
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE SURVEY

2.1 Artificial Muscles and Actuators

Polymer artificial muscle and actuator technologies are being developed that 
produce strains and stresses within the materials using electrostatic forces, 
électrostriction, ion insertion, and molecular conformational changes.

Polymer artificial muscles have been divided into two major groups (Bar- 
Cohen. 2004). In the first group, the dimensional change (actuation) is the response 
to an electric field. -These are commonly known as electronic or electric electroactive 
polymers (EAPs). Some of the technologies that fall under this category are dielectric 
elastomer actuators (DEAs), ferroelectric polymers, and liquid crystal elastomers. 
The second group of polymer artificial muscles is a class of materials in which the 
presence and movement of ions is necessary to make actuation possible. This group 
is referred to as ionic EAPs. For the ions to be able to move, an electrolyte phase is 
necessary, which is often liquid; so these actuators are also known as wet EAPs 
(Mirfakaraiet al.,. 2007).

2.2 Electroactive Polymer (EAP)

Electroactive polymer (EAP) is the polymer which can respond to the 
electric field so EAPs are able to show electrically-induced deformations. These 
polymers show many outstanding properties, such as sizable active strains and/or 
stresses ill response to an electrical stimulus, low specific gravity, high grade of 
process ability and down-scalability and, in most cases, low costs. EAP materials 
can be classified in two major categories (Carpi, 2003):
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2.2.1 Ionic EAP (Activated by an Electrically-induced Transport of Ions or
Molecules)
- ion polymer metal composites
- conducting polymers
- carbon based reinforcements

2.2.2 Electronic EAP (Activated by an External Electric Field and by
Coulombian Forces):
- piezoelectric polymers
- electrostrictive polymers
- dielectric elastomers

Ionic EAPs can be activated advantageously by very low voltages (order of 
1 V), but can be operated only within a surrounding electrolyte medium. Differently, 
electronic EAPs require typically high driving electric field (order of 10-100 v/pm ). 
even though several progresses concerning the reduction of the necessary field are 
currently occurring. Materials belonging to the two EAP classes present very 
different properties and actuating performances, leading to the realization of devices 
showing unlike values of typical figures of merit, such as generable active strains and 
stresses, required driving voltages, efficiency, lifetime, chemical stability and 
reliability (Carpi, 2003).

2.3 Conductive Polymers (CPs)

Conductive polymers (Chandrasekhar, 1999) are intrinsically conducting 
polymers without a presence of any conductive filler. The unique intrinsic 
conductivity of these organic materials, which generally are comprised simply of c, 
H and simple heteroatoms such as N and ร and the myriad of properties emanating 
from it arise uniquely from the n-conjugation. Fairly extended and delocalized 
conjugations originate from the overlap of n-electrons.

This conductivity of CPs (Mirfahrhai e t a l ,  2007) can occur because the 
electrons are delocalized in the conjugation structure. Most of the CPs have the
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structure with alternate between single and double bond. The conductivity of CPs can 
be achieved through a chemical or electrochemical oxidation or reduction, by a 
number of anionic or cationic species, called “dopants”. Several conductive polymers 
are shown below:

i f  •1'.1//  \ \
ะ : / / x  / X

'  > r  ■
K B  _____ ท

L 1 J

(a) Polyacetylene (b) Polypyrrole

(c) Polythiophene (d) Polyphenylenevinylene

(e) Polyaniline (f) Poly(p-phenylene)

Figure 2.1 Examples of conductive polymers (CPs): (a) Polyacetylene; (b) 
Polypyrrole; (c) Polythiophene; (d) Polyphenylenevinylene; (e) Polyaniline; (f) 
Poly(p-phenylene).
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Some applications of interest include polymer light-emitting diodes, 
electrochromic windows, energy storage, sensing and actuation devices (Skotheim e t 
a l . , 1998).

These conducting polymer artificial muscles use the dimensional changes 
resulting from electrochemical ion insertion and de-insertion, possibly along with 
associated solvating species. Since both electrodes can comprise of conducting 
polymers, both can be used as artificial muscles. Depending upon the conducting 
polymer/electrolyte system used, the initial state, and the rate of potential change 
used for actuation, electron insertion into one- electrode can be accompanied by a 
volume increase as cations are inserted or a volume decrease as anions are removed. 
Similar processes can occur at the counter-electrode. This feature, as well as possible 
time-dependent changes of the intercaiated/deintercalated species, can complicate the 
control of actuation (Kiefer et a l ,  2007).

The advantage of conducting polymers over electronic EAPs is their low 
operating voltage. They feature higher strains and are lower in cost than CNTs. Like 
CNTs, the electromechanical coupling is low. (<1%). Much of the input electrical 
energy can be recovered, but the need to shunt relatively large amounts of electrical 
energy can slow actuation and push the limits of power supplies, making large-scale 
applications (e.g. robotic arms) challenging . One promising means of improving 
coupling is to design conjugated molecules that fold and expand in response to 
changes in oxidation state, bringing artificial muscle a little closer to the elegance of 
real muscle (Mi'rfakarai et a l ,  2007).
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Figure 2.2 EJectroactive responses under electric field.

2.4 Conductiv ity Classification

Materials may be classified into three broad categories according to their 
room temperature conductivity properties: Insulator, Semiconductors and
Conductors.

The overlapping of individual molecular electronics state in all these 
materials produces electronic bands. Valence electron states overlap to produce a 
valence band, while the electronic state intermediately above the valence band also 
coalesces to produce a conduction band. The band gap. generally denoted Eg, is the 
energy gap between the valence band and the conduction band. If the gap is large, it 
is more difficult to excite electrons into the conduction band and an insulator results 
at room temperature.

Normally, thermal excitation at - room temperature gives rise to some 
conductivity in many such inorganic semiconductors. Doped CPs, when in an 
appropriate oxidized or reduced state, are semiconductors as a result of their unique, 
extended n-conjugation. Indeed the extended-overlap of li-bands becomes the 
valence band and the ท- bands become the conduction band in CPs. The band gap in 
most of CPs is about 1 eV (Chandrasekhar, 1999 ).

Generally, conductive polymers are an insulator (conductivity is less than 
10‘7 s/cm) which have a large band gap. Doping with a weak oxidizing agent or a 
reducing agent results a diminish of a band gap. According to this reason, less energy
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required to stimulate an electron or a hole to jump over from the valence band to the 
conduction band and an insulator can become a semiconductor which is the 
conductivity is in the range of 10‘7to 102 s/cm (Pratt, 1996).
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Figure 2.3 Electronic band in neutral, polaron, bipolaron, and bipolaron band in 
conductive polymers.

2.4.1 Doping
The semiconductor band structure of CPs permits the electronic 

excitation or the electron removal/addition leading. This process is called doping, 
and it lead to some interesting properties of CPs. ."•■

Oxidation caused by a chemical species generates a positively charged 
CPs and an associated anion. Oxidation is an anionic doping or the p-type doping. 
Reduction generates a negatively charged CPs and an associated cation. Reduction is 
a cationic doping or the n-type doping.

The anionic dopant is an electron rich species: for example chloride, 
perchlorate and tetrafluoroborate. The cationic dopant is an electron poor specie, 
such as proton and sodium (Chandrasekhar, 1999).

On the other hand, a new strategy in which dopant was used to 
stabilize the Ppy as a soluble state was developed. By this strategy, they could 
prepare Ppy using a simple lion-substituted pyrrole and a long alkyl chain-derived 
dopant such as dodecylbenzene sulfonic acid (DBSA) that is soluble in many organic 
solvents in a conventional way (Jang e t a l.. 2004; Prissanaroon e t al.. 2000).
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Figure 2.4 Possible mechanism of actuation ion (yellow/purple:A') and solvent 
(red/blue/gray) insertion between chain.

2.5 Polypyrrole (PPy)

Conducting polymers (CPs) have been intensively studied for their one­
dimensional conjugated structures and adjustable conductivity. Among the 
conducting polymers, polypyrrole (PPy) is one of the most investigated due to its 
high electrical conductivity and its relatively good environmental stability and low 
toxicity (Prissanaroon et a l ;  2000).

- In 1994, Mansouri found that polypyrrole nanofibers have been synthesized 
by the electrochemical polymerization with a scanning microneedle electrode or 
using a microporous membrane as the template.

Comparing with the electrochemical method, the method of in situ doping 
chemical oxidation polymerization is simpler and cheaper in producing large 
quantities of nanostructural polypyrrole, because it overcomes the limitation of the 
area of electrode (He e t a l ;  2003 ).

Martin (1994) found that the electrical conductivity was enhanced when the 
diameter of polypyrrole nanotubules decreased, the maximum value of conductivity 
was over 2000 s/cm.

Duchet e t a i  (1998) used commercial polycarbonate nanoporous particle 
track-etched membranes as templates to prepare polypyrrole nanotubules and 
nanofibrils. By nanoporous Polycarbonate (PC) particle track-etch membrane (PTM)



12

were used as a template membrane for the synthesis of PPy nanostructure. The 
synthesis of PPy nanostructure has been divided into two synthesis types.

Chemical synthesis: A PC PTM was used a dividing wall in a two- 
compartment cell. In the first compartment, an aqueous pyrrole solution was added 
and allowed to diffuse through the membrane to the introduction of the oxidant 
reagent (FeCfi) in the second compartment. The monomer and the oxidant reagent 
diffuse toward each other through the pore of the membrane and react to yield the 
polymer. The membrane was then removed from the cell and rinsed several times 
with purified water.

Electrochemical synthesis: A metallic layer serving as electrode was 
evaporated onto one side of the membrane: 10-20 nm adhesion layer of Cr was 
applied first, followed by a All film with a thickness of 500 nm to 1pm. 
Electroplating was performed at room temperature in a conventional one- 
compartment cell with a Pt counter electrode and a SCE reference electrode at 
voltage of +0.8 V.

Prissanaroon e t a l. (2000) studied the synthesis and characterization of 
polypyrrole under the effect of dodecylbenzene sulfonic acid concentration on the 
electrical properties of polypyrrole thin films in N: and SO: atmosphere. They found 
that the conductivity of polypyrrole films was improved by higher doping and SO: 
concentrations and when doping levels was greater than 0.20 M the morphology of 
polypyrrole changed to fibrillar structure. However, the diameter of fibrils increased 
with the dopant'concentration.

Cuenot e t al. (2000) found that the elastic modulus strongly increased when 
the thickness or outer diameter of polypyrrole nanotubules decreased. The nanotubes 
were mechanically tested in three points bending using atomic force microscopy. The 
elastic tensile modulus was deducted on different nanotubes with outer diameter 
ranging between 35 and 160 nm.

Liu and Wan, (2001) attempted a synthesis the nanotubules of PPy doped 
with naphthalenesulfonic acid. The nanotubules of PPy showed interesting 
mechanical and conductivity properties.

Ruangchuay e t al. (2004) investigatd electrical conductivity response of 
polypyrrole to acetone vapor: effect of dopant anions. Acetone is a flammable
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ingredient in a lacquer. This is one of the main causes of fire accident on 
construction sites and in chemical stores.

Wang e t al. (2005) studied about Polypyrrole nanoparticles and dye 
absorption properties. Polypyrrole (PPy) nanoparticles were prepared by using 
microemulsion polymerization processes at 3 °c. Polypyrrole nanoparticles were 
dedoped by a 10% NaOH solution, followed by a redoping process using a nuclear 
fast red kemechtrot dye, which had a sulfonate group. Dedoping changed the optical 
absorption properties of the nanoparticles. Removal of Cl from the surface of PPy 
nanoparticles was by using NaOH (dedoping). The c r io n  acted as a dopant and 
hence improved the conductivity of the polymer. Partial removal of the dopant anion 
increased the electrical resistivity of the particles. The red dye solution 
(CuHsNNaOyS) was used to redope the nanoparticle. As the red dye has a -  
รO.figroup, it was able to function as a dopant anion and improved the conductivity 
of PPy nanoparticles. PPy nanoparticles were added to a highly concentrated solution 
of the red dye overnight, resulting in a 20% increase in the electrical conductivity. 
The dye was used to replace the chloride ion and redoping the particles by dye 
molecules, which had sulfonic anion groups resulted in improvement of conductivity.

Prissanaroon-Ouajai e t a l. (2008) studied a novel pH sensor based on 
hydroquinone monosulfonate-doped conducting polypyrrole. PPy films were 
electropolymerized using hydroquinone monosulfonate (HQS), a compound with a 
quinhydrone-like structure, as a functional dopant. HQS-doped PPy was electroactive 
in response to P'H changes. HQS-doped PPy showed an excellent potential as a novel 
pH sensor.

Cuchi e t al. (2009) studied the preparation and properties of polypyrrole 
(PPy)-coated silk fabrics: Silk fabrics were coated with electrically conducting doped 
PPy by the oxidative polymerization from an aqueous solution of pyrrole (Py) at 
room temperature. The crystalline structure and the molecular conformation of silk 
were not affected by the polymerization. PPy-coated silk fabrics attained a 
significantly higher thermal stability than untreated ones, due to the effect of the PPy 
layer against thermal degradation. PPy-coated silk fabrics displayed excellent 
electrical properties. The resistance of PPy-coated silk fabrics decreased 
exponentially with increasing the reaction time or the concentration of PPy in the
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reaction system. In this study, new perspectives were open for future applications of 
PPy-coated silk fabrics, from interactive and smart textiles to innovative bio-based 
conductive composites for biomedical end-uses.

2.6 Carbon Nanotubes and Graphene

Carbon nano-reinforcements, such as graphite, diamond, fullerenes, carbon 
nanotubes (CNTs), and graphene, have been applied for various applications in 
electronic, opticelectronic, sensors, biomedical engineering, medical devices, and 
actuator. CNTs and graphene belong to the important new carbon family due to their 
promising properties; electrical, thermal, and mechanical properties. Carbon 
nanutubes (CNTs) and graphene are two carbon structures which consist of a 
meshwork of sp2 carbon atoms, however they have different structure (Du e t a l.,
2014).

CNTs diameters are smaller than conventional carbon or glass fibers about 
1000 times. Usually, nanotube aspect ratios are over 1000. The structural 
characteristics of CNTs are high aspect ratio, high-surface area, and excellent 
mechanical, electrical and thermal properties. The combination of CNTs/polymer 
composites can be used to enhance their mechanical properties despite undergoing 
large deformations without damage (Bower et a l., 2 0 0 0 y

CNTs provide two morphologies; single-walled carbon nanotube (รพ NT) 
and multi-walled carbon nanotube (MWNT). SWNT and MWNT have been 
synthesized by various methods; arc discharge and laser ablation methods provide a 
higher degree of structural perfection but high temperature (> 3000 °C) involved in 
the synthesis; chemical vapor deposition (CVD) can produce at a lower temperature 
(< 1000 °C) but with a higher defect in carbon structure, which affects in the 
electrical and thermal properties (Collins e t a l.. 2000).
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Figure 2.5 Graphene (top left) is a honeycomb lattice of carbon atoms. Graphite 
(top right) can be viewed as a stack of graphene layers. Carbon nanotubes are rolled- 
up cylinders of graphene (bottom left). Fullerenes (C60) are molecules consisting of 
a wrapped graphene through the introduction of pentagons on the hexagonal lattice 
(Antonio Castro Neto. 2006).

2.6.1 Multi-walled Carbon Nanotubes (MWNTs)
MWNTs consist of coaxial layers, formed nanaotube cylinders of 

different helicities. Typical MWNT diameter is grown by arc discharge synthesis, 
providing -  3-ว0 nm, while CVD grown nanotubes can have much larger diameters 
up to 100 nm (Merkiilov et a l., 2005). MWN Ts are excellent-promising-reinforcing 
materials for biopolymers that have been developed for several applications such as 
biosensor (Guo cl a i ,  1998), and bio-electronic materials (Macdonald cl a l., 2005).

Larger diameters of nanotubes are found in which they have a higher 
defect density in nanotubestructure that induce dramatically lower electrical and 
thermal properties. Recent studies exhibited that graphene can be used as variable 
and inexpensive nanofiller, substituted for CNTs (Fukushima et a l., 2003).
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T a b le  2 .1  C o m p a r a t iv e  c h a r t o n  th e  m e c h a n ic a l ,  th e r m a l a n d  e l e c t r ic a l  p r o p e r t ie s  o f  

g r a p h e n e  w i t h  C N T , s t e e l ,  p la s t i c ,  ru b b er , a n d  f ib e r

M a te r ia ls T e n s i le  s tr e n g th
T h e r m a l  c o n d u c t iv i t y  

( W /m k )  at r o o m  

te m p e r a tu r e

E le c t r ic a l
c o n d u c t iv i t y

( S /c m )

G r a p h e n e 1 3 0 ± 1 0  G P a ( 4 . 8 4 ± 0 . 4 4 ) x l 0 J - 

( 5 . 3 0 ± 0 . 4 8 ) x l 0 3
>  4 0 0 0

C N T 6 0 - 1 0 0  G P a 3 5 0 0 3 0 0 0 - 4 0 0 0
N a n o  s iz e d  s t e e l 1 7 6 9  M P a 5 -6 .-  ■ 1 .3 5  x i o 6
P la s t ic  ( H D P E ) 1 8 - 2 0  M P a 0 . 4 6 - 0 , 5 2 I n s u la to r
R u b b e r  (n a tu r a l 2 0 - 3 0  M P a 0 . 1 3 - 0 . 1 4 2 I n s u la to r
r u b b e r )
F ib e r  ( K e v la r ) 3 6 2 0  M P a 0 .0 4 I n s u la to r

T h e  u s e  o f  m u lt i  w a l l  c a r b o n - n a n o t u b e  ( M W N T )  a s  a  r e in f o r c e m e n t  in  

g e la t in  h a s  b e e n  s tu d ie d  b y  L i e t a i  ( 2 0 0 3 ) .  T h e y  s tu d ie d  g e la t in  w it h  M W N T s  th at  

c a n  b e  e m b e d e d  a s  a n  a d d it iv e  to  e n h a n c e  th e  m e c h a n ic a l  p r o p e r t ie s  o f  t h e  g e la t in  

h y d r o g e l .
H a id e r  et al. ( 2 0 0 7 )  in v e s t ig a t e d  th e  s w e l l i n g  o f  M W N T /g e la t in  

h y d r o g e l  c o m p o s i t e s .  M W N T  c o u ld  m a in ta in  th e  s t a b i l i t y  o f  th e  c o m p o s i t e s  w ith o u t  

c r o s s l in k in g  a g e n t  d u e  to  th e  h y d r o p h o b ic  e f f e c t  o f  th e  M W N T .
M a n o h a r a n  e t al. ( 2 0 0 9 )  r e p o r te d  th a t M W N T  w it h  a s m a lle r  d ia m e te r  

e n h a n c e d  a s t r o n g e r  in te r fa c e  w ith  th e  p o ly m e r  m a tr ix  d u e  to  th e  h ig h e r  s u r f a c e  a rea  

o f  th e  n a n o tu b e .
A y a t o l la h i  e t al. ( 2 0 1 1 )  r e p o r te d  th e  m e c h a n ic a l  p r o p e r t ie s  o f  

e p o x y / 0 .5  w t%  M W N T  at v a r io u s  a s p e c t  r a t io s  ( 4 5 5 ,  5 5 5 ,  7 1 5 .  a n d  1 0 0 0 ) .  B o th  o f  

th e  m o d u lu s  o f  e l a s t ic i t y  a n d  th e  t e n s i le  s t r e n g t h  o f  th e  s a m p le s  in c r e a s e d  w ith  

in c r e a s in g  o f  a s p e c t  ra tio .
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2 .6 .2  G r a p h e n e
G r a p h e n e , o n e  o f  th e  e l e m e n t a r y  c a r b o n  s tr u c tu r e s  ( fu lle r e n e ,  

d ia m o n d , c a r b o n  n a n o tu b e ) ,  i s  a s in g le  a to m  la y e r  o f  c a r b o n  th at is  a r r a n g e d  in  a  t w o  

d im e n s io n a l  m o n o la y e r  ( I o n ita  et al., 2 0 1 3 ) .  It h a s  p r o m is in g  p r o p e r t ie s ,  in c lu d in g  

h ig h  e l e c t r ic a l  c o n d u c t iv i t y  a t a m b ie n t  te m p e r a tu r e  ( N o v o s e l o v  e t a l.,  2 0 0 4 ) ,  g o o d  

th e r m a l  c o n d u c t iv i t y  ( B a la n d in  e t al., 2 0 0 8 ) ,  la r g e  s u r f a c e  a rea , a n d  o u ts ta n d in g  

m e c h a n ic a l  p r o p e r t ie s  in  te r m  o f  Y o u n g ’s  m o d u lu s  ( L e e  e t a l.,  2 0 0 8 ) .  C o m p a r e d  w ith  

d ia m o n d , f u l le r e n e ,  a n d  c a r b o n  n a n o tu b e s  ( C N T s ) .  g r a p h e n e  is  m u c h  e a s ie r  to  o b ta in  

a n d  a t a lo w e r  p r ic e .  T h u s , g r a p h e n e  is  a  s u i t a b le  c a r b o n  b a s e d  r e in f o r c e m e n t  f i l le r  

u s e d  fo r  e n h a n c in g  m e c h a n ic a l  p e r fo r m a n c e  o f  p o ly m e r  m a tr ix  ( L ia n g  e t al., 2 0 0 9 )  

th a t  h a v e  b e e n  d e v e lo p e d  fo r  s e v e r a l  a p p l i c a t io n s  s u c h  a s  e l e c t r o n ic  a n d  

o p t o e le c t r o n ic  d e v i c e s ,  b io - c h e m ic a l  s e n s o r s ,  n a n o c o m p o s i t e s ,  a n d  e n e r g y  s to r a g e .
T h e  u s e  o f  g r a p h e n e  e m b e d d e d  in  g e la t in  h a s  b e e n  s t u d ie d  b y  W a n g  et 

al. ( 2 0 1 2 ) .  T h e y  fo u n d  th a t g r a p h e n e /g e la t in  g e l  c o m p o s i t e s  e x h ib i t  h ig h  t e n s i le  

s t r e n g th  c o m p a r e d  w it h  p u r e  g e la t in  f i lm s  in  b o th  d r y  a n d  w e t  s ta te s .
L ia n g  e t a l. ( 2 0 0 9 )  s tu d ie d  g r a p h e n e /P V A  n a n o c o m p o s i t e  th a t u s e d  

g r a p h e n e  a s  a  r e in f o r c e m e n t  f i l le r .  T e n s i le  s t r e n g th  a n d  y o u n g ’s m o d u lu s  w e r e  

in c r e a s e d  b y  7 6  %  a n d  6 2  % , r e s p e c t iv e ly  w h e n  c o m p a r e d  w ith  n e a t  P V A  th r o u g h  

th e  d is t r ib u t io n  o f  0 .7  % w t G O .
R a f t e e  .๙ .  ท /. ( 2 0 0 9 )  . in v e s t ig a t e d  im p r o v e d  m e c h a n ic a l  p r o p e r t ie s  o f  

n a n o c o m p o s i t e s  w i t h  a  t o w  g r a p h e n e  c o n c e n t r a t io n  at a  w e i g h t  fr a c t io n  o f  0 .1  % . T h e
0 .1  w t%  g r a p h è n e /e p o x y  n a n o c o m p o s i t e  p o s s e s s e d  s u p e r io r  m e c h a n ic a l  p r o p e r t ie s  

r e la t iv e  to  C N T  n a n o c o m p o s i t e s ,  n a m e ly  th e  Y o u n g ' s  m o d u lu s ,  t e n s i l e  s tr e n g th , a n d  

t o u g h n e s s  s in c e  th e  e n h a n c e d  s u r f a c e  a r e a  o f  g r a p h e n e  in d u c e d  h ig h e r  n a n o p a r t ic le -  

m a tr ix  in te r a c t io n .

2 .7  G e la t in

G e la t in  is  a  m u l t i f u n c t io n a l  in g r e d ie n t  u s e d  in  m a n y  f o o d  p r o d u c ts ,  
in c lu d in g  j e l l i e s ,  i c e  c r e a m , c o o k i e s  a n d  c a k e .  M o r e o v e r ,  g e la t in  is  th e  p r im a ry  

in g r e d ie n t  in  m a r s h  m a l lo w s  a n d  a ls o  u s e d  a s  a  p r o c e s s i n g  a id  in  f o o d  in d u s tr y  fo r  

th e  c l a r i f ic a t io n  o f  c id e r  a n d  fru it j u ic e s .  T h e  m a jo r  u s e  o f  g e la t in  in th e
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p h a r m a c e u t ic a l  a n d  th e  c o s m e t i c  in d u s tr ie s  i s  in  th e  m a n u fa c tu r e  o f  c a p s u le s  s u c h  a s  

s o f t  a n d  t w o  p i e c e  h a rd  c a p s u le s  ( C o le ,  2 0 0 0 ;  Z h a n g  e t a l.,  2 0 0 6 ) .
T h e r e  a re  tw o  m a in  ty p e s  o f  g e la t in .  T y p e  A ,  w i t h  i s o i o n i c  p o i n t  o f  7  to  9 ,  is  

d e r iv e d  f r o m  c o l la g e n  w i t h  e x c l u s i v e ly  a c id  p r e tr e a tm e n t .  T y p e  B .  w ith  i s o io n ic  

p o in t  o f  4 .8  to  5 .2 ,  is  th e  r e s u lt  o f  a n  a lk a l in e  p r e tr e a tm e n t  o f  th e  c o l la g e n .  H o w e v e r ,  
g e la t in  is  s o ld  w it h  a  w i d e  r a n g e  o f  s p e c ia l  p r o p e r t ie s ,  l ik e  g e l  s tr e n g th , to  s u it  

p a r t ic u la r  a p p l i c a t io n s .G e la t in  fo r m s  t h e r m a lly  r e v e r s ib le  g e l s  w i t h  w a te r ,  a n d  th e  g e l  

m e l t in g  te m p e r a tu r e  ( < 3 5 ° C )  is  b e lo w  b o d y  t e m p e r a tu r e ,  w h i c h  g iv e s  g e la t in  

p r o d u c ts  u n iq u e  o r g a n o le p t ic  p r o p e r t ie s  a n d  f la v o u r  r e le a s e .  T h e  d is a d v a n ta g e  o f  

g e la t in  is  th a t  it i s  d e r iv e d  fr o m  a n im a l  h id e  a n d  b o n e  ( n o t  f r o m  tr o tte r s  a s  is  a  

c o m m o n  p e r c e p t io n ) ,  h e n c e  th e r e  are p r o b le m s  w i t h  r e g a r d  to  k o s h e r  a n d  H a la l s ta tu s  

a n d  v e g e t a r ia n s  a ls o  h a v e  o b j e c t io n s  to  it s  u s e .  C o m p e t i t i v e  g e l l i n g  a g e n ts  l ik e  

s ta r c h , a lg in a t e ,  p e c t in ,  a g a r , c a r r a g e e n a n  e t c .  a re  a l l  c a r b o h y d r a te s  f r o m  v e g e t a b le  

s o u r c e s ,  b u t th e ir  g e l s  la c k  th e  m e lt  in  th e  m o u t h ,  e la s t ic  p r o p e r t ie s  o f  g e la t in  g e ls .
T h e  c r o s s - l in k in g  o f  g e la t in  w i t h  a ld e h y d e s  is  b e in g  u s e d  to  e x t e n d  th e  u s e s  

o f  g e la t in .  In  p a r t ic u la r , t r e a tm e n t  o f  g e la t in  f i lm s  w i t h  g lu t a r a ld e h y d e  (G T A )  is  

b e in g  s t u d ie d  in  o r d e r  to  im p r o v e  th e ir  th e r m a l  r e s i s t a n c e ,  to  d e c r e a s e  th e ir  s o lu b i l i t y  

in  w a te r ,  a n d  t o  im p r o v e  th e ir  m e c h a n ic a l  p r o p e r t ie s .  ( Z h a n g  e t a i ,  2 0 0 6 ;  B ig i  et a l . , 
2001).

B ig i  e t a l. ( 2 0 0 1 )  s tu d ie d  th e  m e c h a n ic a l  a n d  th e r m a l  p r o p e r t ie s  o f  g e la t in  

f i lm s  a t d i f f e r e n t  d e g r e e  o f  g lu ta r a ld e h y d e  c r o s s l in k in g .  T h e y  f o u n d  a n  in c r e a s e  in  

s t a b i l iz a t io n  o f  g e la t in  a t l o w  G T A  c o n c e n t r a t io n .  1 % w / w  G T A  is  s u f f ic ie n t  to  

o b t a in  a  d e g r e e  o f  c r o s s l in k in g  c l o s e  to  1 0 0 %  a n d  a s  a  c o n s e q u e n c e  in c r e a s in g  o f  th e  

y o u n g ' s  m o d u lu s ,  th e r m a l s t a b i l i t y ,  a n d  s w e l l i n g  b e h a v io r .
Y a k im e t s  e t al. ( 2 0 0 5 )  in v e s t ig a t e d  m e c h a n ic a l  p r o p e r t ie s  w i t h  r e s p e c t  to  

w a te r  c o n t e n t  o f  g e la t in  f i lm s  in  g la s s y  s ta te .  T h e  h y d r a t io n  o f  g e la t in  f i lm s  

p r o c e e d e d  t h r o u g h  th r e e  m a in  s ta g e s  b e f o r e  r e a c h in g  th e  g la s s y - r u b b e r y  tr a n s it io n  at 

r o o m  te m p e r a tu r e :  (I )  w a te r  b o u n d  b y  h ig h  e n e r g y  s o r p t io n ,  (I I )  s tr u c tu r a l w a te r , (I I I )  

p o ly m o le c u l a r  la y e r  w a te r . T h e  m e c h a n ic a l  p r o p e r t ie s  o f  g e la t in  f i lm s  d e p e n d e d  o n  

th e  g la s s y  s ta te  th r o u g h  t h e s e  th r e e  s t a g e s  o f  h y d r a t io n .  F o r  th e  s e c o n d  s ta g e  o f  

h y d r a t io n , th e  f i lm s  im p r o v e d  fra c tu re  b e h a v io r ,  th e  im p r o v e m e n t  o f  fra c tu re
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b e h a v io r  w a s  r e la te d  to  t h e  h ig h  r e n a tu r a t io n  l e v e l  o f  g e la t in  f i l m s  ( tr ip le  h e l ix  

s tr u c tu r e ) .
F u k a e  et al. ( 2 0 0 5 )  in v e s t ig a t e d  o n  th e  g e l  s p in n in g  a n d  d r a w in g  o f  g e la t in .  

G e la t in  f ib e r s  c a n  b e  p r e p a r e d  b y  th e  g e l  s p in n in g  m e t h o d  u s i n g  d im e t h y l  s u l f o x id e  

a s  a  s o lv e n t .  D r a w in g  o f  g e la t in  w a s  e f f e c t i v e  in  s e g m e n t a l  o r ie n t a t io n  in  g e la t in  

f ib e r . T h e  f ib e r s  s h o w e d  h ig h  v a lu e s  fo r  th e  m e c h a n ic a l  p r o p e r t ie s  o f  t e n s i le  a n d  

Y o u n g ’s m o d u lu s .
L i e t al. ( 2 0 0 6 )  s t u d ie d  th e  e l e c t r o s p in n in g  o f  p o ly a n i l in e - c o n t a in e d  g e la t in  

n a n o f ib e r s  fo r  t i s s u e  e n g in e e r in g  a p p l ic a t io n s .  P o ly a n i l in e ,  a  c o n d u c t iv e  p o ly m e r ,  
w a s  b le n d e d  w i t h  a  g e la t in  a n d  c o - e l e c t r o s p u n  to  n a n o f ib e r s .  F ib e r s  w e r e  e le c tr o s p u n  

fr o m  p u r e  g e la t in  a n d  th e  o th e r  fo u r  s e t s  o f  P A N - g e la t i n  b le n d  f ib e r s  w ith  v o lu m e  

r a t io s  o f  1 5 : 8 5 ,  3 0 : 7 0 ,  4 5 : 5 5 ,  a n d  6 0 : 4 0 .  T h e  in c r e a s in g  a m o u n t  o f  P A N  r e d u c e d  th e  

a v e r a g e  f ib e r  s i z e  w h e r e a s  th e  t e n s i le  m o d u lu s  in c r e a s e d .
Z h a n g  et al. ( 2 0 0 6 )  s tu d ie d  th e  c r o s s l in k in g  o f  th e  e le c t r o s p u n  g e la t in  

n a n o f ib e r s .  T h e  c r o s s l in k  e n h a n c e d  th e  th e r m a l  s t a b i l i t y  a n d  m e c h a n ic a l  p r o p e r t ie s ,  
w h e r e  th e  t e n s i l e  s tr e n g th  a n d  m o d u lu s  w e r e  im p r o v e d  t o  n e a r ly  1 0  t i m e s  h ig h e r  th a n  

t h o s e  o f  e le c t r o s p u n  m e m b r a n e .
M a r tu c c i  e t a l. ( 2 0 0 6 )  s tu d ie d  th e  c r e e p  o f  g lu t a r a id e h y d e - c r o s s l in k e d  

g e la t in  f i lm s .  C r e e p  b e h a v io r  o f  g lu t a r a ld e h y d e  g e la t in  f i lm s  w a s  e v a lu a t e d  b y  sh o r t  

t im e  f le x u r a l  t e s t s  a t 30 °c. C r e e p  r e s p o n s e  d e c r e a s e d  w i t h  in c r e a s in g  d e g r e e  o f  

c r o s s l in k ,  w h i c h  in d ic a t e d  th a t  c r o s s l in k in g  im p r o v e d  t h e  f i lm  s t i f f n e s s .
G e la t in  is  a  o n e  o f  v i s c o e l a s t i c  m a t e r ia ls  d e r iv e d  f r o m  p a r t ia l h y d r o ly s i s  o f  

n a t iv e  c o l la g e n s ,  w h ic h  a re  th e  m o s t  a b u n d a n t  s tr u c tu r a l  p r o t e in s  f o u n d  in  th e  a n im a l  
b o d y  p a r ts  s u c h  a s  s k in ,  t e n d o n ,  c a r t i la g e  a n d  b o n e  (W a r d , 1 9 7 7 ) .  V i s c o e la s t i c  

p r o p e r t ie s  a r e  o f t e n  u s e d  to  r e fe r  to  th e  m a te r ia l  c h e m ic a l - m ic r o s t r u c t u r a l  

r e la t io n s h ip ,  a s  v i s c o e l a s t i c s  in v o lv e  b o th  s o l id - s t a t e  a n d  l iq u i d - l i k e  b e h a v io r s  

( M a y e r  a n d  C h a w la , 2 0 0 9 ) .  S t u d ie s  o f  v i s c o e l a s t i c  m a t e r ia ls  in c lu d e  s tr e s s  

r e la x a t io n ,  d e f o r m a t io n ,  m e c h a n ic a l  p r o p e r t ie s ,  s w e l l i n g ,  s t a b i l i t y ,  a n d  e tc  (Z h a n g  et 

a l . , 2 0 0 8 ) .

2 .8  S tr e s s  R e la x a t io n
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S t r e s s  r e la x a t io n  i s  th e  d e c r e a s e  in  in te r n a l s t r e s s  w h e n  a  m a te r ia l  is  h e ld  at 

a  c o n s t a n t  a n d  f in i t e  s tr a in . W h e n  a  s u f f i c i e n t ly  s m a l l  e x te r n a l  s tr a in  is  in tr o d u c e d  to  

a n  e la s t ic  m a te r ia l ,  th e  a p p l ie d  s tr e s s  c a u s e s  a  r e v e r s ib le  d e f o r m a t io n ,  a n d  w h e n  th e  

s tr a in  is  r e m o v e d ,  t h e  r e s id u a l  s tr e s s  r a p id ly  r e la x e s  to  z e r o . M o s t  m a te r ia ls  a re  

v i s c o e l a s t i c ;  w h e n  th e  m a te r ia l  is  s u b j e c t  t o  an  e x te r n a l  s tr a in , a  s t r e s s  is  g e n e r a te d  

w it h in  a n d  th e  g e n e r a t e d  s tr e s s  r e la x e s  th r o u g h  th e  p r o c e s s  o f  s t r e s s  r e la x a t io n  

( M a t s u o k a ,  1 9 9 2 ) .

F ig u r e  2 .6  (a )  A p p l ie d  s tr a in  a n d  (b )  s t r e s s  r e la x a t io n  f u n c t io n  fo r  a  v i s c o e l a s t i c  
m a te r ia l.

T h e  s im p l e s t  l a w  fo r  th e  r e la x a t io n  p r o c e s s  o f  v i s c o e l a s t i c  m a te r ia ls  is  

d e s c r ib e d  b y  th e  M a x w e l l  m o d e l .
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G i t )  =  G0 [ e - W t)] ( 2 .1 )

E q u a t io n  2 .1  is  a  b a s ic  fo r m u la  fo r  th e  r e la x a t io n  p r o c e s s ,  a n d  g o e s  b e y o n d  

th e  M a x w e l l  m o d e l .  H o w e v e r ,  th is  m o d e l  is  n o t  a p p l ic a b le  t o w a r d s  rea l v i s c o e la s t i c  

m a te r ia ls .  In  o th e r  w o r d ,  th e  M a x w e l l  m o d e l  a s s u m e s  th a t r e la x a t io n  is  a s in g le  t im e  

s c a le .  T h is  is  n o t  tru e  fo r  re a l p o ly m e r s ,  s in c e  p o ly m e r  m o le c u le s  c a n  p e r fo r m  m a n y  

m o d e s  o f  m o t i o n s ,  v i s c o e l a s t i c  m a te r ia ls  c a n  e x h ib i t  m a n y  m o d e s  o f  r e la x a t io n  

p r o c e s s e s .  T h e  ;'th m o d e  o f  r e la x a t io n  is  c h a r a c te r iz e d  b y  th e  r e la x a t io n  t im e  ( r , ). T h e  

r e la x a t io n  m o d u lu s  is  th e  s u m m a t io n  o f  a ll t h e s e  m o d e s  o f  r e la x a t io n .

T h e  r e la x a t io n  p r o c e s s e s  c a n  b e  d iv id e d  in to  th r e e  s ta g e s :  s t a g e  d  is  fo r  th e  

s h o r t  t im e  r e la x a t io n  p r o c e s s  (0 -1  h r); s t a g e  2  is  fo r  th e  in te r m e d ia te  t im e  r e la x a t io n  

( 1 -1  o 4 h r s);  a n d  s t a g e  3  i s  fo r  th e  lo n g  t im e  r e la x a t io n  p r o c e s s  ( > 1 0 4h r s )  ( M a t s u o k a ,  
1 9 9 2 ) .  T h e  K o h lr a u s c h - W i l l ia m s - W a t t s  ( K W W )  e q u a t io n  ( W i l l ia m s  a n d  W a tts ,  
1 9 7 0 )  is  a  w e l l - k n o w n  e q u a t io n  to  d e s c r ib e  th e  s t a g e l  o f  th e  s t r e s s  r e la x a t io n  

p r o c e s s :

w h e r e  th e  p a r a m e t e r  ท ( 0  <  ท <  1) is  o f t e n  f o u n d  to  b e  a p p r o x im a t e ly  0 .5  fo r  

p o ly m e r s ,  it  c a l le d  s t r e t c h in g  p a r a m e te r , G {t)  i s  th e  s tr e s s  r e la x a t io n  fu n c t io n  a s  

o b t a in e d  f r o m  th e  e x p e r im e n t ,  Gao is  th e  e q u i l ib r iu m  m o d u lu s  o r  th e  l o n g  t im e  v a lu e ,  
t i s  th e  e x p e r im e n t a l  t im e ,  a n d  โ  is  th e  e f f e c t i v e  r e la x a t io n  t im e .

T h e  K W W  e q u a t io n  is  p a r t ic u la r ly  s u it e d  fo r  d e s c r ib e d  d ie l e c t r ic  r e la x a t io n ,  
v i s c o e l a s t i c  r e la x a t io n  in  s o l i d ,  h y p e r s o n ic  r e la x a t io n  (P a t te r s o n , 1 9 8 1  ). a n d  d y n a m ic  

b u lk  r e la x a t io n  ( M c k in n e y  a n d  G o ld s t e in ,  1 9 7 4 ) .
F u r th e r m o r e , th e  e f f e c t  o f  te m p e r a tu r e  o n  v i s c o e l a s t i c  m a te r ia ls  h a s  b e e n  

s t u d ie d  th r o u g h  th e  s t r e s s  r e la x a t io n  d u e  to  te m p e r a tu r e  d e p e n d e n t  m o le c u la r

G i t )  ะ= ( 2 .2 )

G it )  =  Gy, + G0 [e~( /t) ] ( 2 .3 )



r e a r r a n g e m e n t  p r o c e s s e s  o c c u r r in g  u n d e r  a p p lie d  s tr e s s .  T h e  r e la x a t io n  p r o c e s s  

d e p e n d s  o n  th e  s p e e d  o f  th e  m o le c u la r  m o t io n  in  w h i c h  t e m p e r a tu r e  CD is  v a r ie d  a n d  

th e  r e s u lta n t  v i s c o e l a s t i c  fu n c t io n s  o f  v i s c o e l a s t i c  m a te r ia ls  c a n  b e  e x p e c t e d  to  

d e p e n d  o n  te m p e r a tu r e  a s  w e l l  a s  t im e .  T h u s  th e  r e la x a t io n  f u n c t io n  m a y  b e  w r it te n  

a s  G  =  G ( t ,T )  ( L a k e s ,  1 9 8 8 ) .
I f  th e  r e la x a t io n  t im e s  o f  a ll  v i s c o e l a s t i c  m a t e r ia ls  h a v e  th e  s a m e  

t e m p e r a tu r e  d e p e n d e n c e ,  it is  e x p e c t e d  th a t it s h o u ld  b e  p o s s i b l e  to  s u p e r im p o s e  

l in e a r  v i s c o e l a s t i c  d a ta  s e t s  ta k e n  a t d i f f e r e n t  te m p e r a tu r e s  ( R u b e n s t e in  a n d  C o lb y ,
2 0 0 3 ) .  T h is  is  c o m m o n l y  k n o w n  a s  th e  t i m e - t e m p e r a t u r e  s u p e r p o s i t io n .  S tr e s s  

r e la x a t io n  f u n c t io n  d a ta  a t a n y  t e m p e r a tu r e  CD c a n  b e  s u p e r im p o s e d  o n to  th e  d a ta  

ta k e n  at a  r e f e r e n c e  te m p e r a tu r e  (To), u s i n g  a t im e  s c a le  s h i f t  f a c t o r  (ท'7') a s  in  th e  

f o l l o w i n g  e q u a t io n  ( R u b e n s t e in  a n d  C o lb y ,  2 0 0 3 ) :

CLf T j ( T )
TtWo) ( 2 .4 )

w h e r e  T,(  T) a n d  โ,( To) a r e  th e  c h a r a c te r is t ic  t im e  s c a le s  at r a n d  To, r e s p e c t iv e ly .  T h e  

p r in c ip le  o f  th e  t im e - te m p e r a tu r e  s u p e r p o s i t io n  is  b a s e d  o n  th e  r e q u ir e m e n t  th a t  a ll  
t im e  s c a le s  o f  th e  m a te r ia l  s y s t e m  v a r y  b y  th e  s a m e  fa c to r  o r  p r o p o r t io n a l i t y  w h e n  

te m p e r a tu r e  is  v a r ie d  f r o m  o n e  to  a n o th e r .
W o r tm a n n  e t a l. ( 1 9 9 5 )  in v e s t ig a t e d  th e  s t r e s s  r e la x a t io n  a n d  

t im e /t e m p e r a t u ç e  s u p e r p o s i t io n  o f  p o ly p r o p y le n e  f ib e r . T h e  r e s u lt  s h o w e d  th a t th e  

c o m p o n e n t  m o d u li  a s  w e l l  a s  th e  c h a r a c te r is t ic  r e la x a t io n  t im e  s h o w  a p r o n o u n c e d  

t e m p e r a t u r e - d e p e n d e n c e  in  w h ic h  th e  c h a r a c te r is t ic  r e la x a t io n  t im e  d e c r e a s e d  w i t h  

in c r e a s in g  te m p e r a tu r e .
P a la d e  e t a l. ( 1 9 9 5 )  s tu d ie d  th e  t im e - t e m p e r a t u r e  s u p e r p o s i t io n  a n d  l in e a r  

v i s c o s i t y  o f  P o ly b u t a d ie n e .  T h e y  f o u n d  th a t, th e  K W W  r e la x a t io n  f u n c t io n  d e r iv e d  

fr o m  th e  c o u p l in g  m o d e l  o f  N g a i  a n d  c o - w o r k e r s  r e p r e s e n t e d  f a ir ly  w e l l  th e  lo s s  

m o d u l i  p e a k s  fr o m  th e  te r m in a l to  r u b b e r y  a n d  th e  s o f t e n i n g  to  g la s s y  z o n e s .  T h e  

m o d e l  s h o u ld  b e  im p r o v e d  to  o b ta in  a  b e tte r  r e p r e s e n t a t io n  o f  b o t h  s to r a g e  a n d  lo s s  

m o d u l i  v a r ia t io n s  e s p e c i a l l y  in  th e  g la s s y  a n d  s o f t e n i n g  z o n e s .



M a o  e t al. ( 2 0 0 0 )  in v e s t ig a t e d  th e  r e la x a t io n  t im e  o f  g e la t in  h y d r o g e ls  at 

v a r io u s  d e g r e e s  o f  c r o s s l in k in g .  T h e  r e s u lt  s h o w e d  th e  e f f e c t i v e  r e la x a t io n  t im e  

s h i f t e d  to  a s h o r te r  a m o u n t  o f  t im e  a s  th e  d e g r e e  o f  c r o s s l in k in g  in c r e a s e d . T h e  

c h a r a c te r is t ic  r e la x a t io n  t im e  s h i f t e d  to  a s h o r te r  t im e  a s  C a :+ c o n c e n t r a t io n  in c r e a s e d  

fr o m  4  n iM  to  1 4  m M .
C h e n  e t al. ( 2 0 0 0 )  in v e s t ig a t e d  th e  t im e - t e m p e r a t u r e  s u p e r p o s i t io n  o f  

a m o r p h o u s  e t h y le n e - s t y r e n e  in te r p o ly m e r s  in  w h i c h  th e  s h i f t  f a c to r  d e c r e a s e d  a s  a  

f u n c t io n  o f  t e m p e r a tu r e .
L e  e t a l. ( 2 0 0 3 )  s tu d ie d  th e  t im e  d e p e n d e n t  d e f o r m a t io n  b e h a v io r  o f  

t h e r m o p la s t ic  e la s t o m e r s .  T h e y  f o u n d  th a t te m p e r a tu r e  w a s  a n  im p o r ta n t  fa c to r  

d e t e r m in in g  th e  m o le c u la r  m o b i l i t y  o f  th e  m a te r ia l .  A n  in c r e a s e  in  th e  te m p e r a tu r e  

a c c e le r a t e d  t h e r m a lly  a c t iv a t e d  p r o c e s s e s  a n d  r e d u c e s  r e la x a t io n  t im e s  a n d  th e  s h if t  

fa c to r  at d i f f e r e n t  te m p e r a t i ir e s  o f  p o ly p r o p y le n e  a n d  n itr i le  r u b b e r  d e c r e a s e d  w ith  

in c r e a s in g  n e t w o r k  s tr u c tu r e  d e n s i ty .
C h a t te r je e  e t a l. ( 2 0 0 5 )  s t u d ie d  th e  e f f e c t  o f  c a lc iu m  c a t io n s  o n  r e la x a t io n  

t im e  d is t r ib u t io n  f u n c t io n  o f  g e la t in  h y d r o g e ls .  T h e  r e s u lt  s h o w e d  th a t th e  g e la t in  

h y d r o g e ls  w ith  C a 2+ io n s  h a d  tw ' 0  m a jo r  p e a k s .  T h e  fa s t  m o d e  d o m in a te d  th e  

d is t r ib u t io n  s p e c t r u m  w it h  a  r e d u c t io n  in  th e  w id t h  o f  th e  d is t r ib u t io n  f o r  h ig h e r  

c o n c e n t r a t io n s  o f  C a 2+ in d ic a t in g  g r o w th  o f  h o m o g e n e i t y  in  n e tw o r k  s iz e  

d is tr ib u t io n . T h e  m e a n  o f  th e  fa s t  m o d e  r e la x a t io n  t im e  s h i f t e d  to  lo w e r  t im e  s c a le s  

a s  th e  c a l c iu m  s a lt  c o n c e n t r a t io n  w a s  in c r e a s e d . H o w e v e r ,  t h e  s l o w  m o d e  w a s  l e s s  

s e n s i t i v e  to  a n y  s u c h  c h a n g e .
M e e r a  et a l. ( 2 0 0 6 )  in v e s t ig a t e d  th e  s t r e s s  r e la x a t io n  o f  T iC b  a n d  n a n o s i l ic a  

f i l l e d  r u b b e r  c o m p o s i t e s .  T h e y  f o u n d  th a t , th e  r e la x a t io n  ra te  in c r e a s e d  w ith  

in c r e a s in g  o f  T i e r  a n d  n a n o s i l ic a  l o a d in g  d u e  t o  th e  b r e a k d o w n  o f  f i l l e r - f i l l e r  a n d  

w e a k  p o ly m e r - f i l l e r  n e t w o r k s  d u r in g  th e  c o u r s e  o f  th e  r e la x a t io n  p r o c e s s .  T h e  ra te  o f  

s tr e s s  d e c a y  w a s  c o m p a r e d  fo r  2 0  p h r  T iC b - a n d  s i l i c a - f i l l e d  N R .  T h e  s i l i c a - f i l l e d  

s y s t e m  s h o w e d  a h ig h e r  ra te  o f  s t r e s s  r e la x a t io n  c o m p a r e d  to  T i O l -  f i l le d  N R . T h is  

w a s  d u e  to  th e  la r g e  s c a le  f i l le r  c lu s t e r  b r e a k -u p  in  th e  s i l i c a - f i l l e d  s y s t e m .
P a r k  et a l. ( 2 0 0 6 )  s tu d ie d  th e  t i m e - e l e c t r i c  f i e ld  s u p e r p o s i t io n  in  e l e c t r i c a l ly  

a c t iv a t e d  p o ly p r o p y le n e / la y e r e d  s i l i c a t e  n a n o c o m p o s i t e s .  T h e y  f o u n d  th at th e  e le c t r ic
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f i e ld  r e d u c e d  th e  t im e  r e q u ir e d  to  o b t a in  th e  s a tu r a te d  s t o r a g e  m o d u lu s  v a lu e  o f  

p o ly p r o p y le n e / la y e r e d  s i l i c a t e  n a n o c o m p o s i t e s .
K o n y a l i  e t a l. ( 2 0 0 8 )  s tu d ie d  th e  lo n g  t im e  s tr e s s  r e la x a t io n  o f  a m o r p h o u s  

n e tw o r k s  u n d e r  u n ia x ia l  te n s io n :  T h e  D y n a m ic  C o n s tr a in e d  J u n c t io n  M o d e l .  T h e  

r e su lt  s h o w e d  th a t t h e  r e la x a t io n  t im e  o f  p o ly i s o p r e n e  d e c r e a s e d  w ith  in c r e a s in g  

d e g r e e s  o f  c r o s s l in k in g ,  th e  r e la x a t io n  w a s  r a p id ly  d is t r ib u t e d  th r o u g h o u t  th e  

c r o s s l in k in g  m o le c u la r  s e g m e n t s .  I n c r e a s in g  m o le c u la r  c o n n e c t i v i t y  o r  in c r e a s in g  

c r o s s l in k in g  r a tio  p r o m o t e d  th e  c a p a b i l i t y  o f  th e  p o ly i s o p r e n e  to  r e la x  fa s te r  th r o u g h  

a v a i la b le  j u n c t i o n s  c o n n e c t e d  w ith  n e ig h b o r in g  t o p o l o g ic a l  s tr u c tu r e s .
Z h a o  e t al. ( 2 0 1 0 )  s tu d ie d  th e  s t r e s s  r e la x a t io n  b e h a v io r  in  g e l s  w i t h  io n ic  

.a n d  c o v a le n t  c r o s s l in k s .  T h e  r e s u lt  s h o w e d  th a t , th e  s tr e s s  in  th e  g e l  r e la x e d ,  b y  

d if f e r e n t  m e c h a n i s m s ,  d e p e n d in g  o n  th e  ty p e  o f  c r o s s l in k s .  F o r  a  g e l  w it h  io n ic  

c r o s s l in k s ,  th e  s tr e s s  r e la x e d  as th e  c r o s s l in k s  d i s s o c ia t e d  a n d  r e f o r m e d  e l s e w h e r e ,  s o  

th a t th e  n e t w o r k  u n d e r w e n t  p la s t ic  d e f o r m a t io n .  F o r  a  g e l  w i t h  c o v a le n t  c r o s s l in k s ,  
th e  s tr e s s  r e la x e d  a s  w a t e r  m ig r a te d  o u t  o f  th e  g e l .  s o  th a t th e  n e tw o r k  u n d e r w e n t  

e la s t ic  d e f o r m a t io n .
J u n e  e t al. ( 2 0 1 0 )  s tu d ie d  th e  te m p e r a tu r e  e f f e c t s  in  a r t ic u la r  c a r t i la g e  

b i o m e c h a n ic s .  T h e  r e s u l t  s h o w e d  th a t  th e  s t r e s s  r e la x a t io n  w a s  fa s te r  at h ig h e r  

te m p e r a tu r e s  a n d  th e  s t r e tc h in g  p a r a m e te r  d e c r e a s e d  w i t h  in c r e a s in g  te m p e r a tu r e , 
c o n s i s t e n t  w i t h  a  c o m b in a t io n  o f  c h a n g e s  in  f lu id  v i s c o s i t y  a n d  e x t r a c e l lu la r  m a tr ix  

p o ly m e r  d y n a m ic s .  B o t h  th e  d y n a m ic  a n d  e q u i l ib r iu m  s t i f f n e s s  in c r e a s e d  w i t h  

t e m p e r a tu r e ,  c o n s i s t e n t  w i t h  p o ly m e r  m e c h a n i s m s .
M itr a  e t a l. ( 2 0 1 1  ) s tu d ie d  th e  d y n a m ic  s t r e s s  r e la x a t io n  b e h a v io r  o f  n a n o g e l  

f i l l e d  e la s t o m e r .  T h e  r e s u lt  s h o w e d  th a t th e  v ir g in  e la s t o m e r s ,  N R .  a n d  S B R  s h o w e d  

v e r y  lo n g - t i m e  s t r e s s  r e la x a t io n  p r o c e s s  a n d  d o  n o t  r e a c h  a n y  e q u i l ib r iu m  w it h in  

e x p e r im e n t a l  t im e  p e r io d . T h e  t im e  r e q u ir e d  to  a c h i e v e  e q u i l ib r iu m  d r a s t ic a l ly  w a s  

r e d u c e d  w i t h  a n  in c r e a s e  in  c r o s s l in k  d e n s i t y  in  th e  c a s e  o f  c r o s s l in k e d  g e l s .  In  th e  

c a s e  o f  c r o s s l in k e d  g e l s ,  th e  v i s c o e l a s t i c  r e la x a t io n  o f  a n  e n t a n g le d  d a n g l in g  c h a in  in  

a  c r o s s l in k e d  p o ly m e r  n e tw o r k  o c c u r r e d  b y  a  r e tr a c in g  m e c h a n i s m  in  w h ic h  th e  

u n a t ta c h e d  c h a in  e n d  d i f f u s e d  t o w a r d s  th e  c h a in  e n d s  w h i c h  w e r e  a t ta c h e d  to  th e  

n e tw o r k .
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