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Chapter I 

General Introduction 

 

1-1. Introduction 

 Soft materials that are flexible, such as gel or rubber, are a type of polymer 

material with various properties and are generally referred to elastomers, which is a 

portmanteau of elastic polymers. In our daily lives, elastomers are useful due to their 

physical properties and have many applications, such as in automobiles and airplanes, 

precise machinery, damping materials for buildings, and sports equipment. In recent years, 

the realization of next-generation communication technologies such as 5G and beyond 

will require flexible materials for wearable devices[1,2] and small antennas[3ï5]. In addition, 

the realization of autonomous robots is becoming a reality. In the real world, which is 

formed according to human behavior, it is important for humans and robots to coexist 

with materials that are similar to the human body, and research on soft robots is being 

actively conducted.[6ï8] Elastomers are expected to be used in such cutting-edge 

applications. 

Functional elastomers are indispensable for these important products that will 

support our lives in the future, and the development of new materials that composite 

various substances is in progress.[9ï14] Elastomers undergo significant deformation at low 

tension and return to their original shape when the tension is released. For elastomers to 

exhibit such responses, there must be sufficient molecular mobility of the polymer chains 

and cross-linking between the partial chains to prevent flow and provide recovery (Figure 

1-1a).[15] The elongation to break of a cross-linked elastomer is proportional to one-half 

of the molecular weight between the cross-linked points of the polymer chains 
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Figure 1-1. (a) Conceptual diagram of the extension of partial chains when

uniaxially extending networks with different molecular weights of partial

chains with different crosslink densities. (b) Stressïstrain curves of

elastomers with different crosslink densities. Reproduced with permission

from Ref 15.

a

b
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constituting the elastomer. Therefore, the mechanical properties of the elastomer can be 

controlled by simply changing the cross-link density of the same material. However, if 

the cross-link density is increased to raise the elastic modulus, the extensibility is 

drastically reduced (Figure 1-1b). Generally, increasing the elongation and modulus of 

elastomers with conventional crosslinked structures is a trade-off, and it is not easy to 

improve the toughness of elastomers. To enrich and make human life more convenient in 

the future, it is necessary to develop new elastomers with mechanical properties and 

functionality appropriate for their applications. While the relationship between the 

molecular structure of existing elastomers and their mechanical properties has been 

clarified through years of research, it is important to incorporate new ideas and 

technologies to realize novel materials. 

From these perspectives, this study first focused on investigating the relation 

between an interface layer corresponding to a bound rubber near fillers and the physical 

properties of a novel composite elastomer composed of an acrylic polymer and inorganic 

fillers. Second, functions derived from the nanostructures of the composite elastomer, 

which provide clues to the creation of new functional elastomers, are investigated by 

various methods. 

In this introduction chapter, the characteristics of the mechanical properties of 

elastomers and the reinforcement effect of composite elastomers with fillers are discussed. 

Then, the extracellular matrix, which is a widely understood soft material, and a novel 

composite elastomer that mimics the structure of a cornea are explained. Finally, the 

objective and outline for this thesis are described. 
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1-2. Elastomers 

1-2-1. Basics of Rubber Elasticity Theory 

 When an elastomer is stretched by an external force, it exhibits a high elongation 

of several times and a high recovery property, returning to its original state when the 

external force is released. Even when such large elongation and shrinkage are applied 

repeatedly, the physical properties of the elastomer do not undergo obvious degradation 

which is a mechanical property characteristic of elastomers called rubber elasticity. The 

elasticity that occurs when a metal spring is stretched comes from the energy elasticity 

that results from the distance between the atoms constituting the spring. On the other hand, 

the elongation and contraction of gels and elastomers such as rubbers composed of 

crosslinked polymer chains is mainly due to entropic elasticity.  

Considering the stretching motion of a single polymer chain, such as 

polyethylene, which consists of a carbon main chain connected by covalent bonds, there 

are three possible deformations of the C-C bond: 1) stretching between atoms, 2) bending 

of the bond angle, and 3) rotation of the atoms. When considering the energy change for 

each deformation, l) and 2) are those that expand the distance between atoms, causing a 

sharp increase in the internal energy. In contrast, since the rotational motion of the atoms 

in 3) does not change the distances between them, the rotation of the C-C bond, which 

does not vastly increase the energy, always occurs preferentially. The free energy G of the 

system can be expressed from the internal energy E, absolute temperature T, and entropy 

S by the following eq 1: 

Ὃ Ὁ ὝὛ ρ 

If the rotation of the C-C bond occurs preferentially in the elongation of a single polymer 

chain, E does not change. Therefore, for G to change, S must change, and this change 
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creates elasticity. 

The partial chain with Brownian motion under the glass transition temperature 

exists as a random coil state, similar to a coiled string, to reduce the potential energy 

associated with the rotation of the C-C bond. If the distance x between the two ends of 

the polymer chain follows a Gaussian distribution, the polymer chain with such a 

characteristic is called a Gaussian chain (Figure 1-2a). When both ends of the polymer 

chain in this Gaussian state are pulled, the polymer chain can be easily extended with 

weak force, accompanied by various conformational changes due to thermal motion. A 

random coil in a Gaussian state before elongation can take on various molecular 

conformations and has high entropy, whereas a polymer chain stretched by elongation is 

restricted in the conformation it can take, resulting in a decrease in entropy. This causes 

a recovery force due to the elongated polymer chains trying to return to their original state, 

which is called entropy elasticity. It is known that the tension f generated by the entropic 

elasticity of a single chain, based on statistical mechanics, is given by eq 2: 

Ὢ
σὯὝ

ὲὥ
ὼ ς 

where, kB is Boltzmann's constant, T is the absolute temperature, n is the number of 

monomers constituting the polymer, a is the size of the monomers, and x is the elongation. 

In other words, entropy elasticity also follows Hooke's law. However, eq 2 is only 

applicable up to approximately one-third of the length of the polymer chain until it is fully 

stretched, but the change in tension at higher elongation cannot be explained by eq 2 

because if the chain is stretched until such an affect appears, it will be outside the 

Gaussian distribution. 

Thus, considering the stretching of a cross-linked body formed by gathering 

several Gaussian chains with no entanglement in the polymer chains, the relationship 
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Figure 1-2. (a) Conformational changes between a Gaussian state and an

extended state of an isolated polymer chain. (b) Diagram of the relationship

between the stress s and stretch ratio lof the elastomer according to

Hooke's law (dotted line) and of Neo-Hooke's law (solid line). (c) Conceptual

diagram of a network structure in which polymer chains exhibiting Hookean

elasticity are connected to form a polymer network in the x, y, and z

directions. Reproduced with permission from Ref 15.

a

b

c
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between its elongation ratio l and stress s (f per unit area A0) of the cross-linked body is 

expressed in eq 3: 

„ ’ὯὝ‗
ρ

‗
σ 

where, v is the number of partial chains (N) per unit volume (V) and l is the ratio (L/L0) 

of the  initial length L0 before the cross-linked body is stretched to length L during 

deformation. In other words, since s = f/A0, f and l for a cross-linked structure composed 

of multiple Gaussian chains do not have a simple proportional relationship. As a result, 

plotting against l, a curve showing a convex shape is obtained (solid line in Figure 1-

2b).[16ï18] An elastic body that exhibits this relationship is called a Neo-Hookean elastic 

body. When this value is 1, such as for a metal spring, the material is called a Hookean 

elastic body and shows changes such as those illustrated by the dotted line in Figure 1-

2b. 

 If N independent polymer chains exhibiting hook elasticity (f = kx) in the x-axis 

direction are arranged in parallel, the total stress generated when stretched l times in the 

x-direction will be Nkl. Then, a network structure consisting of polymer chains connected 

in the y and z directions, that exhibit this spring-like Hookean elasticity, is considered 

(Figure 1-2c). When this network structure is stretched in the x direction, contraction 

occurs in the y- and z-axis directions, and expansion pressure is also generated to resist 

the internal pressure generated in this structure. The neo-Hookean elasticity exhibited by 

cross-linked bodies is a property resulting from the action of the expansion pressure 

generated by stretching, which partially cancels out the stress. This is called classical 

rubber elasticity theory, and is based on the assumption of affine deformation, in which 

the polymer chain is treated as a Gaussian chain, the volume of the structure does not 

change with stretching, and the local deformation is analogous to the deformation of the 
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whole body.[18,19] This theory also fails to describe the mechanical behavior of elastomers 

at large deformations, since they deviate from the Gaussian distribution at large 

elongations as in the case of single polymer chains. 

 

1-2-2. Mechanical Behavior of Elastomers under Large Deformation 

The relationship between the elongation and tension of a polymer chain under 

large elongation is described by eq 4, which applies the Langevin function L, and is 

referred to as the "non-Gaussian chain theory"[16,20]: 

Ὢ
ὯὝ

ὥ
ὒ

ὼ

ὲὥ
τ 

Expanding this equation gives the following eq 5: 

Ὢ σὯὝ
ὼ

ὲὥ
ρ

σ

υ

ὼ

ὲὥ

ωω

ρχυ

ὼ

ὲὥ

υρσ

ψχυ

ὼ

ὲὥ
Ễ υ 

Hence, eq 1 is an approximation of eq 5 in x/na̻ l. The difference between the 

relationship between tension and elongation expressed in eq 2 is shown in Figure 1-3a. 

The solid line obtained from eq 5 indicates the change in tension due to the polymer chain 

becoming fully extended as it is stretched. This solid line is consistent with the Gaussian 

chain approximation in the low stretch ratio region, but the relationship between 

elongation and tension rises significantly as the stretch ratio increases. In other words, as 

the approximation shows, it can be said that the Gaussian chain is the case only when the 

elongation is less than that of the non-Gaussian chain. 

Next, we consider a cross-linked body made of N molecular chains. The 

relationship between the stress and the elongation ratio l of such a cross-linked body is 

given by eq 6.[21] 

„
’ὯὝ

σ
Ѝὲὒ

‗

Ѝὲ
‗ ὒ

ρ

Ѝ‗Ѝὲ
φ 
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Figure 1-3. (a) Change in the conformation of a single polymer chain

according to Gaussian chain theory (dotted line) and change by the non-

Gaussian chain theory. (b) The stress-extension ratio curves theoretically

predicted with equation (6) as a function of n. Reproduced with permission

from Refs 15 and 21.

b

a
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According to eq 6, s is plotted against l with the number of segments in partial chain n 

as a variable in Figure 1-3b. The smaller the n value is that makes up the polymer chain, 

the more quickly these curves rise. This phenomenon occurs because the smaller n (the 

shorter the segment length between the cross-linked points) is, the earlier the extending 

effect of the molecular chain appears. The reason why this value rises and increases 

rapidly is because the bond angle between segments must be widened to further deform 

the fully stretched molecular chain. In other words, under large deformation, the 

mechanism of elastic force shifts from entropy elasticity to energy elasticity. However, in 

many cases, the actual system does not show such a change in the stressïstrain 

relationship that causes the polymer chain to be in a fully extended state. One of the 

reasons for this phenomenon is that the distribution of the length of the polymer chains 

between the cross-linked points in the actual network structure is large; thus, the stress is 

concentrated on the shortest chains when they are largely stretched.  

 As explained here, the stressïstrain relationship of elastomers is mainly 

influenced by the molecular weight at the cross-linking point, and there is a trade-off 

between their elasticity and extensibility. To obtain an elastomer with sufficient toughness, 

increasing the number of cross-linked points to increase the elastic modulus impairs the 

extensibility, while decreasing the number of cross-linked points to improve the 

extensibility decreases the elastic modulus. This limitation of mechanical properties in 

the design of elastomers is a major stumbling block to the practical use of the material, 

but there are significant reasons for the wide use of elastomers in a variety of applications. 

The reason for this is that the mechanical properties of the elastomer can be greatly 

improved by filling with inorganic filler. 
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1-2-3. Reinforced Elastomer Based on Inorganic Filler 

Today, elastomers play a leading role as rubber-based soft materials, and are 

especially essential as tire materials for cars, trucks, and aircraft. The discovery of 

vulcanization of rubber by C. Goodyear in 1839 and the reinforcement of rubber by filling 

with carbon black (CB) by S. C. Mote in 1904 led to the subsequent development of 

reinforcing rubber for tires and the widespread use of automobiles. The reinforcing effect 

of CBs in rubber significantly improves the strength, durability, and wear resistance 

required for many soft materials, as well as other functional and related properties.[22,23] 

Not only CBs, but also nanoparticles such as silica particles have been found to reinforce 

rubber and improve its functionality, and many results have been reported.[24] 

Numerous ideas have been proposed for the reinforcing effect of fillers on rubber, 

and it is widely accepted that particle size and aggregates have a significant effect on 

mechanical properties. Currently, there is much discussion about the reinforcing effect of 

rubber, mainly focusing on the interaction between the filler and rubber matrix and 

between fillers. There are two main interactions: 1) the formation of bound rubber at the 

interface of nanofillers in the rubber matrix and 2) the formation of nanofiller aggregates 

and the interaction of the network structure of agglomerates.[25ï31] The concept of bound 

rubber is said to have been first proposed by Fielding,[32] and later became widely 

recognized by Kraus.[33] Thereafter, Fujimoto et al. proposed a heterogeneous model of 

bound rubber in CB-filled rubber in 1964, and many studies on bound rubber have been 

carried out, but the basic model is still considered to be useful (Figure 1-4a).[34,35] In the 

heterogeneous model shown in Figure 1-4a, A is the rubber matrix under micro-Brownian 

motion, B is the hard rubber region formed by the nonuniform distribution of cross-

linking points, and C is the bound rubber or immobile rubber layer formed on the surface 
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Figure 1-4. (a) Conceptual diagram of a heterogeneous model of vulcanized

rubber containing carbon black. (b) Diagram of the model for the filled rubber

system. (c) TEM photograph of the network structure in a stretched CB-filled

rubber. Reproduced with permission from Refs 34, 36 and 37.

b

a

c
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of CB particles. O'Brien et al. used NMR to analyze the interaction between CB and cis-

polybutadiene and proposed a model of polymer chains attached to the filler surface 

between the bound rubber and the CB (Figure 1-4b).[36] Reichert et al. revealed the 

presence of bands connecting CB particles and  aggregates by transmission electron 

microscopy (TEM) observation of CB-filled rubber under elongation (Figure 1-4c).[37] 

Filler networks in rubber reinforcement have also been discussed from various 

perspectives as the origin of properties such as the Mullins effect and the Payne effect, 

which are phenomena characteristic of filler-filled elastomers.[23,38ï41] In recent years, the 

interaction between filler and rubber has been clarified from various aspects by analysis 

of the network structure formed by nanoparticles using 3D-TEM[42], mechanical 

evaluation of the nanointerface near the filler using atomic force microscopy (AFM)[43,44] 

and molecular dynamics simulations[45ï54] (Figure 1-5). 

Thus, although many researchers have been trying to understand the 

reinforcement mechanism of filler-filled rubbers, the role of the bound rubber derived 

from the complex morphology of polymer and nanoparticles is still not understood 

precisely. The presence of filler aggregate structures and several additives (e.g., 

dispersants, plasticizers and vulcanizers) in rubber materials complicates the various 

analyses of these structures. To address these difficulties, it is effective for understanding 

the phenomena to use simpler systems with relatively few components for analysis. 

Fukahori et al. proposed a modified Guth-Gold equation that considers the effect of filler 

networks on mechanical properties in filler-filled rubber based on experiments using 

rubber samples with anisotropically fixed rod-shaped fillers.[55] 

Based on the theory that has been proposed thus far, elucidation of the role of 

the bound layer by a simple experimental system is effective in understanding the essence 
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Figure 1-5. (a) Visualization of the network structures of carbon black in

natural rubber matrix by skeletonizing the 3D-TEM images. (b) Youngôs

modulus mapping image of a silica-filled styreneïbutadiene rubber by AFM.

(c) Computational study of the polymer entanglement network by molecular

dynamics simulations. Reproduced with permission from Refs 42, 44 and 46.

b

a

c
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of the phenomenon, but the reports of such studies are limited due to the complexity of 

the components of the filler-filled rubber.  

 

1-3. Biological Soft Tissue 

1-3-1. Extracellular Matrix 

Biological tissues are composed of cells and noncells, and the constituent 

substance that fills the spaces between the cells is called the extracellular matrix (ECM). 

The most abundant component of the ECM, excluding water, is collagen fibers, and the 

next most abundant component is elastin, which is the main component of elastic fibers. 

These fibrils exist in a gel-like substrate composed of carbohydrates and water, including 

other glycoproteins and proteoglycans. In other words, the ECM is the most familiar 

composite soft material reinforced by stiff components such as collagen fibrils.  

The mechanical properties of biological tissues formed by the ECM cover a wide 

range, with Young's modulus E0 ranging from 10 Pa for adipose tissue to 10
7 Pa for 

tendons and skin (Figure 1-6a).[13,56] This wide range of variation in mechanical 

properties is similar to the variation in artificial materials ranging from rubber to carbon 

materials, and affects properties such as elongation, strength, toughness, and hardness. 

Figure 1-6b shows three different stressïstrain curves typically observed in 

thermoplastics, synthetic rubbers and gels, and biological tissue networks. 

Thermoplastics exhibit a high modulus of elasticity of approximately 1 GPa at small 

deformations, and then yield at nearly constant stress. Synthetic rubbers and gels exhibit 

an elastic response with a relatively low modulus that changes weakly with deformation. 

Biological networks exhibit nonlinear elasticity with a low Young's modulus (E0 = 10
2 

~106 Pa) at low strain, which is very soft, but rapidly becomes stiff with deformation.[57] 
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Figure 1-6. (a) Elastic moduli of currently available materials and soft

biological tissues. (b) Conceptual diagram representing the stressïstrain

curves of three different materials. Reproduced with permission from Ref 13.

b

a
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It is not easy to replicate such a J-shaped curve due to nonlinear elasticity in artificial soft 

materials such as elastomers and gels, and it is one of nature's defense mechanisms to 

prevent accidental organ rupture. 

The structural changes in these tissues, such as the collagen fiber content ratio, 

its diameter, and fibril array, have a significant influence on mechanical properties such 

as stiffness and elasticity. The complex structure formed by the ECM provides not only 

good mechanical properties but also a variety of functions to biological tissues. 

 

1-3-2. Cornea 

Among ECMs, the cornea of the eye is a characteristic biological soft tissue with 

transparency and toughness (Figure 1-7a).[58] The cornea consists of a gel-like matrix of 

mucopolysaccharides and water combined with collagen fibrils, and has excellent 

transmission of wavelengths in the visible light region (Figure 1-7b).[59] This 

transparency of the cornea is due to the construction of an ordered structure of uniformly 

aligned collagen fibers with nanosized diameters (Figure 1-8a and b).[60,61] Each collagen 

fibril is connected by proteoglycans with glycosaminoglycan (GAG) chains, which exert 

an attracting force on each fibril (Figure 1-8c).[62] On the other hand, in the matrix 

between collagen fibrils, repulsive forces are generated between the fibers due to the 

osmotic pressure derived from the ion concentration (Donnan effect) (Figure 1-8d). The 

antagonism of these two forces forms a nano-order array structure. 

When light is incident on an ordered structure such as a colloidal crystal 

composed of materials with different refractive indices such as collagen fibers and 

substrate, the light scattered and diffracted inside the structure will be interfered with and 

show an enhanced structural color. The wavelength of light emphasized by the 
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Figure 1-7. (a) Anatomy of the eye. (b) Transmission spectrum across a

human cornea as measured by spectrophotometry. Reproduced with

permission from Refs 58 and 59.

b

a
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Figure 1-8. (a) Collagen fibrils in the cornea have a region where a lamella

splits into two separate lamellae. (b) Cross sectional image of collagen fibrils

in the cornea. Collagen fibrils have a uniform diameter and are arranged in

the same direction within the lamellae. (c) Attractive forces between collagen

fibrils arise from GAG chain vibrations. (d) Repulsive forces between collagen

fibrils are due to the Donnan effect. Reproduced with permission from Refs

60, 61 and 62.

a b

c d


