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Chapter |

Gener al |l ntroducti on

1-1. Il ntroducti on
Soft mat eri al,s ut hgaetd s aorr,e rdul ebxerbt g mer of
materi al wi t h awmanm ieo wserngfr eanedleyal s teovsmeic &

port maneleaasut iof | mo loyme rdealia syt olmewess ,ar e usef ul

physical apdopavei emanyualppascani ansomobil es
premasbinery, damping matseqiuallsreerdc eialk di n
the realizgenhenabfomegdmmuni cation technol o
will flegxmableei al s dfearr ‘caghséh r sabhd 1 ®11ann taedndni atsi o n ,
the realization of autonomous robots is be

formed according tiomphoumamtb &hoavihourma nist ainsd
wi t h mat ersiianitsoatthhaet haurmean body, and researc
activelyl®dphastctomelrs are expectededige be u
applications.

Functi onal el astbimer $ oar @ hieseéi s memrtant
support our Jlives in the future, and the o
various subst dWtd sasito memr sprumglree go. signi fi cé
tension and return to their droirgienalstshmeepre
exhibit such responses, therfe tnmues tpolde nmseuf fcil
and €tro&sng pat we ahoetpreenitnd | ow and@igme ovi de r
1-1a).8% The elongation to break of a creasked elastomer is proportional to ehalf

of the molecular weight between the crtisked 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) Stressi strain curves of
elastomers with different crosslink densities. Reproduced with permission

from Ref 15.
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constituting the elastomeFherefore, the mecharal properties of the elastomer can be

controlled by simply changing the crelgsk density of the same material. However, if

the crosdink density is increased to raise the elastic modulus, the extensibility is
drastically reducedFigure 1-1b). Geney al hgreasing the el ongat:i
el astomers with conventi omdlf,cramds liitnkiesd nso
i mprove the toudbnessioh ahdsmaker Buman | i f
the future,taotddawelnoepc ersessvar gl ast omers with
functionality appropwWwhate tbe teéiati apphi g
mol ecul ar structure of existing elastomers
clarified t hreoaurgchh, vy eiatr si sofi mpeosr t ant to in
technol ogies to realize novel materi al s.

Fr otnh epseer s psetchtiisvest udy fivrestt i gatusgdt be
bet ween an interface | ayer correspsoincdalng t c
properat inemsoenposi te el asammacr yloampdo giendynogtani c
fisBecofnudncti ons derived ftrhoesmmpbei nanebtasto
which provide clues to the creatganeadof byew
various met hods.

I'n ithi socdhatpitem , t het treeaachaaxrtiedalstprcesp eorf

el astomers and the reinforcementdiefdesdsedf f

Then, t he extr acal Iwildeers yrosoadidiexma tadaoic&@ll ,i sanc
composite el ast osnierructthuate amié¢ miacsgE lotatmde By , t he
objective and outline for this thesis are d
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1-2 . El asst omer

1-2-1 . Basics of Rubber Elasticity Theory

Wheaonn el astomer is stretched by an exter
of sever al times and a high recovery prope
external f oExen iwher!|l acke dl. arge el ongati on

remtedly, the physical properties of the e
which is a mechanical property characteri st
el asticity that occurs when a metsatli ciptry ng
that results from the distance between the
the elongation and contraction of gel s anc
crosslinked polymer chains is mainly due to

Congii dheg t he stretching moti on of a s
polyethylene, which consists of a carbon ma
are three possi biCe bdenfdor matisometaehi nlye b€@t we
of t he baonndd 3a)n grloet,atWhoenn od o ntshied eartiomgs .t he ene
each deformation, ') and 2) are those that
sharp increase Iim ¢cbetiasernalneeergg. rot at
i nd®ers not change the distanc-€Esbbetdwewhi th
does not vastly increase tTheeeheeGpyfeneltewnys
system can be expr esEedabfsroolnu ttdh et aaimmja esymattau r ee
Sby the following eq 1:

0 0 "YY o

I f the rotCathioonnd wfcctuhes @referentially i n tF

chakdges not chanGeo ©ThSamuetorceémafgemhi s ¢ hang
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ates elasticity.

The partial chain with Brownian moti on
sts as a random coi l state, similar to
oci ated with-Ct belnfd otthaetxilmeriswafenrcteli dheCt wo e
pol ymer chain follows a Gaussian di st
racteristic i s(Ficpd-fgagEWwh ean Gaou shs ieannd sc hoafi nt h
i n in this Gaussian state a&mxd emulelde dv,i t th
k force, accompanied by wvarious conf or m:
dom coil i n a Gaussian state before el

formations and has high entropyi owheseas

tricted in the conformation THi scamausa&ks,

ecovery force due to the elongated polym

ch is <call eldt eing rkompoywine Intahda tig etinteey .atteends by t

sticity of a single chain, based on stat
aQ"Y

EW S

keed,s Boltzmanimn'ss t h@&n satbasmtl nu tse ttheemprew nakt eurr €

omer s cloenspgadéiywshdatring tsi ze o0%ki & hteh enoenloameq ast,
ot her words, entropy eHawetvertyeql 20 i fs¢
l i cable up tthiapprodxitrmaet é¢leyngdrhe of t he po
etbauhed,he change in tension at hi gher el
ause if the chain is stretched until Sl

ssian distribution.
Thus, considering -thekesdrleodyni higmgné d aby

er al Gaussian chains with no entangl eme



Gaussian chain in
random coil state

Elongated polymer chain

Chapter

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 / of 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.
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bet ween its /eahdngédfpessurAgt iodr éldien kcerdo shsody i
expressed in eq 3:

L, TQY P o)

whevies t he numberN)o fpepra rutnMat!| avcahl adi imdglor( at i o (
of tihrei ti wlbef engtdiheked obesdy i s Ldurenghed
def ormation. | s=fdflheid owo rald scnrkossdsn s ead ued ur e ¢
of multiple Gaussian chains do Asota hraevseu lat ,:
pl ottin/lg aga@iumytt showing a conveéekgsashapé is
2b J¥%8An el astic body that exhi-Hbookeamisl aeti i
bodwhen this value 1s 1, such as for a met a
el astic hWwedyhamdggeshsesuch as thosé&iigurestlirat
2b .

| Ni ndependent polymer chdfk)s iemahtiibg t i ng
direction are arranged in paraltielhes tihe ttle
x-di nent WHKL.TThebre, a network structure consi st.i
i n ywameddi recti ons, t h-at kexhbbkeabhhebasprchng

(Fi gu-celWHen this network stxductewcrte oinpnsomnet

occur sy-andaxhe directions, and expansion pr e
the internal pressuilTd egloemk @adre de li ams tt ihg ist st @&
crdssnked bodies is a properdxparnessiuolnt i mrge sfsi

generated by stretching, whhich iparcalal ég c

rubber elasticity theory, and is based on t
the polymer chain i s tr emaet eadf atsh ea s@Earuuscstiuarne
change with stretching, and the | ocal def or
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whol el'§d'ys theory also failsoroofestaishe me
at | arge deformations, since they deviate
el ongations as in the case of single polyme
1-2-2 . Mec Bamacisbb asad fo me Lar @denfdeerrmat i on

The relationshipn ba&ndveteeandgihen edfongapoly

| arge el ongation is described by, egnd®,i swhi

referred Gauassitame ¢hfadt t heory"

Exp a

r el

The

c ha

e |

(0]

t he

e |

(0]

r el

i v

. QY, o
Q — U . T
() €W
nding this equation gives the foll owing
. o @ o 0w ® LPO W .
Q 0Q " Y—- P - T Y T - T V)
EW U €W PXUVUE W PXUVE W

ce, eq 1 is an axpprloxi Made i dnf fodr eengc e5 bi

ationship between tension armrdgeBandati or

solid Iline obtained from eq el ndhaian es
oming fully extended as it is stretched.
i n approximation in the | ow stretch ra

ngation and tension risess.silgmnioftihcearn twoyr

approxi mation shows, it can be said tha
ngation i s | €&asustsham tcthati nof the non
Next, we cohsinked & odlynooshsedail af chains.

ati oresnhitphebesttweess ahaf thwecHi @ kgrdd Do dy r ia

en gyl eq 6




Chapter

a
s
S
&
= .
Q) Non-gaussian
20_n=t. 9 16 25 3¢ 49 g
81
15
- 100
't
5
- 120
|
E 140
=10F 160
o 200
o 400
10°
b 10°
5 =
(VkT=10)
0 1 i 1 ] 1 1 I
1 2 3 4 5 6 7 8
A

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.
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Accordingi ¢ oplexqgt tbe¢dt kgaha@shumber of nsegment
as a Vv &nigaddee 1IN me snmall luer itshe hat makes up t
the more quickly these curves rigse(thléhi s pl
shorter the segmentlilnekregdt hp ob enttvee)e ni st, h et hcer oes
effect of the molecular <chain appears. The
rapidly is because the bond angltdhebetded om me
the fully stretched mol ecul ar chain. I n o
mechanism of elastic force shifts from entr
many <cases, the actual system dsdsetsr an ont st
relationship that <causes the polymer <chain
reasons for this phenomenon is that the di:
bet ween-ltihnek ecdr opsosi nt' s i n thegacttulls nett hveor kKt
concentrated on the shortest chains when th

As expl ainedistheaien 1t édleatsitornesshsi p of el
influenced by the mollieckil mg peii gtht-oafid tthlee
bet ween their elasticity and extensibility.
i ncreasing t hlei mwenb epoiorft scrtossi ncrease t he
extensibility, while de€cné&asdi npgorn ;b e thlwenbi e
extensibility decreases the elastic modul u:
the design of elastomers is a major stumbl i
but there are significant aeaasmoinstyoof taepw
The reason for this is that the mechanical
i mproved by filling with inorganic filler.

10
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1-2-3 . Reinforced El astomer Based on I norgani

Today, el astomersrpbbhbgsad | ®eafdit ngatrei iea le
especially essenti al as tire materials for
vul canization of rubber by C. Goodyear in 1
with carbon black qQ@CB)| ey tSo tChe Moules @ qu eln
reinforcing rubber for tires and the widesp
o f CBs in rubber significantly i mproves th
required for marmy |s afst omehtear ifaulnsc,t | &n28Ww and
Not only CBs, but also nanoparticles such a
rubber and improve its functoiroledd.i ty, and n

Numerous i deas fhawvet bheemeipmfoprosieg ef f ec
d it iI's widely accepted that particle si
chani cal properties. Currently, there is
bber, mai ntltye fiorctuesrianggt iooon bet ween the fi
t ween fillers. There are two main interac
terface of nanofillers in the rubber matr

d t heoni notfertahcet inet wor k [S?Blifhet coeaceptagd!| o

bber is said to have [Bded fatset peopmse
cogni zeldY'bgr Kahhusr, Fujimoto et al. prop:¢
und ruldbdrl eidn r@GBber in 1964, and many st

rried out, Dbut the basi ¢Fingouddad 348! shiel | ¢
t erogeneousFingoudteel 18 hiosvnt Hen r ub-Beowmatmni x |
tion, B is the hard rubber region for med

nking points, and C is the bound rubber o

11
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A. PHYSICAL ATTACHMENT
B. CHEMICAL ATTACHMENT

C. CROSS LINKED RUBBER
MOLECULE

D LOOSE FOLD
E. TIGHT FQLD

F. MULTIPLE ADSORPTIVE
ATTACHMENTS

G. INTER-PARTICLE LINKAGE
MOLECULES

H. CILIA MOLECULES.

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.

12
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of CB particl edNMROtBr amal gtzealt heused er act i c
pol ybutadiene and proposed a model of poly
bet ween the boundFirgubdbep¥®Reancch etrlie e€B al . r e
presence of bands conaggne qugt eCsB bpyarttn an £mi
miescopy (TEM) ofbislerediti omborFi@Bded 1| ongat

Filler networks i n r ubhbders cruesisnefdo rfcreomme nvt:e
perspectives as the origin of properties s
which are phenomenfii chadaéef&@énemecsnt §yehts
interaction between filler and rubber has I
of the network structure {TEMYdechwninamlop:
eval uation of the nanointerface neld? “tlhe fi
and mol ecul ar diy®%*fFmigus)es ilmul ati ons

Thus, although many reseandbessanhdaveh

nf orcement Mhmedhaeamdi smbhfer i, | tdhre rol e of

1
()

from the complex morphology of pol ymer anc
precisely. The presence of fililwees aggr@ga
di spersant s, plasticizers and vulcanizers)
analyses of Tohadersessuchesesdi fficulties, i
the phenomena to use simplenestyst éms whnth)
Fukahori et al. pGolpdseguat monithaeatd Gandhi de
net works on mechanftchl egropbberedvasadfbdbhl e
rubber samples wit hs haanpiesdb%¥liolpliecrasl | y fi xed r

Based on the ®Dleeor prolpasedat hus far, el

the bound | ayer by a simple experimental sy

13
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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) Y 0 u n ¢
modulus mapping image of a silica-filled styrenei butadiene rubber by AFM.
(c) Computational study of the polymer entanglement network by molecular
dynamics simulations. Reproduced with permission from Refs 42, 44 and 46.

14
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of the phenomenon, but the reports of such

t he componlelAdird | cefd trhue bfeir .

1-3 . Bi ol ogi cal Soft Tissue

1-3-1. Extracellul ar Matrix

Bi ol ogi cal tissues are composed of cel
substance that fills the spaces between t he
Thmost abundant component of the ECM, excl u
next most abundant component is elastin, wh
These fibri-llisk e xswhtstirnatae gedmposed ionfg car bo
ot her glycoproteins and proteoglycans. I n
composite soft material reinforced by stiff

The mechanical properties of biological

rangiet h YoungBosamgiduug usrom 10 Pa’Pfaorf oardi po
tendons (Bnduwit®hPThi s wide range of variat
properties iIis similar to the wvariation in &
materi al s, and affects properties such as
Figure dhows t hreeistdridifrer entr vesgsreéegpically
thermopl astics, synt heti c rubbers and ge

Thermopl astics exhibit a high modulus of e

def ormati ons, and then yield at nearly cons
an el astic response with a relatively [ ow m
Bi ol ogi cal net wor ks exhibit nonlBred0 el ast
~1f0Pa) at |l ow strain, which is veriyo®&oft, bt

15
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a
Biological tissues
| ! | ! | ! | ! | ! | ! | ! | !
10° 10! 102 103 10¢ 10° 106 107 Pa
Engineered materials
10° 108 107 108 10° 101 101 10" pa
b N
thermoplastics =— /
(7)) =< <
(%] | (
v biological |, S \\S 3
+
7 networks |+ . |
synthetic rubbers and gels
Omax ]

v

Figure 1-6. (a) Elastic moduli of currently available materials and soft
biological tissues. (b) Conceptual diagram representing the stressi strain
curves of three different materials. Reproduced with permission from Ref 13.
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lits not easy tsohaped iccuartvee sduwceh tao Jnonl i near
materials such as elastomers and gel s, and
prevent accidental organ rupture.

The structur al cbaogeasi hheheseskl 8geBsButs
its diameter, and fibril array, have a sigr
as stiffness and elasticity. The compl ex st

good mechanicala puvarpieatty esf bfudunatlismns t o bi

1-3-2 . Cornea

Among ECMs, the cornea of the eye is a
transpar enc )yFiagmufad dlhgeh nceosrsn e a eloinksei smast roifx ao
mucopol ysacchari des and water combined wi't
transmi ssion of wavel engt@Es gurie! tMhiei svi si bl
transparency of t d raucrtnear iod dwme otrd etrhread csd
aligned collagen fi b(Er gu8aetabiliBadlobi cedl dganm
fibril i's connected by proteoglycans with g
an attracting f(PirgcwedhDne atcthe fdtbrdrl hand, i
bet ween <coll agen fibrilsweeaeptulhei fa bfeorsc edsu
osmotic pressure derived frofi gh-8degTlhe conce
antagonism of thesortdeo faomraegs sftomumgs ua enano

When | ight I's incident on an ordered s
composed of materials with different refr e
substrate, the |ight scattered and diffract

sbhw an enhanced structur al col or. The wav

17
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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.
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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.
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