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Chapter 1 

 

General Introduction 

 

1.1 Overview  

 

Hydrogels reinforced with rigid skeleton, could exhibit combined characteristics of 

every component, which remarkably improve the properties and versatile the 

application of hydrogel1-4. However, it still remains to be difficult to develop hydrogel 

composites performing synergistically improved mechanical properties which requires 

the matrix component must possess a higher strength than the rigid skeleton5-7. 

Otherwise, the hydrogel composite will not be capable of sustaining high load before 

fracture. Therefore, to date, many efforts have been done to product energy-dissipated 

tough hydrogel as the soft matrix, by introduction of reversible crosslinkers3, 6. 

On the other hand, the interface between the soft and rigid phase presents another great 

challenge. The interface between heterogeneous phases in composite materials plays an 

essential role in delivery of force and dissipation of energy, resulting in effective 

reinforcement on the mechanical properties8. While, in general, hydrogel composites 

are formed by polymerization or crosslinking with distrusted phases such as particles, 

fibers and layer elements as the reinforcing components2-4. The swelling mismatch 

between soft and rigid phases may lead to surface wrinkle, bulk deformation or even 
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fracture of materials9-11. Another practical strategy is to assemble the rigid surface and 

hydrogels into hybrids by chemical anchoring or physical adhesion.12-16, But it restricts 

multiple registration steps or precise chemical design17, 18.  

In this work, we provide a new strategy that integrating the mechanical strong and 

photo-responsiveness in one hydrogel by copolymerizing hydrophobic stimuli-

responsive monomers (2-nitrobenzyloxycarbonylaminoethyl methacrylate, NBOC) 

into polymer chains. In the gel network, the NBOC residues play two roles, one is 

working as physical crosslinkers based on their hydrophobic association, which can 

dissipate large amount of energy during deformation so that toughen the hydrogels; the 

other is providing photo-responsiveness to further improve the mechanical strength. 

Specifically, 2-nitrobenzyl functionalities exhibit photo-labile characteristics under UV 

irradiation, and the resultant amino groups of 2-aminoethyl methacrylate (AMA), which 

is transformed from NBOC by self-immolative reaction, will further attack the close-

by ester bonds, so that replace the original physical crosslinkers by forming new 

chemical crosslinks, which further increase the modulus of hydrogel.  

Our approach is based on copolymers containing pendent photo-responsive, o-nitro 

benzyl moieties that allow crosslinking at different spatial location to be tuned by UV 

irradiation, free of multiple stampings or registration steps. With the control the position 

of UV irradiation, the NBOC-based hydrogels can be easily reconstructed into hieratical 

structures with different modulus regions.  

Furthermore, the mechanical response of this hydrogel composites mimics that of 
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double-network (DN) gels20-24, where the hard layers, P(UM-co-AMA), act as the first 

network, imparting high modulus and breaking to dissipate energy, and the soft layer, 

P(UM-co-NBOC) or P(HEA-co-NBOC), acts as the second network, stretching to 

maintain global integrity. By the observation and investigation of mechanical properties 

of this hydrogel composites, the hypothesis for fracture mechanism of DN gels could 

be proved and demonstrated, which has not been witnessed before.  

 

1.2 Outline of this thesis 

 

The research describes in this thesis follows 3 parts. Firstly, the basic study of physical 

crosslinked P(UM-co-NBOC) hydrogels were elaborated and the composition of 

P(UM-co-NBOC) hydrogels were optimized. Then, the photo-triggered hydrogel 

composites were investigated. The damage process of composite agrees with the DN 

toughening mechanism. Finally, for the university of this strategy, hydrogel composites 

based on chemical crosslinked P(UM-co-HEA) hydrogels were studied.   

In chapter 3, tough hydrogels with photo-response were fabricated by introducing a 

photo-responsive hydrophobic monomer (2-nitrobenzyloxycarbonylaminoethyl 

methacrylate, NBOC) into hydrophilic polymer networks. By forming the hydrophobic 

domain, NBOC enhanced the mechanical strength of resultant hydrogel dramatically. 

Moreover, the hydrogel exhibits improvements in mechanical properties after UV 

irradiation by forming new chemical crosslinkers that replace the original physical 
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crosslinkers. 

In chapter 4, inspired by the toughening mechanism of double-network (DN) gels, 

tough hydrogel composites with a sandwich structure were fabricated from photo-

responsive polymers. By copolymerization of hydrophilic monomers, 2-ureidoethyl 

methacrylate (UM), and photo-responsive hydrophobic monomers, (2-

nitrobenzyloxycarbonylaminoethyl methacrylate, NBOC) at high concentration, 

physical hydrogels that are soft and highly stretchable are formed due to the 

hydrophobic associations of NBOC, serving as dynamic crosslinkers. By UV irradiation, 

the physical crosslinking switches into chemical crosslinking, and the soft physical 

hydrogels transform to rigid and less stretchable chemical hydrogels. By UV curing the 

surface layers of the physical hydrogels, we prepared hydrogels composites having 

sandwiched structure with two rigid outer layers and a soft inner layer. The molecular-

level continuous interfaces and matched swelling ratio between the layers ensure the 

macro-scale hydrogels composites high strength and toughness with a DN gel effect. 

The outer layers fracture preferentially at deformation, playing a role as like the 1st 

network of a DN gel, while the inner layer maintains the integrity, playing a role 

resemble to the 2nd network. The evolution of the fracture morphology of the rigid layers 

give useful insight on the internal fracture process of DN gels.   

In chapter 5, we further prepared chemical crosslinked hydrogel by copolymerization 

of NBOC with 2-hydroxyethyl acrylate (HEA) monomer, which has no strong physical 

interactions between HEA monomers, to test the universality of the new strategy that 
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fabricates tough hydrogel composites by incorporating a photo-responsive hydrophobic 

residue into the hydrogel network. 
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Chapter 2 

 

Background 

 

2.1 Tough hydrogel 

 

Hydrogel is crosslinked hydrophilic polymer networks with a large amount of water, 

which are resemble biological soft tissues.1 Due to its combination both of solid and 

liquid properties, synthetic polymeric hydrogels are extensively developed and used in 

industrial, biomedical and environmental areas.2-5 However, when compared with 

natural hydrogels, which are tough to support the surrounding components, they tend 

to be very brittle and soft, which leads to inferior mechanical performances, such as low 

fracture toughness and low strength, frequently hampering applications and innovations 

of soft materials.6 

To date, many efforts have been done to improve the toughness of hydrogels by 

introducing dissipation energy into hydrogels.6-9 The mechanism for dissipating 

mechanical energy could be constructed by fracture of polymer chains10, reversible 

crosslinking of polymer chains7, transformation of domains in polymer chains or 

crosslinkers11, and fracture and pullout of fibers or fillers12. In addition, high 

stretchability is another critical property for hydrogels to achieve high fracture energy 

and toughness9. The strategy for maintaining elasticity could be performed by 
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interpenetration of long-chain networks10, hybrid physical and chemical crosslinkers3, 

high-functionality crosslinkers,13 networks with long monodisperse polymer chains14, 

and meso-/macro-scale composites.15 Over several years, synthetic hydrogels can now 

be made much tougher than articular cartilages7, 10 by combined mechanisms. 

 

2.2 Double network (DN) hydrogels 

 

Despite containing 80 to 90 weight percent (wt %) of water, double-network hydrogels 

(DN gels) consisting of a rigid strong polyelectrolyte network (1st network) and a 

flexible neutral polymer network (2nd network), show excellent strength, extensibility, 

and toughness, comparable to that of rubbers and cartilages. 

 

2.2.1 Toughening mechanism of DN gels 

 

The high toughness of DN gels mainly derive from their special double network 

structure. The rigid, brittle polyelectrolyte, 1st network serves as a sacrificial bond, 

while the soft, ductile neural 2nd network serves as hidden length that sustains stress by 

large extension afterwards.16 During deformation, the 1st network fractures into 

fragmentation while the 2nd network maintains the integrity of the whole hydrogel 

sample, thereby suppressing the scale-up of microcracks induced by the break of the 1st 

network. As a result, before the second network fracture, an extremely large amount of 
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energy is dissipated due to the internal fracture of the 1st network by large amounts of 

microcracks are in co-existence because of the distribution of stress, which dramatically 

contributes to the toughness and other mechanical properties of DN gels.  

 

2.2.2 Development and application of DN gels  

 

It is noted that to endow the hydrogel with high toughness, the system should satisfy 

the following condition: the stretchablity and strength of the 1st network are much 

poorer than those of the 2nd network.17 DN gels become tough regardless of their 

chemical constituents if the two networks satisfy the above-mentioned conditions. 

Therefore, tough BC/gelatin (bacterial cellulose gels, produced by Acetobacter xylinum) 

DN hydrogels constructed completely from natural materials were successfully 

developed by combining these two kinds of gel in order to compensate for each of their 

individual weaknesses18.  

Demonstrating that sacrificial bonds and the “double network” concept works on length 

scales far beyond the molecular scale will open these materials for structural 

applications. Based on the toughening mechanism of DN gels, hydrogel composites 

with macro-scale rigid and sacrificial skeleton, such as low melting point alloys15 or 

3D-printed grids used as the 1st network were reported.  

Since the DN gels show high toughness and mechanical properties with high water 

content, it is with great potential to apply DN gels to biomedicine, such as regeneration 
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medicine. Till now, present studies have demonstrated that the DN gel could act as a 

promising device to enable cell-free cartilage regeneration with potential applications 

to various defect sizes.19 

 

2.3 Hydrogel composites 

 

Hydrogels reinforced with rigid skeleton, could exhibit combined characteristics of 

every component, which remarkably improve the properties and versatile the 

application of hydrogel8, 12, 20, 21. However, it still remains to be difficult to develop 

hydrogel composites performing synergistically improved mechanical properties which 

requires the matrix component must possess a higher strength than the rigid skeleton15, 

22, 23. Otherwise, the hydrogel composite will not be capable of sustaining high load 

before fracture. Therefore, to date, many efforts have been done to product energy-

dissipated tough hydrogel as the soft matrix, by introduction of reversible crosslinkers12, 

15. 

On the other hand, the interface between the soft and rigid phase presents another great 

challenge. The interface between heterogeneous phases in composite materials plays an 

essential role in delivery of force and dissipation of energy, resulting in effective 

reinforcement on the mechanical properties24. While, in general, hydrogel composites 

are formed by polymerization or crosslinking with distrusted phases such as particles, 

fibers and layer elements as the reinforcing components12, 20, 21. The swelling mismatch 
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between soft and rigid phases may lead to surface wrinkle, bulk deformation or even 

fracture of materials25-27. Another practical strategy is to assemble the rigid surface and 

hydrogels into hybrids by chemical anchoring or physical adhesion.28-32, But it restricts 

multiple registration steps or precise chemical design33, 34. 

 

2.4 Photo-responsive hydrogels 

 

To mimic natural hydrogels showing response under external stimulus, synthetic 

polymers materials performing similar attributes have been widely developed,35, 36 

which could be capable of conformational, physical or chemical changes on receiving 

an external signal, such as pH37, temperature38, light,39-41 electric and magnetic fields,42 

and specific bioactive molecules and metabolites.43 Over the past few decades, 

extensive attention has paid to the stimuli-responsive polymers for a variety of 

applications, such as switching surfaces and adhesives39, soft robots44and biomedical 

device.45, 46 

Among various stimuli-responsiveness, photo-responsiveness is attractive due to the 

inherent advantages that allows remote manipulation of materials without invasion.47 

Moreover, spatial and temporal control could be achieved by modulation of irradiation 

parameters, such as light intensity and irradiation time48, 49. 

The photo-responsiveness usually arises from functional groups incorporated in the 

system by photo-triggered cleavage, addition, exchange and isomerization, which 
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would lead to different response in these hydrogels, including hydrogel formation or 

degradation, network contraction or expansion, and chemical modifications in the 

network.47 
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Chapter 3  

 

Supramolecular Interaction Form Tough and 

Self-Healing Hydrogels 

 

3.1 Introduction  

 

Hydrogel is crosslinked hydrophilic polymer networks with a large amount of water, 

which are widely existing in plant and animal tissues. Due to its unique solid and liquid 

properties, synthetic polymeric hydrogels are extensively developed and used in 

industrial, biomedical and environmental areas.1-4 However, compared with natural 

hydrogels, which are tough to support the surrounding components, most of the 

synthetic polymeric hydrogels are either mechanical weak5. 

To date, many efforts have been done to improve the toughness of hydrogels by 

introducing dissipation energy into hydrogels.6-8 For example, the strategy for double-

network hydrogels to improve dissipation energy was utilization of fracture of polymer 

chains.9, 10 Pullout of fibers or other fillers were used as mechanisms for energy 

dissipation in meso-/macro-scale composites hydrogels.11 Moreover, hydrogels based 

on reversible crosslinkers can also dissipate a great amount of energy and exhibit 

fatigue-resistance in the meanwhile, which comes from the deconstruction and 

reconstruction of reversible crosslinkers.5, 12, 13 In recent work, partial or completely 
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self-recoverable tough hydrogels have been reported by using ionic interaction,14, 15 

hydrogen bonds16, 17 or hydrophobic interaction18, 19 as recoverable sacrificed bonds. 

In this work, we presented a model physical hydrogel system P(UM-co-NBOC) from 

the random copolymerization of two monomers, 2-ureidoethyl methacrylate (UM) and 

2-nitrobenzyloxycarbonylaminoethyl methacrylate (NBOC) to realize this concept 

(Figure 3.1). As the side groups of UMA and NBOC are able to form multiple 

noncovalent bonds via hydrogen bonding and hydrophobic interaction, the physical 

hydrogel P(UM-co-NBOC) without covalent bonds density exhibits the high strength, 

toughness, and viscoelastic behavior. 

 

3.2 Experimental  

 

3.2.1 Materials 

 

2-Nitrobenzyloxycarbonylaminoethyl methacrylate (NBOC) was synthesized 

according to literature.20 2-Ureidoethyl methacrylate (UM) was provided by Osaka 

chemicals Co., Ltd. 2,2′-Azobisisobutyronitrile (AIBN, 98%) was purchased from 

Sigma-Aldrich. N,N’-methylenebis (acrylamide) (MBAA) was purchased from Tokyo 

Kasei Co., Ltd. Dimethyl sulfoxide (DMSO) was purchased from Wako Pure Chemical 

Industries, Ltd. All chemicals were used as received. 
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3.2.2 Synthesis of hydrogels 

 

The monomers with different monomer molar ratios were first dissolved in their co-

solvent DMSO. For P(UM-co-NBOC) system, the pre-gel solution contains 1.5 M UM 

and NBOC, and 0.003 M AIBN (initiator).  

The pre-gel solution was then poured into in a reaction cell consisting of a pair of glass 

plates with a spacer, and heated at 70 ℃ for 8 hours. After polymerization, the as-

prepared gel was immersed in a large amount of water for 1 week to reach equilibrium. 

The hydrogels were named as polymer-fNBOC, where fNBOC was the molar fraction of 

NBOC. 

 

3.2.3 Characterization of hydrogels 

 

Swelling measurements 

The as-prepared gel was cut into samples with fixed sizes and then immersed in a large 

amount of pure water until reaching equilibrium. The swelling volume ratio Qv was 

defined as the ratio of the sample volume at swelling equilibrium V to that in the as-

prepared state V0, Qv = V/V0. 

Water content 

The water content (Wwater, wt%) of hydrogel samples was measured with a moisture 

balance (MOC-120H, SHIMADZU Co., Japan) based on the equation, Wwater= 
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(mwater/msample) *100%, where mwater (g) is the weight of water in the hydrogel network, 

and msample (g) is the weight of the whole hydrogel sample. 

 

Mechanical test 

Uniaxial tensile tests were performed on hydrogels using a tensile-compressive tester 

(Instron 5965 type universal testing system) in air. The cyclic tensile stress-strain 

measurements were performed using a tensile-compressive tester (Tensilon RTC-

1310A, Orientec Co.) in a water bath to prevent water from evaporating from the 

samples. The dissipated energy, calculated by the hysteresis area (Uhys), and the 

hysteresis coefficient, the ratio of hysteresis area to the overall area below the loading 

curve, was named as Uhys coefficient. 

All tests were carried out on dumbbell-shaped samples with the standard JIS-K6251-7 

size (12 mm (L) × 2 mm (d) × 0.3–3 mm (w)). All samples were stretched along the 

length direction of the samples at a deformation rate of 100 mm/min.  

 

3.3 Results and discussion 

 

We first dissolve hydrophobic NBOC and hydrophilic UM into their co-solvent DMSO, 

and performed random radical polymerization at high monomer concentration so that 

the polymers formed are well above their entanglement concentration to obtain 

organogel. The polymer network is physically crosslinked by hydrogen bond provided 
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by UM residues. The organogel substantially immersed in water to remove the DMSO 

and unreacted monomers.  

 

3.3.1 Effect of the fraction of NBOC (fNBOC) 

 

During the solution replacement process, the NBOC residues aggregate into the 

hydrophobic domain working as physical crosslinks. Compared with the original 

organogel, the hydrogel at equilibrium state shrink due to the strong hydrogen bonds 

and the hydrophobic interaction between polymer chains (Figure 3.1). This 

phenomenon becomes more obvious with elevating the NBOC fraction (fNBOC). 

The formation of physical crosslinkers by hydrophobic interaction between NBOC 

residues significantly enhances the mechanical properties of hydrogel (Figure 3.2). 

With the increase of fNBOC, the fracture stress of hydrogels increased, owing to the 

increasing amount of physical crosslinkers, while the fracture strain decreased when 

fNBOC over 0.1 (Figure 3.2). The toughness of hydrogel, reflected by work of extension, 

enhanced gradually with increase in fNBOC. For P(UM-co-NBOC)-0.2 hydrogels, the 

slight decrease in toughness was due to the sharp decrease in elongation. The increase 

of the amount of physical crosslinkers and decrease in volume of hydrogels leads to the 

higher density of physical crosslinkers with the increase in fNBOC, which accounts for the 

dramatic increase in Young’s modulus.  
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3.3.2 Effect of total monomer concentration (Cm) 

 

To study the effect of total monomer concentration on the physical and mechanical 

properties of hydrogel, P(UM-co-NBOC) hydrogels with varied total monomer 

concentration were synthesized. Since the P(UM-co-NBOC)-0.15 hydrogel sample 

performing great mechanical properties (Figure 3.2), the fraction of NBOC was fixed 

at 0.15. As shown in Figure 3.3, with the monomer concentration increasing, the 

swelling ratio increase while there is no change in water content. Besides, the result of 

swelling ratio (QV) divided by total monomer concentration (Cm) kept constant, which 

implies the space of every polymer chain in the hydrogel sample occupied is same. The 

Young’s modulus increase dramatically, but there is no obvious difference between 

fracture stress and strain, and work of extension. The change of total monomer 

concentration (Cm) showed no obvious influence on both of physical and mechanical 

properties of hydrogels, therefore, the total monomer concentration (Cm) was fixed at 

1.5 mol/L. 

 

3.3.3 Hysteresis and energy dissipation 

 

To further investigating the hydrogels reinforced by hydrophobic interaction, loading-

unloading tests were conducted to evaluate the hysteresis and energy dissipation of 

hydrogels (Figure 3.4). Distinct yielding and hysteresis were observed in the loading-
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unloading cycle of hydrogels. Uhys and Uhys coefficient increased with the fNBOC in 

P(UM-co-NBOC) hydrogels. It indicates that the energy used for deformation could be 

dissipated by breaking a large amount of hydrophobic interactions. For instance, the 

Uhys of P(UM-co-NBOC)-0.2 was 2.36 MJ/m3 with a corresponding coefficient 72%, 

which is 25 times than that of pure PUM hydrogels (Figure 3.4).  

The detached physical crosslinkers, by which energy can be dissipated during 

deformation of hydrogel samples, will reconstruct subsequently. Thus, the dynamic and 

reversible feature of physical crosslinkers endowed the hydrogel with good self-

recovery behavior and fatigue resistance.  

 

3.3.4 Self-recovery  

 

Cyclic loading-unloading tensile tests were performed to investigate the self-recovery 

ability of P(UM-co-NBOC) hydrogels (Figure 3.5). P(UM-co-NBOC)-0.15 hydrogels 

was chosen as representative, because of their outstanding Uhys and Uhys coefficient of 

the first loading-unloading cycle. In 10 minutes, the hydrogel could recover to more 

than 80% of the virgin state; after 240 minutes, the hydrogel could recover to 100% of 

the virgin state (Figure 3.5). It is contributed by the physical cross-linkers of 

hydrophobic interaction and hydrogen bonds. The hydrogel sample showed obvious 

residual strain after unloading (Figure 3.5), which means the plastic deformation, while 

it would disappear after the relatively small waiting time (20 minutes). It inferred the 
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plastic deformation could be completely removed. The dependence of residual strain 

and hysteresis ratio on waiting time indicates the self-recovery included two stages, 

which is similar to polyampholyte hydrogels (PA hydrogels)14 and polyion-complex 

hydrogels (PIC hydrogels).15 This two-stage recovery process is related to the 

competition between the elasticity of the primary chain and the strength of temporarily 

reformed bonds during the unloading process.  

 

3.4 Conclusion 

 

By addition of hydrophobic interaction between NBOC moieties into hydrophilic PUM 

networks, supramolecular hydrogels based on hydrophobic interaction and hydrogen 

bonds, acting as crossliners. This special combination of physical bonds results in high 

toughness, stiffness, fatigue resistance, and high mechanical performance. The 

reversible crosslikers, renders the self-recovery of the materials. The effect of fraction 

of NBOC and total monomer concentration on physical and mechanical properties of 

hydrogels were investigated and optimized. Since the NBOC monomer has multiple 

stimuli-response, integrating the stimuli-response into the tough hydrogel could be 

conducted in further studies. Therefore, these gels might open new avenue of tough 

hydrogels. 
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Figure 3.1 (a) Synthesis routine of P(UM-co-NBOC) hydrogel; (b) Chemical structure 

of monomers. 
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Figure 3.2 Physical properties and tensile behaviors for P(UM-co-NBOC) hydrogels. 

(a) Volume ratio of samples in water in relative to that in DMSO, QV, (b) water content, 

(c) tensile stress-strain curves, and (d) Young’s modulus (E) and work of extension to 

fracture (Wmax) of samples with different NBOC molar fraction fNBOC. Each data was the 

average of 3-5 specimens of the same composition samples. Error bars represent 

standard deviation. 
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Figure 3.3 Physical properties and tensile behaviors for P(UM-co-NBOC) hydrogels. 

(a) Volume ratio of samples in water in relative to that in DMSO, QV, (b) water content, 

(c) tensile stress-strain curves, and (d) Young’s modulus (E) and work of extension to 

fracture (Wmax) of samples with different total monomer concentration Cm (mol/L). Each 

data was the average of 3-5 specimens of the same composition samples. Error bars 

represent standard deviation. 
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Figure 3.4 Hysteresis behavior of P(UM-co-NBOC) hydrogels. (a) loading-unloading 

curves, (b) dissipated energy (Uhys) calculated from the hysteresis area and energy 

dissipation coefficient (Uhys/W) of hydrogels with different fNBOC for a strain of 5. Each 

data was the average of 3-5 specimens of the same composition samples. Error bars 

represent standard deviation. 
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Figure 3.5 Self-recovery of P(UM-co-NBOC) hydrogels.(a) Cyclic loading-unloading 

curves and (b) residual strain and hysteresis recovery ratio between the second and first 

loading cycles for different waiting times of sample with fNBOC = 0.15. 
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Chapter 4  

 

Fabrication of tough hydrogels composites from photo-

responsive polymers to show double network effect 

 

4.1 Introduction  

 

Since the first report of double-network (DN) hydrogel in 20031, which has high 

strength and toughness but containing 90% water, the tough soft matters (hydrogels and 

elastomers) have achieved great development based on DN concept2-6. For instance, the 

failure stress for DN-type hydrogels can easily reach to tens of MPa nowadays7. 

Meanwhile, the toughening mechanism of DN hydrogels have been investigated for 

many years8, 9. It is clarified that the special interpenetrated network structure in DN 

gels plays the key role in toughening mechanism. Specifically, a DN gel has two 

polymer networks of very different structure and properties: a densely crosslinked, fully 

stretched network from polyelectrolyte (the first network, as rigid skeleton) and a 

sparsely crosslinked, modestly stretched network from neutral polymer (the second 

network, as ductile substance). During deformation, the first network (rigid skeleton) 

ruptures into fragmentation first, while the second network (ductile substance) 

maintains the integrity and gives large extension of the materials after the fracture of 

the first network. Thus, the covalent bonds of the first network act as sacrificial bonds 
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and the second network chains act as hidden length. Such fracture process, referred to 

as internal fracture, macroscopically appears as mechanical yielding10, which is 

accompanied with a necking phenomenon. The latter is regarded as the coexistence of 

the damaged and undamaged zones3, 11. Based on the phenomenon, various models and 

hypothesis has been proposed to explain the molecular mechanism of DN gels3, 4, 7, 8. 

However, the direct observation of the internal fracture morphology of DN gels, at 

micrometer scale, is still unachievable.  

Inspired by the strategy of DN gels, tough composites from two mechanically different 

components were developed, applying similar toughening mechanism of DN gels in 

macro-scale 12-14. For example, Feng et al. fabricated a soft composite consisting of a 

macro-scale nylon fabric mesh as the rigid component and VHBTM tape layers as soft 

component, and found that the deformation process is similar to that of DN gel: the 

fabric mesh fragmented into small islands surrounded by the highly stretched tapes12. 

Recently, our group also developed composites by combining low-melting-point alloy 

with macro-scale honeycomb structure and hydrogels13, and observed the multi-step 

damage process of the rigid honeycomb alloy, similar to that of the DN gels. These 

results indicate that the macro-scale composites possess the same mechanical feature 

and toughening mechanism to the DN gels that are nano-scale composites.    

In this work, we intend to develop macro-scale hydrogel composites showing the double 

network effect. There are several challenges. First, the soft matrix must be highly 

stretchable and possess a higher strength than the rigid skeleton12-14. Otherwise, the 
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fracture of the rigid skeleton causes catastrophic failure of the material without showing 

multi-step fracture of the rigid skeleton. Therefore, we need to develop energy-

dissipated tough hydrogels as soft matrix, by introduction of reversible crosslinkers13, 

15. The swelling mismatching and interface between the soft and rigid phases present 

another challenge for the hydrogel composites. The interface between heterogeneous 

phases in composite materials plays an essential role in force transmission and 

dissipation of energy, resulting in effective reinforcement on the mechanical 

properties16. In general, hydrogel composites are formed by polymerization in the 

presence of hard phases such as particles, fibers and layer elements as the reinforcing 

components15, 17, 18, where the rigid surface and hydrogels are usually integrated by 

chemical anchoring or physical adhesion19-25. The swelling mismatch between soft and 

rigid phases lead to surface wrinkle, bulk deformation or even fracture of materials26-28. 

To overcome the difficulties mentioned above, we present a facile strategy to prepare 

hydrogel composites with continuous interface by designing and develop photo-

responsive polymers (Figure 4.1). We synthesized copolymers from hydrophilic 2-

ureidoethyl methacrylate (UM) and hydrophobic photo-responsive (2-

nitrobenzyloxycarbonylaminoethyl methacrylate, NBOC) (Figure 4.1). The NBOC 

residues in the P(UM-co-NBOC) copolymers play two roles. One is working as physical 

crosslinkers based on their hydrophobic association, which can dissipate a large amount 

of energy during deformation so that toughen the hydrogels; the other is providing 

photo-responsiveness to switch the physical crosslinking to chemical crosslinking29. 
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Upon UV irradiation, the 2-nitrobenzyl functional group of NBOC exhibits photo-labile 

characteristics, with the release of 2-nitrobenzaldehyde and CO2. In this process, the 

hydrophobic NBOC groups transform into hydrophilic 2-aminoethyl methacrylate 

(AMA), leading to disassembly of physical crosslinkers by hydrophobic interaction. 

However, the resultant amino groups of AMA would further attack close-by ester bonds 

of UM to form new chemical crosslinkers. As a result, after UV irradiation, the physical 

P(UM-co-NBOC) gels transform to chemical P(UM-co-AMA) gels without significant 

change in swelling ratio. Such photo-switching of physical gels to chemical gels brings 

about a dramatic change in the mechanical behavior of the hydrogels from soft and 

highly stretchable to rigid and less stretchable. By controlling the UV irradiation, the 

NBOC-based hydrogels can be easily reconstructed into various composites. As an 

example, we fabricated sandwich hydrogels composed of rigid chemical hydrogel in 

the outer layers and soft physical hydrogel in the middle layer.  The composite 

hydrogels, having a strong interface and negligible swelling mismatching, are 

mechanically tough showing feature similar with the DN hydrogels1, 3-6, where the hard 

layers, P(UM-co-AMA), play a role of the first network, imparting high modulus and 

rupturing to dissipate energy, and the soft layer, P(UM-co-NBOC), plays a role of the 

second network, maintaining the global integrity.  The macro-scale fracture process of 

this composite gives insight to understand the micro-scale fracture process of DN gels. 
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4.2 Experimental  

 

4.2.1 Materials 

 

2-Nitrobenzyloxycarbonylaminoethyl methacrylate (NBOC) was synthesized 

according to literature.29 2-Ureidoethyl methacrylate (UM) was provided by Osaka 

chemicals Co., Ltd. 2,2′-Azobisisobutyronitrile (AIBN, 98%) was purchased from 

Sigma-Aldrich. Dimethyl sulfoxide (DMSO) was purchased from Wako Pure Chemical 

Industries, Ltd. All chemicals were used as received. 

 

4.2.2 Synthesis of hydrogels 

 

The monomers with different monomer molar ratios were first dissolved in their co-

solvent DMSO. For P(UM-co-NBOC) system, the pre-gel solution contains 1.5 M 

monomers of UM and NBOC mixture with proscribed NBOC molar fraction (fNBOC), 

and 0.003 M AIBN (initiator). The total monomer concentration was chosen high 

enough so that the polymers formed are well above their entanglement concentration. 

The pre-gel solution was then poured into in a reaction cell consisting of a pair of glass 

plates with a spacer of prescribed thickness, and the reaction cell was heated at 70 ℃ 

for 8 hours for thermal initiated polymerization. After polymerization, the as-prepared 

gel was immersed in a large amount of water for 1 week to reach equilibrium. The 
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hydrogels were coded as P(UM-co-NBOC)-fNBOC. 

 

4.2.3 Characterization of hydrogels 

 

Swelling ratio measurements 

The as-prepared gel was cut into samples with prescribed sizes and then immersed in a 

large amount of pure water until reaching equilibrium. The swelling volume ratio Qv 

was defined as the ratio of the sample volume at swelling equilibrium V to that in the 

as-prepared state V0, Qv = V/V0. 

 

Water content measurement 

The water content (Cw, wt%) of hydrogel samples were measured with a moisture 

balance (MOC-120H, SHIMADZU Co., Japan) based on the equation, Cw= (mw/mg) 

*100%, where mw (g) is the weight of water in the hydrogel network, and mg (g) is the 

weight of the whole hydrogel sample. 

 

Mechanical test 

Uniaxial tensile tests were performed on hydrogels using a tensile-compressive tester 

(Instron 5965 type universal testing system) in air. The cyclic tensile stress-strain 

measurements were performed using a tensile-compressive tester (Tensilon RTC-

1310A, Orientec Co.) in a water bath to prevent water from evaporating from the 
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samples. The dissipated energy (Uhys) at a prescribed deformation was calculated from 

the hysteresis area, and the fraction of dissipated energy in relative to total energy 

applied to the sample (Uhys /W) was calculated from the ratio of hysteresis area Uhys to 

the overall area W below the loading curve. W is the work of extension for a prescribed 

deformation. The hysteresis ratio was calculated from the ratio of hysteresis area in the 

prescribed cycle Uhys to the hysteresis area Uhys of the first cycle in the cyclic loading-

unloading test. 

All tests were carried out on dumbbell-shaped samples with the standard JIS-K6251-7 

size (12 mm (L) × 2 mm (d)). The sample thickness was 0.3–3 mm (w) depending on 

the thickness of the reaction cell spacer and the sample formulation. All tests were 

performed at a deformation velocity of 100 mm/min, corresponding to a stretch rate of 

0.14 s-1.  

 

UV irradiation for chemical crosslinking 

UV irradiation on samples was conducted on a UV-LED irradiation panel (UAW365-

31110-1212F, Sentech Co.). The intensity of UV irradiation was 1.78 × 104 mJ/cm2. The 

hydrogel samples were immersed in a cell of water to prevent water evaporation from 

the samples during irradiation. The cell consists of a pair of glass plates with a spacer. 

Fourier transform infrared (FT-IR) spectra were recorded on a Bruker VECTOR-22 IR 

spectrometer. 
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Optical microscope observation  

To observe the microcrack formation under stretching, the hydrogel samples after UV 

irradiation were fixed under various elongation ratios by a tailor-made stretching 

device30, and were observed under an optical microscope (Nikon, Eclipse, LV100POL). 

 

Puncture test 

A needle was fixed on the load cell, and the hydrogels were fixed in the molds under 

water (Figure 4.2), which composed of silica spacer (less than the thickness of samples) 

and two glass plates with small poles (diameter: 0.5 mm). All tests were carried on 

square samples (10 mm × 10 mm × ~1 mm). The insertion velocity during penetration 

was maintained at 100 mm/min. 

 

4.3 Results and discussion 

 

4.3.1 Contrast of physical properties of hydrogel before and after UV irradiation 

 

Upon UV irradiation, the 2-nitrobenzyl function group of NBOC exhibits photo-labile 

characteristics, with the release of 2-nitrobenzaldehyde and CO2. In this process, the 

hydrophobic NBOC transforms into hydrophilic moieties, leading to disassembly of 

physical crosslinkers composed of hydrophobic interaction, However, the resultant 

amino groups (2-AMA) would further attack close-by ester bonds to generate new 
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chemical crosslinkers (Figure 4.1).  

The hydrogel with newly formed network (name as P(UM-co-AMA)) is yellow due to 

the color of by-product of 2-nitrobenzaldehyde (Figure 4.3). After hydrogel reaching 

equilibrium in DI water, there was no significant change in volume of hydrogels before 

and after UV irradiation (Figure 4.3 and 4.4), indicating that the physical crosslinkers 

are supposed to be just replaced by the newly formed chemical crosslinkers.  

 

4.3.2 Contrast of mechanical properties of hydrogel before and after UV 

irradiation 

 

Tensile tests were conducted to measure the mechanical properties of P(UM-co-AMA) 

hydrogel (Figure 4.5). Compared with the hydrogel before UV irradiation, P(UM-co-

AMA) performed much shorter fracture strain but higher Young’s modulus, about twice 

the modulus of samples before UV irradiation (Figure 4.5), which is attributed to the 

newly formed chemical crosslinkers. From the contrast of modulus of hydrogel samples 

before and after UV irradiation, we could easily utilize the UV irradiation to adjust the 

modulus of samples in situ.    

 

4.3.3 The effect of factors of UV irradiation on hydrogel samples properties after 

UV irradiation 
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The UV triggered chemical crosslinking could be modulated by control of UV 

irradiation intensity and duration. Thus, the physical and mechanical properties of 

hydrogel samples with different UV irradiation intensity and duration were tested to 

study the different effect of factors of UV irradiation on properties of hydrogel samples 

after UV irradiation.  

Firstly, P(UM-co-NBOC) hydrogels (fNBOC 0.15) with varied UV intensity were 

prepared. As shown in Figure 4.6, the color of samples became darker with the increase 

of UV intensity, due to the by-product of self-immolative reaction. However, there was 

slight difference between these samples in their stress-strain curve, which indicates the 

slight increase in chemical crosslinkers. It is supposed that the UV triggered self-

immolative reaction would be continued with the increase of UV intensity, while the 

effective crosslinking would be kept constant. Thus, the UV intensity was fixed at 1.78 

× 104 mJ/cm2. 

Next, P(UM-co-NBOC) hydrogels (fNBOC 0.15) over varied UV duration were prepared. 

The color of samples became darker with the increase of UV duration (Figure 4.7). In 

addition, FTIR spectroscopy of P(UM-co-NBOC) hydrogels (fNBOC 0.15) after UV 

irradiation further corroborated UV-triggered carbamate decaging and crosslinking 

reactions. The absorbance peaks characteristic of nitro (1345 cm-1 and 1528 cm-1) 

moieties disappeared after irradiation, revealing the photo-cleavage of o-nitrobenzyl 

groups; the absorbance intensity of ester carbonyl moieties (~1730 cm-1) considerably 

decreased, which is accompanied with the increase of characteristic amide carbonyl 



 

50 

 

absorbance peak at ~1640 cm-1), clearly suggesting the formation of amide linkages 

via either intrachain or interchain pathways; note that the latter case will contribute to 

effective chemical crosslinking. The tensile test showed both of the fracture stress and 

strain decreased with the increase in UV duration29. 

 

4.3.4 The formation of composite hydrogel 

 

However, the ability of UV light penetration is limited, so that the UV light could not 

penetrate the whole hydrogel if the hydrogel is too thick. The depth of UV irradiation 

depends on the illumination time, which increased with exposure time extended, but 

reach to saturated depth after 30 min irradiation (Figure 4.8). It should be noticed that 

expose the hydrogel under strong UV light longer than 10 min leading to very high 

temperature (> 60 oC), which may generate massive adverse reactions. Therefore, for 

the following samples we only expose the hydrogel under UV light for 10 min. For 

P(UM-co-NBOC) hydrogels with different fNBOC, the depth of UV irradiation (10 min) 

kept around 152 nm, implying there is no relationship between fNBOC and P(UM-co-

AMA) thickness (Figure 4.8). 

Based on such feature, the thick P(UM-co-NBOC) hydrogels can be transformed into 

hieratical hydrogels with different modulus region. For instance, after UV irradiation 

on both sides, the hydrogel showed “sandwich-like” structure with P(UM-co-AMA) 

surface (~150 μm) and P(UM-co-NBOC) matrix (Figure 4.8). While irradiate on one 
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side, we got a Janus type of hydrogel. All these hydrogels show no obvious change in 

volume at equilibrium state.  

We use puncture test to confirm the different modulus region of hieratical hydrogels 

(Figure 4.9). The peaks of the curve mean the rupture occurred during the insertion 

process, inferring the needle punctured into another tissue with different mechanical 

properties.31 In our case, although there is no obvious boundary between the so-called 

surface and matrix, obvious peaks origin from different layers were detected in 

hieratical hydrogels with low fNBOC (0.05). However, for the hydrogels with high fNBOC 

(> 0.05), the insertion force curves are quite different, only shows one peak in each 

system (Figure 4.10), which may be caused by their higher modulus on both surfaces 

and matrix. The puncture process includes generation and propagation of cracks and 

shear fracture, when the hydrogel shows high modulus, the cracks will propagate 

quickly cross the P(UM-co-AMA)/P(UM-co-NBOC) interface, leading to observation 

of only one rupture peak (Figure 4.11).  

 

4.3.5 The mechanical properties of composite hydrogel 

 

Next, we investigated the mechanical properties of sandwich hydrogels. Figure 4.12 

shows the stress-strain curves of sandwich hydrogels with varied fNBOC. With the 

increase of fNBOC, the fracture stress, fracture strain, and Young’s modulus increased 

dramatically, due to the enhancement of crosslinker densities.  
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The UV irradiated samples with a sandwich structure can be treated as layered 

composites. To investigate the mechanical properties of the composite hydrogels, a 

series of P(UM-co-NBOC)-0.15 hydrogels with different thickness were irradiated with 

UV for 10 min. As the UV curing thickness was kept constant (~150 μm), the thickness 

ratio of hard outer layers to the soft middle layer was tuned by changing the overall 

sample thickness (Figure 4.13). The tensile behaviors of samples with different 

thickness ratio are shown in Figure 4.13. The one-component gels, of soft layer only 

(0/100) or hard layer only (100/0), showed single yielding point, while a very 

remarkable second yielding point was observed for all the sandwich gels at a strain of 

1.6-1.8. With the increase of the thickness ratio of hard outer layers to soft middle layer, 

the stress at the 2nd yielding point increased while the fracture strain decreased, which 

could be also obviously witnessed in Figure 4.14 for the fracture force. The composite 

hydrogels follow the stress and strain curve of the pure hard sample (100/0) at small 

strains and then deviated to show lower stresses at large strains. It is interesting to see 

that the strain for the 2nd yielding point was lower than the fracture strain of the 

homogeneous rigid sample (100/0), and decreased with the increase of the soft middle 

layer thickness. This result suggests that the soft middle layer makes the rigid outer 

layers break at a smaller strain in comparison with the free-standing rigid layer. The 

final fracture strain of the composites decreased with the increase of the hard/soft 

thickness ratio. The thinner the soft middle layer, the weaker the ability to bear the 

stretching and maintain global integrity. This is similar with the effect of the second 
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network in DN gels. It has been shown that if the concentration of 2nd network is not 

high enough, then the gel would not be toughened effectively. These results could also 

explain the difference in tensile tests between sandwich-like composite hydrogels with 

varied UV duration (Figure 4.7).  

To reveal the fracture process, we further use optical microscopy to observe the 

structure change during the tensile process of the sandwich hydrogel (Figure 4.15). The 

pristine soft hydrogel (0/100) before UV curing deformed homogeneously without 

crack formation before sample failure, while the rigid sample (100/0) showed craze 

above the first necking, and with the increase of strain the craze density increased. The 

sandwich sample (95/5) showed well-defined dense crazes perpendicular to the 

elongation direction even at the very beginning of elongation (strain 0.1), corresponding 

to the first yielding point. The craze developed into branches with the increase of strain. 

With the increase of thickness of soft layer, both of craze perpendicular to the elongation 

direction and random irregular craze coexisted on the surface of sandwich sample 

(45/55). The increased soft layer maintained the integrity of the whole sample, thus the 

sample would not quickly break after the perpendicular craze grew into branches. On 

the other hand, the sandwich sample (30/70) showed irregular craze even at small 

strains (0.1), and at strain 2, above the 2nd yielding point in the tensile curve, the hard 

outer layer broke into small fragments, and the soft middle layer became visible. With 

the further increase of strain, strong strain localization in the soft middle layer was 

observed. This result clearly shows that the hard layers, sustaining most of the load, 
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broke first while the soft middle layer maintained the integrity. The irregular craze in 

sample (30/70) means that the cracks generated in the hard and less stretchable outer 

layers did not propagate since the middle layer, with increased strength, effectively 

carries the load.  

It should be mentioned that even for the rigid 100/0 sample of 0.29 mm-thick, it showed 

surface craze before breaking (Figure 4.15). This is due to the gradient chemical 

crosslinking within the rigid layer. As shown in Figure 4.16, when the sample thickness 

varies from 0.14 mm (=70 μm x 2) to 0.29 mm (= 145 μm x 2), the sample softened, in 

accompany with an increase in the fracture strain and decrease in fracture stress. 

Furthermore, more surface crack appeared before sample failure for the thick sample. 

These results indicate the effect of gradient structure on the behavior of the 100/0 

sample of 0.29 mm-thick.  

The yielding phenomenon has some common features with the yielding phenomenon 

in double-network (DN) gels. For DN gels, there is no strain localization before yielding 

point. After yielding point, part of the sample constricts as necking zone, which 

subsequently grows with an increase in strain, and finally develops to the whole 

sample.8 For our sandwich hydrogels, the appearance of the first percolated crack is 

reflected as the first yielding point and the crazing or fragmentation of the hard layers 

in the stress-strain curve, and the elongation of the middle layer between the cracks of 

the outer layers is resemble to the elongation of the second network in the necking zones 

of DN gels. In DN gels, usually, only one necking zone is generated and then it grows, 



 

55 

 

while in the sandwich hydrogels, the crazes are generated over the whole sample 

surfaces. Such differences correspond to the yielding point and broad yielding peak in 

stress-strain curves for DN gels and for sandwich hydrogels, respectively.  This study 

shows that when the soft layer is relatively thin and weak, strip cracks are formed in the 

hard layers after yielding and the crack branches to break the layer into irregular 

fragmentation at enhanced strain. When the soft layer is relatively thick and strong, the 

crack grows irregularly to form irregular fragmentation right after yielding. The direct 

observation of the fracture process of the hard layers suggests that the internal fracture 

morphology of the first network in DN hydrogels would depend on the second network 

concentration.  

  

4.3.6 Hysteresis and energy dissipation of composite hydrogel 

 

Loading-unloading tests were conducted to evaluate the energy dissipation and energy 

dissipation coefficient of sandwich hydrogels (30/70) (Figure 4.17). The sandwich 

hydrogel showed much larger hysteresis than its original P(UM-co-NBOC) gel in the 

first loading-unloading cycle (Figure 3.4). It indicated more dissipation of energy 

contributed by the newly formed chemical crosslinkers instead of physical crosslinkers. 

The hysteresis area enclosed by the first loading-unloading cycle is up to 64% of the 

work of extension, while that for hydrogel before UV irradiation is 56%, which is 

consistent with the results before. However, the sandwich hydrogel cannot fully recover 
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due to its chemical crosslinked network origin (Figure 4.17). The residual strain and 

hysteresis showed dependence with waiting time, and the recovery also included two 

stages, however, the hysteresis ratio reached only 38% of the hysteresis area in first 

loading-unloading cycle (Figure 4.17). This is related to the break of unrecoverable 

primary chains after UV irradiation. 

 

4.3.7 Patterned composite hydrogel 

 

Since UV light can be easily controlled, we further use UV mask to fabricate the pattern 

hydrogels with different modulus regions. For instance, a 2D-patterned hydrogel, 

composed of alternating P(UM-co-NBOC) and P(UM-co-AMA) structure, was 

prepared from thin P(UM-co-NBOC) hydrogel, which UV light could penetrate the 

whole sample (Figure 4.18). It showed similar Young’s modulus and fracture strain 

compared with the pure P(UM-co-AMA) samples, while there was a yielding near the 

fracture strain, which is because of the structure macro-scale composite materials. 

When we irradiate a thick P(UM-co-NBOC) gel with UV mask, a 3D-patterned 

hydrogel can be fabricated, which structure can be regard as two slices of 2D-patterned 

gels with a P(UM-co-NBOC) gel between them. The tensile stress-strain curve of 3D-

patterned hydrogel shows very similar with that of sandwich-like hydrogels (Figure 

4.18). 
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4.4 Conclusion 

 

Based on the addition of hydrophobic interaction by copolymerization with NBOC, 

mechanical properties, toughness and fatigue resistance of P(UM-co-NBOC) hydrogels 

improved dramatically. Upon UV irradiation, part of physical crosslinkers composed of 

hydrophobic interaction transformed into chemical crosslinkers, which further enhance 

the mechanical properties. By control the UV irradiation depth and position, hybrid 

hydrogel consisted of different modulus regions can be easily prepared. This work 

provides a new strategy to fabrication tough hydrogel composites by incorporating a 

photo-responsive hydrophobic residue into the hydrogel network.  
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Figure 4.1 (a) Synthesis routine of P(UM-co-NBOC) hydrogels and the P(UM-co-

AMA) hydrogels; (b) Chemical structure of starting monomers; (c) Photo-triggered 

self-immolative reaction; (d) Subsequent chemical crosslinking following self-

immolative reaction; (e) Schematic illustration of fabrication of hydrogel composites 

with sandwich structure. 
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Figure 4.2 Schematic illustration of the puncture test. 
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Figure 4.3. Photos and cross-section micrograph of hydrogel before and after UV 

irradiation. 
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Figure 4.4. QV (a) and changes in water content (b) of P(UM-co-NBOC) before and 

after UV irradiation. 
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Figure 4.5 Contrast of tensile stress-strain curve (a) and Young’s modulus (b) of 

hydrogels before and after UV irradiation. 
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Figure 4.6 Photography (a) and tensile test (b) of hydrogels after UV irradiation with 

varied UV intensity.  
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Figure 4.7 Photography (a) and FTIR spectra (b) of P(UM-co-AMA) in sandwich 

hydrogels (fNBOC 0.15) over varied UV duration; (c) Tensile test of P(UM-co-AMA) in 

sandwich hydrogels (fNBOC 0.15) over varied UV duration. 
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Figure 4.8 (c) Dependence of thickness of P(UM-co-AMA) in sandwich hydrogels 

(fNBOC 0.15) on UV duration; (b) Changes in the thickness of P(UM-co-AMA) in 

sandwich hydrogels with different fNBOC. 
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Figure 4.9 P(UM-co-NBOC) hydrogels with hieratical structure after UV irradiation.  

Cross-section micrograph (a) and scheme of P(UM-co-NBOC) hydrogels with 

sandwich-like structure upon UV irradiation; puncture test (c) and scheme (d) for 

P(UM-co-NBOC)-0.05 hydrogels with hieratical structures.  

 

 

 

 

 

 



 

72 

 

 

Figure 4.10 Puncture test for P(UM-co-NBOC)-0.1 (a) and P(UM-co-NBOC)-0.15 (b) 

hydrogels. 
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Figure 4.11 Schematic illustration of the hypothesis for puncture tests of sandwich 

hydrogels with different fNBOC. 
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Figure 4.12 Tensile test of sandwich hydrogels after UV irradiation with different fNBOC. 
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Figure 4.13 Tensile test (a) and scheme (b) for P(UM-co-NBOC)-0.15 hydrogels with 

different P(UM-co-AMA)/P(UM-co-NBOC) ratio (vol/vol). 
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Figure 4.14 Tensile force-strain curves of the composite hydrogels with sandwiched 

layer structure with different layer thickness ratio. The ratio was varied by UV 

irradiation to P(UM-co-NBOC)-0.15 hydrogels of different thickness from both sides 

of the sample. Each outer layer thickness was kept constant at 150 μm while the middle 

layer thickness changes as shown in Figure 4.8. 

. 
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Figure 4.15 The composite hydrogels with sandwiched layer structure composed of 

hard outer layers of P(UM-co-AMA) hydrogel and soft middle hydrogel of P(UM-co-

NBOC) gel. Optical microscope images of the sandwich hydrogel under stretching at 

different strains. The small drops on the surface of pristine P(UM-co-NBOC) gel 

(0/100) at strain 0.1 were water drops placed on the gel surface to prevent drying. 
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Figure 4.16 The 100/0 samples with different thickness. (a) Structure scheme, (b) 

tensile stress-strain curves of samples with different thickness. (c) Optical microscope 

images. (d) Optical microscope images of the 100/0 hydrogel under stretching at 

different strains. 
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Figure 4.17 Self-recovery behaviors of the sandwich hydrogel (30/70). (a) Cyclic 

loading-unloading curves, and (b) residual strain and hysteresis recovery ratio between 

the second and first loading cycles for different waiting times. 
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Figure 4.18 (a) Scheme for the cross-section and (b) photos of the composites and (c) 

comparison between mechanical properties of different hydrogels and their 2D and 3D 

patterned composites. The pristine gel was P(UM-co-NBOC)-0.15. The UV was 

irradiated from both sides of the sample. After UV irradiation, the 3D-patterned 

hydrogel composite formed a sandwiched structure with two outer layers of hard and 

soft strip patterns and one soft middle layer, with thickness ratio 30/70. The width of 

the alternating strips was 3 mm. 
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Chapter 5 

 

Hydrogel composites based on photo-responsive P(HEA-co-

NBOC) copolymer  

 

5.1 Introduction  

 

To mimic the stimuli-responsive behavior in natural hydrogels, synthetic polymers 

materials performing similar attributes have been widely developed as well.1 For 

stimuli-responsive hydrogels, their structure,2, 3 such as the crosslinkers or the chain 

entanglements, or properties, such as wettability4 or adhesion,5 could adapt to 

surrounding environment upon exposure to a stimulus, namely, photo,4, 5 

electrochemical,6 and pH,7 etc.  

Light stimulation is particularly interesting for many applications because of the 

capability of contact-free remote manipulation and inherent spatial and temporal 

control8. Moreover, light can be finely adjusted in its intrinsic properties, such as 

wavelength and intensity9, 10. Therefore, the photo-responsive hydrogels could be taken 

as ideal candidates in several fields, including biomedical device11, 12, adaptive surface13, 

14, soft robots15 and etc. 

In this work, we synthesized copolymers from hydrophilic 2-ureidoethyl methacrylate 

(UM) and hydrophobic photo-responsive (2-nitrobenzyloxycarbonylaminoethyl 
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methacrylate, NBOC) (Chapter 4). The NBOC residues in the P(UM-co-NBOC) 

copolymers play two roles. One is working as physical crosslinkers based on their 

hydrophobic association, which can dissipate a large amount of energy during 

deformation so that toughen the hydrogels; the other is providing photo-responsiveness 

to switch the physical crosslinking to chemical crosslinking16. That work provides a 

new strategy to fabrication tough hydrogel composites by incorporating a photo-

responsive hydrophobic residue into the hydrogel network. To test the universality of 

the function of NBOC in the network, we further copolymerized NBOC with 2-

hydroxyethyl acrylate (HEA) monomer, which has no strong physical interactions 

between HEA monomers (Figure 5.1). 

 

5.2 Experimental  

 

5.2.1 Materials 

 

2-Nitrobenzyloxycarbonylaminoethyl methacrylate (NBOC) was synthesized 

according to literature.16 2-hydroxyethyl acrylate (HEA) were provided by Osaka 

chemicals Co., Ltd. 2,2′-Azobisisobutyronitrile (AIBN, 98%) was purchased from 

Sigma-Aldrich. N,N’-methylenebis (acrylamide) (MBAA) was purchased from Tokyo 

Kasei Co., Ltd. Dimethyl sulfoxide (DMSO) was purchased from Wako Pure Chemical 

Industries, Ltd. All chemicals were used as received. 
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5.2.2 Synthesis of hydrogels 

 

The monomers with different monomer molar ratios were first dissolved in their co-

solvent DMSO. The pre-gel solution contains 1.5 M HEA and NBOC, 0.0015 M MBAA 

(chemical cross-linker) and 0.003 M AIBN.  

The pre-gel solution was then poured into in a reaction cell consisting of a pair of glass 

plates with a spacer, and heated at 70 ℃ for 8 hours. After polymerization, the as-

prepared gel was immersed in a large amount of water for 1 week to reach equilibrium. 

The hydrogels were named as polymer-fNBOC, where fNBOC was the molar fraction of 

NBOC. 

 

5.2.3 Characterization of hydrogels 

 

Swelling measurements 

The as-prepared gel was cut into samples with fixed sizes and then immersed in a large 

amount of pure water until reaching equilibrium. The swelling volume ratio Qv was 

defined as the ratio of the sample volume at swelling equilibrium V to that in the as-

prepared state V0, Qv = V/V0. 

 

Water content 
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The water content (Wwater, wt%) of hydrogel samples was measured with a moisture 

balance (MOC-120H, SHIMADZU Co., Japan) based on the equation, Wwater= 

(mwater/msample) *100%, where mwater (g) is the weight of water in the hydrogel network, 

and msample (g) is the weight of the whole hydrogel sample. 

 

Mechanical test 

Uniaxial tensile tests were performed on hydrogels using a tensile-compressive tester 

(Instron 5965 type universal testing system) in air. The cyclic tensile stress-strain 

measurements were performed using a tensile-compressive tester (Tensilon RTC-

1310A, Orientec Co.) in a water bath to prevent water from evaporating from the 

samples. The dissipated energy, calculated by the hysteresis area (Uhys), and the 

hysteresis coefficient, the ratio of hysteresis area to the overall area below the loading 

curve, was named as Uhys coefficient. 

All tests were carried out on dumbbell-shaped samples with the standard JIS-K6251-7 

size (12 mm (L) × 2 mm (d) × 0.3–3 mm (w)). All samples were stretched along the 

length direction of the samples at a deformation rate of 100 mm/min.  

 

UV irradiation 

UV irradiation on samples was conducted on a UV-LED irradiation panel (UAW365-

31110-1212F, Sentech Co.). The intensity of UV irradiation is 1.78 × 104 mJ/cm2. The 

hydrogel samples were immersed in a cell of DI water to prevent water from 
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evaporating from the samples during irradiation. And the cell consists of a pair of glass 

plates with a spacer. 

 

5.3 Results and discussion 

 

5.3.1 before UV irradiation 

 

We conducted the copolymerization of HEA and NBOC as follows: first dissolve 

hydrophobic NBOC and hydrophilic monomer into their co-solvent DMSO, and 

performed random radical polymerization at high monomer concentration so that the 

polymers formed are well above their entanglement concentration to obtain organogel. 

Since no strong physical interactions between HEA monomers (Figure 4.1). In P(HEA-

co-NBOC) system, we add a small amount of MBAA to chemically crosslink the 

polymer network, otherwise, no gel would be formed. Thus, we introduced NBOC into 

chemical crosslinked hydrophilic network, by means of copolymerization of 

hydrophobic NBOC with HEA. 

During the solution replacement process, the NBOC residues aggregate into 

hydrophobic domain working as physical crosslinks. In the solvent exchange process, 

the P(HEA-co-NBOC) gel with low fNBOC (< 0.05) swelled due to its high hydrophilicity 

of polymer chains. When the fNBOC is larger than 0.05, the gel became shrink due to the 

formation of sufficient hydrophobic physical crosslinks, resulting in low water content 
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(Figure 5.2).  

The formation of physical crosslinkers by hydrophobic interaction between NBOC 

residues significantly enhances the mechanical properties of hydrogel (Figure 5.1). The 

mechanic test shows that introducing NBOC can enhance the mechanical properties of 

hydrogel dramatically. With the increase of fNBOC, fracture stress, fracture strain, 

Young’s modulus, and toughness increased dramatically (Figure 5.3). Addition of fNBOC 

as small as 0.03, resulted into 1.8 times of fracture stress and strain, and double times 

of Young’s modulus and toughness when compared to pure PHEA hydrogels. Distinct 

yielding coming from physical crosslinkers could be easily observed in tensile curve of 

P(HEA-co-NBOC)-0.1 hydrogel, which was resulted from the increasing of reversible 

physical crosslinkers. 

To further investigate the hydrogels reinforced by hydrophobic interaction, loading-

unloading tests were conducted to evaluate the hysteresis and energy dissipation of 

hydrogels (Figure 5.4). Distinct yielding and hysteresis were observed in the loading-

unloading cycle of hydrogels. Uhys and Uhys coefficient increased with the fNBOC in 

P(HEA-co-NBOC) hydrogels (Figure 5.4). It indicates that the energy used for 

deformation could be dissipated by breaking of the hydrophobic interaction. Uhys of 

pure PHEA was 0.9 kJ/m3 with corresponding Uhys/Wmax of 11% and the Uhys of P(HEA-

co-NBOC)-0.1 was 12.8 kJ/m3 with corresponding Uhys/Wmax of 50%, which elevated 

around 15 times (Figure 5.4). 

The detached physical crosslinkers, by which energy can be dissipated during 
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deformation of hydrogel samples, will reconstruct subsequently. Thus, the dynamic and 

reversible feature of physical crosslinkers endowed the hydrogel with good self-

recovery behavior and fatigue resistance. Cyclic loading-unloading tensile tests were 

performed to investigate the self-recovery ability of P(HEA-co-NBOC) hydrogels 

(Figure 5.5). P(HEA-co-NBOC)-0.1 hydrogels were chosen as representative, because 

of their outstanding Uhys and Uhys coefficient of first loading-unloading cycle. 

The dependence of recovery on waiting time and two-stage recovery process could also 

be observed in P(HEA-co-NBOC)-0.1 hydrogel (Figure 5.5). However, after 2 hours, 

hysteresis ratio could not reach to 100% of original state. Meanwhile, the hydrogel 

exhibited constant residual strain around 0.1 even the deformation (strain = 300%) 

relative to fracture strain (strain = 2700%) was so small. Contrast with complete self-

recovery of P(UM-co-NBOC)-0.15 hydrogel, the partial self-recovery of P(HEA-co-

NBOC)-0.1 hydrogel was supposed to be resulted from the irreversible breakage of 

chemical crosslinkers. 

 

5.3.2 After UV irradiation 

 

Upon UV irradiation, the 2-nitrobenzyl function group of NBOC exhibits photo-labile 

characteristics, with the release of 2-nitrobenzaldehyde and CO2, as shown in Figure 

5.1. The resultant amino groups would further attack other ester bonds to generate new 

chemical crosslinkers.  
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Due to the color of by-product of 2-nitrobenzaldehyde, the hydrogel turned yellow after 

UV irradiation. After hydrogel reaching equilibrium in DI water, there was no 

significant change in volume of hydrogels before and after UV irradiation (Figure 5.6).  

Upon UV irradiation, the hydrophobic NBOC transforms into hydrophilic moieties by 

self-immolative reaction firstly, which induces the disassembly of physical crosslinkers 

composed of hydrophobic interaction, subsequently followed by generation of new 

chemical crosslinkers between amino groups and ester bondings (Figure 5.1). The 

slight difference in water content and Qv, infecting the slight change in total amount of 

crosslinkers. Thus, the physical crosslinkers composed of hydrophobic interaction 

between NBOC damaged by the UV irradiation, are supposed to be just replaced by the 

newly formed chemical crosslinkers.  

After UV irradiation, the P(HEA-co-NBOC) hydrogel can convert to P(HEA-co-AMA) 

hydrogel as well. Figure 6d shows the stress-strain curves of sandwich-like P(HEA-co-

NBOC)-P(HEA-co-AMA) hydrogel (fNBOC 0.1) and its pure P(HEA-co-NBOC) 

hydrogel before UV irradiation. The sandwich hydrogel, which network sacrificed 

partial reversible physical bonds by forming covalent bonds, present higher Young’s 

modulus but shorter fracture strain. The gel also shows a special yielding phenomenon 

in the tensile curve (Figure 5.7). Figure 5.8 showed the tensile process of sandwich 

hydrogel: the yellow surface broke at the beginning of deformation, then the matrix 

performed homogeneous deformation after fragmentation of surface, which was very 

similar with UM-based sandwich hydrogels. However, the new yielding was quite 
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different from that in UM-based sandwich hydrogel, but very similar with the 

macroscale composite hydrogels reported by our group before17, 18. It was supposed to 

be attributed to the dramatic difference between the strength of P(HEA-co-AMA) and 

P(HEA-co-NBOC). P(HEA-co-NBOC), which was generated upon UV irradiation, was 

so brittle that the polymeric network could not keep continuous after fragmentation of 

surface, which was composed of (HEA-co-AMA).  

The P(HEA-co-NBOC) hydrogel can also be patterned by using a mask under UV 

irradiation. However, different from UM-based 3D-pattern gel, HEA-based 3D-pattern 

hydrogel shows ununiformed shape at equilibrium state, due to unmatched swelling 

behaviors of two components (Figure 5.9). Therefore, combining UV irradiation and 

mismatched swelling behavior, HEA-based hydrogel shows great candidate as matrix 

hydrogel for the construction of more complicated hieratical materials.  

 

5.4 Conclusion  

 

Based on addition of hydrophobic interaction by copolymerization with NBOC, 

mechanical properties, toughness and fatigue resistance of P(HEA-co-NBOC) 

hydrogels improved dramatically. After UV irradiation, part of physical crosslinkers 

composed of hydrophobic interaction transformed into chemical crosslinkers, new 

surface generated with instinctive mechanical properties. The hydrogels upon UV 

irradiation showed different Young’s modulus. Thus, composite hydrogels based on 



 

90 

 

copolymerization of photo-responsive, NBOC, and hydrophilic monomers, could be 

easily prepared in situ by UV irradiation. And their structure and properties could be 

modulated by thickness, fNBOC and duration of UV irradiation. 
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Figure 5.1 (a) Synthesis routine of P(HEA-co-NBOC) hydrogel; (b) chemical structure 
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of monomers. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 QV (a) and water content (b) of P(HEA-co-NBOC) hydrogel with different 

fNBOC. 
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Figure 5.3 Tensile stress-strain curves and mechanical strength values of hydrogels 

with different fNBOC. (a, b) P(HEA-co-NBOC). 
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Figure 5.4 Loading-unloading tests, the calculated dissipated energy and energy 

dissipation coefficient of hydrogels P(HEA-co-NBOC) (a, b). 
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Figure 5.5 Cyclic loading-unloading curves, residual strain and hysteresis ratio of 

hydrogels P(HEA-co-NBOC)-0.1 (a, b) with different fNBOC. 
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Figure 5.6 Changes in QV (a) and water content (b) of P(HEA-co-NBOC) before and 

after UV irradiation. 
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Figure 5.7 Contrast of mechanical properties of P(HEA-co-NBOC)-0.1 hydrogel 

before and after UV irradiation. 
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Figure 5.8 (a) Observation of fracture process and (b) scheme of sandwich P(HEA-co-

AMA)/P(HEA-co-NBOC) composite hydrogels by UV irradiation on P(HEA-co-

NBOC)-0.1. 
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Figure 5.9 Deformation of 3D-patterned P(HEA-co-AMA)/P(HEA-co-NBOC) 

hydrogels by UV irradiation on P(HEA-co-NBOC)-0.05. 
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Chapter 6 

 

Conclusion 

 

In this dissertation, we provide a facile method to prepare hydrogel 

composites using photo-triggered local crosslinker transformation strategy, 

so that the gel consists of two modulus regions with molecular-level 

continuous interfaces and matched swelling ratio, which can be used as 

ideal macroscopic model for studying DN gels. The conclusions from each 

chapter are given as followed: 

In the chapter 3, by addition of hydrophobic interaction between NBOC moieties 

into hydrophilic PUM networks, supramolecular hydrogels based on hydrophobic 

interaction and hydrogen bonds, acting as crossliners. This special combination of 

physical bonds results in high toughness, stiffness, fatigue resistance, and high 

mechanical performance. The reversible crosslikers, renders the self-recovery of the 

materials. The effect of fraction of NBOC and total monomer concentration on physical 

and mechanical properties of hydrogels were investigated and optimized. Since the 

NBOC monomer has multiple stimuli-response, integrating the stimuli-response into 

the tough hydrogel could be conducted in further studies. Therefore, these gels might 

open new avenue of tough hydrogels. 

In the chapter 4, based on the addition of hydrophobic interaction by copolymerization 
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with NBOC, mechanical properties, toughness and fatigue resistance of P(UM-co-

NBOC) hydrogels improved dramatically. Upon UV irradiation, part of physical 

crosslinkers composed of hydrophobic interaction transformed into chemical 

crosslinkers, which further enhance the mechanical properties. By control the UV 

irradiation depth and position, hybrid hydrogel consisted of different modulus regions 

can be easily prepared. This work provides a new strategy to fabrication tough hydrogel 

composites by incorporating a photo-responsive hydrophobic residue into the hydrogel 

network.  

In the chapter 5, Based on addition of hydrophobic interaction by copolymerization 

with NBOC, mechanical properties, toughness and fatigue resistance of P(HEA-co-

NBOC) hydrogels improved dramatically. After UV irradiation, part of physical 

crosslinkers composed of hydrophobic interaction transformed into chemical 

crosslinkers, new surface generated with instinctive mechanical properties. The 

hydrogels upon UV irradiation showed different Young’s modulus. Thus, composite 

hydrogels based on copolymerization of photo-responsive, NBOC, and hydrophilic 

monomers, could be easily prepared in situ by UV irradiation. And their structure and 

properties could be modulated by thickness, fNBOC and duration of UV irradiation. 
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