
CHAPTER IV
STRESS RELAXATION BEHAVIOR OF (ALA-GLY-PRO-ARG-GLY-4HYP-

GLY-PLO-) GELATIN HYDROGELS UNDER ELECTRIC FIELD: TIME-
ELECTRIC FIELD SUPERPOSITION

4.1 A b s tr a c t

A n  i n v e s t ig a t io n  h a s  b e e n  c o n d u c t e d  o n  s tr e s s  r e la x a t io n  f u n c t io n s  a n d  th e  

c o r r e s p o n d in g  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 s  o f  g e la t in  h y d r o g e ls  fo r  th e  

e f f e c t s  o f  d e g r e e  o f  c r o s s l in k in g  a n d  th e  a p p lie d  e l e c t r i c  f ie ld  s tr e n g th . T h e  

e x p e r im e n t a l  s h i f t  fa c to r s  c a n  b e  th u s  o b t a in e d  fr o m  e i t h e r  th e  s t r e s s  r e la x a t io n  

f u n c t io n s  o r  th e  s t o r a g e  a n d  l o s s  m o d u li .  B o t h  a p p r o a c h e s  y i e ld  n u m e r ic a l ly  th e  s a m e  

s h i f t  fa c to r  v a lu e s  w h ic h  s u c c e s s f u l ly  a l l o w  th e  t i m e - e l e c t r ic  f ie ld  s u p e r p o s i t io n  o f  

v a r io u s  r e la te d  f u n c t io n s .  T h e  m o d i f i e d  s h i f t  fa c to r s  a re  o b t a in e d  fr o m  th e  e f f e c t i v e  

r e la x a t io n  t im e s  a n d  th e  m a te r ia l  c o n s ta n t  (C'r). T h e  m a te r ia l  c o n s t a n t  c r i t ic a l ly  

d e p e n d s  o n  th e  d e g r e e  o f  c r o s s l in k in g  a n d  w e a k ly  o n  t h e  r e f e r e n c e  e le c t r ic  f i e ld  

s t r e n g th  u s e d  in  th e  s u p e r p o s i t io n .  T h e  r e la x a t io n  t im e  d is t r ib u t io n  c le a r ly  in d ic a te s  

t w o  m o d e s  o f  r e la x a t io n  u n d e r  a n  e le c tr ic  f i e ld .  T h e  fa s t  m o d e  o f  r e la x a t io n ,  w h ic h  

o c c u r s  o n ly  u n d e r  a n  e le c t r ic  f i e ld ,  c a n  b e  a t tr ib u te d  t o  th e  r e la x a t io n  o f  p r o to n s  

p r e s e n t  in  th e  g e la t in  h y d r o g e ls .

K e y w o r d s :  G e la t in ;  S tr e s s  r e la x a t io n ;  T i m e - e le c t r i c  f i e l d  s u p e r p o s i t io n
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V i s c o e la s t i c  p r o p e r t ie s  a re  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 tr u c tu 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  i n v o lv e  b o t h  s o l id - s t a t e  a n d  l iq u id - l ik e  

b e h a v io r s  ( M e y e r  e t a l., 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 te r ia ls  in c lu d e  d e fo r m a t io n ,  
s w e l l i n g ,  s t a b i l i t y ,  a n d  e tc  ( K u n d a  et a l.,  2 0 0 9 ;  Z h a n g  e t a i ,  2 0 0 8 ) .

T h e  p r e s e n t  w o r k  f o c u s e s  o n  th e  s tr e s s  r e la x a t io n  b e h a v io r ,  a n  im p o r ta n t  

p r o p e r ty  fo r  v i s c o e l a s t i c  m a te r ia ls .  S t r e s s  r e la x a t io n  is  th e  d e c r e a s e  in  a n  in ter n a l  
s t r e s s  w h e n  a  m a te r ia l  is  h e ld  a t 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 n  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 lie d  s tr a in  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 ,  th e  r e s id u a l  s t r 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 e d  to  a n  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  th e  m a te r ia l  a n d  th e  g e n e r a te d  s t r 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 ) .T h e  m o s t  s im p le  la 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 .
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  r e a l  v i s c o e l a s t i c  m a te r ia ls .  

V i s c o e la 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  

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  1 is  fo r  th e  sh o r t  t im e  

r e la x a t io n  p r o c e s s  (0 -1  h ); 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 );  

a n d  s ta g e  3 is  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 )  ( M a t s u o k a ,  1 9 9 2 ;  

W il l ia m s  e t a l.,  1 9 7 0 ) .T h e  K o h lr a u s c h - W il l ia m s - W a t t s  ( K W W )  e q u a t io n  is  a  w e l l -  

k n o w n  e q u a t i o n ' t o  d e s c r ib e  th e  s ta g e  1 o f  th e  s tr e s s  r e la x a t io n  p r o c e s s  ( M a ts u o k a ,  
1 9 9 2 ) .

4.2 Introduction

G(t) = Gm +  G0 [e ( ] (4.1 )

w h e r e  G (t)  i s  th e  s tr e s s  r e la x a t io n  f u n c t io n  a s  o b ta in e d  f r o m  th e  e x p e r im e n t ,  G, 11 is  

th e  e q u i l ib r iu m  m o d u lu s  o r  th e  lo n g  t im e  v a lu e ,  t is  th e  e x p e r im e n t a l  t im e ,  r  is  th e  

e f f e c t i v e  r e la x a t io n  t im e ,  a n d  /7 ( 0  <  ท <  1 ) is  th e  s t r e t c h in g  p a r a m e te r . Z h a o  e t al.
( 2 0 1 0 )  s tu d ie d  t h e  s tr e s s  r e la x a t io n  o f  a lg in a t e  h y d r o g e ls  w i t h  c o v a le n t  c r o s s l in k s ;  

th e  r e la x a t io n  p r o p a g a t e d  th r o u g h  th e  n e tw o r k  c o n n e c t i v i t y .  M a o  et al. ( 2 0 0 0 )
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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 l s  a t 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  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  sh 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 .
F u r th e r m o r e , th e  e f f e c t  o f  t e 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 tu 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  

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 l ie d  s t r 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  te m p e r a tu r e  (T )  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  f u n c t io n s  o f  v i s c o e l a s t i c  m a t e 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 9 8 ;  F e r r y . 1 9 8 0 ) .  ■ .
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 te 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  at d i f f e r e n t  t e m p e r a tu r e s  ( R u b in s t e in  e t a l.. 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 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  ( T o b o ls k y ,  1 9 5 6 ) .  
S tr e s s  r e la x a t io n  f u n c t io n  d a ta  at a n y  te m p e r a tu r e  ( T) 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  a t a  r e f e r e n c e  te m p e r a tu r e  (To) u s in g  a  t im e  s c a le  s h i f t  f a c to r  (a-f) a s  in  th e  

f o l lo w i n g  e q u a t io n  ( S c h w a r z l  e t a l.. 1 9 5 2 ;  F e r r y , 1 9 8 0 ) .

O-Y —
ท (ฑ
T i(T0) ( 4 .2 )

w h e r e  Tj(T) a n d x Z,(T0) a re  th e  c h a r a c te r is t ic  t im e  s c a le s  a t T  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 l l  

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  f a c t o 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 .
T h e r e  a re  m a n y  s t u d ie s  r e la te d  to  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  in  

s o l id  s ta te  m a te r ia ls ,  s u c h  a s  p o ly i s o b u t y le n e  (F e r r y  el a i .  1 9 5 3 ) ,  p o ly b u t a d ie n e  

(P a la d e  e t a l..  1 9 9 5 ) ,  p o l y e t h y l e n e  ( O n o g i  et a l.. 1 9 6 7 ) ,  p o ly u r e t h a n e  ( T o b o ls k y ,  
1 9 6 6 ) ,  a n d  s t y le n e - b u t a d ie n e - s t y l e n e  b lo c k  c o p o l y m e r  ( F i l e d i n g - R u s s e l l  e t a l.. 
1 9 7 2 ) .  P a la d e  e t al. ( 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  lin e a r  

v i s c o e l a s t i c i t y  o f  p o ly b u t a d ie n e  w h e r e  th e  s t o r a g e  m o d u l i  a n d  th e  s t r e tc h in g  

p a r a m e te r  d e p e n d e d  o n  te m p e r a tu r e .  J u n e  et a l. ( 2 0 1 0 )  s t u d ie d  th e  te m p e r a tu r e  e f f e c t
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o n  a r t ic u la r  c a r t i la g e  b io m e c h a n ic s ;  th e  s tr e s s  r e la x a t io n  p r o c e e d e d  fa s te r  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 ith  in c r e a s in g  te m p e r a tu r e . 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 ter  

p o ly m e r s  in  w h ic h  th e  s h i f t  fa c to r  d e c r e a s e d  a s  a  f u n c t io n  o f  te m p e r a tu r e . L e  et al.
( 2 0 0 3 )  s t u d ie d  th e  te m p e r a tu r 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  d if fe r e n t  

t h e r m o p la s t ic  e la s t o m e r s .  พ o r tm a n n  et al. ( 1 9 9 5 )  in v e s t ig a t e d  t h e  s t r e s s  r e la x a t io n  

a n 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  p o ly p r o p y le n e  in  w h i c 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 ith  in c r e a s in g  t e m p e r a tu r e .  R e c e n t ly ,  th e  e f f e c t s  o f  

e le c t r ic  f i e l d  o n  v i s c o e l a s t i c  p r o p e r t ie s  a n d  r e la x a t io n  c h a r a c te r is t ic  h a v e  b e e n  

s tu d ie d . T h e  t i m e - e l e c t r i c  f i e ld  r e la t io n s h ip  w a s . i n v e s t i g a t e d  b y  P a r k  e t al. ( 2 0 0 6 ) .  It 
w a s  s h o w n  th a t  th e  e l e c t r i c  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  sa tu r a te d  

s to r a g e  m o d u lu s  v a lu e  o f  p o l y 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 .
In  th e  p r e s e n t  w o r k ,  g e la t in  ( A la - G l y - P r o - A r g - G l y - G l u - 4 H y p - G ly - P r o - )  w a s  

u s e d  a s  m a t e r ia ls  to  in v e s t ig a t e  s t r e s s  r e la x a t io n  b e h a v io r .  U n c r o s s l in k e d  a n d  

c r o s s l in k e d  g e la t in  h y d r o g e ls  w e r e  p r e p a r e d  b y  a d d in g  a  g lu t a r a ld e h y d e  s o lu t io n  in to  

a g e la t in  s o lu t i o n  f o l l o w e d  b y  a c a s t in g  m eth o d .- S t r e s s  r e la x a t io n  f u n c t io n s  o f  th e  

u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  h y d r o g e ls  w e r e  m e a s u r e d  to  s tu d y  th e  e f f e c t s  

o f  e le c t r ic  f i e l d  s tr e n g th  a n d  th e  c r o s s l in k in g  ra tio . T h e  h o r iz o n ta l  s h i f t  fa c to r s  {aE.exp) 
w e r e  e x p e r im e n t a l ly  o b t a in e d  fr o m  b o th  th e  s t r e s s  r e la x a t io n  f u n c t io n  a n d  th e  

s t o r a g e - l o s s  m o d u l i  at v a r io u s  e le c t r ic  f ie ld  s t r e n g t h s .  T h e s e  e x p e r im e n ta l  s h if t  

fa c to r s  ( as,e x p ) a l l o w  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 s  o f  th e  m o d u li  a n d  th e  

s tr e s s  r e la x a t io n  f u n c t io n  to  b e  p o s s ib l e .  F u r th e r m o r e , i t  w i l l  b e  s h o w n  th a t aE.exp c a n  

b e  c a lc u la t e d  b y  th e  c a lc u la t e d  s h if t  fa c to r  (aE.cal), o b t a in e d  fr o m  th e  ra tio  o f  th e  

e f f e c t i v e  t im e  s c a le s  in c o r p o r a te d  w ith  th e  m a te r ia l  c o n s t a n t  ( c T).

4 .3  E x p e r im e n t a l

4 .3 .1  M a te r ia ls
G e la t in  p o w d e r  ( T y p e  B , b o v in e  s k in ,  b lo o m  s tr e n g th  2 2 5 ,  S ig r n a -  

A ld r ic h )  w h i c h  a ty p ic a l  s tr u c tu r e  is  A la - G ly - P r o - A r g - G ly - G lu - 4 H y p - G ly - P r o ,  
G lu t a r a ld e h y d e  ( 5 0  % w /v  G T A  s o lu t io n .  A R  g r a d e , F lu k a )  w e r e  u s e d  a s  th e  s ta r t in g  

m a te r ia ls  f o r  p r e p a r in g  g e la t in  h y d r o g e ls .



5 8

4 . 3 .2  P r e p a r a t io n  o f  G e la t in  H y d r o g e l
U n c r o s s l in k e d  g e la t in  h y d r o g e ls  w e r e  p r e p a r e d  v ia  th e  d i s s o lu t io n  in  

th e  10  % v /v  in  d e io n iz e d  w a te r  at 4 0  ๐c  u n d e r  c o n t in u o u s  s t ir r in g  fo r  4 0  m in . 
C r o s s l in k e d  g e la t in  h y d r o g e ls  w e r e  p r e p a r e d  b y  a d d in g  s p e c i f i c  a m o u n t  o f  

g lu t a r a ld e h y d e  s o lu t io n  in to  a  1 0  % v /v  g e la t in  s o lu t io n  w ith  th e  g lu ta r a ld e h y d e  

c o n c e n t r a t io n  v a r ie d  a t 3 a n d  7  % v /v  a n d  s tir  v ig o r o u s l y  fo r  15 m in  at 4 0  °c to  

o b ta in  h o m o g e n e o u s  s o lu t io n  b y  m a g n e t ic  s t ir r in g . U n c r o s s l in k e d  a n d  c r o s s l in k e d  

g e la t in  s o lu t i o n s  w e r e  p o u r e d  in to  p e tr i d is h e s .  H y d r o g e ls  w e r e  o b t a in e d  b y  s o lu t io n ,  
c a s t in g  a t  a m b ie n t  te m p e r a tu r e  ( 3 0  ° C )  fo r  1 d a y  a n d  th e  c r o s s l in k e d  g e la t in  

h y d r o g e ls  w e r e  w a s h e d  w i t h  d e io n iz e d  w a te r  4 0  m l  f o r  2  t im e s .  F in a l ly ,  it w a s  d r ied -  

at r o o m  te m p e r a tu r e  to  g e l  s e t t le  a p p r o x im a t e ly  a t 1 m m  s a m p le  t h ic k n e s s  a n d  2 5 -  

m m  s a m p le  d ia m e te r .

4 . 3 .3  C h a r a c te r iz a t io n  a n d  T e s t in g  o f  U n c r o s s l in k e d  a n d  C r o s s l in k e d
G e la t in  H y d r o g e ls
U n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  h y d r o g e ls  w e r e  id e n t i f ie d  fo r  . 

fu n c t io n a l  g r o u p s , b y  a  F o u r ie r  T r a n s fo r m  In fr a r e d  S p e c t r o m e t e r  (F T I R ;  T h e r m o  

N i c o le t .  N e x u s  6 7 0 ,  A T R )  o p e r a te d  in  th e  a b s o r p t io n  m o d e  w i t h  3 2  s c a n s  a n d  a  

r e s o lu t io n  o f  ± 4  c m -1 , c o v e r in g  a w a v e n u m b e r  r a n g e  o f  3 5 0 0  c m ' 1 t o '5 0 0  c m ' 1, w ith  

d e u t e r a t e d t r ig ly c in e  s u l f a t e  a s  a  d e te c to r .

a v e r a g e  m o le c u la r  w e i g h t  o f  th e  p o ly m e r  c h a in  s e g m e n t s  b e t w e e n  t w o  c o n s e c u t iv e  

s e g m e n t s  (M e )  w a s  c a lc u la t e d  u s in g  th e  F lo r y - R e h n e r  e q u a t io n  ( F lo r y  a n d  R e h n e r .  
1 9 4 3 ) .

w h e r e  p  i s  t h e  d e n s i t y  o f  th e  d ry  g e la t in ,  w h ic h  is  s t u d ie d  b y  p y c n o m e t r y .  V\ i s  th e  

m o la r  v o lu m e  o f  th e  s o lv e n t ,  X is  th e  p o l y m e r - s o l v e n t  in te r a c t io n  p a r a m e te r  (x =  0 .4 9  

±  0 .0 5 )  ( F lo r y  a n d  R e h n e r , 1 9 4 3 ) ,a n d  (ps is  th e  v o lu m e  fr a c t io n  o f  th e  s w o l l e n  

g e la t in ,  w h i c h  w a s  e s t im a t e d  fr o m  th e  f o l lo w i n g  r e la t io n :

In  o r d e r  to  e s t im a t e  th e  n e tw o r k  c r o s s l in k in g  d e n s i t y ,  th e  n u r n b e r -

x<k +  l n ( l - $ r )  +  $r
( 4 .3 )
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» -  * • *  ,W p - W o { p - p « ) ( 4 .4 )

w h e r e  IFo i s  th e  in i t ia l  w e i g h t . o f  th e  s a m p le ,  โ^  is  th e  w e ig h t  o f  t h e  s w o l l e n  s a m p le ,  
p w i s  th e  d e n s i t y  o f  th e  w a te r  at r o o m  te m p e r a tu r e , a n d  p  is  t h e  d e n s i t y  o f  th e  d ry  

u n c r o s s l in k e d  g e la t in  f i lm s .
E le c t r o s t a t ic  f o r c e  m ic r o s c o p y  ( E F M ;  X E 1 0 0 .  P a rk  S y s t e m )  im a g e s  

w e r e  ta k e n  w ith  a  s c a n n in g  e le c tr o n  m ic r o s c o p e  to  d e t e r m in e  th e  s u r f a c e  m o r p h o lo g y  

a n d  p h a s e  o f  th e  g e la t in  h y d r o g e ls ,  u s in g  a  s c a n  r a te  o f  0 .3  H z , a  s ig n a l  a m p litu d e  o f  

5 V , a n d  a  s c a n  s iz e  o f  3 p m  X 3 p in . E a c h  s a m p le  w a s - s c a n n e d  a t t w o  h e ig h t s  a b o v e  

th e  s u r f a c e .  In th e  f ir s t  s c a n , th e  p r o b e  t ip  r e s p o n d e d  to  th e  v a n  d e r  W a a ls  f o r c e  

u n d e r  th e  ta p p in g  m o d e  a n d  th e  s u r f a c e  m o r p h o lo g y  w a s  r e c o r d e d . T h e  s e c o n d  s c a n  

w a s  t a k e n  u n d e r  th e  in t e r le a v e  m o d e  to  d e te c t  th e  e l e c t r i c  f i e ld  fo r c e .
A  m e l t  r h e o m e te r  ( R h e o m e t r ic  S c i e n t i f i c ,  A R E S )  w a s  u s e d  to  

m e a s u r e  th e  s tr e s s  r e la x a t io n  p r o p e r t ie s  o f  th e  g e la t in  h y d r o g e ls .  T h e  s p e c im e n s  W'ere 

f i t te d  w i t h  a  c u s t o m - b u i l t  c o p p e r  p a r a lle l  p la te  f ix t u r e  ( d ia m e te r  o f  2 5  m m ). A  D C  

v o l t a g e  ( i n s t e k ,  G F G 8 2 1 6 A )  w a s  a p p lie d  th r o u g h  th e  s p e c im e n .  A  d ig i t a l  m u lt im e te r  

( T e k t r o n ic  I n c o r p o r a t io n , C D M 2 5 0 )  w a s  u s e d  t o  m o n i t o r  th e  v o l t a g e  in p u t. In  th e s e  

e x p e r im e n t s ,  th e  G (t)  w e r e  m e a s u r e d  a s  a f u n c t io n  o f  t i m e  a n d  e l e c t r i c  f ie ld  s tr e n g th  

( 0 - 8 0 0  v / m m ) .  F ir st , a p p r o p r ia te  s tr a in s  w e r e  d e t e r m in e d  fo r  G (t)  to  b e  in  th e  l in e a r  

v i s c o e l a s t i c  r e g im e . T h e  s u i t a b le  s tr a in  w a s  m e a s u r e d  to  b e  0 .2 0 %  fo r  b o th  th e  

u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  h y d r o g e ls .  T h e  m e a s u r e d  s t r e s s  r e la x a t io n  d a ta  

w e r e  t h e n  c o n v e r t e d  to  th e  d y n a m ic  s to r a g e , l o s s  m o d u l i ,  a n d  th e  r e la x a t io n  t im e  

s p e c tr u m  th r o u g h  th e  s o f t w a r e  p r o g r a m  ( T A  O r c h e s tr a t o r  v e r s i o n 6 . 6 0 B l ,  T A  

I n s tr u m e n t s  I n c o r p o r a t io n ) .
T o  q u a n t i f y  th e  lo n g - t im e  r e la x a t io n  b e h a v io r  o f  th e  s a m p le s ,  th e  

s tr e s s  r e la x a t io n  f u n c t io n  G (t)  w a s  f i t te d  to  th e  p h e n o m e n o lo g i c a l  K W W  e q u a t io n .  
T h e  e f f e c t i v e  r e la x a t io n  t im e  (โ)  a n d  th e  s t r e tc h in g  p a r a m e te r  (ท) w e r e  d e te r m in e d  b y  

f i t t in g  s t r e s s  r e la x a t io n  d a ta  to  e q u a t io n  4 .5  t h r o u g h  a  s o f t w a r e  p r o g r a m  ( P o ly m a t h  

v e r s io n  6 .1 0 ,  C A C H E  C o r p o r a t io n ) .
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Which equation 1 is replaced to determine the relaxation time
distribution by an integral (Matsuoka, 1992).

w h e r e  G (t)  is  th e  s t r e s s  r e la x a t io n  f u n c t io n  a s  o b t a in e d  f r o m  t h e  s tr e s s  r e la x a t io n  

e x p e r im e n t .  G o  is  the. e q u i l ib r iu m  s tr e s s  r e la x a t io n  o r  th e  lo n g  t im e  v a lu e ,  t is  th e  

e x p e r im e n t a l  t im e ,  r i-s th e  e f f e c t i v e  r e la x a t io n  t im e .  G (t) is  a  c o n t in u o u s  fu n c t io n  

o v e r  r e la x a t io n  t im e ,  .and  ท ( 0  <  ท <  1) is  th e  s t r e t c h in g  p a r a m e te r . T h e  e f f e c t i v e  

r e la x a t io n  t im e  (r )  is ' p r e s e n te d  o n  a  lo g a r ith m  s c a le .  T h u s , e q u a t io n  4 .6  c a n  b e  

■ written as:

w h e r e  H (โ) =  tG (t) i s  c a l le d  th e  r e la x a t io n  t im e  d is t r ib u t io n  s p e c tr u m  (M a ts u o k a ,  
1 9 9 2 ;  F r ie d , 2 0 0 3 ) .  I I (โ) w a s  d e t e r m in e d  th r o u g h  th e  s o f t w a r e  p r o g r a m  ( T A  

O r c h e s tr a t o r  v e r s io n  6 . 6 0 B 1 ,  T A  I n s tr u m e n ts  I n c o r p o r a t io n )  u s i n g  e q u a t io n  4 .7 ,  
w h e r e .t h e  m e a n  r e la x a t io n  t im e  (โ,,1) w a s  d e t e r m in e d  fr o m  H ( โ). T h e  r e la x a t io n  t im e  

d is t r ib u t io n  s p e c tr u m  is  a  fu n d a m e n ta l  f u n c t io n  o f  v i s c o e l a s t i c  m a t e r ia ls  (H o n e r k a m p  

et a l . , 1 9 9 3 ) .  T h e  s t r e t c h in g  p a r a m e te r  (ท) c a n  b e  r e la te d  to  th e  w id th  o f  th e  

r e la x a t io n  t im e  d is t r ib u t io n  s p e c tr u m  ( L in d s e y  e t a l ., 1 9 8 0 ) .

in  t w o  s t e p s .  F ir s t , th e  s t r e s s  r e la x a t io n  d a ta  w a s  c o n v e r t e d  in to  t h e  r e la x a t io n  t im e  

d is t r ib u t io n  s p e c tr u m , t h e n  th e  d y n a m ic  m o d u li  w e r e  c a lc u la t e d  f r o m  th e  r e la x a t io n  

t im e  d is t r ib u t io n  s p e c tr u m  b y  in te g r a t io n  o f  th e  s p e c t r a  a s  in  e q u a t io n s  4 .8  a n d  4 .9  

u s in g  th e  s a m e  s o f t w a r e  p r o g r a m  ( T A  O r c h e s tr a to r  v e r s io n  6 . 6 0 B 1 .  T A  I n s tr u m e n ts  

I n c o r p o r a t io n )  ( S c h w a r z l .  1 9 7 5 ) .

G ( t)  =  Gœ 4- / 0 G (T ) [ e ~ ( / r ) d r ] ( 4 .5 )

G ( t)  =  Gœ +  C û0H ( r ) [ e - ( t/r) d i m ] ( 4 .6 )

T h e  d y n a m ic  m o d u li  d a ta  c a n  b e  o b t a in e d  v ia  a  t r a n s fo r m a t io n  o f  G (t)

( 4 .8 )
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G " ( û O  =  / “ / / (  T ) ( 4 .9 )

w h e r e  G'(co) a n d  G"(co) are th e  d y n a m ic  s t o r a g e  m o d u lu s  a n d  th e  d y n a m ic  lo s s  

m o d u lu s  a s  f u n c t io n s  o f  f r e q u e n c y  (cu), r e s p e c t i v e ly .  Go, is  th e  e q u i l ib r iu m  s tr e s s  

r e la x a t io n  f u n c t io n  o r  th e  lo n g  t im e  v a lu e ,  H (r )  is  th e  r e la x a t io n  t im e  d is tr ib u t io n  

s p e c tr u m , r  is  th e  in t e g r a t in g  r e la x a t io n  t im e , a n d  t h e  s t r e tc h in g  p a r a m e te r  ท ( 0  <  ท <  
1). F r o m  G'(co) a n d  G"{co)  d a ta , th e  r e la x a t io n  t im e  o f  d y n a m ic  m o d u li  d a ta  a t th e  

c r o s s o v e r  (r c)  w a s  id e n t i f ie d  at th e  c r o s s o v e r  p o in t  o f  (G'(co)) a n d  ( G"(co) )  v e r s u s  

f r e q u e n c y  (o i) ;  Tc i s  r e c ip r o c a l  o f  th e  c r o s s o v e r  f r e q u e n c y  ( 0 JC) ( S c h w a r z l ,  1 9 7 5 ;  

B e l f io r e ,  2 0 1 0 ;  F e r r y , 1 9 8 0 ) .

h y d r o g e ls  w e r e  d e t e r m in e d  to  s u p e r im p o s e  th e  G '  a n d  G"  d a ta  a t d i f f e r e n t  e le c tr ic  

f ie ld  s t r e n g t h s  fr o m  0  v / m m  to  8 0 0  v / m m  a n d  id e n t i f ie d  a s  t h e  e x p e r im e n t a l  s h if t  

fa c to r  ( c i E . e x p ) -  B y  d e f in i t io n ,  th e  s h i f t  fa c to r  d u e  to  e le c tr ic  f i e ld  c a n  b e  g e n e r a l ly  

c a lc u la t e d  a n d  e x p r e s s e d  as:

w h e r e  T,(E) a n d  โ 1{ £ 0) a re  th e  e f f e c t i v e  r e la x a t io n  t im e  s c a le s  o f  e q u a t io n  1 ta k e n  

fr o m  th e  s t r e s s  r e l a x a t i o n  m e a s u r e m e n t  at th e  e l e c t r i c  f ie ld  s t r e n g t h s  o f  E  a n d  E0, 
r e s p e c t i v e ly  ( S c h w a r z l  et a l . , 1 9 5 2 ;  R o la n d  et a l.,  1 9 9 2 ) .

g e la t in  h y d r o g e ls  a s  in  e q u a t io n 4 .9  d o  n o t  a g r e e  n u m e r ic a l ly  w i t h  th e  e x p e r im e n t a l  

s h if t  f a c t o r s  a s  t h e y  c o n t a in  a n  in tr in s ic  m a te r ia l d e p e n d e n c e  t h r o u g h  a  c o n s t a n t  ( C r) 
w h ic h  is  a  s tr o n g  f u n c t io n  o f  th e  m a te r ia l a n d  w e a k l y  d e p e n d e n t  o n  th e  r e f e r e n c e  

e le c t r ic  f i e l d  s tr e n g th  b e t w e e n  (0  a n d  8 0 0  v / m m ) .  Cr i s  d e f in e d  h e r e  a s  th e  ra tio  o f  

ciExxp a n d  OEcai- T h e r e f o r e ,  th e  c a lc u la t e d  s h if t  f a c t o r  o f  e q u a t io n  9  c a n  b e  m o d i f i e d  

b y  a c o n s t a n t  v a lu e  o f  Cr a s  s h o w n  in  th e  f o l l o w i n g  e q u a t io n  10  a n d  c a n  b e  r e n a m e d  

a s  th e  m o d i f i e d  s h i f t  f a c t o r  ( aE.mod).

H o r iz o n t a l  s h if t  fa c to r s  o f  u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in

( 4 .1 0 )

H o w e v e r ,  th e  c a lc u la t e d  s h if t  fa c t o r s  o f  u n c r o s s l in k e d  a n d  c r o s s l in k e d
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& E ,m o d  ~~ x a E ,c a l  (4.11)

w h e r e  c r is  th e  m a te r ia l  c o n s t a n t  w h ic h  is  w e a k l y  d e p e n d e n t  o n  r e f e r e n c e  e le c tr ic  

f i e ld  s tr e n g th , โ,(E )  a n d  T,( £ 0)  a re  th e  e f f e c t i v e  r e la x a t io n  t im e  s c a le s  a t e le c t r ic  f ie ld  

s t r e n g th s  o f  E  a n d  Eg, r e s p e c t iv e ly .

4 .4  R e s u l t  a n d  D is c u s s io n

4 .4 .1  C h a r a c te r iz a t io n  o f  บ ท c r o s s ! in k e d  a n d  C r o s s l in k e d  G e la t in  H y d r o g e ls
T h e  F T 1 R  s p e c tr u m  o f  u n c r o s s l in k e d  g e l a t in  h y d r o g e l  s h o w s  

c h a r a c te r is t ic  p e a k s  a t 1 2 5 0 ,  1 5 5 0 ,  1 6 3 0 . 2 9 2 2 ,  a n d  3 3 0 0  c m ' 1. T h e y  c o r r e s p o n d  to  

th e  C - N  s tr e tc h in g , th e  N - H  b e n d in g ,  th e  c = 0  s t r e t c h in g  v ib r a t io n , th e  C -H  

s t r e t c h in g  v ib r a t io n , a n d  th e  N - H  s tr e tc h in g  v ib r a t io n ,  r e s p e c t i v e ly .  F o r  th e  s p e c tr u m  

o f  th e  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e l ,  a d d it io n a l  p e a k s  a p p e a r  a t 1 6 4 1  c m ' 1 a n d  

1 4 5 0  c m ' 1. T h e s e  p e a k s  r e p r e s e n t  th e  a ld i m in e  ( C H = N )  s t r e t c h in g  v ib r a t io n ,  
i n d ic a t in g  th at th e  c r o s s l in k in g  b e t w e e n  g e l a t in  a n d  g lu t a r a ld e h y d e  o c c u r r e d  

( N g u y e n  e t a l., 2 0 1 0 ) .
T h e  g lu t a r a ld e h y d e  c r o s s l in k in g  le a d s  a  s ig n i f i c a n t  r e d u c t io n  in  

s w e l l i n g .  S w e l l i n g  m e a s u r e m e n t s  a t lo n g e r  t i m e s  w e r e  p r e v e n t e d  b y  th e  s o lu b i l i t y  o f  

th e  h y d r o g e l .  T h e  c a lc u la t e d  a v e r a g e  m o le c u la r  w e i g h t  b e t w e e n  t w o  n e ig h b o r in g  

c r o s s l in k  p o in t s ,  M c, d e c r e a s e s  d r a s t ic a l ly  w i t h  in c r e a s in g  o f  g lu t a r a ld e h y d e  c o n t e n t ,  
d u e  t o  th e  fo r m a t io n  o f  a  p a c k e d  n e tw o r k . T h e  3  % v /v  a n d  7  % v /v  c r o s s l in k e d  

g e la t in  h y d r o g e l  s h o w  Mg o f  1 9 2 0  ±  2 9 6 ,  a n d  3 2 0  ±  16  g / m o l .  r e s p e c t iv e ly .  T h e  7 

% v /v  c r o s s l in k e d  g e la t in  h y d r o g e l  p o s s e s s e s  t h e  l o w e s t  d e g r e e  o f  s w e l l i n g .  T h e  

a m o u n t  o f  th e  c r o s s l i n k i n g  a g e n t  w a s  h ig h e r  th a n  7  % v /v  a n d  d id  n o t  in d u c e  a n y  

fu r th e r  c h a n g e  in  th e  c r o s s l in k in g  d e n s i t y  a n d  th e  p e r c e n t a g e  o f  s w e l l i n g  o f  th e  

c r o s s l in k e d  h y d r o g e l .  F r a g a  e t a l. ( 1 9 8 5 )  r e p o r te d  s im i la r  r e s u l t s  b y  th e  te r m in a t io n  

o f  th e  r e a c t io n  in  th e  t h e r m o s e t t in g  s y s t e m s  o f  g e l a t in  f i lm s .
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4 - 4 .2  R e l a x a t i o n  B e h a v io r  o f  บ ท c r o s s l in k e d  a n d  C r o s s l in k e d  G e la t in
H y d r o g e ls
T h e  e f f e c t s  o f  c r o s s l in k in g  r a t io  a n d  e l e c t r i c  f i e ld  s tr e n g th  o n  th e  

G (7), G '  a n d  G "  o f  th e  u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  h y d r o g e ls  w e r e  

in v e s t ig a t e d  at e l e c t r i c  f i e ld  s tr e n g th s  b e t w e e n  0  a n d  8 0 0  v / m m .  F ig .  4 .1 ( a )  a n d  (b )  

s h o w  G (t)  a n d  th e  s h i f t e d  s t r e s s  r e la x a t io n  o f  th e  u n c r o s s l in k e d  a n d  7  % v /v  

c r o s s l in k e d  g e la t in  h y d r o g e ls  in  r e la t io n  to  t i m e ,  r e s p e c t iv e ly .  T h e  s tr e s s  r e la x a t io n  

f u n c t io n s  o f  th e  7 % v /v  c r o s s l in k e d  g e la t in  h y d r o g e l  a re  s h o w n  in  F ig .4 .1  a s  o n e  o f  

s e v e r a l  c r o s s l in k e d  g e la t in  h y d r o g e ls  in v e s t ig a t e d .  F ig .  4 .1 ( a )  r e v e a ls  th e  a c c e le r a te d  

s t r e s s  r e la x a t io n  v ia  th e  in c r e a s e s  in  c r o s s l in k in g  d e n s i t y  a n d  e l e c t r i c  f ie ld .  In  o th e r  

w o r d s ,  in c r e a s in g  m o le c u la r  c o n n e c t iv i t y  o r  in c r e a s in g ' .c r o s s l in k in g  ra tio  p r o m o te s  

th e  c a p a b i l i t y  o f  th e  h y d r o g e ls  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 io n s  c o n n e c t e d  

w it h  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  ( K o n y a l i  e t a l., 2 0 0 8 ) .  O n  th e  o th e r  h a n d , th e  

e l e c t r i c  f i e ld  a ls o  i n d u c e s  p o la r iz a t io n  a n d  d i p o l e - d i p o l e  in t e r a c t io n  th a t e f f e c t i v e ly  

p r o d u c e  e le c t r ic  f i e l d - i n d u c e d  c o n n e c t iv i t y  w h i c h  in  tuna e n h a n c e s  G  it). P r o ts e n k o  et 
al. ( 2 0 0 6 )  s tu d ie d  s t r e s s  r e la x a t io n  in  p o r c in e  s e p t a l  c a r t i la g e  u n d e r  a p p lie d  e le c tr ic  

f i e ld ,  t h e y  fo u n d  th a t  th e  s p e c im e n  a c c e le r a t e d  t h e  r e la x a t io n  o f  in te r n a l s tr e s s  in  th e  

in f l u e n c e  o f  e l e c t r i c  f i e ld .  K o n y a l i  e t al. ( 2 0 0 8 )  s t u d ie d  a  s im i la r  e f f e c t  o n  

p o ly i s o p r e n e .  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 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 in g ,  a n d  th e  s tr e s s  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 i n k i n g  m o le c u la r  s e g m e n t s .
In  F ig .4 .1 ( b ) ,  th e  e x p e r im e n t a l  s u p e r im p o s i t io n s  o f  th e  s tr e s s  

r e la x a t io n s  ( G {t)-tla E.exp) o f  th e  u n c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  g e la t in  

h y d r o g e ls  a re  s h o w n  to  p r o d u c e  m a s te r  c u r v e s  th r o u g h  th e  h o r iz o n t a l  s h i f t in g  o f  th e  

s t r e s s  r e la x a t io n s  a t v a r io u s  e le c t r ic  f ie ld  s t r e n g t h s  t o w a r d s  th e  s tr e s s  r e la x a t io n  

f u n c t io n s  at th e  r e f e r e n c e  e le c t r ic  f i e ld  (0  v / m m ) .  T h e  s u p e r im p o s i t io n s  o f  th e s e  

G (l)- t/a E,exp f u n c t io n s  o b v i o u s l y  p r o d u c e  t w o  d i s t in c t  s u p e r im p o s e d  m a s te r  c u r v e s ,  
o n e  fo r  th e  u n c r o s s l in k e d  a n d  o n e  fo r  th e  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls .  T h e  

e x p e r im e n t a l  s h i f t  fa c t o r s  ( a E .e x p ) o f  th e  u n c r o s s l in k e d  g e la t in  h y d r o g e l  at v a r io u s  

e le c t r ic  f i e ld  s t r e n g th s  ( 5 0 .  1 0 0 , 2 0 0 ,  4 0 0 ,  a n d  8 0 0  v / m m )  a r e  0 . 4 0 ,  0 .3 6 ,  0 .3 0 ,  0 .2 3 ,  
a n d  0 . 1 6 ,  r e s p e c t iv e ly .  W h i le  th e  v a lu e  o f  a E .e x p  o f  th e  7  % v /v  c r o s s l in k e d  g e la t in  

h y d r o g e l  a re  0 .9 2 .  0 . 8 5 ,  0 .7 0 ,  0 .6 5 .  a n d  0 .5 5 .  E f f e c t i v e  r e la x a t io n  t im e s  (r )  o f  th e
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u n c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls ,  o b t a in e d  fr o m  f i t t in g  s tr e s s  

r e la x a t io n  d a ta  w i t h  K W W  e q u a t io n  4 .1 ,  b o t h  d e c r e a s e  w i t h  in c r e a s in g  e le c t r ic  f ie ld  

s t r e n g th , a p p a r e n t ly  d u e  to  th e  in c r e a s e  in  th e  m o le c u la r  c o n n e c t iv i t y  u n d e r  th e  

a p p l ie d  e le c t r ic  f i e l d ,  a s  s h o w n  in  T a b le  4 .1 .  P a rk  e t al. ( 2 0 0 6 )  r e p o r te d  a s im ila r  

e f f e c t  o f  e le c t r ic  f i e ld  s tr e n g th  o n  a  t im e  s c a le  to  r e a c h  e q u i l ib r iu m  p r o p e r ty  o f  

p o ly p r o p y le n e  n a n o c o m p o s i t e s .  T h e  e le c t r ic  f i e l d  r e d u c e d  th e  c h a r a c te r is t ic  t im e  o f  

th e  p o ly p r o p y le n e  n a n o c o m p o s i t e s .  L e  et a l. ( 2 0 0 3 )  f o u n d  th a t  th e  s h i f t  fa c to r  at 

d i f f e r e n t  te m p e r a tu r e s  o f  p o ly p r o p y le n e  a n d  n i t r i le  ru b b er  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 t y .
F i g .4 . 2 ( a )  a n d  (b )  s h o w  th e  s to r a g e  m o d u lu s  (O ')  a n d  

e x p e r im e n t a l ly  s h i f t e d  s to r a g e  m o d u lu s  v s .  f r e q u e n c y  ( r a d /s ) ,  w h e r e  th e  G ' o f  th e  

u n c r o s s l in k e d  a n d  c r ë s s l in k e d  g e la t in  h y d r o g e ls  w e r e  o b t a in e d  fr o m  th e  

t r a n s fo r m a t io n  o f  G ( t ) ' i i s in g  e q u a t io n s  4 .7  a n d  4 .8  a n d  th e  s o f t w a r e  p r o g r a m  (T A  

I n s tr u m e n t s  I n c o r p o r a t io n , T A  O r c h e s tr a to r  v e r s i o n  6 .6 0 B 1 ) .  In  F ig .  4 .2 ( a ) ,  G ' o f  th e  

g e la t in  h y d r o g e ls  in c r e a s e s  w i t h  in c r e a s in g  o f  f r e q u e n c y  ( r a d /s )  u n til  r e a c h in g  

p la t e a u s  a t h ig h  f r e q u e n c ie s ,  a  t y p ic a l  b e h a v io r  o f  a  g e la t in  s tr u c tu r e  (P r o t s e n k o  et 
a l ., 2 0 0 6 ) .  S h ig a  e t a l. . ( 1 9 9 3 )  fo u n d  th a t G '  in c r e a s e d  g r a d u a l ly  w ith  f r e q u e n c y ,  
w h e th e r  a n  e le c t r ic  f i e ld  w a s  a p p lie d  o r  n o t . P u v a n a tv a t ta n a  e t a l. ( 2 0 0 8 )  r e p o r te d  

th a t  fo r  th e  p o ly (  3 - t h io p h e n e  a c e t ic  a c id ) /p o ly i s o p r e n e  s u s p e n s i o n  G ' in c r e a s e d  w ith  

in c r e a s in g  f r e q u e n c y  in d ic a t iv e  o f  s o l i d - l i k e  b e h a v io r . พ i c h ia n s e e  a n d  S ir iv a t  

( 2 0 0 9 )  r e p o r te d  a  s im i la r  fe a tu r e  fo r  th e  p o l y ( d i m e t h y ls i lo x a n e )  a n d  p o ly ( 3 ,4 -  

e t h y le n e d io x y t h i o p h e n e ) /p o ly ( s t y l e n e  s u l f o n ic  a c id ) / e t h y le n e  g l y c o l  b le n d s .  F o r  b o th  

u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  h y d r o g e ls ,  th e  G ' a t th e  e le c t r ic  f ie ld  s tr e n g th  

o f  8 0 0  พ ทนท a re h ig h e r  th an  t h o s e  o f  th e  e l e c t r i c  f ie ld  s tr e n g th  o f  0  v/mm. A s  an  

e l e c t r i c  f i e ld  is  a p p l ie d ,  th e  g e la t in  s tr u c tu r e  r e s p o n d s  b y  g e n e r a t in g  in d u c e d  d ip o le  

m o m e n t s ,  l e a d in g  t o  in t e r m o le c u la r  in t e r a c t io n s  a n d  th u s  h ig h e r  c h a in  r ig id ity , a s  

in d ic a t e d  b y  th e  r e s u lta n t  h ig h e r  G '  v a lu e s  ( W ic h i a n s e e  a n d  S ir iv a t ,  2 0 0 9 ) .
In  F ig .  4 .2 ( b ) ,  th e  U-E.exp u s e d  fo r  th e  s h i f t in g  o f  th e  s to r a g e  m o d u lu s  

( G'-coaE.exp f u n c t io n )  o f  th e s e  h y d r o g e ls  a re  th e  s a m e  e x p e r im e n t a l  s h if t  fa c to r s  u s e d  

fo r  th e  s h i f t in g  o f  G (t)  a s  in  F ig .4 .1  (b ).
F ig .4 . 3 ( a )  s h o w s  G"  o f  th e  u n c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  

g e la t in  h y d r o g e ls  in  r e la t io n  to  fr e q u e n c y . T h e  G " o f  th e  u n c r o s s l in k e d  a n d  7 % v /v
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c r o s s l in k e d  g e la t in  h y d r o g e ls  a l s o  in c r e a s e  w i t h  in c r e a s in g  c r o s s l in k in g  ra tio  a n d  

a p p lie d  e le c tr ic  f i e l d  s tr e n g th , a p p a r e n t ly  d u e  t o  th e  h ig h e r  in d u c e d  in te r m o le c u la r  

in te r a c t io n  ( H a o ,  2 0 0 5 ) .  T a n g b o r ib o o n  et al. ( 2 0 0 9 )  f o u n d  th a t th e  G "  o f  lea d  

z i r c o n a t e t i t a n a t e /a c r y l ic  e la s t r o m e r  c o m p o s i t e s  in c r e a s e d  w i t h  e le c t r ic  f i e ld  s tr e n g th  

d u e  to  th e  e f f e c t  o f  p i e z o e le c t r ic  p a r t ic le s  a c t in g  a s  a  r e in f o r c in g  f i l le r .  T h e  t im e -  

e l e c t r i c  f i e ld  s u p e r im p o s i t io n  o f  th e  l o s s  m o d u lu s  (G"-0)üE.exp f u n c t io n )  o f  th e  

u n c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls  a re  s h o w n  in  F ig .4 . 3 (b ) .  T h e  

s a m e  e x p e r im e n t a l  s h i f t  fa c to r s  fo r  th e  s h i f t in g  o f  GO) a n d  th e  s h i f t in g  o f  G '  a re  u s e d  

h e r e  r e s u l t in g  in  t w o  s e p a r a te  G "-0 )a Eexp f u n c t io n s .
T a b le  4 .1  s u m m a r iz e s  th e  r e la x a t io n  t i m e s  . ( r )  a n d  th e  s tr e tc h in g  

p a r a m e t e r  {ท) o f  th e  u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  h y d r o g e ls  a s  o b ta in e d  b y  

th r e e  d i f f e r e n t  m e t h o d s :  r  fr o m  K W W ; โc f r o m  th e  d y n a m ic  c r o s s o v e r  b e t w e e n  G' 
a n d  G"; a n d  โท, f r o m  th e  r e la x a t io n  t im e  d is t r ib u t io n  sp e c tr u m .' F r o m  th e s e  m e th o d s ,  
th e  r e la x a t io n  t im e s  o f  a l l  g e la t in  h y d r o g e ls  d e c r e a s e  w i t h  in c r e a s in g  e le c t r ic  f ie ld  

s tr e n g th  a n d  c r o s s l in k in g  d e n s i t y ,  r e a f f ir m in g  th e  m o r e  r a p id  r e la x a t io n  ra te . T h e  

s t r e t c h in g  p a r a m e te r  {ท) is  r e la te d  to  th e  w id t h  o f  th e  r e la x a t io n  t im e  d is tr ib u t io n  

s p e c t r u m  (H o n e r k a m p  e t a l., 1 9 9 3 ;  L in d s e y  e t a l..  1 9 8 0 ) ,  in  th a t  ท in c r e a s e s  w ith  

in c r e a s in g  e le c t r ic  f i e l d  s tr e n g th  a n d  d e g r e e  o f  c r o s s l in k in g .
•- F ig .4 .4  s h o w s  th e  e x p e r im e n t a l  s h if t  fa c t o r s  (û£,exp) a n d  th e  

m o d i f i e d  s h i f t  fa c to r s  { a E .m o d )  o b ta in e d  fr o m  th e  e f f e c t i v e  r e la x a t io n  t im e s - ( e q u a t io n  

1) w i t h  C r a c c o r d in g  t o  e q u a t io n  4 .1 1 ,  o f  th e  u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  

h y d r o g e ls  a t v a r io u s  e le c t r ic  f i e ld  s tr e n g th s  ( 5 0 ,  1 0 0 , 2 0 0 ,  4 0 0 ,  a n d  8 0 0  v / m m ) ,  at 

th e  r e f e r e n c e  e l e c t r i c  f i e ld  s tr e n g th  o f  0  v / m m .  B o t h  s h i f t  fa c to r s  o f  th e  

u n c r o s s l in k e d ,  3 % v /v  c r o s s l in k e d ,  a n d  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls  

d e c r e a s e  w ith  in c r e a s in g  e le c t r ic  f ie ld  s t r e n g th . T h e  m o d i f i e d  s h if t  f a c to r s ,  a s  

o b t a in e d  fr o m  th e  a d ju s tm e n t  o f  e f f e c t i v e  r e la x a t io n  t im e s  w i t h  a  m a te r ia l  c o n s ta n t  

( C r);  th e  c h o s e n  v a lu e s  a re  ta b u la te d  in  T a b le  4 .2 .  It c a n  b e  c o n c lu d e d  th a t  th e  

m a te r ia l  c o n s ta n t  is  a p p a r e n t ly  d e p e n d e n t  o n  t h e  c r o s s l in k in g  d e n s i t y  a n d  w e a k ly  

d e p e n d e n t  o n  th e  r e f e r e n c e  e le c t r ic  f ie ld  s tr e n g th .
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4 .4 .2  E f f e c t  o f  D e g r e e  o f  C r o s s l in k in g  a n d  E le c t r ic  F ie ld  S tr e n g th  o n
R e la x a t io n  T im e  D is tr ib u t io n  S p e c tr u m
S u p e r im p o s i t io n  o f  r e la x a t io n  t im e  d is t r ib u t io n s  o f  th e  

u n c r o s s l in k e d ,  3 % v /v  c r o s s l in k e d ,  a n d  7 % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls  are  

s h o w n  in  F ig .4 .5 .  F ro m - th e  d is t r ib u t io n s ,  th e  m e a n s  o f  th e  r e la x a t io n  t im e  

d is t r ib u t io n s  {โ,,,) c a n  b e  c a lc u la t e d  a n d  th e y  a r e  ta b u la te d  in  T a b le  4 .1 .  T h e  โ,,, s h if t s  

t o w a r d s  th e  s m a lle r  v a lu e s  w it 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 in g  a n d  e le c t r ic  f ie ld  

s tr e n g th . In  a d d it io n ,  th e  w id t h  o f  r e la x a t io n  t im e  d is t r ib u t io n  a ls o  d e c r e a s e s  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  a n d  e le c t r ic  f i e l d  s t r e n g th , a s  th e  r e la x a t io n  t im e  

a n d  th e  w id th  o f  r e la x a t io n  t im e  d is tr ib u t io n  c o r r e s p o n d s  w i t h  th e  e la s t ic i t y  o f  

m a t e r ia ls  arid th e  n e t w o r k  c o n n e c t iv i t y  o f  t h e s e  h y d r o g e ls  ( H o n e r k a m p  et a l.,  1 9 9 3 ) .
It m a y  b e  n o t ic e d  th a t th e  r e la x a t io n  t im e  d is tr ib u t io n s  o f  th e  

h y d r o g e ls  a re  s in g le  p e a k e d  w h e n  th e  e le c tr ic  f i e ld  is  o f f .  H o w e v e r ,  w h e n  th e  e le c tr ic  

f i e ld  is  o n , th e y  b e c o m e  d o u b le  p e a k e d  c o n s i s t in g  o f  a  fa s t  r e la x a t io n  m o d e  a n d  th e  

s l o w  r e la x a t io n  m o d e ,  th e  la tter  a lw a y s  a p p e a r s  w h e t h e r  th e  e l e c t r i c  f ie ld  is  o n  o r  o f f .  
T h e  a p p e a r a n c e  o f  fa s t  r e la x a t io n  m o d e  is  r e la te d  t o  a  w a te r  p r o t o n  io n  p r e s e n t  in  th e  

h y d r o g e l  w h i le  th e  s l o w  r e la x a t io n  m o d e  r e s p o n s e s  to  th e  s tr u c tu r a l  r e la x a t io n  o f  th e  

h y d r o g e l .

T h e  e x p e r im e n t a l  s h i f t  fa c to r s  ( c iE .e x p )  a re a p p l ie d  to  s u p e r im p o s e  th e  

r e la x a t io n  t im e  d is t r ib u t io n s  o f  th e  h y d r o g e ls .  In s u m m a r y , th e  s a m e  ÜE, in  r e s p o n s e  

to  v a r io u s  e le c t r ic  f i e l d  s tr e n g th s ,  a re  s u c c e s s f u l ly  u s e d  in  th e  s h i f t in g  o f  th e  G'(co), 
G"(co), G {t). a n d  H {โ) fu n c t io n s .

T h e  r e la x a t io n  t im e s  o f  a  w a te r  p r o t o n  io n  in  th e  u n c r o s s l in k e d  

g e la t in  h y d r o g e l  a re  1 .1 4 ,  0 .9 5 ,  0 .9 7 ,  0 .9 8 ,  a n d  0 .9 4  ร at 5 0 ,  1 0 0 . 2 0 0 ,  4 0 0 .  and  

8 0 0 V / m m ,  r e s p e c t iv e ly .  T h e  r e la x a t io n  t im e s  o f  a  w a te r  p r o t o n  io n  in  th e  3 % v /v  

c r o s s l in k e d  g e la t in  h y d r o g e l  a re  0 .8 9 ,  0 .9 5 ,  0 .8 8 ,  0 .8 1 ,  a n d  0 .7 7  ร at 5 0 ,  1 0 0 , 2 0 0 ,  
4 0 0 .  a n d  8 0 ( ) V /m m , r e s p e c t iv e ly .  T h e  r e la x a t io n  t i m e s  o f  a  w a t e r  p r o to n  io n  in  th e  7  

% v /v  c r o s s l in k e d  g e la t in  h y d r o g e l  a re  0 .8 3 .  0 . 8 7 .  0 .8 7 .  0 .8 4 ,  a n d  0 .7 1 s  at 5 0 .  1 0 0 .  
2 0 0 ,  4 0 0 ,  a n d  8 0 0 V / m m ,  r e s p e c t iv e ly .  T h e  r e la x a t io n  t im e s  o f  w a te r  p r o to n s  fa l l  in  

th e  r a n g e  o f  0 .7 1  to  1 .1 4  ร. M a r tr o n  e t al. ( 1 9 8 0 )  s tu d ie d  th e  r e la x a t io n  t im e  o f  a  

w a te r  p r o to n , a n d  t h e y  fo u n d  th e  r e la x a t io n  t im e  o f  w a te r  p r o t o n s  w a s  b e t w e e n  0 .5 3  

to  1 .8 7  ร. T h u s  it a p p e a r s  th a t th e  fa s t  r e la x a t io n  m o d e  is  d u e  to  th e  p r o to n a t io n  o f
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w a t e r  m o le c u l e s  r e s u lt in g  p r o to n  io n s  in  t h e  h y d r o g e ls .  C h a t te r je e  a n d  B o h id a r  

( 2 0 0 5 )  s tu d ie d  th e  e f f e c t  o f  c a t io n s  o n  p r o p e r t ie s  o f  g e la t in  h y d r o g e ls  in  w h ic h  th e  

c a l c i u m  io n  ( C a 2+) . s o d iu m  io n  ( N a  ) , a n d  p o t a s s iu m  io n  ( K +) w e r e  b o u n d  to th e  

c a r b o x y l  g r o u p s  o f  th e  a m in o  a c id  o n  th e  b a c k b o n e  o f  th e  g e la t in  s tr u c tu r e . M o r e o v e r  

th e  f a s t  m o d e  r e la x a t io n  t im e  w a s  s h i f t e d  t o  s h o r te r  t im e  s c a l e s  a s  th e  c h a r g e  d e n s i ty  

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

s e n s i t i v e  in  a d d it io n a l  s a lt  c o n c e n tr a t io n  (C h a t t e r j e e  a n d  B o h id a r ,  2 0 0 5 ) .  R ic h a r d  

( 1 8 9 8 )  r e p o r te d  th a t  th e  h y d r o g e n  io n  (H  ) w a s  b o u n d e d  to  th e  c a r b o x y l  g r o u p  o f  

g e la t in .
L o e b  e t al. ( 1 9 6 4 )  s tu d ie d  th e  h y d r o g e n  io n  b in d in g  to  r ib o n u c lé a s e ,  

w -h ere th e  c a r b o x y l  g r o u p  w a s  a b le  to  b in d  w i t h  th e  h y d r o g e n  io n . It h a s  b e e n  k n o w n  

th a t th e  p r o to n s  g e n e r a t e d  a re  c a p a b le  o f  b in d in g  t h e m s e lv e s  w ith  th e  c a r b o x y l  g r o u p  

o f  th e  g e la t in  s tr u c tu r e  (C h a tte r je e  a n d  B o h id a r ,  2 0 0 5 ;  R ic h a r d , 1 8 9 8 ) .  in  w h ic h  th e  

d e c o m p o s i t i o n  o f  w a te r  m o le c u l e s  c a n  b e  c o n f ir m e d  b y  th e  E F M  p h a s e  m e a s u r e m e n t  

a s  s h o w n  in  F ig . 4 .6 ( a )  a n d  (b ) .  F ig u r e  4 .6 ( a )  s h o w s  th e  t o p o l o g ic a l  s u r f a c e  o f  a 

g e la t in  h y d r o g e l;  it i s  fa r  fr o m  b e in g  s m o o t h  a t  a  n a n o  s c a le .  F ig u r e  4 .6 ( b )  s h o w s  th e  

p h a s e  im a g e  o f  th e  s a m e  g e la t in  h y d r o g e l .  T h e  im a g e  e x h i b i t s  th e  c h a r g e  d is tr ib u t io n  

i w i t h i n  th e  g e la t in  h y d r o g e l;  th e  l ig h t  a r e a s  i n d ic a t e  th e  p r e s e n c e  o f  th e  p r o to n s  in  

w h i c h  p r o t o n  io n  c h a r g e  d is t r ib u t io n  in  o u r  m a t e r ia ls  a re  w e a k l y  b o u n d  w i t h  g e la t in  

c h a in  s tr u c tu r e  s o  w a t e r  p r o to n  io n  is  n o t  e f f e c t i v e l y  w ith  t h e  s l o w  r e la x a t io n  m o d e .  
M a o  e t al. ( 2 0 0 0 )  s t u d ie d  th e  r e la x a t io n  t i m e  d is t r ib u t io n  f u n c t io n  o f  a  g e l la n  

h y d r o g e l  in  w l i i c h  th e  c h a r a c te r is t ic  Tm m o v e d  to  a  s h o r te r  t im e  s c a le  a s  C a 2+ 

c o n c e n t r a t io n  in c r e a s e d .  C h a tte r je e  a n d  B o h id a r  ( 2 0 0 5 )  f o u n d  th a t th e  H {โ) o f  a 

g e la t in  h y d r o g e l  e x h ib i t e d  t w o  d is t in c t  p e a k s  w i t h  in c r e a s e s  in  th e  C a 2+. N a +, a n d  

K + c o n c e n t r a t io n s .

4 .5  C o n c lu s io n s

T h e  r e la x a t io n s  o f  u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  h y d r o g e ls  h a v e  

b e e n  in v e s t ig a t e d  u n d e r  th e  e f f e c t s  o f  th e  d e g r e e  o f  c r o s s l i n k i n g  a n d  e le c t r ic  f ie ld  

s tr e n g th . T h e  c h a r a c t e r is t ic  r e la x a t io n  t im e  c a n  b e  e s t im a t e d  b y  th r e e  m e th o d s ;  

K W W ; th e  d y n a m ic  c r o s s o v e r ;  a n d  th e  r e la x a t io n  t im e  d is t r ib u t io n  s p e c tr u m  H(t).
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F o r  t h e  u n c r o s s l in k e d ,  3 % v /v  c r o s s l in k e d  a n d  7  % v /v  c r o s s ]  in k e d  g e la t in  h y d r o g e ls ,  
th e  r e la x a t io n  t i m e s  d e c r e a s e  w i t h  in c r e a s in g  d e g r e e s  o f  c r o s s l i n k i n g  a n d  th e  a p p lie d  

e l e c t r i c  f ie ld  s t r e n g th s .  T h is  is  d u e  to  th e  i n c r e a s e  in  th e  m o le c u la r  c o n n e c t iv i t y  th at  

p r o m o t e s  th e  c a p a b i l i t y  o f  th e  s tr e s s  r e la x a t io n  p r o c e s s .  T h e  s t r e s s  r e la x a t io n  p r o c e s s  

o f  th e  u n c r o s s l in k e d  a n d  c r o s s l in k e d  g e la t in  h y d r o g e ls  s h o w s  t w o  r e la x a t io n  t im e  

m o d e s  u n d e r  a n  a p p l ie d  e l e c t r i c  f ie ld :  fa s t  r e la x a t io n  m o d e  a n d  s l o w  r e la x a t io n  

m o d e .  T h e  e x p e r im e n t a l  s h i f t  fa c to r s  ( 1CiE.exp) o f  th e  u n c r o s s l in k e d .  3 % v /v  

c r o s s l in k e d .  a n d  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls  d e c r e a s e  w ith  in c r e a s in g  

e l e c t r i c  f ie ld  s tr e n g th . T h e  CiE.exp c h a r a c te r is t ic  is  a n a lo g o u s  t o  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 .  T h u s ,  th e  e x i s t e n c e  o f  t h e  t im e - e le c t r ic  f i e l d  s u p e r p o s i t io n  is  

d e m o n s tr a te d  h e r e . F u r th e r m o r e , CiE.exp c a n  b e  u s e d  o n  th e  s h i f t i n g  o f  G'(co)-(j"(co)- 
G (I)-H (t) f u n c t io n s .  E f f e c t i v e  r e la x a t io n  t i m e s  fr o m  s tr e s s  r e la x a t io n  e x p e r im e n t  are  

u s e d  to  d e t e r m in e  th e  c a lc u la t e d  s h if t  fa c to r . Cl E. cal- T h e  c o r r e la t io n  b e t w e e n  CiE.exp a n d  

ctE.cal i s  fo u n d  to  b e  d e p e n d e n t  o f  th e  m a te r ia l  c o n s t a n t  a n d  in d e p e n d e n t  o f  th e  a p p lie d  

e l e c t r i c  f ie ld .

4 .6  A c k n o w le d g e m e n t s
T h e  a u th o r s  a re  g r a t e f u ] 1 v a c k n o พ ] e d g e d  th e  f in a n c ia l  s u p p o r ts  fr o m  th e  

C o n d u c t iv e  a n d  E le c t r o a c t iv e  P o ly m e r s  R e s e a r c h  U n it  o f  C h u la lo n g k o r n  U n iv e r s ity ;  

th e  T h a ila n d  R e s e a r c h  F u n d  ( T R F - R T A  a n d  M R G  5 3 8 0 1 0 0 ) ;  th e  R o y a l  T h a i  
G o v e r n m e n t  a n d th e  D o c t o r a l  S c h o la r s h ip  f r o m  th e  T h a i la n d  G r a d u a te  I n s t itu te  o f  

S c i e n c e  a n d  T e c h n o l o g y  ( T G I S T )  ( T G - 3 3 - 0 9 - 5 3 - 0 0 3 D ) .
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Time (ร)
U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  n o v . 'm m )  
U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  «ะ 3 0 0 V /m m )  
7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  {£  = o v / m m )  I 
7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 8 0 Q V /m m ) I

Time / aE 0n1 (ร)
o  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = o v / m m )

I □  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 50Vr‘m m )
A  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 1 0 0 V /m m )
V  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 2 0 0 V /m m )  
o  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 4 0 0 V /m m )  
o  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 8 0 0 V /n im )  
o  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = O V /m m J 
n  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 50V .-'m m ) 
A  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  « 1 0 0 V /m m )
V  7 %  c r o s s l i n k e d  G e l a l i n  h y d r o g e l  (E  = 2 0 0 V /m m | 
o  7 %  c r o s s l i n k e d  G e l a l i n  h y d r o g e l  (E  = 4 0 0 V /m m )  
o  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 8 0 Q V /m m )

Figure 4.1 (a )  S t r e s s  r e la x a t io n s  o f  u n c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  g e la t in  

h y d r o g e ls  at 0  a n d  8 0 0  v / r a m  a n d  (b )  s tr e s s  r e la x a t io n  m a s t e r  c u r v e s  o f  

u n c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls  at e l e c t r i c  f i e ld  s tr e n g th s  

b e t w e e n  0  a n d  8 0 0  พ!'ทท! ( s a m p le  d ia m e te r  2 5  m m , g e l  t h ic k n e s s  0 .9 8 8  m m , 25 °c, 
0 .2 0  % str a in ) .
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0  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  o v / m m )  
o  U n c r o s B l i n k e d  G e la t i n  h y d r o g e l  (E  =  8 0 0 V /m m )  
o  ? %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  o v / m m )  
o  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  8 0 0 V /m m )

o  บ ท c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  o v / m m )
□  U n c r o s s l l n k c d  G e l a t i n  h y d r o g e l  (E  =  5 0 V /m m )
^  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 1 0 0 V /m m )  
7  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 2 0 0 V /m m )  
o  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  4 0 0 V /m m )  
0  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  B 8 0 0 V /m m )  
o  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g o l  lE  = O v /m m ) 
n  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  IE  =  5 0 v /m m )  
A  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = lO O v /m m ) 
V  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 2 0 0 v /m m )  
<0 7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  4 0 0 v /m m )
o  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  8 0 0 v /m m )

Figure 4.2 (ล ) S t o r a g e  m o d u lu s  o f  u n c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  g e la t in  

h y d r o g e ls  a t 0 a n d  800 v/mrn a n d  (b) s t o r a g e  m o d u lu s  m a s t e r  c u r v e s  o f
u n c r o s s l in k e d  a n d  7  % v /v  

b e t w e e n  0  a n d  8 0 0  v / m m  

0.20 % str a in ) .

c r o s s l in k e d  g e la t in  h y d r o g e ls  a t e l e c t r i c  f i e ld  s tr e n g th s  

( s a m p le  d ia m e te r  2 5  m m , g e l  t h ic k n e s s  0 .9 8 8  m m , 25 °c.
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U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  o v / i n n i )  
U n c r o s s l i n k e d  G o lo t l r i  h y d r o g e l  (E  =  fiO Q V /m m ) 
7°/» c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = o v / m m )  
7 %  c r o s s l i n k o d  G e l a t i n  h y d r o g e l  (E  =  3 0 0 V /m m )

c> U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  ( E  =  o v . 'm m )
Q  U n e r o s s l l n k e d  G e l a t i n  h y d r o g e l  IB -  5 0 V ,'m m )
A  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  ะ: 1 0 0 V /m m )V U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  IE  = 2 Q 0 V fm m ) 
o  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  =  4 Q 0 V 'm m | 
0  U n c r o s s l i n k e d  G e l a t i n  h y d r o g e l  |E  =  8 0 0 V ''m in )  
o  7 %  c r o s s l i n k o d  G e l a t i n  h y d r o g e l  (E  =  o v . 'm m )
อ  7% c r o s s l i n k o d  G e l a t i n  h y d r o g e l  (E  =  5 0 V /m m )  
4  7 %  c r o s s l i n k o d  G e l a t i n  h y d r o g e l  (E  = 1 0 0 V /m m |
V  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 2 0 0 V /m m )  o  7 %  c r o s s l i n k e d  G e l a t i n  h y d r o g e l  (E  = 4 0 0 V /m m )  
o  I’.'c c r o B s l i n k e d  G e l a t i n  h y d r o g e l  -E  = SC Q V .'m m )

Figure 4.3 ( a )  L o s s  m o d u lu s  o f  u n c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  g e la t in  

h y d r o g e ls  a t 0  a n d  8 0 0  v / m m  a n d  (b )  l o s s  m o d u lu s  m a s t e r  c u r v e s  o f  u n c r o s s l in k e d  

a n d  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls  at e le c t r ic  f i e ld  s tr e n g th  v a r ie d  b e t w e e n  0  

a n d  8 0 0  v / m m  ( s a m p le  d ia m e t e r  2 5  m m . g e l  t h ic k n e s s  0 .9 8 8  m m , 2 5  ๐c ,  0 .2 0  

% str a in ) .
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1.0

.8
O4-*O(จิ
£  -6

ÜJnj
.4

.2

0  2 0 0  4 0 0  . .600  8 0 0  1 0 0 0

Electric fie ld s treng th .(V/mm)
O บ ท c r o s s l in k e d  G e la t in  h y d r o g e ls  (E x p e r im e n ta l  s h i f t  fa c to r )
อ  3%  c r o s s l in k e d  G e la t in  h y d r o g e ls  (E x p e r im e n ta l  s h i f t  fa c to r )
A  7%  c r o s s l in k e d  G e la t in  h y d r o g e ls  (E x p é r im e n ta l  s h i f t  fa c to r )
O  U n c r o s s l in k e d  G e la t in  h y d r o g e ls  (M o d if ie d  s h if t  fa c to r )
□  3%  c r o s s l in k e d  G e la t in  h y d r o g e ls  (M o d if ie d  s h if t  fa c to r )
A  7%  c r o s s l in k e d  G e la t in  h y d r o g e ls  (M o d if ie d  s h if t  fa c to r )

F ig u r e  4 .4  T h e  e x p e r im e n t a l  a n d  m o d i f i e d  s h i f t  fa c to r s  o f  u n c r o s s l in k e d ,  3 % v /v  

c r o s s l in k e d  a n d  7  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls  v s .  e l e c t r i c  f i e ld  a t th e  

r e f e r e n c e  e l e c t r i c  f i e ld  o f  0  v / m m  ( s a m p le  d ia m e t e r  2 5  m m , g e l  t h ic k n e s s  0 .9 8 8  m m ,  
2 5  ° c ,  0 .2 0  % str a in ) .
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.  R e l a x a t i o n  t i m e  ( t a E 15 ), ร
- e ~  E ■  o v / r r fm  .  I 
- •0 — E = 5 0 V /m m  

—=> E *  1 0 0 V /m rrf  I 
- พ ฺ-  E a  2 0 0 V /m n r  I 

I -«> - E = 4 0 0 V /m m  !
- A -  c  = 800V .'m m  ;

R e l a x a t i o n  t i m e  (T‘ a E . ^ 0) ,  ร

—&— E  = o v /m m  —S— E = 50V/mni - A~ E a IGOV/rrm 
- S ' -  e  = 2 Q 0 V /irm  -G- E  *  4 0 0 V ’rr .rn  
-•= —  E  = SOOVliT.m

R e l a x a t i o n  t i m e  ( t  '  ส 1; 4 ). ร
E ร o v /m m  

- e -  E  = 5 0V /m m  
E  »  l o o v 'm m  

- ç -  E = 200V ,'m m  O - E  *  4 00V /m < n  
—© — E = 8 0 0 V /m m  1

F ig u r e  4 .5  S u p e r im p o s i t io n s  o f  th e  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 s  H(t) o f  

th e  g e la t in  h y d r o g e ls  a t v a r io u s  e le c t r ic  f i e l d  s tr e n g th s :  ( a )  u n c r o s s l in k e d  g e la t in  

h y d r o g e ls ;  ( b )  3  % v /v  c r o s s l in k e d  g e la t in  h y d r o g e ls  a n d : ( c )  7 % v /v  c r o s s l in k e d  

g e la t in  h y d r o g e ls  ( 0 .2 0  % str a in , 2 5  °c, s a m p le s  =  5 ) .
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F ig u r e  4 .6 ( a )  T o p o lo g y  im a g e  o f  u n c r o s s l in k e d  g e la t in  h y d r o g e l  a n d  ( b )  E F M  im a g e  

u n d e r  5 V  o f  v o l t a g e  b ia s  o f  u n c r o s s l in k e d  g e la t in  h y d r o g e l  a t 3 0 0 K .



Table 4.1 Relaxation parameters of uncrosslinked, 3 %v/v crosslinked and 7 %v/v crosslinked gelatin hydrogels at various electric field
strengths, at 25 °c and 0.20 %strain

M ateria ls E (V /m n i)
Storage modulus T im e  scale at dynam ic 

crossover ( G 'c)  (Pa) crossover ( r t.)(s)

Effective relaxation 

t ime (r)(s)
น (()</;<! ) น 2

Mean relaxation time from  re laxation 

d is tr ibu t ion  functions (r„,)(S)

0 2 5 9 6 ± 166 160 ± 2 8 154 ± 44 0.284 ± 0.02 0.977 196

50 3671 ± 170 '  90 ± 1 0 70 ± 15 0.373 ± 0.02 0.983 74

Uncrosslinked 100 4615 ± 196 68 ± 7  - ■ 55 ± 1 0 0.399 ± 0.02 • 0.988 62

gelatin hydrogel 200 5 2 4 9 ± 194 54 ± 5 50 ± 8 0.419 ±0.03 0.982 54

400 6 9 1 7 ± 179 45 ± 4 40 ± 5 0.464 ± 0.05 0.985 45

800 86 6 7 ± 165 38 ± 4 36 ± 4 0.475 ± 0.03 0.988 34

0 3813 ะfc 213 103 ±21 123 ± 4 0 0.3 10 ±0 .02 0.968 128

50 4682 ±2 2 8 68 ± 7 60 ± 15 0.439 ±0.02 0.981 63

3/0 Crosslinked 100 568 5 ± 202 60 ± 6 50 ± 10 0.483 ±0.02 0.983 53

gelatin hydrogel 200 784 0 ± 374 43 ± 4 44 ± 8 0.507 ± 0.02 0.984 42

400 10975 ± 3 1 0 41 ± 3 38 ± 6 0.510 ±0.03 0.984 37

800 11849 ± 3 0 9 34 ± 4 30 ± 5 0.545 ± 0.03 0.984 28

0 4574 ±233 60 ± 8 57 ± 2 2 0.437 ±0.05 0.975 51

50 5418 ± 2 3 6 50 ± 6 40 ± 18 0.449 ± 0.02 0.989 45

7% Crosslinked 100 8 1 6 9 ± 164 45 ± 4 38 ± 10 0.495 ± 0.05 0.979 40

gelatin hydrogel 200 828 2 ± 196 39 ± 4 32 ± 6 0.537 ±0.02 0.974 32

400 12207 ±2 9 5 31 ± 3 28 ± 6 0.588 ±0 .04 0.979 30

800 14881 ±2 5 2 26 ± 3 21 ± 4 0.622 ±  0.04 0.974 25
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T a b l e  4 .2  M a te r ia l  c o n s t a n t s  ( C r) o f  u n c r o s s l in k e d ,  3 % v /v  c r o s s l in k e d  a n d  7  % v /v  

c r o s s l in k e d  g e la t in  h y d r o g e ls  a t v a r io u s  r e f e r e n c e  e l e c t r i c  f i e ld  s t r e n g th s  ( V /m m )

Material constants Reference electric field strength (V/mm)
(CT) of hydrogels 0 5 0 1 0 0 2 0 0 4 0 0 8 0 0

U n c r o s s l in k e d  

g e la t in  h y d r o g e ls
0 .8 8 0 .8 5 0 .8 0 0 .7 8 0 .7 3 0 .7 0

3 %  c r o s s l in k e d  

g e l a t in  h y d r o g e ls
1 .2 6 1 .0 3 0 .9 5 0 .9 3 0 .9 0 0 .8 8

7  %  c r o s s l in k e d
1 .3 3 1 .2 0 1 .1 9 1 .1 9 1 .1 8 1 .1 4

g e l a t in  h y d r o g e ls
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