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Chapter 1 General Introduction 

1.1. Overview 

1.1.1. Introduction 

Double-network (DN) hydrogels represent a remarkable class of materials with a 

distinctive polymer network structure.1 This unique network configuration imparts DN 

hydrogels with extraordinary mechanical properties and functionality.2, 3 DN gels are 

also unique mechanochemical materials in which their structures are able to be 

dynamically remodeled during use. The mechanical energy applied to DN gels is 

efficiently transferred to chemical bonds of the brittle network,4 generating 

mechanoradicals that initiate the polymerization of pre-loaded monomers, thereby 

remodeling the materials.5 Recently, a seminal study contributing to a further 

understanding of DN hydrogels is conducted, the authors delved into the mechanical 

intricacies of DN hydrogels, unveiling the fascinating capability of these materials to 

generate mechanoradicals under stretch, and proposed a strategy for developing “self-

growing” polymeric materials that respond to repetitive mechanical stress, and enhance 

the mechanical performance of DN gel. The mechanical is based upon an effective 

mechanochemical transduction in DN gels, such enhancement comes from the 

polymerization of a new network initiated by mechanoradicals, these chain-end radicals 

generated from the brittle first network chain fracture upon mechanical actions are 

capable of initiating the mechanoradical polymerization in the hydrogel matrix, while 

the ductile second network that is highly stretchable insures its integrity and softness.6 

The revelation of mechanoradical generation potential of DN hydrogels has 

opened avenues for exploring applications that harness the material, and impart DN 
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hydrogels or elastomers with a self-growth behavior that mimics muscle training, as a 

result, the DN gel exhibits a metabolic-like behavior with repeated transductions 

between chemical energy and mechanical work. Besides, the mechanoradicals 

generated are able to impart DN hydrogels or elastomers with prolific functional 

improvements, such as the force stamp-induced surface patterning for cell culture,7 or 

mapping the internal fractures by fluorescent mechanophores.8, 9  

1.1.2. Current Issues 

Although the above-mentioned studies have promoted branching of double network 

concepts into investigations of mechanochemistry, which starts a strategic junction of 

these two areas, there are still two main problems that baffle further progress of DN 

gels in the field of mechanochemistry: (1) the requirement of anaerobic condition, and 

(2) a constant supply to complement the monomer consumption during the force-

triggered mechanoradical polymerization is necessary. 

To address the previous issue, Wang et al. incorporate an azoalkane crosslinker 

into the first network of DN gels, the azoalkane crosslinker causes a decrease in the 

yield stress but significantly increases the mechanoradical concentration of DN gels 

after stretching, the concentration of mechanoradicals can reach up to 5 times that of 

the traditional crosslinker. Azoalkane crosslinker introduced weak bonds,10-12 such 

strategy in the first network will effectively increase the amount of radicals produced 

in DN gels after stretching, which is able to accelerate the mechanoradical reactions 

and lower the allowable limit of oxygen concentration. The second issue mentioned 

above is primarily involved with the requirement for under-solution environments, that 

an opening system filled with monomer solution is used to complement monomer 

consumption during mechanoradical polymerizations. Because the under-solution 
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system is necessary to support the mechanochemical reactions in DN gel, such 

experimental conditions result in a circumstance that both the DN gel and the stretching 

jigs have to be limited in a tub filled with solution of monomers and cross-linkers, 

which largely confines their observations and usages. 

1.1.3. Purpose and Significance 

In order to address the above mentioned issue comes from the under-solution 

complementary system, we intend to construct a self-sustainable system with an 

independent monomer complementation, freeing the gel from the limitations from the 

under-solution system. 

When we put our eyes on some living organisms, it is easy to find that most 

biological activities rely on vascular structures.13 In human body, the circulatory system 

can transform the nutrients and oxygen into any part of our body and take the wastes 

out.14-16 In plants, the water, fertilizer and elements are also delivered from the roots to 

the leaves by the vascular tissues such as the xylem and phloem, which play an 

important role in supplying the building blocks for reconstructions.17-19 These 

representative vascular structures provide us inspirations for hydrogel–channel 

integration and explore more possibilities about structural DN gel to be used in various 

field such as biological mimicry, soft robotic, or mechanical modifiable intelligence 

material. 

Taking inspirations from the vascular system in nature, our purpose is utilizing 

sacrificial templates to create inner vascular structures embedded in double network 

hydrogels. The channel in DN gel functions as a delivering pathway inside DN 

hydrogels, like blood vessels in the human body or vascular tissues in the plant, by 

which solvents or solutions can be perfused through vascular-like flow through the gel. 
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By the internal circulatory flow suppling from the channel, it is achievable for the 

channel-integrated DN (c-DN ) hydrogel to sustain itself during the mechanoradical 

polymerizations. By liquid perfusing inside the channel, the hydrogel is getting free 

from limitations of the open-system, which need to soak the self-growth system 

including the whole sample and the loading jig into large amount of solution. The 

chemicals diffused from the inner flow into the DN gel provide an emulate environment 

of in-vivo nutrients circulation, which is also a suitable method for tissue mimicking. 

1.2. Outline  

This dissertation delves into multifaceted aspects of DN hydrogels, exploring their 

synthesis, characterization, and the underlying mechanisms governing their mechanical 

and functional behavior. The subsequent chapters will provide a comprehensive 

overview of the current state of knowledge in this exciting and evolving field. 

This dissertation comprises six chapters including this general introduction as 

Chapter 1. In this chapter, a comprehensive analysis of prevailing challenges is 

presented, we emphasize the essentialities and reasons of the c-DN gel as the structural 

basis of this dissertation. 

In Chapter2, the review of current literatures is summarized as a background for 

our dissertation. We comprehensively review the ongoing explorations, and highlight 

the distinctive properties of DN hydrogels, note the main strategy behind is the fracture 

of the brittle network in DN gels. Such bond scission gives capability to generate 

mechanoradicals under a force trigger, which is especially unique among all the soft 

matters.  

In Chapter 3, we introduce the method of constructing a channel inside DN 

hydrogel. The solution flowing inside the c-DN hydrogel is achieved by the channel 
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structure, and the chemical signals of monomer molecules diffusion are measured, 

hence ascertained the time required for a thoroughly penetration of the monomer 

solution into the hydrogel. 

In Chapter 4, The c-DN hydrogel is used as a matrix for diffusion limited in-situ 

mechanoradical polymerization, the internal channel functions as a delivering pathway 

to provide the monomers. Besides, the diffusion process visualized by fluorescent will 

provide a time scale for diffusion from the channel wall to the outer surface of c-DN 

gels. After referring to the time scale of diffusion, we can deduce the life-time of 

mechanoradicals. 

In Chapter 5, further attempts is made by using the channel structure to supply 

monomers for mechanoradical polymerization. Notably, when subjected to cyclic 

tensile forces, c-DN hydrogels exhibit a tunable self-strengthening according to the 

concentration and time of vascular perfusion. Both the amount and kinetics of the 

mechanical and chemical growth is studied, and a delayed strengthening after self-

growth is discovered. 

In Chapter 6, conclusions of this research are summarized 
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Chapter 2 Background 

2.1. Fracture in Mechanochemical Subjects 

In most commonly used conventional polymeric materials, the occurrence of fractures 

in materials is a significant concern that frequently lead to detrimental outcomes.1-3 In 

materials like rubbers, the formation of small crazes, although seemingly inconspicuous, 

may eventually grow to larger structural defects, increasing the potential to evolve into 

extensive failures, and compromising the overall integrity and performance of the 

material.4-8 For a whole set of equipment in practical usages, outages may happen 

provided that a single rubber part fractures, cracks formation and growth in plastics will 

also make our products fall into disuse. An inevitable fact is that, for those materials 

that are frequently subject to mechanical distortions, the mechanical performance 

decreases as cracks grow and accumulate, their use is therefore limited. To solve these 

frustrating dissipations, attempts have never ended to develop materials with enhanced 

durability and resilience,9-14 and understand the mechanisms behind such fracture 

processes.15-22  

The genesis of the groundbreaking realm of fracture-induced chemistry in 

polymers, as posited in the seminal proposition by Melville and Murray,23 is that the 

rupture of a polymer chain could engender radical species—termed mechanoradicals, 

at the termini of the fractured polymer. The specific definition of mechanochemistry 

was formulated by Heinicke in 1984, which was described as a branch of chemistry that 

influences or induces the chemical and physical transformation of substances by 

mechanical actions.24 Until now, mechanochemical strategies have been widely studied 

in polymer science, bringing about results of mechano-responsive functionalities 
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ranging from damage zone mapping25 to mechanical strengthening26 or 

mechanochemical reactions27, 28. For example, H. Tarik Baytekin et al.29 found that 

macroscopically reversible deformation of polymers in contact with water produces 

hydrogen peroxide, and indicated that all the reactions observed from hydrogen 

peroxide generation such as reduction of gold(III) salt, oxidative bleaching of an 

aqueous solution of neutral red dye, or fluorescent umbelliferone produced in solution 

by cleavage of a boronic ester derivative do not occur in the unsqueezed polymers. 

Which are congruent with the proposed mechanism in which radicals that are generated 

within the polymer react with water or oxygen to ultimately create hydroxyl and/or 

hydroperoxyl radicals in solution. Actually, not only utilizing mechanoradicals to 

induce reactions in force-triggered polymer matrix, mechanochemical treatment has 

also been used to degrade biopolymers and result in desired molecular weights,30, 31 or 

adjust the rheological properties of polymers.32, 33 Mechanochemical reactions in 

polymers is receiving an increasing attention in the polymer realm. 

2.2. Double-Network (DN) Hydrogels as Mechanochemical Subjects 

2.2.1. Double-Network Hydrogel 

The Double-network (DN) hydrogel stand out as remarkable materials in the realm of 

polymer science due to its extraordinary polymer network structure. As firstly 

introduced by J. P. Gong et al. in 2010, the most commonly used DN hydrogel is consist 

with a brittle, highly-crosslinked polyelectrolyte as the first network, and the second 

network soft and ductile.34 The collaboration of two networks with contrasting 

mechanical properties enables the DN gel as tough as rubbers even with high water 

content. 

As have formulated by authors in the realm of polymer, the exceptional 
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mechanical properties and extraordinary fracture energy displayed by DN gels are 

rooted in their unique internal fracture behavior during deformations, where the brittle 

network undergoes extensive fragmentation into small clusters, exhibiting substantial 

fracture energy by bond scissions.16, 35-37 The broken clusters, in turn, serve as 

multifunctional cross-linkers for the ductile chains, resulting in the strong orientation 

of the polymer chains in the second polymer network. These features impart 

exceptional mechanical strength and toughness to the material. 

Due to its distinctive mechanical behaviors, DN hydrogel has become a subject of 

extensive research within the polymer physics community. The distinctiveness of its 

polymer network structure sets it apart from conventional hydrogels, offering unique 

mechanical38 and functional properties.39-42 Notably, DN hydrogels exhibit large 

hysteresis in cyclic tensile tests, and during first loading process, specific DN gels show 

unique yielding behaviors.43-45 Not only large energy dissipation but also 

mechanoradical generation is observed due to their internal fracturing caused by the 

brittle polymer network.  

2.2.2. Force-Induced Mechanoradicals in DN Gel 

As mentioned in the previous sub-section, a DN hydrogel is made from two 

interpenetrated networks with contrasting properties; one is hard and brittle, and the 

other is soft and stretchable.37, 46 Owing to these contrasting properties, the DN 

hydrogel are extremely tough, and the chemical bonds of the brittle network are highly 

susceptible to mechanical stimuli. 

As has already proved by pioneering works, the mechanical energy applied to a 

DN material causes chemical bond scissions in the first network, generating large 

amounts of mechanoradicals.25, 29, 47 Because covalent bonds in the DN gel can serve as 
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intrinsic activation targets in response to a force trigger, it is unnecessary to design 

complicated mechanophores within polymer chains, the DN gel itself is a simple but 

efficient mechano-responsive material.48 

Due to such unique internal fracture characteristic, DN gel is drawing an 

increasing attention as promising mechanochemical subjects and facilitated numerous 

intriguing research endeavors. For example, utilizing the Fenton color reaction, 

Matsuda et al. observed a color change characteristic of the presence of Fe3+ in the 

necked region.26 Assuming that all types of mechanoradicals generated by bond 

scission have the same reactivity in the Fenton solution, the mechanoradical 

concentration in the completely necked DN gel was estimated to be on the order of 10−5 

M, which is calculated from the Fe3+ concentration. Surpassing that of the single-

network (SN) gels counterparts which is on the order of 10−6 M or less, indicates the 

privilege standing of DN gels of generating mechanoradicals by deformation.  

Based on the above mentioned principle that the cleavage of bonds in the brittle 

first network will generate chain-end radicals, researchers are able to initiated the pre-

loaded monomers in the DN gel, and polymerize new polymers by applying external 

forces to the gel (Figure 2.1). The mechanoradical polymerization hence impart 

functional improvements such as self-strengthening,26, 47, 49 force stamp-induced 

surface patterning,50 and damage zone mapping in DN gels 25. Still, there is a significant 

potential for further increasing the amount of mechanoradicals generated in DN gel. 

Because a higher concentration of mechanoradicals would further accelerate the 

reaction rate in DN gel, and mitigate in the requirements for an anaerobic environment 

for mechanoradical-initiated polymerization. Wang et al. demonstrated an improved 

mechanoradical concentration attained in azo-crosslinked DN hydrogels, making a step 

further to broaden the application fields of DN hydrogels as mechanoradicals 
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generator.47  

The above-mentioned studies have promoted the branching of double network 

concepts into investigations of mechanochemistry, which starts a strategic junction of 

these two areas.  

2.2.3. Self-Growth of DN Gel 

For those synthetic materials frequently subjected to repeated deformations, bond-

breaking is commonly considered to be the reason for mechanical performance 

decreases, as cracks grow and accumulate, the products will eventually fall into 

disuse.51 But biological tissues like the muscles and bones shows totally different 

results, internal ruptures are sometimes functioning as the trigger of growth and the 

chance of renewal.52 For example, the load-bearing on bones leads to cell 

differentiation53, 54; fibril cracks in muscles release signals of structural destruction-

reconstruction process.52, 55, 56 Initiated by the excellent properties of living tissues, 

researchers are paying more attention to biomimetic materials, of which muscle 

mimicries are especially fascinating and have flourished in recent years.57-59 

Although physical properties of synthetic materials can be manipulated by varying 

compositions and structures, rendering them to be either stretchable or stiff, soft or 

tough,60-63 or even mechanically as strong as muscle tissues,64, 65 a large gap still exists 

between the performance of muscles and typical synthetic products, as muscles are 

reactive to force excitations and dynamic in constitutions,66-68 while typical synthetic 

materials are passive bulks with consistent components. Only a few examples are 

available in demonstrating the construction of artificial muscles,26, 69 impart 

characteristics that are able to grow and remodel themselves to the material, therefore 

achieves a transformation of mechanical work into chemical energy during repeated 



 14 

force triggers. 

To impart the material with force sensing ability, mechanochemical tools 

mentioned above are specifically feasible approaches for materials to recognize and 

react to mechanical stimuli. As has been proved in pioneering works, mechanochemical 

reactions in DN gel response perfectly to force stimuli. Such property comes from the 

unique network structure of DN gel, enables a special fracture behavior under the 

influence of a tensile force, the rigid first network allows for bond ruptures along with 

the generation of mechanoradicals, while the second network that is highly stretchable 

ensures the integrity, therefore enabling the force sensibility at the molecular level 

before a macroscopic failure happens.70 

The mechanoradicals generated from the rigid network fracture can initiate 

polymerizations of monomers pre-loaded in DN gel, the network is therefore fractured 

first and then remolded again by mechanoradical polymerization of a new polymer 

network. In the following tensile stretch cycles, the monomers pre-loaded in DN gel or 

self-grown multi-network hydrogel matrix are functioned as the building blocks for the 

newly formed polymers. This reconstruction process is similar to the muscle growth, 

with renewable constructions of muscle fibers and a growing content of the newly 

formed muscle tissue, where the building blocks are instead of monomer molecules but 

amino acids or other necessary elements for muscle building. 

The mechanoradical generation characteristic makes the DN gel a unique material 

with metabolic-like growth. When continuously supplied with monomers and 

crosslinkers, mechanoradical polymerization will construct a new polymer network, as 

a result, the gel is mechanically enhanced and gradually grows in a similar behavior of 

training the muscles. It is worth noticing that when the gel is subjected to repeated 

force-triggers, the newly formed network, can also fractured and generate 
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mechanoradicals to initiate another cycle of self-growth.  

The muscle-like strengthening of DN gel was demonstrated in the work of Dr. 

Matsuda et al., by the weight lifting ability, although the original weight is too heavy to 

be lifted, it is gradually reaching to a higher position compared to the previous cycle as 

the gel is becoming stiffer.26 However as show in the setup illustrator for DN gel self-

growth (Figure 2.2), the continuous monomer supply is needed for the repeated self-

growths of DN gel, the repeated loading-unloading process is applied in an open system 

with large amount of monomer solution, which is not suitable for practical uses, and 

difficult to observe the gel during self-growing. 

2.3. Vascular Structures in Synthetic Materials  

In the development of building up a material analogous to those materials present in 

nature, we may get a lot inspirations from biological existences such as elaborate 

structures, hierarchically arranged tissues, or unceasing regenerations. For example, 

some plants usually comprise vascular structures arranged along the complex 

hierarchical architectures. The primary components of vascular tissue in plants are the 

xylem and phloem, these two tissues transport fluid and nutrients from the roots to the 

leaves.71-73 Not only plants are using vascular structures to transport nutrients, for 

mammals, the circulatory system constructed by blood vessels throughout most part of 

our entire body plays an important role in nutrients supplements, temperature 

adjustments, and neurotransmitter deliveries.74, 75 

But combining biological characters such as internal circulatory system with 

synthetic material is not an easy task. Because under repeated deformations, internal 

fractures often cause a reduction in the mechanical performance, and cracks growing 

in materials will eventually make the product fall into disuse. To address the mechanical 
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decrease mentioned above, it is worth noting the work of White et al.76-80 on the 

fabrication of vascular pathways for damage repair. The authors described structural 

materials with polymerizable solutions encapsulated in the vascular network. On 

breakage, the healing agent would released to heal the crack surfaces and recombine 

the fractured material. Evidently, this repair method relies on significant cracks over 

vascular structures and efficient leakage of the polymerizable precursor sealed in the 

vascular structure, which is similar to the healing of skin: bleeding in the wound result 

in a healing of the tissue.81 

However, when it comes to the mimicry of muscle tissue, the ability to sense force 

is of paramount importance, so as to reconstruct the material at the molecular level even 

before macroscopic failures happens. At this point, the mechanochemistry strategy 

mentioned in previous sub-sections may provide us feasible approaches to achieve the 

structural reconstruction in response to mechanical forces. Specifically, such method 

provides an avenue to recognize force, not at the macroscopic level, but through the 

mechanochemical reactions from a chemical point of view.82-84 

2.4. Summary and Prospects 

Muscle building is a metabolic-process in which mechanical work is used to trigger 

chemical reactions for muscle hypertrophy. The metabolic growth in the muscle fibers 

provides a fascinating model for material innovations, attracting researchers to build up 

artificial muscles that are able to grow and remodel themselves according to changes 

in mechanical and chemical environments. The mechanochemical strategy for DN 

hydrogel growth arises from their intriguing capability to generate mechanoradicals 

from fracture of the brittle polymer network, impart DN gels with a fascinating self-

growing behavior under mechanical stress. However, to sustain mechanoradical 
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polymerizations in DN gels, it is necessary to immerse the DN hydrogel in monomer 

solutions to complement the consumed monomers.  

Although gel samples cultured in a monomer solution system showcase of cells 

and tissues cultured in an extracellular matrix,85-90 which continuously remodel 

themselves through metabolic processes fueled by environmental nutrients and allows 

them to reshape and strengthen. The essential reliance on monomer solutions 

simultaneously limits their observation and practical applications. Therefore it is 

necessary for explorations to find another way of providing monomers and crosslinkers 

for a continuous mechanoradical polymerization. To furtherly broaden the usages of 

DN gel as a muscle mimicking materials, we need to construct a self-sustainable system 

with an independent monomer complementation, freeing the gel from the limitations 

from the under-solution system. 
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Figure 2.1. Mechanism of the mechanoradical polymerization: stretching of the DN 

gel triggers internal fracturing of the rigid network, generating chain-end radicals and 

initiating the polymerization of monomers to form new polymers. Monomers diffused 

from the open system filled with the monomer solution, therefore replenish monomer 

consumptions during the mechanoradical polymerization. 
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Figure 2.2. Muscle-like strengthening of DN gel applied in an open-system filled with 

monomer solutions. 
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Chapter 3 Channel Structures in DN Gel 

3.1. Introduction  

How to integrate vascular structures into a matrix is the first step of consideration. 

Many methods that are commonly used in lab chip studies have been adapted to 

structural hydrogel studies, such as photolithography,1-3 replica molding and sacrificial 

templates assisted soft lithography.4 Specifically, for the complex 3D channels that is 

non-planar in geometry, it is more easy and promising to make a degradable mold 

beforehand.5 The mold serves as a versatile sacrificial template, which is supposed to 

leave the channeled trajectory in the matrix after removal. Although years have passed, 

the method of utilizing sacrificial molds still plays an important role in building up 

structures in soft materials.6-11 

In this chapter, we used capillary tube as a sacrificial mold to construct a channel 

inside the DN gel matrix, after connected the channel with tubes, solution is able to 

perfuse the DN gel through the vascular-like channel. Diffusion through the channel 

was measured by ATR-FTIR signals.  

We proved the feasibility of using the channel-structured DN gel as the structural 

bases to support monomers delivering through vascular-like channels. Works in this 

chapter function as the preparation for the following attempts of using channel as the 

supply path for monomers and crosslinkers, therefore sustaining the mechanoradical 

polymerization in DN gel. 
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3.2. Experiments  

3.2.1. Materials 

2-Acrylamido-2-methylpropane sulfonic acid sodium salt (NaAMPS, 49.8 wt. % 

aqueous solution) was provided by Toagosei. Acrylamide (AAm) was purchased from 

Junsei Chemical. N,N'-Methylenebisacrylamide (MBAA), ultraviolet (UV) initiator a- 

ketoglutaric acid (a-keto), N-isopropylacrylamide (NIPAAm), and neutral red were 

purchased from Wako Pure Chemical Industries. All the reagents were used as received. 

3.2.2. 3D Printed Capillary Tube Mold  

Glass capillary tubes were used as the sacrificial mold during the curing process of the 

PNaAMPS hydrogel (first network). In order to fix the capillaries in the middle of the 

curing chamber, a square shaped mold: 8 cm × 8 cm (width × length) as shown in 

Figure 3.1 is 3D printed using a 3D printer (AGILISTA-3000, Keyence), capillaries 

with outer diameter of 0.5 mm were used to inserted into the mold. 

3.2.3. Synthesis of PNaAMPS Gel with Channel 

The internal channel of the DN hydrogel was fabricated using a glass capillary tube as 

the sacrificial mold. The 3d printed mold was used to fix the capillary tubes in the 

middle of the chamber, then sandwiched in two 10 cm × 10 cm glass plates and sealed 

with silicone sheet, using this setups to keep the capillary in the center of the gel (Figure 

3.2). Finally, the precursor aqueous solution of the first-network containing NaAMPS 

(1 M), MBAA (2.5 mol% with respect to the monomer), and 2-oxoglutaric acid (1.0 

mol% with respect to the monomer) were poured into the mold and irradiated under 

UV light for 9 h in an Ar atmosphere. The gel of the first network was cut into pieces 
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with a capillary in the middle and then immersed in the second network precursor. As 

the polyelectrolyte hydrogel swells during this process, the channel becomes wider so 

the capillary can be easily removed and leave a channel inside.  

3.2.4. Synthesis of Channel-Integrated Double-Network (c-DN) Hydrogel 

The PNaAMPS hydrogel was then laser-cut into rectangular pieces with a capillary in 

the middle, and immersed in the precursor aqueous solution of the second network gel 

containing AAm (3 M), MBAA (0.01 mol%), and 2-oxoglutaric acid (0.01 mol%). 

After the PNaAMPS gels reached the swelling equilibrium, the channel was almost 

three times wider in diameter. Consequently, the capillaries can be easily removed. 

Then, we used high-pressure air to blow away the solutions inside the channel and 

inserted another capillary tube (1.4 mm) to maintain the channel shape. Finally, the gel 

was sandwiched between two glass plates and irradiated with UV light for 9 h in an Ar 

atmosphere to synthesize the second PAAm network. The DN gels were then immersed 

in a large volume of water to remove unreacted reagents. 

3.2.5. Diffusion Measurement Using ATR FT-IR 

The absorbance signal of monomers diffusing from the channel to the surface of c-DN 

gels was detected by an ATR-FTIR spectrometer (FT-IR 6600, Jasco corporation). For 

measuring the calibration, DN gel slices with the same constitution to the c-DN 

hydrogel sample were soaked in standard monomer solutions for 2 days. The calibration 

results of NIPAAm and NaAMPS were used to calculate the monomer concentration 

change during the circulatory flow. To detect the diffusion kinetics of monomer solution, 

0.1 M NaAMPS and 1.0 M NIPAAm solutions were used to perfuse the c-DN hydrogel 

through the internal channel, The liquid circulation speed was set at 0.13 mL s-1. The 
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gauge part of the c-DN hydrogel was fixed on the measurement substrate with a close 

contact to the ATR-IR crystal, signals were collected from the outer surface of the c-

DN gel. 

3.3. Results and Discussion 

3.3.1. c-DN Gel and Circulatory System 

Photographs of the c-DN gel are shown in Figure 3.3a. A channel with a diameter of 

1.6 mm was located at the center of the gauge and evenly crossed through the sample 

from one side to the other. To connect the channel of the c-DN gel to the circulation 

system, the two ends of the channel were connected to flexible tubes using Luer-locks. 

Owing to the elastic and tough properties of the c-DN gel, no liquid leakage occurred 

when the c-DN gel was subjected to deformations, such as twisting or bending (Figure 

3.3b). To place the c-DN gel in the tensile machine, the two clamping regions were 

fixed using specially designed jigs (Figure 3.4). This setup enabled liquids to flow in 

the channel during cyclic tensile loading. As shown in Figure 3.5, the channel in the c-

DN hydrogel functioned perfectly as a liquid-delivery pathway during tensile tests. 

3.3.2. Diffusion Through the Vascular-Like Channel 

As a permeable substance, the c-DN hydrogel allowed the diffusion of chemicals from 

the channel into the gel matrix. ATR-FTIR signals were collected from the outer surface 

of the c-DN gel, the calibration results of NaAMPS (Figure 3.6) and NIPAAm (Figure 

3.7) were used to calculate the monomer concentration change during the circulatory 

flow. For NIPAAm, the symmetrical deformation vibration absorption peaks of the 

isopropyl group located at 1371 and 1388 cm-1 were monitored.12 With the circulation 

of a 1 M NIPAAm aqueous solution, the NIPAAm concentration at the outer surface 
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gradually increased with time and eventually saturated in 90 min. A similar saturation 

time (~90 minutes) was observed with the circulation of 0.1 M NaAMPS, where the 

signal of the characteristic asymmetric stretching of sulfonic group peak (vS=O) of 

NaAMPS at 1043 cm-1 was monitored.13-15 These results show that the two monomers 

diffused into the DN gels and reached an equilibrium concentration at ~90 min. In 

addition, the perfusion of aqueous solutions through the channel can replenish the water 

loss and prevent drying, which solves the problem of hydrogels in the air due to the 

surface evaporation of water.16 This is demonstrated by the long-term cyclic tensile tests 

of the c-DN gel in the air at room temperature (Figure 3.8). Without water circulation, 

the c-DN gel gradually dehydrated and became brittle, and eventually fractured within 

2 h, whereas the gel with water circulation remained moist and soft, even after 12 h of 

cyclic tensile testing, indicating that the c-DN gel maintained a stable water content. 

Hence, vascular-like perfusion not only replenishes chemicals but also water, which 

paves the way for continuous self-strengthening in a dry environment through hours of 

cyclic mechanical training. 

3.4. Conclusions 

We constructed a channel inside DN hydrogel using the capillary tubes as sacrificial 

mold, the dimension of the sacrificial mold and the resulted internal channel is 

illustrated. Besides, the c-DN gel can be connected to an external circulation system for 

a vascular-like perfusion through the inner channel, we present the results of solution 

flowing inside the c-DN hydrogel even during deformations such as stretching, bending 

and twisting. Besides, the continuous internal circulation of liquid is demonstrated to 

proficiently supplement the evaporative loss of moisture from the gel, thereby 

preserving the moisture and softness of the c-DN hydrogel in ambient conditions, 
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guaranteeing their pliable characteristics and exhibiting a stable mechanical property 

during extended cyclic tensile tests. To determine the diffusion of monomer molecules 

from the internal channel wall to the outer surface of c-DN hydrogel, the chemical 

signals of monomers is measured, hence the time required for a thoroughly penetration 

of the monomer solution into the hydrogel is preliminarily determined. 
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Figures 

 

Figure 3.1. The square shaped mold: 8 cm×8 cm (wide×length) for fixing capillaries 

during the curing process of the PNaAMPS hydrogel (first network). 

 

 

Figure 3.2. Side view of synthesized PNaAMPS gel with a channel in the middle. 
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Figure 3.3. (a) Photograph of the fabricated c-DN gel in dumbbell shape for cyclic 

tensile loading. The insert photo shows the cross-sectional photo of the gel in gauge 

region, as indicated by an arrow. (b) Photos of the c-DN gel under bending and twisting 

without leakage of the flowing liquid (dyed in red).  

Figure 3.4. Setup for tensile test of c-DN gel with specially designed jigs enabling 

liquid flow through the channel during stretching. 
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Figure 3.5. Photos of c-DN gel (dyed in blue) during tensile test with flowing liquid 

(dyed in red). 

 

Figure 3.6. ATR-FTIR spectra results of NaAMPS. a. Absorbance collected from peak 

of 1043 cm-1, spectra were taken from DN hydrogels after soaked in 0.20, 0.10, 0.08, 

0.06, 0.04, 0.02, and 0.00 M standard NaAMPS solutions. b. Time profile of 

concentration of NaAMPS on the surface of c-DN gel (0.8 mm from the circular 

channel surface) during circulation of the 0.1 M NaAMPS aqueous solution. 
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Figure 3.7. ATR-FTIR results of NIPAAm. a. Absorbance collected from peak of 1371 

cm-1, spectra were taken from DN hydrogels after soaked in 1.5, 1.0, 0.8, 0.6, 0.4, 0.2, 

and 0 M standard NIPAAm solutions. b. Time profile of concentration of NIPAAm on 

the surface of c-DN gel (0.8 mm from the circular channel surface) during circulation 

of 1.0 M NIPAAm aqueous solution. 
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Figure 3.8. Stability of c-DN hydrogel in open air illustrated by cyclic tensile tests. a. 

With, and b. Without continuous water circulation. c. Tensile force at a displacement 

(Dp) of 105 mm for the upper jig as a function of cyclic number and time. The inserted 

images depict the final sample appearances without water circulation (red frame, dry 

and brittle after 2 h) and with continuous water circulation (black frame, moist and soft 

after 12 h).  

 

 

 

 

  



 41 

3.5. Reference 

1 K. T. M. Tran and T. D. Nguyen, “Lithography-based methods to manufacture 

biomaterials at small scales”, Journal of Science-Advanced Materials and 

Devices, 2017, 2, 1-14. 

2 A. Aazmi, H. Z. Zhou, Y. T. Li, M. F. Yu, X. B. Xu, Y. T. Wu, L. Ma, B. Zhang 

and H. Y. Yang, “Engineered Vasculature for Organ-on-a-Chip Systems”, 

Engineering, 2022, 9, 131-147. 

3 J. Tam and O. Yasar, “Multi Material 3D Scaffold Printing with Maskless 

Photolithography”, Mrs Advances, 2017, 2, 1303-1308. 

4 S. F. Lyuksyutov, R. A. Vaia, P. B. Paramonov, S. Juhl, L. Waterhouse, R. M. 

Ralich, G. Sigalov and E. Sancaktar, “Electrostatic nanolithography in polymers 

using atomic force microscopy”, Nature Materials, 2003, 2, 468-472. 

5 J. S. Miller, K. R. Stevens, M. T. Yang, B. M. Baker, D. H. T. Nguyen, D. M. 

Cohen, E. Toro, A. A. Chen, P. A. Galie, X. Yu, R. Chaturvedi, S. N. Bhatia and 

C. S. Chen, “Rapid casting of patterned vascular networks for perfusable 

engineered three-dimensional tissues”, Nature Materials, 2012, 11, 768-774. 

6 L. M. Bellan, S. P. Singh, P. W. Henderson, T. J. Porri, H. G. Craighead and J. 

A. Spector, “Fabrication of an artificial 3-dimensional vascular network using 

sacrificial sugar structures”, Soft Matter, 2009, 5, 1354-1357. 

7 M. K. Gelber and R. Bhargava, “Monolithic multilayer microfluidics sacrificial 

molding of 3D-printed isomalt”, Lab on a Chip, 2015, 15, 1736-1741. 

8 W. L. Tang, H. Liu, L. Y. Zhu, J. P. Shi, Z. A. Li, N. Xiang and J. Q. Yang, 

“Fabrication of Different Microchannels by Adjusting the Extrusion Parameters 

for Sacrificial Molds”, Micromachines, 2019, 10, 10080544. 

9 E. Davoodi, H. Montazerian, A. Khademhosseini and E. Toyserkani, 

“Sacrificial 3D printing of shrinkable silicone elastomers for enhanced feature 

resolution in flexible tissue scaffolds”, Acta Biomaterialia, 2020, 117, 261-272. 

10 W. H. Goh and M. Hashimoto, “Dual Sacrificial Molding: Fabricating 3D 

Microchannels with Overhang and Helical Features”, Micromachines, 2018, 9, 



 42 

9100523. 

11 N. Ferrell, J. Woodard and D. Hansford, “Fabrication of polymer 

microstructures for MEMS: sacrificial layer micromolding and patterned 

substrate micromolding”, Biomedical Microdevices, 2007, 9, 815-821. 

12 D. Lin-Vien, N. B. Colthup, W. G. Fateley and J. G. Grasselli, The Handbook 

of Infrared and Raman Characteristic Frequencies of Organic Molecules, 

Academic Press, 1991. 

13 N. Devi and A. Narzary, “Release Dynamics of Brufen from a Drug-Loaded 

Polymer Hydrogel Containing Polyvinyl Alcohol, 2-Acrylamide-2-

methylpropane Sulfonic Acid and Acrylamide”, International Journal of 

Polymeric Materials, 2012, 61, 821-833. 

14 A. Selvarajan, “Raman spectrum of dimethyl sulfoxide (DMSO) and the 

influence of solvents”, Proceedings of the Indian Academy of Sciences - Section 

A, 1966, 64, 44–50. 

15 D. S. Warren and A. J. McQuillan, “Infrared spectroscopic and DFT vibrational 

mode study of perfluoro(2-ethoxyethane) sulfonic acid (PES), a model Nafion 

side-chain molecule”, Journal of Physical Chemistry B, 2008, 112, 10535-

10543. 

16 Y. Sekine and T. Ikeda-Fukazawa, “Structural changes of water in a hydrogel 

during dehydration”, Journal of Chemical Physics, 2009, 130, 034501. 

 



 43 

Chapter 4 Mechanoradical Polymerization in c-DN Gel 

4.1. Introduction 

Based on the principle that the cleavage of bonds in the brittle first network will 

generate chain-end radicals,1-4 we are able to initiated the pre-loaded monomers in the 

DN gel, and polymerize new polymers by applying external forces to the DN gel.5 The 

mechanical energy applied to DN gels is efficiently transferred to the chemical bonds 

of the brittle network,6 generating mechanoradicals that initiate the polymerization of 

pre-loaded monomers, thereby remodeling the materials in-situ. 

4.2. Experiments 

4.2.1. Materials 

Ammonium iron(II) sulfate ((NH4)2FeII(SO4)2) hexahydrate, sulfuric acid (H2SO4), N-

isopropylacrylamide (NIPAAm), 2-oxoglutaric acid, xylenol orange (XO), and neutral 

red were purchased from Wako Pure Chemical Industries. 8-Anilino-1-

naphthalenesulfonic acid (ANS) was purchased from Tokyo Chemical Industry. All the 

reagents were used as received. 

4.2.2. Evaluation of Mechanoradical Concentration by Fenton Color Reaction 

The mechanoradical concentration in c-DN gels was determined by a method reported 

in our previous work.7 c-DN hydrogels were immersed in an aqueous solution of 100 

μM (NH4)2FeII(SO4)2, 100 μM XO and 20 mM H2SO4 for 1 day. Then gels were 

stretched to the preset strain (εmax = 7) at a velocity of 100 mm min-1 and then 

immediately recovered to the initial position. After 30 mins, when no further color 
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change was observed, the gels were cut with scissors to obtain the gauge part, which 

was then placed in a quartz optical cell (45 mm × 10 mm × 10 mm) for UV-visible 

absorption spectroscopy (UV-1800, Shimadzu Co.) measurement. To quantify the Fe3+ 

concentration, the calibration of our former work was used as the constitution is the 

same.7 By comparing the normalized absorbance at 580 nm of DN gels after stretching 

with the calibration curve, we can evaluate the Fe3+ concentration, which is assumed to 

be equal to the mechanoradical concentration.3, 8, 9 

4.2.3. Preparation of fluorescence spectroscopy sample 

All the samples and solutions got deoxygenated in argon atmosphere for 24 hours. For 

the pre-flow group, the stretch and flow protocol is shown in Figure 4.1, the c-DN 

hydrogel got perfused through the channel by a circulatory flow of 1.0 M NIPAAm 

aqueous solution before tensile tests. After various of pre-flow times of 2, 5, 10, 15, 30, 

60, and 90 minuets, we stopped the flow and drained the solution in the channel by 

Argon air flow, the gel was then loaded to a strain of 7, at which state the gel was fully 

yielded, and then got unloaded to its original state of unstretched. After the tensile 

stretch was released, the sample was immediately exposed to open air to quench the 

polymerization.  

For the post-flow group as shown in Figure 4.2, we load-unload the gel first, and 

then circulate the NIPAAm solution for 90 minuets. Both pre-flow and post-flow groups 

got stretched at 15 °C controlled by the temperature conditioner in the glove box. And 

after unloading the samples, the gauge part were all got cut immediately in order to 

prevent further diffusion. The samples were then soaked in 200 mg L−1 ANS aqueous 

solution and stored below 10 °C for 1 day before the LSCM observation. The crosshead 

velocity of the load-unload process is both 300 mm min-1. 
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4.2.4. Fluorescence observation using LSCM 

A laser scanning confocal microscope (Nikon A1 Rsi and Ti-E, Nikon Co.) was used to 

observe the in situ mechanoradical polymerization of NIPAAm. The sample 

temperature (45 °C) was adjusted using a stage-top incubator (INUBG2H-TIZB, Tokai 

Hit Co.). We used a Plan Fluor × 4 objective lens (NA 0.13, Nikon Co.) and set the 

excitation laser wavelength to 402.5 nm. For quantification purposes, the fluorescence 

emission for all measurements was set in the wavelength range of 425–475 nm under 

the same laser intensity. 

4.3. Results and Discussion 

4.3.1. Mechanoradical Concentration of c-DN gels 

The mechanism of Fenton color reaction induced by mechanoradicals is shown in 

Figure 4.3 a, optical images of the Fenton color reaction in a c-DN hydrogel induced 

by mechanoradicals is shown in Figure 4.3 b, the channel will not influence the 

mechanoradical generation and an color change that is characteristic of the presence of 

Fe3+ was observed in the necked region. By the UV-visible spectra of the stretched gels 

in Figure 4.3 c, we can evaluate the Fe3+ concentration. Assuming that all types of 

mechanoradicals generated by bond scission have the same reactivity in the Fenton 

solution, the mechanoradical concentration in the completely necked DN gel was 

estimated to be on the order of 10−5 M.  

4.3.2. Diffusion-Limited Mechanoradical Polymerization 

For visualizing mechanoradical polymerization profiles of the stretched c-DN gels, we 

adopted NIPAAm as the monomer that perfused in the channel, as illustrated in Figure 
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4.4, after a pre-set time of the vascular-like flow of NIPAAm monomer, a stretch was 

applied and the mechanoradicals initiate an in-situ polymerization and forms poly-

NIPAM chains. These newly formed polymers become hydrophobic after heating, and 

we used ANS, which is a reagent that fluoresces in hydrophobic environments, to 

indicate the area with in-situ polymerized NIPAAM.10-12 The fluorescence mechanism 

is shown in Figure 4.5, by elevating the temperature above the lowest critical solution 

temperature (LCST) of PNIPAAm (~32 °C), the newly formed PNIPAAm became 

hydrophobic and underwent a coil–globule transition.13, 14 As a result, the diffusion area 

becomes clearly visible under the confocal microscope.  

As shown in Figure 4.6 a, green fluorescence was observed in all the stretched 

samples after perfusion with the NIPAAm aqueous solution, indicating the formation 

of PNIPAAm by in situ mechanoradical polymerization . The fluorescent area 

developed from the channel wall towards the outer surface with increasing circulation 

time and eventually reached a spatially uniform distribution in 90 min. 

Because the mechanical damage to the gel by tensile deformation was almost 

uniform in the sample, the fluorescence distribution corresponded to the concentration 

distribution of NIPAAm at different circulation times. Figure 4.6 b shows the 

fluorescence intensity distributions along the diagonal direction (as indicated by the 

white line in the 90 min sample in Figure 4.6 a for different durations of circulation. 

An intensity gradient from the center to the outer surface was observed even when the 

diffusion time was only 2 min, owing to the high monomer concentration gradient at 

the beginning of circulation. After 90 min of circulation, the fluorescence intensity 

finally became homogeneous.  
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4.3.3. Life-time of Mechanoradicals 

A post-flow experiment was designed to surmise the duration of mechanoradicals 

generated in DN hydrogel. As shown in Figure 4.2, we applied a stretch before 

NIPAAm solution circulation, which means that the diffusion from the channel flow 

was started just after the mechanoradical generation triggered by the force, and the post-

flow was set to be 90 minutes to ensure that the hydrogel got fully saturated with 

monomer eventually. The LSCM image of the post-flow sample is shown in Figure 4.7 

a, very interestingly, strong fluorescence intensity was observed around the channel, 

which corresponds to a polymerized zone of PNIPAAm similar to the sample that got 

pre-flow for a short time. These results imply that the mechanoradicals generated by 

deformation of a c-DN hydrogel would keep ability to initiate polymerization of 

monomers diffusing into the gel for a certain period. Unique long lifetime of 

mechanoradicals may be because of the low-mobility of the chain-end radicals fixed on 

the network,15-22 which leads formation of PNIPAAm polymerized zone around the 

channel. While monomers diffusing from the channel to the c-DN hydrogel, the 

possibility of activated mechanoradicals to meet their destiny monomers during their 

limited lifetime becomes lower with increasing distance from the channel wall. 

Consequently, only the areas around the channel would form significant amount of 

PNIPAAm strands, which also present us with the time scale of mechanoradicals 

existence.  

A comparison of the profile with the pre-diffusion ones shows that the obtained 

post-diffusion profile is close to the pre-diffusion result with 10 min circulation (Figure 

4.7 b). This suggests that a characteristic lifetime of the mechanoradicals in the 

deformed c-DN hydrogel might be around 10 min. Although diffusion continues after 

10 min, there exhibit negligible fluorescence in the area away from the centre of the c-
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DN hydrogel that need more time to saturate with monomers. 

4.4. Conclusions 

Analogous to biological activities supported by the circulatory system, the channel in 

c-DN gel functions as a delivering pathway for monomer solutions, resulting in a 

diffusion limited mechanoradical polymerization. Such limited in-situ mechanoradical 

polymerization was visualized by a hydrophobic fluorescent reagent. Moreover, taking 

advantage of the visualized diffusion process, we established a reference of diffusion 

time scale, the caliber of diffusion provided us a facile method to estimate the lifetime 

of mechanoradicals. Because the monomer diffusion and mechanoradical 

polymerization share the same time scale, we can therefore decipher the lifetime of 

mechanoradicals from the diffusion area around the channel, still this mechanoradical 

life-time should be further investigated and confirmed in subsequent studies. 

While in situ reactions in polymer matrices are drawing more attention from 

researchers,23, 24 these results verify that the c-DN gel can be adopted as a long-term 

mechano- radical system working in a dry environment. 

  



 49 

Figures 

 

 

Figure 4.1. Illustration of the protocol to prepare the pre-flow samples, a tensile stretch 

is applied after a preset circulation time. 

 

Figure 4.2. Illustration of the protocol to prepare the post-flow samples, a tensile stretch 

is applied before NIPAAm circulation. 
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Figure 4.3. Quantification of Fe2+ oxidation in a stretched c-DN hydrogel based on the 

Fenton reaction. a. Fenton color reaction induced by mechanoradicals. b. Optical 

images of the Fenton color reaction in a c-DN hydrogel induced by mechanoradicals, 

an aqueous solution of 100 μM (NH4)2FeII(SO4)2, 250 μM XO and 20 mM H2SO4 was 

used to emphasize the color contrast. c. The UV-visible spectra of the stretched gels fed 

with ferrous ions and XO. The chart underneath reveals the calculation results.  

 

  



 51 

Figure 4.4. Vascular flow of NIPAAM monomer solution in the channel 

 

 

  



 52 

 

Figure 4.5. Fluorescence mechanism of the prestretched DN hydrogel fed by NIPAAm, 

the mechanoradicals generated by the breaking of the first network initiate in situ 

polymerization of NIPAAm supplied from the internal circulatory flow, and form 

PNIPAAm chains (red). The thermoresponsive PNIPAAm is detected by fluorescent 

ANS. Only the broken chain in the DN gel is shown. 

 

Figure 4.6.Visualization of the diffusion of the monomer molecules by fluorescence 

distribution. (a) Fluorescent images of the pre-flow cross-sectional slices, the white 

scale bar arranged in a diagonal direction on the 90 min sample indicates the position 

to measure the line profiles of fluorescence intensity in ‘b’. (b) Fluorescence intensity 

line profiles of the cross-sectional slices of the preflow samples with various flow times. 
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Figure 4.7. (a) Fluorescent images of the cross-sectional slices of the c-DN gels of pre-

flow (10 minutes) and post-flow (90 minutes). (b) Fluorescence intensity line profiles 

of the pre-flow (10 min) and two parallel post-flow samples, by which the 

mechanoradical lifetime is presumed to be 10 minutes. 
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Chapter 5 Vascular-Like Channel Sustained Self-Growth  

5.1. Introduction 

Muscle building is a mechanochemical process in which mechanical work is used to 

trigger chemical reactions for muscle hypertrophy.1-4 Mechanical training intensity and 

frequency influence the extent of damage to muscle fibers, while nutrients such as 

amino acids and minerals chemically affect tissue reconstruction.5 Muscle growth 

provides a fascinating model for material innovations. one problem for a better usages 

of DN gels as the next generation of muscle-mimicking materials is that: a constant 

supply to complement the monomer consumption during the force-triggered 

mechanoradical polymerization,6 thus an opening system filled with monomer solution 

is required during stretching in order to sustain the mechanoradical polymerization, 

such an under-solution system largely confines their observations and usages. 

In this chapter, inspired by the vascular structures in nature,7-10 we proposed a 

mechanochemical strategy for hydrogel growth by using c-DN hydrogels. In previous 

studies, the DN hydrogels were immersed in monomer solutions during the 

mechanochemical process to replenish the monomers, which significantly limited their 

usage. The circulatory system constructed by vascular channel enabled a sustainable 

supply of monomers to c-DN hydrogels. This self-sustainable system can 

simultaneously control the circulation of the monomer solutions and mechanical 

deformation. Using this system, we successfully achieved the continuous muscle-like 

hypertrophy of DN gels in deoxygenated air. We also used this system to investigate 

the kinetics of mechanochemical growth in DN gels. With the continuous circulation of 

the monomers, an extended polymerization time (~1 h) was observed using Raman 
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spectroscopy. We discuss this unique polymerization behavior from the viewpoint of 

the possible long lifetimes of mechanoradicals tethered to a polymer network. 

5.2. Experiments 

5.2.1. Self-Growth of c-DN Gel Supplied by Channel Flow 

We used the commercial tensile tester (MCT-2150, A&D Co.) inside a glove box to 

apply a cyclic tensile force trigger on the hydrogel. The upper jig was moved cyclically 

following the protocol shown in Figure 5.1. The upper jig was moved upward for a 

displacement of Dp = 105 mm, at which point the gel reached complete necking, and 

then returned to the neutral position (Dp = 0) of the virgin gel. The crosshead velocity 

is at 100 mm min-1. 

For the cyclic tensile tests performed using a fixed strain, the lower jig was kept 

stationary (Figure 5.2), and the upper jig was moved following the protocol shown in 

Figure 5.1.  

For the cyclic tensile tests performed using a fixed tensile force, the lower end of 

the c-DN gel was connected to a weight. A 0.3 kg weight was used to induce the yielding 

of the virgin c-DN gel (Figure 5.3).  

5.2.2. SEM Observation Before and After Self-Growth 

To prepare samples for scanning electron microscopy (SEM, JSM-6010LA, 

JEOL Ltd.), M0.10C0.10 and M0.04C0.04 gels were collected after the fourth stretch and 

immersed in a large volume of water to remove unreacted monomers. After 

reaching a new equilibrium state, the samples were freeze-dried (Advantage XL-

70, VirTis freeze-dryer), and the gel surface was coated with gold using an ion-

sputtering device (E-1010, Hitachi, Japan). 
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5.2.3. Raman Spectroscopy for Detecting Constitution Change 

Raman spectroscopy (RENISHAW, inVia Reflex) was performed using 532-nm laser 

as an excitation source, and the incident power was set to 10 mW. The focal spot was 

adjusted to the channel wall of the c-DN gel. For quantification, a similar area of each 

sample (middle part of the gauge) was considered for detection. For the c-DN gels 

subjected to repeated cyclic tensile tests, the M0.10C0.10 and M0.04C0.04 gels were 

collected after each stretch.  

To detect the progress of mechanochemical growth, M0.10C0.10 gels grown for 

various durations (5–360 min) after the first stretch were collected. To quench the 

mechanoradical polymerization, the samples were removed from the deoxygenated 

atmosphere immediately after growth of a preset time. The gels were then immersed in 

a large volume of distilled water for one week, during which we repeatedly exchanged 

the soaking water to remove unreacted monomers before the Raman measurements. 

5.3. Results and Discussion 

5.3.1. Muscle-Like Cyclic Strengthening Sustained by Continuous Flow  

To achieve self-strengthening, an elastically effective network needs to be formed in 

the sample via mechanoradical polymerization. Therefore, an aqueous solution 

containing NaAMPS as a monomer and N,N’-methylene- bisacrylamide (MBAA) as a 

crosslinker was circulated during the cyclic tensile test. The samples were coded as 

MaCb, where a and b are the molar concentrations of the monomer (M) and cross-linker 

(C), respectively, in the flow solution. For example, the M0.10C0.10 sample indicates a 

flow solution containing 0.10 M NaAMPS and 0.10 M MBAA. Before the cyclic tensile 

test, the sample was circulated for 1.5 h to allow the reactants in the c-DN gel to reach 
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equilibrium. After each loading–unloading cycle, a resting time of 1 h was set before 

the next cycle. 

First, cyclic tensile tests were performed using a fixed tensile force. Therefore, the 

lower end of the c-DN gel was connected to a weight. A 0.3 kg weight was used to 

induce the yielding of the virgin c-DN gel. The upper jig was moved cyclically 

following the protocol shown in Figure 5.1.  

Figure 5.4 shows the images of the muscle-like strengthening behavior of 

M0.10C0.10. As indicated by the line marking the locations of the weight attached to the 

lower jig, although the weight remained still in the first cycle, it was raised to higher 

locations in successive loadings, resembling muscles that became stronger and lifted 

weights during strength training. The difference in the weight-lifted height between 

each cycle gradually decreased, indicating that the c-DN gel became stiffer with the 

cyclic lifting. 

Subsequently, cyclic tensile tests were conducted under a fixed tensile strain. In 

this test, the lower jig was kept stationary, and the upper jig was moved upward for a 

displacement of Dp = 105 mm, at which point the gel reached complete necking and 

then returned to the neutral position (Dp = 0) of the virgin gel (Figure 5.1). As a typical 

example, the force profile of the M0.10C0.10 sample in response to cyclic tensile 

deformation is shown in Figure 5.5. The response of the M0.00C0.00 sample (perfused 

with pure water) is shown for comparison. The M0.10C0.10 sample showed successive 

strengthening with cyclic loading, as evidenced by the force curve surpassing the 

previous curve, whereas the M0.00C0.00 sample (perfused with pure water) showed no 

strengthening. 
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5.3.2. Tunable Self-Growth in Response to Channel Flow  

The strengthening effect in the solution strongly depended on the concentrations of the 

monomer and cross-linker in the solution. The MaCb samples can be classified into three 

groups: no growth, slight growth, and remarkable growth, depending on the flowing 

monomer and crosslinker concentrations (Figure 5.6).  

Sample M0.08C0.0 with no crosslinker exhibited no strengthening, similar to 

M0.00C0.00, confirming that the newly formed polymer must be crosslinked for 

strengthening. Samples of M0.02C0.02 and M0.00C0.04 showed slight growth, indicating 

that only a sparse network was formed at low monomer and crosslinker concentrations, 

the original tensile force-displacement curves shown in Figure 5.7 and 5.8.  

There is a positive correlation between the mechanical enhancement and the 

supply concentration, simply exhibit an “the more the better” effect. Samples of a = b ≥ 

0.04 M showed remarkable growth and successive strengthening was observed with the 

cyclic tensile loading. The increasing trend may explain the rationale of the repeated 

self-strengthening: that the mechanoradical polymerization supplied by enough amount 

of monomer and cross-linker (above 0.04 M) would build the matrix network to a 

denser state, the newly formed network also prepare for sacrificing itself to originate 

chain-end radicals, thus initiate polymerization in the next cycle. 

5.3.3. Volume Growth  

As shown in Figure 5.7, The critical displacement to show the force gradually increased 

with the number of cycles owing to an increase in the gauge length by growth, whereas 

that of the M0.00C0.00 sample hardly changed. What is more, combined with the cross-

sectional size of self-grown samples (Figure 5.9), we can draw the conclusion that the 

strength and size of the samples both increased by remodeling the structure under cyclic 
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mechanical training. We observed four translucent “scars” outside the gauge region, 

which distinctly indicate the occurrence of four times of self-strengthening (Figure 

5.10). As the gauge region yielded by stretching, it became stiffer owing to self-

strengthening. Therefore, the relatively “weaker part” outside the yielded part started 

to yield in the next stretch cycle to show the training scars. 

5.3.4. Quantification of Mechanical Self-Growth 

To quantify the extent of self-growth, the yield force (Fy), stiffness, and hysteresis were 

measured, as shown in Figure 5.11. The parameters summarized from the force–

displacement curves are compared in Figure 5.12. For the M0.10C0.10, M0.08C0.08, and 

M0.04C0.04 samples, Fy, stiffness, and hysteresis all showed increasing trends from the 

second to the fourth cycle.  

Because a higher yield force and stiffness correspond to a denser network, the 

increasing trend indicates that a denser network was newly formed after each cycle. 

The hysteresis loop area, which indicates the energy dissipated in the polymer network 

fracturing at each cycle, increases with the number of cycles. These results indicate that 

successive structural reconstruction occurs at the expense of the deconstruction of the 

network formed in the previous cycle. The decrease in stiffness after the first loading, 

especially for the MaCb samples with a = b < 0.08 is owing to the partial fracture of 

highly pre-stretched strands of the initial first network by fracture. The strands in the 

newly formed network are in a relaxed state and should exhibit lower stiffness than the 

pre-stretched strands.11, 12 Nevertheless, the Fy, stiffness, and hysteresis increased with 

the number of tensile cycles and surpassed those in the first cycle. This indicates that 

the newly formed network is denser than the first network in the virgin sample. 
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5.3.5. Quantification of Mechanochemical Growth 

The newly formed polymer network increases the polymer density of the c-DN gel. We 

observed an increase in the polymer mass of the c-DN gel during self-growth. Figure 

5.13 shows scanning electron microscopy (SEM) images of the freeze-dried M0.10C0.10 

sample before and after four cycles, as described in the previous section. Notably, while 

the virgin sample exhibited a typical honeycomb-like morphology owing to the 

evaporation of water, the porous appearance was hardly observed after four training 

cycles. The latter indicates an increase in the polymer content by mechanoradical 

polymerization. 

The increase in polymer content was then quantitatively analyzed using Raman 

spectroscopy, which allowed the study of the changes in the chemical composition of 

the hydrogel. Here, we collected the Raman spectra of the M0.10C0.10 (Figure 5.14) and 

M0.04C0.04 (Figure 5.15) samples in their new equilibrium state after self-growth, and 

Gaussian fitting was used to analyze the relative content changes caused by the 

mechanochemical growth. Assignments to Raman bands were summarized in Table 5.1. 

The band intensity at 1045 cm-1, corresponding to the S=O stretching of NaAMPS 

units,13 increased gradually with more tensile cycles, which is a direct chemical proof 

of the newly formed PNaAMPS network by the mechanochemical process.14 The peak 

at 1630 cm-1, corresponding to the NH2 scissoring vibrations of the PAAm second 

network,15, 16 remained constant during mechanoradical polymerization , as expected. 

By measuring the ratio R of the absolute areas of the peaks at 1045 cm-1 (marked in 

blue) and 1630 cm-1 (marked in red), we estimated the molar ratio f of the NaAMPS 

units relative to AAm units in the c-DN gel using the following equation: 

𝑓𝑖 = 𝑓0(𝑅𝑖/𝑅0),         (1) 
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where fi and f0 are the molar ratios of NaAMPS units to AAm units in the ith and 0th 

(virgin c-DN gel) cycles, respectively, and Ri and R0 are the area ratios of the peak at 

1045 cm-1 to that at 1630 cm-1 in the ith and 0th cycles, respectively. The initial molar 

ratio f0 (0.015) was calculated from the reagents added during c-DN gel fabrication, 

neglecting the small-quantity components of the crosslinker and initiator. Figure 5.16 

shows the molar ratio f as a function of the mechanical training cycles for the M0.04C0.04 

and M0.10C0.10 samples. Although the M0.04C0.04 sample showed a remarkable decrease 

in stiffness after the first cycle, as shown in Figure 5.12, polymer growth was clearly 

observed after the first cycle and increased with cyclic mechanical training. Moreover, 

the amount of polymer growth in M0.10C0.10 was larger than that in M0.04C0.04. This is 

consistent with the more efficient mechanical training of the M0.10C0.10 sample observed 

Figure 5.12. 

5.3.6. Delayed Strengthening after Polymer Growth 

Similar to the strengthening and hypertrophy of muscles, the self-growth of DN gels 

requires time for mechanochemical reactions. In this study, the kinetics of 

mechanochemical growth and strengthening were investigated. As shown by the 

protocol in Figure 5.17, we applied the first stretch cycle to trigger mechanoradical 

generation in the gels and then allowed the gels to rest for a preset time varying from 5 

to 360 min to allow new network formation in the gels. Subsequently, we applied a 

second stretch cycle to measure the mechanical enhancement of the gels by growth 

during the rest time. During the entire process, the c-DN gels were continuously 

circulated with the aqueous solution containing 0.1 M NaAMPS monomer and 0.1 M 

MBAA crosslinker (M0.10C0.10). 

Figure 5.18 shows the force–displacement curves of the first and second 



 65 

stretching cycles. The stiffness and hysteresis as a function of the resting time were 

extracted from the curves of the second cycle, as shown in Figure 5.19. These results 

clearly show that the gels achieved remarkable strengthening in ~1 h, and then 

gradually reached a constant state, although the monomers were continuously supplied 

to the gels by circulation throughout the entire process. 

The growth of the PNaAMPS at different resting times was further detected by 

Raman spectroscopy, and the results are shown in Figure 5.20. The peak signal from 

PNaAMPS at 1045 cm-1 increased with resting time up to 360 min. The molar ratios f 

of NaAMPS units relative to the AAm units at various time was calculated from the 

corresponding area ratio of the peak at 1045 cm-1 to that at 1630 cm-1, as shown in 

Figure 5.21. We observed that PNaAMPS had more than double its original molar ratio 

within 5 min, more than half of the total newly formed PNaAMPS for a growth time of 

360 min. 

Compared with Figure 5.20, we noticed that the hysteresis and stiffness only 

exhibited a mild increase in the first 5 min. This delayed strengthening compared to 

polymer growth is further highlighted in the plots of stiffness and hysteresis as a 

function of the molar ratio f in Figure 5.22. The results show that the newly formed 

PNaAMPS can only strengthen the gels above a critical content (f = 0.03), which is 

twice that of the virgin DN gels (f = 0.015). Such a discrepancy in the kinetics of 

polymer growth and mechanical strengthening can be attributed to the delayed cross-

linking reaction compared to monomer polymerization . To form a network structure, 

both functional groups of the MBAA crosslinker should be incorporated into the 

network.17 Once one functional group is incorporated into the polymer, the other has a 

lower probability of being incorporated owing to the low mobility of the polymers 

tethered to the existing network. 
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Surprisingly, mechanoradical polymerization in the c-DN gels lasted for hours 

with a continuous monomer supply from the circulating channel. Because 

polymerization was triggered by the mechanoradicals generated in the first stretch cycle 

at a concentration of ～10 mM, the observed growth of PNaAMPS indicates that some 

radicals were still alive at 360 min. We conjecture that the growing polymers that are 

tethered to the network have a very low probability of chain termination reactions 

owing to suppressed thermal motion, such as the grafting of radicals and a crowding 

environment. Such long-existing macro- radicals are more commonly discussed in 

glassy or crystalline polymers such as polyethylene and polymethylmethacrylate.17-21 

This unique feature of mechanoradical reactions in DN gels needs to be studied in detail 

in future work. 

5.4. Conclusions 

Here, in order to attain continuous growth in response to repetitive mechanical stimuli 

with a constant supply, we incorporated a vascular channel inside the DN hydrogel as 

a delivering pathway, whereby attaining a continuous polymer growth in response to 

repetitive mechanical stimuli with an independent and constant monomer 

complementation. Mechanoradical polymerizations in the presence of a sufficient 

amount of monomer and crosslinker (a = b ≥ 0.04 M) resulted in an elastically effective 

new network. The newly formed densely crosslinked network not only enhanced the 

mechanical performance of the c-DN hydrogel but also sacrificed itself to generate 

mechanoradicals upon force triggers. We also noticed the necessity of both monomers 

and cross-linkers for the co-building process of the new network, it also need enough 

amount of the chemical building blocks to form elastically effective crosslinked load-

bearing chains that impart additional mechanical enhancement to the sample. 
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Remodeling and growth of c-DN gels in response to repeated mechanical stimuli is 

therefore achieved by a vascular-like replenishing of the monomers consumed during 

polymerization. Building upon the structural foundation provided by the c-DN gel, we 

were able to make a step further into the observation of both mechanical and chemical 

growth trends in the process of the mechanoradical polymerization in DN hydrogels. 
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Figures 

Figure 5.1. Protocol of the upper crosshead displacement during the cyclic deformation 

of the c-DN gel (gauge length = 15 mm). 

Figure 5.2. Illustrator of the setup for cyclic tensile tests.  
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Figure 5.3. Illustration of the training process of the c-DN hydrogel by 

mechanochemical growth. The upper jig is fixed to the tensile tester and repeatedly 

lifted up to a displacement of 105 mm, the lower jig is connected to a weight (0.3 kg). 

After the ‘‘training’’ sustained independently by the vascular perfusion, the c-DN 

hydrogel is able to lift up the weight.  
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Figure 5.4. Demonstrations of the muscle-like behaviours of a c-DN hydrogel supplied 

by 0.10 M NaAMPS monomer and 0.10 M MBAA crosslinker (M0.10C0.10) showing 

repetitive stretch-triggered mechanical growth  
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Figure 5.5. Force–time curves of M0.10C0.10 under a repeated tensile force trigger shown 

in the loading–unloading protocol underneath: the upper crosshead displacement (Dp) 

is lifted up to 105 mm and then returned to the original position (Dp = 0 mm) during 

the cyclic deformation of the c-DN gel (gauge length = 15 mm). The gel shows an 

noticeable strengthening due to repeated network deconstruction–reconstruction. 

M0.00C0.00 implies the flow of pure water as a reference, which indicates no self-growth 

without monomers supply from the channel. Samples are coded by the concentrations 

of monomer and cross-linker in the flowing solution as MaCb, where “a” stands for the 

monomer (NaAMPS) concentration and “b” the cross-linker (MBAA) concentration 

(all in mol/L). 
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Figure 5.6. Effect of monomer and cross-linker concentration supplied through the 

channel on self-strengthening. (a) Result of force enhancement of various samples as a 

function of time, the loading–unloading process is conducted as the protocol in the 

lower panel, groups shown in the upper panel (M0.10C0.10, M0.08C0.08, M0.04C0.04) exhibit 

noticeable self-growth
 
(M0.00C0.00 implies the flow of pure water as a blank control 

group), while the middle panel (M0.00C0.00, M0.00C0.04, M0.08C0.00, M0.02C0.02) exhibits 

only slight or no self-growth. (b) Group summary according to the reactant supply and 

self-growth result.  
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Figure 5.7. Force–displacement curves of the four times of cyclic loading–unloading 

under supply of monomers and cross-likers of various concentrations. The results are 

replotted to the force–time curves in Figure 5.6 (upper panel). 

  



 74 

 

 

Figure 5.8. Force–displacement curves of the four times of cyclic loading–unloading 

under supply of monomers and cross-likers of various concentrations. The results are 

replotted to the force–time curves in Figure 5.6 (middle panel). 
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Figure 5.9. Photographs of the c-DN gel slices supplied with various monomer and 

crosslinker concentrations and their corresponding cross-sectional size after one tensile 

cycle, the M0.10C0.10 and M0.08C0.08 exhibit little swelling owing to the densely cross-

linked network. 
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Figure 5.10. Appearance of M0.10C0.10 sample after four times of self-growth and the 

illustration of the unevenly distributed structure which caused the whitening 

phenomenon. As the gauge region yielded by stretch, it became stiffer by self-

strengthening. Therefore, the relatively “weaker part” outside the yielded zone starts to 

yield in the next stretch. Thus, translucent “scars” of “training” that distinctly indicates 

the occurrence of four times of self-strengthening were left. 

Figure 5.11. Definition of mechanical parameters for evaluating the extent of self-

growth from the loading–unloading curve of a cyclic tensile test. 
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Figure 5.12. Variations and the ratio of change that are relative to the original value of 

mechanical parameters during four times of self-growth: a. yield force (Fy); b. stiffness; 

and c. hysteresis  
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Figure 5.13. Cross-sectional SEM images of the c-DN gel (M0.10C0.10) before, and after 

the fourth cycle of tensile force-triggered mechanoradical polymerization (scale bar: 

200 µm). 
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Figure 5.14. Raman spectroscopy of M0.10C0.10 samples during four times of stretch, 

the fitted peak at 1045 cm-1 corresponds to the S=O stretching in PNaAMPS (marked 

as blue), and the peak at 1630 cm-1 corresponds to the NH2 scissoring in PAAm (marked 

as red). 
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Figure 5.15. Raman spectroscopy of c-DN samples during four times stretching with 

simultaneous supply of the solution containing 0.04 M NaAMPS monomer and 0.04 M 

MBAA cross-linker. The peak at 1045 cm-1 corresponds to the S=O stretching in 

PNaAMPS (marked as blue), and the peak at 1630 cm-1 corresponds to the NH2 

scissoring in PAAm (marked as red). 

 

 

Figure 5.16. Molar ratio of the NaAMPS units to AAm units in the hydrogel matrix as 

a function of the number of cycles. 
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Figure 5.17. Protocol of the two cyclic stretch cycles. A resting time for growth was 

set between the first and the second cycles. During the whole process, the c-DN gels 

were continuously circulated with the monomer solution (0.1 M NaAMPS, 0.1 M 

MBAA). 

 

Figure 5.18. Force–displacement curve of the c-DN gels for the first cycle and loading 

curves of the second cycle after various resting time. 
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Figure 5.19. Growth-time dependencies of mechanical parameters: stiffness (left 

axis) and hysteresis (right axis). 
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Figure 5.20. Raman spectroscopy and the fitting curves of the M0.10C0.10 samples after 

the second stretch, the Raman signals of the original gel as a reference, the peaks 

correspond to PNaAMPS and PAAm is marked as blue and red, respectively. The peak 

at 1045 cm-1 pointed by a blue arrow corresponds to the signal of v (S=O) originated 

from the growing PNaAMPS during the resting time.  
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Figure 5.21. Growth-time dependencies of chemical parameters: Unit mole ratio of 

NaAMPS to AAm (f), the inserted figure shows the detailed trend of chemical signals 

in 60min. 
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Figure 5.22.Correlations between the molar ratio of NaAMPS/AAm and stiffness (left 

axis) and hysteresis (right axis). The dashed line is a visual guide. 
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Table 5.1 Raman band positions and assignments. 

Wavenumber (cm-1) Assignments 

1045 S=O stretching13 

1112 C-C skeletal stretching22 

1327 CH, NH bending15, 23 

1457 CH2 bending23, 24, CH3 scissoring15 

1630 NH2 scissoring16, 25-27 

1657 C=O stretching16, 27 
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Chapter 6 General Conclusion and Outlook 

In this work, we made a step further to study the metabolic-like growth system that 

enabled a long-term mechanochemical growth of double-network (DN) hydrogels in 

air. Based on the foundation that DN hydrogels can generate a high concentration of 

mechanoradicals owing to the sacrificial bond cleavage when subjected to mechanical 

deformations. When monitoring the component change of DN gel during self-growth, 

issues come from the replenish method of monomers, the supply of mechanoradical 

polymerization sustained by the open system filled with monomer solution may not 

suitable for practical uses, and difficult to observe the gel during growing. 

Therefore here we intend to construct a channel structure for the vascular-like 

monomer supply. To continuously deliver monomers for the mechanoradical 

polymerization in DN gels, a channel-containing double-network hydrogel (c-DN gel) 

was fabricated. The c-DN gel can be connected to an external circulation system for a 

vascular-like perfusion through the inner channel. The c-DN gel can be connected to 

an external circulation system for a vascular-like perfusion through the inner channel. 

This system not only enabled a sustainable supply of monomers during mechanoradical 

polymerization s but also replenished the water loss and prevented drying of gels in the 

air.  

We demonstrated that the system can support the repetitive self-strengthening of 

DN gels that lasted for hours in deoxygenated air. The metabolic-like growth of c-DN 

gels in response to cyclic loading exhibited similarities to the strengthening and 

hypertrophy of muscles supported by the vascular circulation. Analogous to muscle 

growth, which is sustained by nutrients from blood vessels, vascular perfusion in the c-

DN gel cleared obstacles for replenishing monomers during the self-growing process. 
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Instead of requiring underwater conditions, the c-DN gel can obtain monomers from 

the circulatory flow of an independently controllable solution supply. Through the 

diffusion of monomers into the permeable c-DN gels, mechanochemical growth can be 

readily tuned by changing the monomer concentration flowing through the channel, 

allowing us to directly control the mechanical growth and trace the corresponding 

variations in the chemical components.  

The tunable duration time of the monomer supply in the channel also helped to 

decipherer the interplay between mechanoradical initiated polymer growth and self-

strengthening. We observed a pronounced difference between the increasing trend of 

the polymer content and the mechanical parameters. Using Raman spectroscopy, we 

detected discrepancies in the kinetics of polymer growth and mechanical strengthening, 

deciphered unique features of mechanochemical reaction in DN gels including the 

extremely long-living radicals and delayed mechanical strengthening through a 

desirable feedback loop. Besides, by quantifying both monomer diffusion and in-situ 

polymerization area, the lifetime of the network-trapped mechanoradical is observed to 

be about 10 minutes. Benefiting from these long-existing macroradicals and the self-

sustainable channel structure, the mechanochemical reactions in c-DN hydrogel may 

promote their use in applications such as soft robotics, real-time spectrum monitoring, 

and mechano-chemical reactors. 
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