile strength was measured using a universal testing machine (3385 series, 

Instron, USA) according to the standard of JIS K6251. Before testing, the wet 

hydrogels (moisture content ~85%) were cut into a dumbbell shape with a 75 mm 

length, 25 mm gauge length, 4 mm width and 2 mm thickness by a punching blade 

(JIS No.6, Asker, Japan). The tests were conducted at a cross-head speed of 500 

mm/min (25 °C, RH=55%). Each sample was tested at least three times. 

The mechanical properties of hydrogels were also determined by a dynamic 

mechanical analysis (DMA, RSA-G2, TA Instrument, USA). All wet hydrogels (8 mm 

in diameter and 2 mm in thickness, moisture content ~85%) were carried out through 

changing scanning dynamic frequency (0.1-100 Hz at 25 °C) and temperature 

(30-45 °C). The storage modulus and loss modulus were recorded during the tests. 

The morphologies of hydrogels were characterized by scanning electron 

microscope (SEM, S-4300, Hitachi, Japan) with accelerating voltages of 5 kV. Before 

characterization, the hydrogel samples were prepared through freeze-drying method, 

and then all samples were sputter-coated with platinum by ion sputter (E-1030, 

Hitachi, Japan) to provide enhanced conductivity. 

The contact angle of the PVA hydrogel (2 mm in thickness, moisture content ~85%) 

was analyzed by considering a liquid drop (deionized water and lubricating oil, 4 μL) 

resting on the hydrogel surface. 

3.3 Results and discussion 

3.3.1 Reaction mechanism of PVA-ESO hydrogels 

The proposed reactions between ESO and PVA involve several reactions (Fig. 3.2). 

The main reaction I occurs between ESO and PVA through ring-opening reactions 
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between the epoxy rings on ESO and the hydroxyl groups of PVA, resulting in 

homogenized PVA-ESO solution. In the presence of a nucleophile, the ester groups of 

ESO could produce fatty acid and alcohol by basic hydrolysis; these hydrolyzed 

products containing ‒COOH and ‒OH groups would further react with the epoxy 

rings of ESO [40] (reaction II). The new generated ‒OH groups from reactions I and 

II are capable of further reacting with other epoxides to promote the 

self-polymerization of ESO [41].  

 

Fig. 3.2 Proposed reactions between PVA and ESO 

To verify the reactions between PVA and ESO, the FT-IR spectra results of PVA, 

ESO, and PVA-ESO were shown in Fig. 3.3 For the spectrum of ESO, the bands at 

1161 cm
-1

, 1106 cm
-1

 and 832 cm
-1 

revealed C‒O‒C asymmetric stretching vibration, 

C‒O‒C symmetrical stretching vibration and epoxide ring vibrations, respectively [32, 

42]. For the PVA-ESO, intensity of the C‒O‒C characteristic absorption band 

changed. Actually, the higher weight ratio of ESO to PVA, more ester groups took part 

in hydrogen bonds as hydrogen-bond acceptors, thus, the broad absorption band of O‒

H stretching vibration at 3360 cm
-1 

declined. These indicated that the epoxy groups 

successfully open the rings and reacted with the hydroxyl of PVA. 

Moreover, it can be found from FT-IR spectra (Fig. 3.3) that PVA-ESO hydrogels
 

showed asymmetric and symmetrical stretching vibration of COO
-
 at 1574 cm

-1
 and 

1421 cm
-1

, implying the formation of carboxylate. Therefore, there also were fatty 

acid salts due to the saponification reaction between ESO and aqueous alkali under 

heating condition. 
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Fig. 3.3 FT-IR spectra of ESO, PVA and PVA-ESO 

3.3.2 Micro-structure of PVA-ESO hydrogels 

The internal structure of the freeze-dried hydrogels was shown in Fig. 3.4. Pure 

PVA exhibits a uniform structure without porous structure or defects (Fig. 3.4a and d). 

By contrast, the PVA-ESO hydrogels present porous structures. As the increase of 

ESO content, the evenly dispersed micro-pores (~3 μm in diameter, Fig. 3.4e) of 

PVA-10% ESO hydrogel change to the large concentrated pores (more than 10 μm in 

diameter, Fig. 3.4f) of PVA-20% ESO hydrogel.  

Generally, during the polymerization of the hydrogel precursor, the produced 

polymer could not be dissolved in the solvent due to physical or chemical crosslinking. 

Thus, the hydrogel structure that consists of polymer matrix phase and solvent phase 

would form. For the freeze-drying process of hydrogel, the solvent phase would 

volatilize and then leading the porous structure. However, it was pointed out that the 

slow water evaporation during freeze-drying process that makes the PVA chains 

coming closer to each other, leading to a decrease in the pore size [43]. Therefore, the 

small pores of the pure PVA hydrogel can only be observed under more severe 

conditions of freeze-drying process. 
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Fig. 3.4 SEM images of cutting surfaces and schematic structure of hydrogels (a, d 

and g) pure PVA; (b, e and h) PVA-10% ESO; (c, f and i) PVA-20% ESO 

 

Fig. 3.5 Water contact angle of (a)PVA hydrogel and (b)PVA-10% ESO hydrogel; 

lubricating oil contact angle of (c) PVA and (d) PVA-10% ESO hydrogels 

As to the PVA-ESO hydrogels, the porous structure can be observed after the 
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freeze-drying process at same conditions. With the addition of ESO, the cross-linking 

density of the polymers (PVA-ESO and unreacted PVA) increased due to the 

self-assembly and the hydrophobic segments and strong dipole-dipole interactions. 

Thus, the hydrophilic groups were extruded and the solvent (water + NaOH) was 

filled in the gaps [18], which results in the formation of the micelles (Fig. 3.4b-h) [44]. 

In the PVA-ESO hydrogel system, the more hydrophobic chains (ESO) grafted on 

hydrophilic chains (PVA), the bigger spherical micelles formed (Fig. 3.4f), and the 

more hydrophilic groups extruded. The micellar core corresponds to hydrophobic 

chains, the hydrophilic chain is in contact with the solution and wrapping the 

hydrophobic segment to form a porous structure (Fig. 3.4i) [45]. Generally, a porous 

hydrogel with a desired micro-structure can be obtained by controlling the amount of 

added ESO. What's more, the ESO modified PVA can also improves the amphipathic 

of hydrogels (Fig. 3.5). 

3.3.3 Mechanical properties of PVA-ESO hydrogels 

Fig. 3.6 presents the tensile test results of PVA and PVA-ESO hydrogels. The 

tensile strength of PVA-ESO hydrogels (72-319 kPa) was much higher than that of 

PVA hydrogel (47 kPa), after 1 time FT cycle (FT@1, Fig. 3.6b). With increasing 

contents of ESO, the hydrophobic segments of PVA-ESO entangle more tightly. Thus, 

when hydrogels are subjected to external forces, the hydrophobic segments act as 

cross-linking sites, allowing the stress to disperse and prevent the hydrogel from 

breaking. Therefore, it greatly improves the strength of hydrogel. On the other hand, it 

has been proved that the crystallinity of PVA hydrogel would increase as the number 

of cycle increases [22]. It was seen that the tensile strength of PVA and PVA-ESO 

hydrogels significantly increased with increasing the FT cycles (Fig. 3.6b). The 

highest strength of PVA-ESO hydrogels reached 1.4 MPa (Fig. 3.6b, PVA-20% ESO 

for FT@3), which was 2.4 times higher than that of pure PVA hydrogel prepared at 

same parameters. For the elongation at break of PVA-ESO hydrogels, its reduction is 

not significant and was finally stabilized at 325-350% (Fig. 3.6a).  
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Fig. 3.6 Stress-strain curves of PVA and PVA-ESO hydrogels prepared under 

different times of freeze-thaw cycles: (a) three times (FZ-@3); (b) tensile strength 

results of PVA-ESO hydrogels by repetitive freeze-thaw cycles in comparison to 

control 

For the pure PVA hydrogel with lower concentration (8 wt%, FT@1, Fig. 3.7), it 

still was viscous and had low fluidity, contrasting with a milky white and 

higher-strength PVA-20% ESO hydrogel (8 wt%, FT@1), which also indicating the 

significant enhancement of ESO to PVA. 

 

Fig. 3.7 The hydrogel appearance of PVA and PVA-20% ESO hydrogel through one 

freeze-thaw cycle process (8 wt% PVA sulotion), to further certify the hydrophobic 

association enhance the strength of hydrogels 

In fact, after the addition of ESO into PVA, the efficient aggregation of 

hydrophobic chains can significantly enhance the mechanical properties of PVA-ESO 

hydrogels. The PVA-ESO is easier to form a hydrogel and the hydrogels are expected 

to exhibit enhanced viscosification ability as a result of intermolecular hydrophobic 

interaction between the hydrophobic groups in the structure, thus leading to the 

formation of polymolecular associations [20]. In addition, the moisture contents (Fig. 



46 

 

3.8) of the PVA-ESO hydrogels were significantly reduced compared with PVA for 

the increased molecular weight and the decrease in hydrophilic groups after reacting 

with ESO, indicated that the cross-linking density of the hydrogel gradually increased. 

 

 

     

Fig. 3.8 (a) Moisture contents of PVA and PVA-ESO prepared by different times 

freeze-thaw cycles (b) Desorption behavior (water loss) of PVA and PVA-ESO 

hydrogels (c) Digital photo of desorption behavior 

3.3.4 Thermal property and crystal state of PVA-ESO hydrogels 

The thermal stability of PVA and PVA-ESO hydrogels were evaluated by 

thermogravimetric analysis (Fig. 3.9). A weight loss started at about 100 °C in TGA 

curves due to the evaporation of intermolecular H-bonded water. Pure PVA exhibited 

two thermal decomposition stages. The first stage occurred at 230-350 °C and the 

second stage appeared at 350-500 °C. These two stages reflected the breakage of the 

(c) (b) 

(a) 
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side and main backbone polymer chains, respectively [46]. The initial thermal 

decomposition temperature (To) of PVA was 230 °C. The To of the PVA-ESO samples 

increased as the increase of ESO content. The temperature with 40% residual weights 

(T40) of PVA was about 285 °C, which was obviously lower than that of PVA-ESO. 

Moreover, the maximum decomposition temperatures (Td) of PVA significantly 

increased after grafting with ESO (Fig. 3.9b). When the testing reached 600 °C, the 

residual weights of hydrogels were basically stable. It can be found that the final 

residual weights decreased with increasing ESO content (from 13.80% of PVA-1% 

ESO to 9.27% of PVA-20% ESO, Fig. 3.9a). Notably, the final residual weights were 

lower than the estimated values (calculated by the combination of final residual 

weights of pure PVA and ESO), which also indicates the decomposition of PVA-ESO 

reaction product. 

 

Fig. 3.9 Thermal degradation behavior of PVA and PVA-ESO hydrogels prepared 

by 3 times of freeze-thaw cycles: (a)TGA results; (b) DTG results; (c)DTA results; (d) 

XRD results 
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The DTA results (Fig. 3.9c) indicated that the crystallinity of PVA was changed by 

ESO. As shown in Table 3.2, the glass transition temperature (Tg) of the hydrogels 

slightly shifted from 104.77 °C to 100.66 °C with increasing the ESO contents. It was 

pointed out that the ESO as a plasticizer would reduce the Tg of polymers [47]. 

Actually, as the ESO content increases, the hydrogen bonding in the crystalline 

structure of PVA would be partially interrupted by the interaction between epoxies 

and PVA molecules. Moreover, the short branched chain introduced into the main 

chain of PVA (Fig. 3.2) could restrict the main chains to approached each other and 

cause an increase in degrees of freedom. Ultimately, the Tg of hydrogels was 

decreased with increasing the ESO contents. However, the melting peak shifted 

slightly to higher temperature with increasing content of ESO. The melting 

temperature (Tm) of PVA-1% ESO, PVA-10% ESO, PVA-15% ESO and PVA-20% 

ESO were 232.34, 232.63, 232.9 and 233 °C, respectively. They can be attributed to 

the increased molecular weight and enhanced intermolecular forces. Further research 

about chains kinetics is needed to more clearly understand the effects. 

Table 3.2 Summary of DTA and DTG thermograms of the PVA-ESO hydrogels 

Samples Tg Tm Td 

PVA 104.77 230.66 261.16 

PVA-1% ESO 104.63 232.34 261.77 

PVA-10% ESO 104.37 232.63 266.80 

PVA-15% ESO 103.01 232.95 267.42 

PVA-20% ESO 100.66 233.00 267.91 

ESO - - 412.05 

It was also pointed out that the crystallization region would limite the movement of 

the amorphous segment [2]. Since the hydrophilic groups are correspondingly reduced 

for the introduced ESO, the hydrogen bond decreased. On the one hand, the 

amorphous segments of PVA-ESO hydrogels could achieve the same degree of 

freedom as that of PVA hydrogel at lower temperature. On the other hand, with the 
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increase of flexible branches, the stereoregularity of the molecular chains are reduced, 

and it is difficult for the branched structure to co-crystallize with the main chain, 

which means the increasing the relative proportion of amorphous region [48].  

Table 3.3 Crystallization of PVA and PVA-ESO hydrogels 

Samples Crystallinity index △(CrI)% 

PVA 54.77 - 

PVA-1% ESO 52.50 4.13 

PVA-10% ESO 52.37 4.37 

PVA-15% ESO 46.93 14.31 

PVA-20% ESO 39.44 27.98 

To further reveal this point, the crystallinity index (CrI) of PVA and PVA-ESO 

samples were determined by XRD (Fig. 3.9d). The relative diffraction peaks at 20, 

22.5 and 40.2° corresponded to the characteristic peaks ((101), (200) and (111), 

respectively) of PVA, which were consistent with literatures [2, 49, 50]. The XRD 

patterns of PVA-ESO exhibited the characteristics of pure PVA but with lower 

intensity of crystalline peaks. Thus, the crystalline zone of PVA was decreased upon 

mixing with different content of ESO. As calculated from Eq. 3-1 (Table 3.3), the CrI 

of PVA-ESO decreased with increasing ESO content to 39.44%.  

3.3.5 DMA analysis 

The liquid phase of hydrogel is constrained within a three-dimensional network 

thus existing visco-elastic properties [51]. It was found that all of the hydrogels have a 

similar pattern in the modulus versus temperature plot, i.e., the modulus is almost 

constant up to about 30-45 °C, although their initial modulus were different [52]. Fig. 

3.10a and b showed that curves of storage modulus (E'), loss modulus (E'') and tan δ 

as a function of temperature (30~45 °C) for PVA and PVA-ESO hydrogel. The E' of 

PVA-ESO hydrogels were higher than that of pure PVA. The E' of the hydrogels 

declined slowly with the increase of temperature. When ESO content was over than 
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10%, there was little change in E', E'' and tan δ, and the changing trend of E'' for the 

hydrogels were basically constant. These results indicated that PVA-10% ESO, 

PVA-15% ESO and PVA-20% ESO hydrogels have no significantly water evaporation, 

structural changes, and are thermally stable at least to 45 °C [53]. Moreover, with the 

increase of ESO, the dynamic thermal stability for the wet ESO-PVA hydrogel was 

enhanced, and the network structure could not be destroyed easily, the hardness and 

mechanical strength were improved. 

 

  Fig. 3.10 DMA curves of PVA and PVA-ESO hydrogels: (a) and (b) Storage modulus 

E', loss modulus E'' and tan δ as a function of temperature; (c) and (d) Storage modulus 

and loss modulus as a function of frequency 

Fig. 3.10c and d showed that curves of E', E'' and tan δ as a function of frequency 

(0.01~100 Hz) for PVA and PVA-ESO hydrogels. The E' of hydrogels increased 

slowly with the increased frequency, which was similar to the situation of natural 

cartilage. The E'' declined slightly with the frequency, which indicated that most of 

the energy was stored in the hydrogel and consumed less. E' characterizes the elastic 

property of the material, and E'' presents the viscous property of the material. For all 
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the samples, E' were much larger than E'', which indicates that the hydrogels have 

considerable strength that could suffer from pressure and resist to certain impact. The 

PVA-20% ESO hydrogel had the highest value of E' and the lowest tan δ over the 

entire wet hydrogels, which indicates that PVA-20% ESO hydrogel has a better elastic 

property.  

3.4 Conclusions 

High strength PVA-ESO hydrogels were successfully fabricated from hydrophilic 

PVA and hydrophobic ESO through the formation of hydrophobic association, 

hydrogen bonding, and chain entanglements. The thermal stability and mechanical 

properties of PVA hydrogels were significantly enhanced and good flexibility was 

observed, where the ESO acted as the physical entanglement point between the 

molecular chains and increased the elasticity of the hydrogels. With the increase of 

ESO content, the tensile strength of the hydrogels (FT@3) increased from 560 kPa to 

1.4 MPa. In addition, a porous hydrogel having a certain microscopic morphology 

could be obtained by controlling the content of ESO. These results indicate that the 

vegetable oil-based hydrogels will find applications in personal care or health care 

areas due to its amphipathy, improved mechanical properties and controllability in wet 

conditions. 
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Chapter 4 Double network ionic hydrogel 

and its application in strain sensing 

4.1 Introduction 

Hydrogels are soft-wet materials with good flexibility and biocompatibility, which 

have attracted much attention in sensing, electronic skin, health detection [1-3]. For a 

hydrogel-based sensor [4-6], on the premise of satisfying the electrical conductivity, the 

selected hydrogel also needs certain mechanical strength, good stretchability, recovery 

and anti-fatigue property for stable signal transmission during it withstands repeated 

deformation at different speeds for a long duration [7, 8]. Up to now, various hydrogel 

strain sensors incorporated with conducting polymers, polyelectrolyte, inorganic salt 

and biomolecules have been developed [3]. Among them, inorganic salt-incorporated 

hydrogel provide the most simple and straightforward route to fabricate hydrogel-based 

sensor. 

The ions introduced in the hydrogel can not only improve its electrical conductivity 

but also improve its stretchability because the cations can form coordination bonds with 

appropriate ligands, and the formed coordination bonds can dissociate and associate 

reversibly and rapidly [9]. However, the main mechanical properties of the hydrogel 

depend on its network structure [10]. For a hydrogel with heterogeneous network 

structure, the stress concentration on the shortest chain would cause the structural 

damage during stretching. This drawback can be improved by the design of a double 

network (DN) hydrogel. 

Double-network hydrogel (DN-Gel) comprise of a tight rigid network and a loose 

soft network, which has superior mechanical property because the first brittle network 

serves as sacrificial bonds to efficiently disperse stress when the hydrogel is stretching 

[10]. Li, et al. [11] produced a supramolecular polymer DN-Gel with maximum young's 

modulus of 209 kPa and fracture toughness of 47 kJ/ m
3
 for cartilage regeneration, 

which used methacrylated hyaluronic acid as rigid frame network and self-assembling 

peptides supramolecules as sacrificial second network. 

However, many DN-Gels are usually synthesized by multiple steps, particularly 

complicated synthesis process and high costs [10, 12]. Moreover, although these DN 
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hydrogels demonstrate improved properties over their corresponding single-network 

hydrogels, the mechanical properties do not improve as significantly as expected. In 

fact, if covalent bonds serve as the unique cross-links of a DN-gel, the covalent bond 

cannot be recovered once the brittle network is broken, the excellent energy hysteresis 

cannot be preserved for a long-term and the recovery capability is limited [13]. 

Therefore, the double cross-linked hydrogel (DC-Gel) [14] with dynamic physical 

cross-linked (ionic bonding [15] or hydrogen bonding [16]) and chemically 

cross-linked networks are expected to exhibit excellent stretchability and self-healing 

ability [17]. 

Visible light graft polymerization has the characteristics of simple steps, low energy 

consumption, and easy control of reaction time [18]. Compared with the ultraviolet 

light initiation system, the visible light reaction conditions are more mild and safe, so it 

can have a broader application prospect in the field of biology. In this work, we facilely 

synthesized a DC-Gel with polyvinyl alcohol (PVA) and poly (acrylic acid) (PAA) 

double-networks via visible-light-trigger polymerization. After immersing in LiCl 

solution, the PVA-PAA@LiCl hydrogels with dynamic physical ionic bonding exhibit 

good electrical conductivity, instantaneous recovery, anti-fatigue, and resilience. The 

distinguished comprehensive mechanical properties of our DC-Gels ensure a stable and 

sensitive signal transmission when it is served as a capacitance-based sensor. 

4.2 Experimental 

4.2.1 Materials 

Polyvinyl alcohol (PVA, polymerization degree: 2,000), acrylic acid (AA) and 

lithium chloride (LiCl) were purchased from Nacalai Tesque, Inc., (Japan). 

Camphorquinone (CQ) was provided by Tokyo Chemical industry Co., Ltd (Japan).  

4.2.2 Synthesis of hydrogels 

Acrylic acid (AA) and photo-initiator CQ (0.5 wt% based on AA) were sequentially 

added into a 10 wt% PVA liquid. The mass ratios of PVA: AA were kept at 1: 1, 1: 5 
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and 1: 9. The solution was stirred 1 h for homogenization and degassed under vacuum 

for 10 min. The obtained solution was slowly poured into the mold (100 mm × 100 

mm × 2 mm or 100 mm × 100 mm × 1 mm), and covered with a transparent plate (5 

mm thickness). A visible light source (LS-M210, Sumita) was used to induce the 

precursor solution polymerization at the luminous emittance of 215 Klux for 30 min. 

Finally, the polymerized PVA-PAA hydrogel was immersed into a saturated LiCl 

solution for 8 h to prepare PVA/PAA@LiCl ionic hydrogel. The double crosslinked 

composite hydrogels were named as DC-X, where X denoted the weight ratio of AA 

to PVA, i.e., DC-1, DC-5 and DC-9. The synthesis process of the hydrogels was 

shown in Fig. 4.1. 

 

Fig. 4.1 Appearance of the synthesis process of hydrogels 

4.2.3 Characterizations 

A Fourier transform infrared spectroscopy (FTIR, Nicolet iN10MX, Thermo 

Fischer Scientific) was used to investigate the chemical composition of the hydrogels. 

Thermal stabilities and glass transition temperatures of the freeze dried samples were 

analyzed by a TG instrument (DTG-60, Shimadzu) at the scan rate of 10 °C/min from 

room temperature to 600 °C and a differential scanning calorimeter (DSC, SII X-DSC 

7000, Hitachi) at the heating rate of 20 °C/min from -30 °C to 120 °C in N2 

atmosphere. Mechanical properties were tested by using a universal testing machine 

(Instron 3385, Instron). More experimental details were described in Supporting 

Information, respectively. 

For the application in capacitance sensors, the ionic hydrogel was cut into the shape 

with 15 mm in width, 1 mm in thickness, and 45 mm in length. Two layers of the 

ionic hydrogel sandwiched a VHB tape (4905, 3M) to fabricate a strain sensor. The 

real-time electrical signals of the strain sensors based on the capacitance variations 
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were obtained by a capacitance meter (830C, BK Precision). 

4.3 Results and discussion 

4.3.1 Reaction mechanism 

Fig. 4.2 proposed the polymerization mechanism of the PVA-PAA hydrogel 

triggered by visible light, i.e., free-radical grafting polymerization with CQ initiator. 

The CQ firstly decomposed to triplet 3CQ* via visible light, which subsequently 

abstracted hydrogen from -OH groups of PVA backbone to form alkoxy radicals 

[18-20]. The AA monomer would be polymerized on the PVA backbone under the 

initiation of the alkoxy radicals, resulting in a polymer network with grafted structure. 

After the yellow precursor solution was exposed to visible light, a colorless 

transparent hydrogel was successfully formed (Fig. 4.1). 

 
Fig. 4.2 The polymerization mechanism of PVA-PAA triggered by visible light 

The schematic illustration of the ionic DC-Gel and its FT-IR results were presented 

in Fig. 4.3a and b, respectively. For the FTIR spectra, the absorption bands at 3450 

cm
-1

 are suggested to the O-H vibration [21]. The two strong peaks of DC-Gels 

displayed at 1452 cm
-1

 and 1250 cm
-1

 are attributed to the asymmetric and symmetric 

stretching vibration of the carboxylate (COO-) and stretching vibration of C-O, 

respectively [22]. Moreover, with increasing the AA content, the relative intensities 

and wavenumbers of O-H at around 3450 cm
-1

 and 1650 cm
-1

 are lower than that of 

PVA, at the same time, the width of O-H stretch vibration increased, indicating the 

increasing of H-bounds and the reduction of -OH content. In summary, PAA was 

successfully grafting polymerized onto PVA [23]. 
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Actually, the complexation between carboxyl groups and hydroxyl groups would be 

promoted by Li
+
, and the molecular chains of the hydrogels would shrink when the 

DC-Gels are exposed to a saturation lithium solution [24]. It is believed that the anion 

sites in the composites segment increase electrostatic attraction and the degree of 

ionic crosslinking of the hydrogel, and therefore would increase the toughness of 

hydrogels [25, 26]. Moreover, the cationic charge shielding effect protects COO- and 

effectively prevents the electrostatic repulsion between anions. The protonation of 

COO- and hydrogen bonding make the hydrogel volume shrink rapidly in a short 

time to achieve the enhancement in toughness [27]. It was seen that the volume of the 

hydrogel was shrunk significantly after the salt impregnation (Fig. 4.1). 

 

 

Fig. 4.3 (a) Schematic illustration of the DC-Gel; (b) FTIR spectra of PVA, PAA, 

DC-1, DC-5 and DC-9; (c and d) SEM images of DC-5; (e and f) SEM images of 

ionic DC-5; (g) SEM image of ionic DC-1; (h) SEM image of ionic DC-9. The salt 

impregnation duration was 8 h 

The SEM images revealed the cross-sectional morphologies of DC-Gels (Fig. 

4.3c-h). It was seen that the internal structures of the DC-Gels changed significantly 
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as the content of AA and immersing of LiCl solution. The hydrogels without LiCl 

presented a sponge-like internal morphology (Fig. 4.3cd), which is similar to the 

reported lyophilized hydrogels [13, 28, 29]. After impregnation in LiCl, the DC-Gels 

showed a dense, homogeneous and wrinkled microstructure (Fig. 4.3e-h) due to the 

strong interaction between Li
+
 ions and the PVA/PAA chain. As the increase of AA 

contents, the phase separation between PVA and PAA domains decreased, which 

reflects a more dense structure and large wrinkled units (DC-9, Fig. 4.3h). 

4.3.2 Thermal stabilities of DC-Gels 

Fig. 4.4 showed the thermal stability of the DC-Gels. The weight loss of the 

hydrogels below 100 °C (Fig. 4.4a) was observed due to the evaporation of 

intermolecular H-bonded water. The first stage of degradation occurs between 200 

and 340 °C, which is mainly reflected by the dehydration of polymer chains and 

accompanied by the formation of polyene structure. In the second decomposition 

stage, polyene chains are degraded to produce carbon and hydrocarbons to form the 

acetaldehyde and acetic acid (340 to 500 °C), where the sharp weight loss is attributed 

to the thermal decomposition of the carbon skeleton of the PVA and PAA molecules. 

For the temperature >500 °C, the weights gradually remained stable. Moreover, it was 

seen that the first decomposition stages of the DC-Gels were similar to those of PVA, 

and the decomposition-completion lies of the DC-Gels were similar to those of PAA. 

For the DTA curves (Fig. 4.4b), it was seen that both the first begining decomposition 

temperature (To) and the maximum decomposition rate temperature (Tm) of DC-Gels 

were higher those than of PVA. Simultaneously, the weight loss rate of DC-Gels 

decreased with increasing ratio of AA. This demonstrates that the DC-Gels have good 

thermal stability. 

The chains’ thermal motion of the DC-Gels was shown in the DSC curves (Fig. 

4.4cd). The crystallization endothermic peaks of the DC-Gels slightly shifted from 

49.79 to 56.69 °C with increasing AA content (Fig. 4.4c). Moreover, two glass 

transition temperatures (Tgs) were observed on the DSC curve of PAA at 36.09 and 

64.56 °C, respectively. The first peak should be attributed to the formation of ion 

aggregation on PAA chains, while the second peak could be explained by the 

formation of free micelles in the bulk [26]. However, there was only one Tg on the 

curves of the DC-Gels, which indicates the homogeneous interconnected phase of the 
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DC-Gels. In addition, it was reported that the chains’ thermal motion would be 

affected by introducing ions into polymer [30]. The entropy of the DC-Gels 

significantly increased from 12.79 to 23.94 J/g with the AA content. During the 

impregnation in LiCl solution, a large amount of ions would diffuse into the 

composite molecular chains, cause a superior interfacial adhesion between PAA and 

PVA, and decrease the intermolecular repulsive force. Therefore, the mobility of the 

molecular chains was reduced and the Tgs of the DC-Gels were increased [31, 32].  

 

Fig. 4.4 Thermodynamics of the DC-Gels (a) TGA curves; (b) DTG curves; (c) 

DSC curves; (d) DDSC curves 

4.3.3 Mechanical properties of DC-Gels 

The ionic DC-Gels became tough and strong with LiCl salt impregnation. To 

further quantitatively evaluate the change in mechanical properties of the DC-5 with 

the immersing time, the tensile testing was performed (Fig. 4.5). With the increasing 

of immersing time, the tensile strength and elongation at break of DC-5 increased and 

reached the maximum values at the immersing time of 8 h, which reached 4.58 ± 0.67 

MPa and 721 ± 23%, respectively. After the immersing duration prolonged from 8 to 
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12 h, few enhancement in tensile strength but significant decrease in elongation at 

break of DC-5 were observed. 

 

Fig. 4.5 Stress−strain curves of DC-5 with different immersing time 

Fig. 4.6 showed that the mechanical strength of the DC-Gels increased with the AA 

dosage. DC-9 hydrogel achieved the highest tensile strength and toughness of ~7 MPa 

and ~ 20 MJ/m
3
 (Fig. 4.6a). These tough DC-Gels are capable of withstanding large 

compressive stress. The maximum compressive strength at a 70% strain of DC-Gels 

reached 90 MPa (DC-9, Fig. 4.6b). The increasing addition of AA improved the 

strength of hydrogen bonding between the copolymer chains, leading to a denser 

structure and a smoother appearance of cross-section (Fig. 4.3f-h). 

 

Fig. 4.6 Stress–strain curves of ionic DC-Gels with different AA contents (a) 

Tensile strength; (b) compressive strength 

It was seen that salt solutions with different cations can significantly vary the 

modulus, fracture stress, and toughness of the DC-Gel; which immersed in LiCl 
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solution exhibited the best mechanical properties than that in other salt solutions (Fig. 

4.7). On the one hand, the different dissolution capabilities of metal ions in solvent 

(water or water-like environment) [33] can be used to explain it. Overall, the high 

molarity Li
+
 can better dissolve in both water and PAA than other metal ions. As a 

result, the dissolution of PAA in water would be reduced (salt out effect), leading to a 

dense and wrinkled structure (Fig. 4.3). On the other hand, it is generally believed that 

the smaller ion with a monovalent charge (Li
+
) would better promote the diffusion of 

salt in the narrow gaps of polymer due to the less structural and electrostatic 

hindrances. It was also pointed out that the full potential of the complexation between 

COO- and OH- might be promoted when the hydrogel precursor was exposed to a 

concentrated lithium solution [34]. 

 

Fig. 4.7 The mechanical properties of DC-5 after immersing in saturated solution 

with different cations for 8 h. (a) Young’s modulus and tensile strength; (b) Toughness 

and elongation at break 

 

Fig. 4.8 (a) Water absorption ability of ionic DC-Gels and (b) moisture retention 

ability of ionic DC-Gels 
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Fig. 4.9 (a1-a3) Cyclic tensile stress-strain curves of the DC-gels; (a4) Resilience of 

the DC-Gels at a strain of 50 % for 20 cycles; (b1-b3) Successive cyclic compression 

tests of the DC-gels at a 70 % strain for 10 cycles. (b4) The calculated disperse energy 

of the DC-Gels 
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The cyclic tensile stress-strain curves of DC-Gels at 50% strains showed the 

typically hysteresis loop in the first cyclic test (Fig. 4.9a1-a3). This phenomenon is 

known as the Mullins effect, which has been reported in the double-network 

hydrogels [35]. The disentanglement or sliding of polymer chains as well as the 

rupture of network would appear during the stretching process of the hydrogel, which 

results in the hysteresis loop [36]. Moreover, once a distinct hysteresis loop is 

observed in the first cycle, a large drop in stress would generally appear in the second 

cycle (Fig. 4.9a3). The hysteresis phenomenon becomes much smaller if the next 

cycle is conducted immediately after the previous cycle. It was seen that the 

stress-strain curves after the first cycle were almost overlapping (Fig. 4.9a1-a3), 

which indicates that the DC-Gel reached a stable state.  

The high dosage of AA (DC-9) significantly contributed to a high network density, 

resulting in a high stiffness. The low mechanical cyclic stability of DC-9 (Fig. 4.9a3) 

is attributed to the drop of effective junction points after the initial cycle [37]. By 

comparison, DC-5 exhibited the best elastic properties after the initial cycle (Fig. 9a4). 

It also had good water retention ability (Fig. 4.8). These properties ensure the stable 

mechanical properties of DC-5 during suffering in the successive cyclic tensile system. 

It is reported that the combination of high stretchability and low modulus would make 

hydrogels well adaptable to the epidermis [25]. Fig. 4.7a showed that DC-5 had a 

similar tensile modulus (450 kPa) to the human skin (140-600 kPa of modulus for the 

epidermis [38]). 

Fig. 4.9b1-b3 showed the compression stress−strain curves of the DC-Gels. No 

substantial plastic deformation and strength reduction were observed on DC-1 and 

DC-5 when compared to DC-9. The dissipation energies (ΔU, Eq. 2-2) of DC-1 and 

DC-5 slightly decreased for the first cycle to the second cycle (Fig. 4.9b4) and then 

remained unchanged.  

However, the ΔU of DC-9 decreased sharply after the first cycle, which is 

microscopically caused by the accumulation of irreversible damage and fragmentation 

of the brittle first network. The compressive strength at the strain of 70% drastically 

increased from 0.58 ± 0.03 to 97.83 ± 2.62 MPa with the increased dosage of AA (Fig. 

4.9b1-b3). The maximum stress of DC-5 slightly increased from 22.69 to 27.92 MPa 

after the 5th cycle, and then remained steady. It can be explained by the self-healing 



69 

 

of the broken ionic cross-links and H-bonds at either the original sites or other 

accessible sites after the compression in a rather short time [37]. Moreover, after the 

first four loading−unloading cycles, the rest cycles of the recovered DC-5 started to 

remain stable and still exhibited a similar loop to the initial one. The compressive 

strength remained high and almost unchanged. These indicated that the DC-5 had 

excellent high compression stability. Hydrogels usually failed to recover to the 

original and have high residual strain after stress-strain cyclic tests [39-41]. By 

comparison, the DC-5 has an excellent self-recovery capacity and mechanical 

flexibility. 

4.3.4 Rapid recovery ability and tensile cyclic stability of DC-5 

Stable mechanical properties such as resilience, tensile strength, and residual strain 

are crucial for the application of the hydrogel [12, 42, 43]. To examine the recovery 

ability and tensile cyclic stability of DC-5, the cyclic loading–unloading tests with 

varying stretching conditions were conducted (Fig. 4.10). The curves of DC-5 almost 

remained constant even if the number of stretching continues to increase and the rest 

time had little effect on the curves (Fig. 4.10a), indicating the rapid recovery ability of 

DC-5. 

The resilience, residual strain, and maximum stress of DC-5 after each stretching 

were still stabilized at 95%, less than 7%, and 1.8 MPa, respectively. The slight 

strength degradation and plastic deformation of the hydrogels at the high strain of 150% 

were negligible. The area between the loading–unloading curves represents the 

dissipated energy caused by the dissociated hydrogen bonding [44, 45]. For the 

various strains, the energy dissipation gradually increased as the maximum strain 

increases from 100% to 500% (Fig. 4.10b). The hysteresis loop of DC-5 steadily 

increased, which indicates the hydrogels with excellent recovery ability and tensile 

cyclic stability at various strains. 

The resilience of the DC-5 was calculated from the loading–unloading curves 

according to Eq. 2-1 (Fig. 4.10c). The significant softening of DC-5 after the first 

loading–unloading was attributed to the Mullins effect [36], and the resilience reached 

a high and stable value after the second loading–unloading. The softening increases 

progressively with the maximum strain of DC-5 (25 to 500%). The resilience of DC-5 
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remained over 80% at various strains, indicating the excellent performance in 

resilience and self-recovery of DC-5. As to the insignificant residual strains of DC-5 

under various strains, which were mainly resulted from both the rupture of the 

hydrogel network, and the slight slip at the fixture and soft hydrogel. Fig. 4.10d 

proved the excellent mechanical performance of DC-5. A strip of DC-5 with a 

diameter of 3 mm lifted up and shifted the steel blocks with a weight of 1.5 kg 

without obvious failure and damage. 

 

Fig. 4.10 (a) Intermittent cyclic loading–unloading curves of DC-5 with different 

rest time under a constant strain (150%); (b) Continuously cyclic loading–unloading 

curve under various strains; (c) Resilience of DC-5 after cyclic loading–unloading 

with different cycles under different strains; (d) A DC-5 strip with a diameter of 3 mm 

lifting up two steel blocks (1.5 kg) 

4.3.5 Strain sensitivity of DC-Gel as a wearable sensor 

Inorganic salt-incorporated hydrogels are widely used to assemble the strain sensor 

[3]. In general, there are mainly two types of hydrogel-based strain sensors according 

to the used signals, i.e., resistive [4-6, 46] and capacitive [25, 28, 47] sensors. The 

resistive sensor has been studied extensively due to its simple structure and sensitivity 
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to stimulus. However, the Joule heat generated on the resistive sensor during the long 

work duration might affect its sensing stability. As to the capacitive sensors, it can 

monitor both stretching and pressing actions. Moreover, it can be used to design some 

special electronic skins, due to the different working principle of capacitive sensor 

than that of resistive sensor. 

For the stable mechanical properties and excellent recovery ability give the DC-5 

potential application hydrogel-based sensors. In this work, the capacitance changes of 

the strain sensor assembled by DC-5 were tested (Fig. 4.11). The strain sensor was 

stretched to different deformation with the finger bending to angles of 0°, 30°, 60°, 

and 90° respectively, and the capacitance signal correspondingly and sensitively 

changed with different amplitudes (Fig. 4.11a). After the finger was straightened again, 

the capacitance immediately returned back to the original value (C0).  

The △C/C0 of strain sensor assembled by DC-5 showed a good linear correlation to 

stretch in a range (Fig. 4.11b). When a uniaxial force successively was applied to 

stretch the sensor reaching a strain of 200% with various speeds (0.5-12 mm/s), the 

∆C/C0 remained at nearly 190% (Fig. 4.11c). This indicates that the capacitance 

variation of strain sensor dramatically depends on the stretch of sensor [25]. 

The excellent recovery ability of DC-5 was shown on the strain sensor (Fig. 4.11d). 

The △C/C0 increased from 50 to 300% when the sensor was continuously cyclic 

stretched with the strain. It indicates that DC-5 owns a relatively large sensing range 

and is superior to previously reported hydrogel-based strain sensor before the strain 

sensor near rupture [48, 49]. Moreover, we stimulated the sensor through two 

instantaneous stretching movements (strain of ~ 100%) at different speeds (type A and 

B, Fig. 4.11e), the sensor showed a timely instant response to the stimulus (~ 0.06 and 

0.2 s, respectively), and its capacitance quickly returned to the initial state after the 

stimulus was removed. Notably, it is generally believed that a stable gauge factor is 

very important to the sensor. For the hydrogel-based resistance sensor, the gauge 

factor is defined as (ΔR/R0)/ε, where ΔR/R0 is relative resistance change, R0 is the 

resistance at 0% strain, and ε is the applied strain [14, 48, 50].  



72 

 

 

Fig. 4.11 Sensory and electrical performance of DC-5 (a) Capacitance change ratio 

variations (△C/C0) at different angels; (b) △C/C0 at different tensile strains; (c) 

△C/C0 at varies tensile strain speeds; (d) △C/C0 of the sensor when a uniaxial force 

successively loaded–unloaded onto it from strain of 50 to 300% with a fixed speed of 

4 mm/s; (e) △C/C0 at instantaneous tensile deformation with 100% strain; (f) 

Variation of △C/C0 as a function of strain and the linear fitting curves; (g) 

Capacitance change of sensor when cyclic stretching with 50% strain for 300 cycles at 

a speed of 4 mm/s; (h) Assembly method of the sensor, and photos of the sensor at the 

uniaxial force stretched from an undeformed state to a deformed state 

Similarly, we can also define the gauge factor of hydrogel-based capacitance sensor 

as (ΔC/C0)/ε. Sun, et al. [25] have investigated the capacitance change of 

hydrogel-based sensor after considering the deformations of length, width and 

thickness of the sensor, which was scaled as C = C0λ, where λ is the stretched factor. 

This formula can be transformed into ΔC/C0 = ε. As shown in Fig. 4.11f,  the 

experimentally measured capacitance increased linearly with the stretch, and matched 

well with the theoretical prediction, the gauge factor was calculated as ~ 0.95 in a 
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range of 0 to 300%. In addition, electrical stability is another vital property of strain 

sensor for long-time service. Therefore, we pulled the strain sensor at stain of 50% for 

300 cycles and recorded its capacitance (Fig. 4.11g). In general, the sensor exhibited a 

favorable reproducibility in capacitance, which was attributed to the lower residual 

deformation (less than 5%) and excellent self-recovery ability of strain sensor during 

tests. 

4.3.6 Self-healing property of DC-5 

The self-healing property of the DC-5 was further evaluated (Fig. 4.12). Firstly, one 

piece cylindrical DC-5 was cut into two parts (Fig. 4.12b). Then, keep the fresh 

surfaces of the two parts in contact at room temperature for 24 h and the healed DC-5 

was obtained. The healed DC-5 can be horizontally sustained with a hanging load of 

100 g on the joint without any damage (Fig. 4.12d and e).  

 

Fig. 4.12 Self-healing property of DC-5 (a) Original DC-5; (b) Cutting DC-5; (c) 

Self-healed DC-5 after 24 h; (d) Self-healed DC-5 with a diameter of 3 mm lifting up 

a mass of 100 g; (e) Self-healed DC-5 after bearing the mass of 100 g 

Moreover, the self-healing property of the healed DC-5 was further evaluated by 

using the tensile test and the comparison of tensile stress at break between the DC-5 

and healed DC-5 was made (Fig. 4.13). The healed DC-5 possessed extensibility and 

can be stretched to a strain of 200% (~ 1 MPa) without breaking, indicating the good 
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self-healing effect of the DC-5.The healing efficiency of the DC-5 reached ~ 30% 

after self-healed for 24 h. It indicates that the polymer chains of DC-5 had a low 

mobility [51] and the self-healing property of DC-5 mainly depends on the new 

reconstruction of H-bounds and the new reconstruction of the metal ionic 

coordination bonds in the whole hydrogel networks [24, 46]. 

 

Fig. 4.13 Stress−strain curves of the original DC-5 and the healed DC-5 after 

self-healed for 24h 

4.4 Conclusions 

A tough, conductive and self-healable DC-Gel was developed by a facile 

polymerization triggered by visible light and salt impregnation. The DC-Gel exhibits 

a rubber-like flexible hydrogel network and a homogeneous interconnected phase. The 

superior interfacial adhesion and low intermolecular repulsive force of the DC-Gel 

caused by the ionic diffusion of LiCl into PVA/PAA molecular chains can ensure a 

smooth stress-transfer and recoverable energy dissipation to give the hydrogels with 

excellent mechanical strength (6.59 ± 1.21 MPa) and toughness (19.27 ± 3.3 MJ/m
3
). 

Moreover, the DC-5 exhibited remarkable recovery properties (resilience > 80% and 

95% for successively and intermittently cyclic tensile tests, respectively, and residual 

strain < 3%). The high strain sensitivity of DC-5 was proved by assembling a 

capacitance-based strain sensor, and the sensor could precisely, quickly and 

continuously distinguish the deformation (0-300%). In general, this work provides a 

positive exploration in the fabrication of conductive hydrogels and application in 
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wearable electronic sensors. 
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Chapter 5 Multi-sacrificial bonds enhanced 

double network hydrogel with high 

toughness, resilience, damping and 

notch-insensitivity 

5.1 Introduction 

Hydrogels are wet and soft materials that have drawn great attention in recent years 

due to their promising applications, and have been widely used as scaffolds for tissue 

engineering [1], vehicles for drug delivery [2], wearable electronics, and in 

hydrogel-based soft machines [3]. Mechanically strong and tough hydrogels are the 

first choice for artificial tissues, but most hydrogels are not adequate due to the 

demanding requirements of such applications [4]. For example, hydrogel-made knee 

cartilage is expected to sustain peak stresses of 4 to 9 MPa for 1 million cycles per year 

[5]. Moreover, the hydrogel-made skin needs to meet the a high stiffness level of ~100 

MPa, a high fracture energy of ~3,600 J/m
2
, and high water content of 40~70 wt% [6,7]. 

When hydrogels are used in robotic arms, repeated stretching and immediate 

restoration must be possible [8]. Moreover, engineering hydrogels rarely possess both 

high stiffness and toughness because hydrogels usually become brittle when excess 

crosslinkers are added to make them stiff [9]. These brittle hydrogels are 

notch-sensitive, i.e., their high stretch ability and strength decrease markedly when the 

samples contain notches or any other features that cause inhomogeneous deformation 

[10]. This factor greatly limits their applications. Specifically, general hydrogel 

performs poorly under prolonged static and cyclic loads. Overall, the existing 

hydrogels tested so far have difficultly providing these comprehensive mechanical 

properties at the same time. 

Several strategies with different mechanisms of energy dissipation have been 

developed to synthesize tough hydrogels, including double network (DN) hydrogels, 

nano- and micro-composite hydrogels, and tri-block copolymers and hydrophobic 

associated hydrogels [11-15]. The fracture energy of hydrogels has been enhanced by 
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orders of magnitude from 10 to 10,000 J/m
2
 [10]. Among them, the high toughness of 

DN hydrogel attributes the interpenetration between the first brittle and second soft 

networks. When a DN hydrogel is stretched, the sacrificed the first brittle network 

ruptures and dissipates energy, while the second soft network retains elasticity. 

However, when the sample is subjected to excessive forces, conventional DN hydrogel 

suffers from internal network fractures and irreversible deformation due to the fracture 

of chemical sacrificial bonds, which leads to poor recovery and anti-fatigue properties 

[16, 17]. Therefore, sacrificing reversible noncovalent bonds instead of covalent bonds 

has been advocated. Zheng et al. [18] reported a novel tetra-PEG/reduced graphene 

oxide nanocomposite hydrogel with a fracture energy of ~200 J/m
2
, tensile strength of 

~700 kPa, and Young’s modulus of ~120 kPa. Gao et al. [19] prepared a high strength 

hydrogel with core-shell hybrid nanoparticles made of cross-linked polyacrylamide as 

the first network and Ca
2+

 cross-linked alginate as the second network, featuring a 

fracture stress of ~1 MPa, a Young’s modulus of 54 kPa,  and a toughness of ~10 

MJ/m
3
. However, these improvements are still limited. 

In this work, we synthesized a composite polyvinyl alcohol (PVA)/poly (acrylic acid) 

(PAA)/silicone hydrogel (tensile strength of ~21 MPa, fracture elongation of ~700%, 

Young’s modulus of ~3.5 MPa, and toughness of ~49 MJ/m
3
) via visible-light-trigger 

polymerization and the introduction of dynamic physical ionic bonds. Moreover, this 

hydrogel exhibited high resilience, damping and notch-insensitivity. In this study, 

hydrolyzed silane (silanol) was grafted onto PAA/PVA chains to create a dynamic 

chemical crosslinking network. In this way, numerous hydrogen bonds were formed 

among the hydrophilic groups, and the hydrogen bonds enhanced by ions formed 

reversible physical crosslinking. In this way, a tough hydrogel was obtained. When the 

hydrogel was stretched, the reversible fracture-reorganization of the hydrogen bonds 

dissipated the energy, which significantly improved the resilience of the hydrogel. This 

work provides new clues for designing hydrogels with excellent comprehensive 

mechanical properties. 
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5.2 Experimental  

5.2.1 Sample preparation 

10 wt.% of triethoxyvinylsilane (TEVS, Sigma-Aldrich, Japan) was added to 

deionized water at room temperature and vigorously stirred for 12 h until a transparent 

dispersion solution of vinyl silanetriol (VSTO) solution was obtained. 

Acrylic acid (AA, Nacalai Tesque, Japan), 0.5 wt.% photo-initiator camphorquinone 

(CQ, Tokyo Chemical Industry, Japan) based on AA, and VSTO (0, 0.1, 0.5, 1, 5 wt% 

based on AA) were sequentially added into a 10 wt.% polyviny alcohol (PVA, degree 

of polymerization of 2000, Nacalai Tesque, Japan) solution. The mass ratio of PVA: 

AA was kept at 1: 9. The mixture solution was stirred for 1 h to achieve 

homogenization and then degassed under a vacuum for 10 min. Afterward, the obtained 

precursor solution was slowly poured into a transparent mold (100 mm × 100 mm × 2 

mm). Then the precursor solution was visible-light-trigger polymerized for 30 min 

using a visible light source (LS-M210, Sumita, Japan). Finally, the polymerized double 

network hydrogels were immersed in a saturated LiCl (Nacalai Tesque, Japan) solution 

for 8 h to prepare the composite double network ion hydrogel (CDN-gel). The 

CDN-gels were named GEL-X, where X denotes the weight ratio of the TEVS to AA, 

e.g., GEL-0, GEL-0.1, GEL-0.5, GEL-1, and GEL-5. 

5.2.2 Characterization 

The morphologies of the CDN-gels were characterized by a scanning electron 

microscope (SEM, S-4300, Hitachi, Japan). Before characterization, the hydrogel 

samples were prepared via the freeze-drying method, and then all samples were 

sputter-coated with platinum to provide enhanced conductivity. 

The mechanical properties of the CDN-gels were tested using a universal testing 

machine (Instron 3385, Instron, USA). For the tensile mode, the CDN-gel was cut into 

a size according to the standard of JIS K6251, and the CDN-gel with a diameter of 8 

mm and a height of 2 mm was used in compression mode. A dynamic mechanical 

analysis (DMA, RSA-G2, TA Instrument, USA) was used to measure the storage 

modulus and loss modulus of the CDN-gels at a frequency from 1 to 100 Hz under 

constant strain amplitude (1%). Before measurement, the CDN-gels (8 mm in diameter 
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and 2 mm in thickness) were subjected to an axial force (0.981 N). All of the 

mechanical characterizations of hydrogels were conducted at an indoor environment 

(25 ℃, RH=55%). 

The damping ability of the CDN-gel was evaluated by a homemade evaluation 

device, whose details have been described in our previous work [20]. The CDN-gel was 

placed under a vibration source (Present mixer 2013, Taitec, Japan) as a 

shock-absorbing material, and the signal change caused by the shock of the vibration 

source was recorded by a force sensor placed under the hydrogel to evaluate the 

damping ability of the CDN-gel. 

The notch-sensitivity of the CDN-gels was analyzed by calculating the change in the 

fracture energy using a method introduced by Rivlin and Thomas [5,21]. The CDN-gels 

(width a0 = 50 mm and thickness b0 = 2 mm) with 4-mm-long notches (processed by a 

razor blade) were used to evaluate the notch-sensitivity when the gels were stretched, 

and the non-notched sample was pulled to measure the force–length curve. During 

stretching, the distance between the two clamps was L0 = 10 mm, and the cross-head 

speed was 30 mm/min. When the two clamps were pulled to distance L, the area 

beneath the force–length curve revealed the results of the applied force W(L). The 

notched sample was then pulled, and the critical distance (Lc) was recorded when the 

notch turned into a running crack (Fig. 2.3). The fracture energy was calculated using 

Eq. 5-1: 

Γ=W(LC)/(a0·b0),                                  5-1 

5.3 Results and discussions 

5.3.1 Synthesis of the CDN-gel 

Visible light is a safe, low cost, and easily acquired trigger that has attracted attention 

in synthesis of polymers via radical-initiated polymerization in recent years [22, 23]. 

Fig 4.1 presents the preparation process and interactions of the CDN-gel. The alkoxy 

groups are first hydrolyzed into silanol groups in the presence of water, and the silanol 

groups then condensate to form a siloxane bond [24, 25]. The free-radical grafting 

polymerization mechanism of the PVA/PAA hydrogel triggered by visible light with a 

CQ initiator was proposed in our previous work [20]. Specifically, CQ uses light to 

dissociate the initiator molecules into free radicals, which react with double bonds in 
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the monomers or pre-polymers, thus allowing crosslinking to occur. In this work, 

monomer AA not only grafted with VSTO, leading to the formation of nanobrush 

gelators, but was also polymerized on the PVA backbone, resulting in a polymer 

network with a grafted structure. Simultaneously, the silanol can be adsorbed to the 

PVA on its OH-rich chains through hydrogen bonding, further leading to siloxane 

bridges [25]. Finally, the visible light-induced hydrogels were exposed to a saturation 

lithium solution to increase the crosslinking sites between the polymer chains by metal 

doping. The CDN-gels created by this method were expected to have a network structure 

constructed through a combination of ion-mediated reversible physical cross-linking, intra- 

and inter-polymer chain hydrogen bonding, physical entanglement of the polymer chains, 

and covalent cross-linking. 

 

Fig. 5.1 Schematic diagram of the preparation process and network structure of 

the composite double network ionic hydrogel (CDN-gel) 

5.3.2 Morphology of the CDN-Gel 

Fig. 5.2 shows SEM images of the inner structure of the freeze-dried CDN-gels with 

different VSTO ratios. The inner structures of the CDN-gels presented a sponge-like 

morphology, similar to most lyophilized gels [26, 27]. As with the introduction of 

VSTO, the structures of the CDN-gels changed significantly as a result of strong 
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interactions. For GEL-0 (Fig. 5.2a), a porous main network structure and a relatively 

finer mesh structure were observed. When the VSTO was introduced into the CDN-gel, 

the finer mesh structure disappeared and an interconnected, uniform, and complete 

network structure was formed (GEL-0.5, Fig. 5.2b). However, an increased pore size 

difference was clearly observed on GEL-5 (Fig. 5.2c). 

 

Fig. 5.2 Broken sections of CDN-gels (a1 and a2) GEL-0; (b1 and b2) GEL-0.5; 

(c1 and c2) GEL-5 

The introduction of VSTO can have two effects on the crosslinking network of the 

CDN-gels. On the one hand, VSTO as a multifunction cross-linking agent can increase 

the crosslinking density of the CDN-gels and contribute to the formation of a uniform 

porous network structure [28]. On the other hand, excessive VSTO is distributed in a 

disordered manner throughout the whole network and causes the chain links to become 

different in length. Moreover, the regularity of molecular chains is also destroyed by an 

increase in cross-linking points [29]. 

It is believed that the swelling capacity of hydrogel reflects the homogeneity of its 

network [30]. The water contents of all CDN-gels showed a tendency to increase first 

and then stabilize over time (Fig. 5.3). Notably, the equilibrium of the moisture content 

of the CDN-gels showed a trend of increasing first and then decreasing with an increase 

of VSTO. Indeed, an appropriate amount of VSTO can facilitate the formation of a 

more complete and uniform network structure and increase the flexibility of the 

molecular chains [31,32]. A large amount of VSTO would lead to more new 

polymerization chains, making the length of the segment between the cross-linking 
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points shorter and more dense. The elastic contraction force that hinders the swelling of 

the CDN-gel thus increases sharply, the network space of the CDN-gel becomes 

smaller (Fig. 5.2c), and the free water decreases (Fig. 5.3). In general, the elastic 

interconnected network structure being enhanced by the correct amount of VSTO 

indicates that more effective energy dissipation could be achieved, resulting in an 

improvement of the mechanical properties and elasticity of the hydrogels. 

 

Fig. 5.3 Water absorption ability of CDN-gels 

5.3.3 High Strength and Toughness of CDN-Gels 

The mechanical properties of CDN-gels were investigated using tensile tests (Fig. 

5.4). It can be seen that GEL-0 presented relatively poorer mechanical performance (a 

tensile strength of ~6 MPa, elongation at break of ~600%, toughness of ~20 MJ/m
3
, and 

Young’s modulus of ~2.8 MPa) than the other CDN-gels, despite offering better 

performance than most reported hydrogels in the literature (Fig. 5.5). Materials include 

the PVA-PAA- Silanol ion gel in this work, P(AAm-co-HFBMA) composite gel [33], 

PAMPS/PAAM double network hydrogel [34], alginate/polyacrylamide hydrogels [35], 

polyampholytes gel [36], PVA-PAAm gel [37], tetra-PEG/rGO nanocomposite (NC) 

hydrogel [18], PVA/HA-Fe
3+

 gel [38], PVA/PAA gels [39], as well as native cartilage 

[40] and skin [41]. 

Significant enhancements in mechanical performance were observed for GEL-0.1, 

-0.5, -1, and -5. Notably, the tensile strength, elongation at break, toughness, and 

Young’s modulus of the optimal CDN-gel (GEL-0.5) reached ~21 MPa, ~700%, ~49 
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MJ/m
3
, and 3.5 MPa, respectively. Moreover, the as-synthesized GEL-0.5 was further 

observed to withstand different deformations, such as twisting and large stretching after 

twisting (Fig. 5.4c). Fig. 5.4d illustrates that GEL-0.5 was strong enough to lift a 

hydrothermal reactor autoclave weighing 4.2 kg. In general, the synergy between the 

multiple cross-linking points gives GEL-0.5 excellent mechanical performance. 

 

Fig. 5.4 (a) Tensile curves of CDN-gels; (b) toughness and Young’s modulus of 

CDN-gels; (c) twisting and stretching after being twisted for GEL-0.5; and (d) 

carrying a heavy steel block weighing 4.2 kg using GEL-0.5 (width = 4 mm, 

thickness = 2 mm) 

The mechanical performance of GEL-0 was explained in our previous work [20] (i.e., 

a double cross-linked hydrogel with dynamic physical cross-linking (ionic bonding and 

hydrogen bonding) and chemically cross-linked PVA/PAA networks). Herein, the 

introduction of VSTO (multiple function covalent cross-linking agents) into GEL-0 

resulted in further significant improvements in mechanical strength, extensibility, 

toughness, and resilience (Fig. 5.4a or Fig. 5.6).  

During the stretching process, the hydrogen bonds in the CDN-gels network 

dissipate energy through reversible break-reformation and homogenize the network. 

VSTO can maintain the elasticity of the network and act as a transfer center to 
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homogenize the stress distribution in the network [42]. The applied stress is then 

absorbed and redistributed by the VSTO, thus the crack propagation is delayed by the 

numerous grafted PAA/PVA chains.  

 

Fig. 5.5 Comparison of CND-gels and various soft materials obtained from 

literatures in tensile strength and elongation 

However, too much VSTO (GEL-5) will increase the number of initiation points for 

polymer growth for a fixed AA monomer concentration. Consequently, the average 

polymer length will be reduced, thereby reducing the flexibility of the PAA/PVA 

chains. Similar phenomena have been reported by Zhong, et al. [43]. In that work, 

vinyl-hybrid silica nanoparticles (VSNP) were used as covalent cross-linking agents 

with ferric ions as ionic crosslinkers, ultimately obtaining tough and stretchable 

nanocomposite ionic cross-linked VSNP/PAA physical hydrogels. Nevertheless, the 

mechanical performance of our GEL-0.5 is still much higher than that of the 

VSNP/PAA hydrogel (tensile strength 860 kPa, elongation at break ~2300%). 

 

Fig 5.6 Cyclic tensile tests of (a) GEL-0 and (b) GEL-0.5 at strain of 200% 
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5.3.4 Excellent Recoverability of GEL-0.5 

Tensile cyclic loading–unloading tests were conducted to evaluate the hysteresis 

behaviors of GEL-0.5 (Fig. 5.7) during the stretching fracture process of the gel 

samples [44, 45]. For the successive cyclic loading–unloading tests of the new GEL-0.5 

at various strains ranging from 100 to 600% (Fig. 5.7a), the dissipated energy of 

GEL-0.5 increased with the deformation strain (Fig. 5.7b).  

 

Fig. 5.7 (a) Loading–unloading curves of GEL-0.5 stretched for one cycle under 

different strains (new GEL-0.5 for every cycle); (b) the calculated hysteresis 

energy during the cyclic tensile tests in (a); (c) loading–unloading responses of the 

same GEL-0.5 submitted to gradient increasing strain (increase the strain after 6 

cycles under every fixed strain); and (d) the calculated hysteresis energy of (c) 

during the first cycle of the softening process 

For the gradient cyclic tensile test (Fig. 5.7c), the subsequent cyclic loading–

unloading curves (2–6 cycles) remained almost overlapping and presented similar 

dissipated energies (resilience > 80%, inset figure in Fig. 5.7c) after the first stretching–

releasing cycle. The observed material softening phenomenon, whereby a lower 

resulting stress appears after the first load and the hydrogel response curves coincide 
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during the following cycles at the same applied strain, could be explained by the 

Mullins effect [16, 46]. The softening increases progressively with the maximum strain 

(Fig. 5.7c), and the dissipated energies of the first cycle of softened GEL-0.5 at different 

strains were smaller than those of the unsoften GEL-0.5 (Fig. 5.7b, d). Moreover, it can 

be observed from the first loading curves under each strain of the repeatedly stretched 

GEL-0.5 (Fig. 5.7c) that they nearly continued to increase along the trajectories of the 

previous tensile test, thus indicating the excellent resilience of GEL-0.5. 

5.3.5 Cyclic Compressive Tests 

The compression cycle results of GEL-0.5 are presented in Fig. 5.8, which shows 

basic stable stress–strain curves. GEL-0.5 presented a compressive strength of ~60 

MPa at a strain of 90% and the ability to rapidly return to its original position. As the 

strain increased, the network structure of GEL-0.5 changed slightly. The curves of the 

second cycle were observably inconsistent with those of the first cycle when the 

compression strain was over 50%, indicating that an overly large deformation could 

cause irreversible damage to the network structure.  

 

Fig. 5.8 (a) Loading–unloading curves of GEL-0.5 during successive 

compression cycles at different strains; (b) the calculated resilience of GEL-0.5 

during the cyclic tensile tests 

Nevertheless, the resilience of GEL-0.5 was still above 70% (from the first cycle) at 

a compressive strain of 90% and reached a stable and high value from the second cycle 

(>95%), as shown in Fig. 5.8b. Moreover, the stable hysteresis energy dissipation of 

GEL-0.5 could be attributed to both the dissociation of ionic and hydrogen bonds and 
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the friction between polymer chains [47, 48]. After the applied stress was removed, the 

sacrificial bonds were able to reform rapidly, and thereby restore the integrity of 

GEL-0.5. Above all, GEL-0.5 exhibited excellent compressive properties during 

successive process cycles. 

5.3.6 High Recovery Properties 

Most of the reported hydrogels possess obviously time-dependent recovery 

properties that significantly increase with an increase in rest time [49]. To further 

investigate the recovery properties of GEL-0.5, several tensile operations were 

conducted, as shown in Fig. 5.9. 

 

Fig. 5.9 (a) Cyclic tensile curves of GEL-0.5 obtained after 1000 tests at a strain 

of 200%; (b) the same operation as (a) was performed after GEL-0.5 rested for 24 h; 

(c) cyclic stress–strain curves of GEL-0.5 at a 200% strain with different rest times; 

and (d) digital photos of GEL-0.5 with fast resilience 

After being stretched 1000 times at a strain of 200%, the maximum stress of each 

cycle decreased from 2.2 to 1.7 MPa (Fig. 5.9a). After GEL-0.5 rested for 24 h at room 

temperature, the reloading curves were almost the same as those for the first 1000 

cycles (Fig. 5.9b). The observed slight increase in maximum stress could be due to 
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self-healing of the broken ionic and hydrogen bonds [50]. Fig. 5.9c illustrates the 

recovery speed of GEL-0.5. It can be observed that GEL-0.5 was much weaker when 

the second load was applied immediately and recovered somewhat if the second load 

was applied one day later. GEL-0.5 showed negligible hysteresis, and the sample fully 

recovered its original length after resting for 10 min (Fig. 5.9d). The pronounced 

hysteresis and relatively small permanent deformation (<25%) of GEL-0.5 were further 

demonstrated by loading–unloading tests (20 times) at a strain of 200% (Fig. 5.6). In a 

word, the GEL-0.5 has an excellent fatigue resistance and rapidly recovery ability by 

introducing multiple sacrificial bonds. 

5.3.7 Dynamic Mechanical Analysis 

The liquid phase of hydrogel is constrained within its three-dimensional network, 

thus producing visco-elastic properties [51, 52]. To investigate the influence of VSTO 

on the viscoelasticity of CDN-gels, a DMA was conducted from 1 to 100 Hz. 

Meanwhile, the storage modulus E′ (a measure of elasticity and stiffness), the loss 

modulus E′′ (a measure of viscous), and Tan δ (E′′/E′) were measured. 

As shown in Fig. 5.10, E′ is always higher than E′′ in the frequency range of 1–100 

Hz, which indicates that the CDN-gels have considerable strength to withstand pressure 

and resist certain impacts. Moreover, both the E′ and E′′ of all CDN-gels increased as 

the frequency increased, indicating that the energy dissipation caused by intermolecular 

friction was proportional to the frequency. For the E′ of CDN-gels at 1 Hz (E′1), the E′1 

dropped drastically after the VSTO was added and then gradually increased from 400 to 

700 kPa with the VSTO content. It was reported that the E′ in the low frequency relates 

to the effective network chain density (N), which can be depicted as follows [47]: 

E′ = λNRT,  5-2 

where λ is the hydrogel-based constant and R and T are the gas constant and absolute 

temperature, respectively. For the CDN-gels with VSTO, the increased E′ can be 

explained by the increase in the effective network chain density with VSTO content, 

while the drastic decrease of E′ after the VSTO was introduced could be attributed to a 

change in λ, which reflects a large change in the flexibility of molecular chains. An 

excessive amount of VSTO (GEL-5) would limit the movement of polymer chains, 

resulting in a decrease in viscosity (reflects by E′′, Fig. 5.10b). Tan δ, also known as 
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damping, is determined by the ratio of the storage modulus and loss modulus [53]. 

After introducing VSTO into CDN-gels, GEL-0.5 presented the highest tan δ from 1 to 

100 Hz (Fig. 5.10c). The high tan δ of GEL-0.5 reflects moderate viscoelasticity, which 

indicates its potential application in the field of vibration absorption. 

 

Fig. 5.10 Viscoelasticity of CDN-gels (a) Storage modulus; (b) loss modulus; (c) 

tan δ 

5.3.8 Damping Ability 

Fig. 5.11 shows the vibration signals after using different shock absorption materials 

as a buffer. When no damping material was placed, the vibrator beat violently on the 

metal plate, and the amplitude of the detected force was ~5 N. Under shock absorption, 

the force signals quickly converged to a stable range after experiencing a large shock at 

the moment when the power was turned on. The force amplitude of the spring, a 

traditional excellent shock absorption material, reduced to ~0.05 N. In this work, the 

CDN-gels exhibited certain damping abilities. For GEL-0, the force amplitude was still 

high (~1N) and not very stable. After the addition of VSTO, GEL-0.5 reflected much 

better damping ability (~0.4N) than GEL-0. 

Indeed, the damping ability of the CDN-gel mainly depends on its elasticity. A stiff 

hydrogel cannot absorb enough of the shock, while a soft hydrogel does not have a 

sufficient response speed to resolve vibrations within a certain frequency [54, 55]. The 

excellent elasticity and recovery properties of GEL-0.5 provide it with good damping 

ability. As a shock absorbing material, hydrogel has the advantages of higher quality 

and space reduction over metal springs, although the damping ability of hydrogel is still 

not as good as that of metal springs. 
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Fig. 5.11 Comparison of the damping effect of different vibration dampers 

5.3.9 Notch-Insensitive Properties 

Elastic hydrogel is known to be brittle and notch-sensitive. That is, the stretchability 

and strength of this material decrease markedly when the samples contain notches or 

any other features that cause inhomogeneous deformation [56]. In this work, different 

dynamic physical crosslinks (hydrogen and ionic bonds) of hydrogel were shown to 

effectively dissipate energy through the fracture-reformation process during stretching. 

Moreover, VSTO, a multifunctional crosslinking point, can make the network 

uniformly stressed to reduce the stress concentration [43]. Therefore, CDN-gels are 

expected to have good notch-insensitive properties. 

When stretching the CDN-gels with notches (Fig. 5.9), the notches on the edges of 

the CDN-gels are the domain where stress concentration can easily occur. GEL-0.5 was 

shown to have better tensile cycle stability and higher uniaxial stress (120 N) stability 

than GEL-0 (40 N) (Fig. 5.12a, b), indicating better resistance to cracks or notch 

expansion in GEL-0.5. Under a strain of 100%, the notch in GEL-0.5 did not expand 

significantly during the stretching process (Fig. 5.12d). Fig. 5.12c presents the changes 

in the highest fracture energy and critical stretch with the VSTO contents. Compared 

with the non-notched CDN-gels, the notched CDN-gels can withstand less deformation, 

but can still be stretched to 2–3 times their original length, presenting excellent 

stretchability and notch-insensitive properties. The highest fracture energy can be 
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obtained by integrating the stress–strain curves of non-notched CDN-gels at the 

corresponding elongation. The notched GEL-0.5 presented the highest fracture energy 

(Fig. 5.12c), which is several orders of magnitude similar to natural rubber (~10
4
 J/m

2
) 

[57]. For the notched GEL-5, the PAA/PVA chains were densely crosslinked with a 

high concentration of VSTO. Only a small zone around the root of the notch was 

stressed enough to break the PAA/PVA chains (hard and brittle), so the fracture energy 

was low. 

 

Fig. 5.12 (a) Cyclic tensile curves for 10 cycles of GEL-0.5 with single-notch (4 

mm) at a strain of 100%; (b) cyclic tensile curves for 10 cycles of GEL-0 with a 

single-notch (4 mm) at a strain of 100%; (c) the ratios of the fracture critical stretch 

(λ) and the fracture energy (Γ) of the CDN-gels; (d) photos of notch deformation of 

GEL-0 and GEL-0.5 during stretching 

Overall, VSTO can strengthen the network of CDN-gels, increase the gels’ density, 

and contribute to forming cross-linking points, allowing the gels to bear more stress and 

dissipate more energy. As a result, VSTO can prevent crack propagation more 

effectively. 
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5.4 Conclusions 

In this work, we presented a simple method to synthesize a composite double 

network ionic hydrogel by visible light triggering polymerization and salt impregnation. 

The VSTO, as a multi-crosslinking point, not only introduces an energy dissipation unit, 

but also homogenizes the network of CDN-gels. The right amount of VSTO can 

significantly improve the mechanical properties and swelling ratio of CDN-gel. The 

tensile strength, fracture elongation, modulus, and toughness of the optimized CDN-gel 

(GEL-0.5) can reach up to ~21 MPa, ~700%, ~3.5 MPa, and ~49 MJ/m
3
, respectively. 

GEL-0.5 exhibited stable mechanical properties in repeated tensile and compression 

tests thanks to its excellent resilience. The damping test results show that the resilient 

GEL-0.5 has a good shock absorption property. Moreover, GEL-0.5 exhibits a certain 

ability to resist crack propagation. Overall, this kind of hydrogel with excellent 

comprehensive mechanical properties is expected to be used as artificial tissues, such 

as cartilage and achilles tendon. 
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Chapter 6 Conclusions 

In this thesis, Through optimization of the Interaction between polymer chains in 

hydrogels and the design of stucture of hydrogels. High-performance hydrogels with 

fast recovery, high resilience,and high toughness has been successful prepared.   

In chapter 3, we successfully fabricate high strength PVA-ESO hydrogels through 

the formation of hydrophobic association, hydrogen bonding, and chain entanglements. 

The thermal stability and mechanical properties of PVA hydrogels were significantly 

enhanced and good flexibility was observed, where the ESO acted as the physical 

entanglement point between the molecular chains and increased the elasticity of the 

hydrogels. With the increase of ESO content, the tensile strength of the hydrogels 

increased from 560 kPa to 1.4 MPa. In addition, a porous hydrogel having a certain 

microscopic morphology could be obtained by controlling the content of ESO. These 

results indicate that the vegetable oil-based hydrogels will find applications in personal 

care or health care areas due to its amphipathy, improved mechanical properties and 

controllability in wet conditions.  

In chapter 4, the structure of hydrogel was designed to fabricate a novel hydrogel 

based on result of chapter 3. A tough, conductive and self-healable double crosslinked 

PVA/PAA hydrogel (DC-gel) was developed by a facile polymerization triggered by 

visible light and salt impregnation. The DC-gel exhibits a rubber-like flexible 

hydrogel network and a homogeneous interconnected phase. The superior interfacial 

adhesion and low intermolecular repulsive force of the DC-Gel caused by the ionic 

diffusion of LiCl into PVA/PAA molecular chains can ensure a smooth stress-transfer 

and recoverable energy dissipation to give the hydrogels with excellent mechanical 

strength (6.59 ± 1.21 MPa) and toughness (19.27 ± 3.3 MJ/m
3
). Moreover, the 

DC-Gel with proper AA content (PVA: AA=1:5, DC-5) exhibited remarkable recovery 

properties (resilience > 80% and 95% for successively and intermittently cyclic 

tensile tests, respectively, and residual strain < 3%). The high strain sensitivity of 

DC-5 was proved by assembling a capacitance-based strain sensor, and the sensor 
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could precisely, quickly and continuously distinguish the deformation (0-300%). In 

general, this work provides a positive exploration in the fabrication of conductive 

hydrogels and application in wearable electronic sensors. 

In chapter 5, we synthesized a composite polyvinyl alcohol (PVA)/poly (acrylic acid) 

(PAA)/silicone hydrogel (CDN-gel) to futher increase the mechanical properties of the 

DC-gel based on chapter 4. The VSTO, as a multi-crosslinking point, not only 

introduces an energy dissipation unit, but also homogenizes the network of DC-gel. The 

right amount of VSTO can significantly improve the mechanical properties. The tensile 

strength, fracture elongation, modulus, and toughness of the optimized CDN-gel 

(VSTO content=0.5%, GEL-0.5) can reach up to ~21 MPa, ~700%, ~3.5 MPa, and ~49 

MJ/m
3
, respectively. GEL-0.5 exhibited stable mechanical properties in repeated 

tensile and compression tests thanks to its excellent resilience. The damping test results 

show that the resilient GEL-0.5 has a good shock absorption property. Moreover, 

GEL-0.5 exhibits a certain ability to resist crack propagation. Overall, this kind of 

hydrogel with excellent comprehensive mechanical properties is expected to be used as 

artificial tissues, such as cartilage and achilles tendon.  

Furthermore, hydrogels, as functional materials, have some potential applications in 

the field of temperature control, sewage treatment, and wearable electronics material. 

For example, we can add phase change energy storage reagent in hydrogel during the 

hydrogel preparation process to prepare the automatic temperature control material. In 

conclusion, with the deep study of hydrogel properties, we believe that hydrogel play 

an important role in the fields of biomedicine, aerospace, environmental protect, etc.  
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