
CHAPTER V
ELECTROMECHANICAL PROPERTES OF MULTI-WALLED CARBON 

NANOTUBE/GELATIN HYDROGEL COMPOSITES: EFFECTS OF 
ASPECT RATIOS, ELECTRIC FIELD, AND TEMPERATURE

5.1 Abstract

T h e  e f f e c t s  o f  m u l t i - w a l l e d  c a r b o n  n a n o tu b e  ( M W N T )  a s p e c t  r a t io , e le c t r ic  

f i e ld  s tr e n g th  a n d  te m p e r a tu r e  o n  th e  e l e c t r o m e c h a n ic a l  p r o p e r t ie s  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  w e r e  in v e s t ig a t e d .  T h e  h ig h e s t  a s p e c t  r a t io  o f  M W N T  p r o v id e s  

th e  c o m p o s i t e s  w ith  th e  h ig h e s t  d y n a m ic  m o d u li  u n d e r  e l e c t r i c  f ie ld .  T h e  

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  o f  0 .0 1 ,  0 .1 ,  0 .5 ,  1 v o l%  a n d  th e  p u r e  g e la t in  

h y d r o g e l  p o s s e s s  th e  s to r a g e  m o d u lu s  s e n s i t i v i t y  v a lu e s  o f  0 .6 9 ,  1 .2 3 ,  0 .9 4 ,  0 .8 1  a n d  

0 .4 7 ,  r e s p e c t iv e ly ,  at 8 0 0  v/mni. T h e  r e s u lt s  c a n  b e  in te r p r e t e d  in  te r m s  o f  th e  

e n h a n c e d  p o la r iz a b i l i t y  b e t w e e n  th e  c a r b o x y l  g r o u p s  o f  g e la t in  u n d e r  th e  p r e s e n c e  o f  

M W N T . T h e  e f f e c t  o f  te m p e r a tu r e  o n  th e  e l e c t r o m e c h a n ic a l  p r o p e r t ie s  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  in v e s t ig a t e d  b e t w e e n  3 0  ๐บ a n d  9 0  °c  s h o w s  

th r e e  d is t in c t  r e g im e s  o f  t e m p e r a t u r e - d e p e n d e n t  s to r a g e  m o d u lu s  b e h a v io r .  In th e  

d e f l e c t i o n  t e s t in g ,  th e  e f f e c t s  o f  e le c t r ic  f i e ld  o n  th e  d e f l e c t i o n  d is t a n c e  a n d  th e  

d ie l e c t r o p h o r e s i s  f o r c e  o f  th e  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  w e r e  a ls o  

in v e s t ig a t e d .  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  s u s p e n d e d  in  th e  s i l i c o n e  o i l  

b e t w e e n  e l e c t r o d e s ,  r e s p o n d  r a p id ly  w i t h  a  d e f l e c t i o n  t o w a r d  th e  a n o d e  s i t e ,  
in d ic a t in g  th e  a t t r a c t iv e  f o r c e  b e t w e e n  a n o d e  a n d  th e  p o la r iz e d  c a r b o x y l  g r o u p  a s  th e  

g e la t in  s tr u c tu r e  p o s s e s s e s  n e g a t iv e  c h a r g e s .

Keywords: Electromechanical properties; Actuator; Biopolymer; Gelatin;
Hydrogels; Multi-walled carbon nanotubes.
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5.2 Introduction

E le c t r o a c t iv e  p o ly m e r s  ( E A P s )  h a v e  b e e n  c o n t in u o u s l y  u t i l i z e d  a n d  

d e v e lo p e d  fo r  s e v e r a l  a p p l ic a t io n s  s u c h  a s  m u s c l e - l i k e  a c tu a to r , c o m p la in t  e le c t r o d e ,  
r o b o t ic s  a n d  d r u g  r e le a s e .  H y d r o g e l  is  a  p r o m is in g  m a te r ia l  s tr u c tu r e  fo r  th e  

d e v e lo p m e n t  o f  E A P s  s in c e  it p o s s e s s  a  r e v e r s ib le  r e s p o n s e  s u b j e c t  to  e x te r n a l  
s t im u l i  s u c h  a s  t e m p e r a tu r e  ( O k a n o  et a l.,  1 9 9 0 ;  Z a r e ie  e t a l ,  2 0 0 0 ) ,  p H  (P a r k  e t a l.. 
1 9 9 2 ) .  io n ic  s t r e n g th  ( K im  e t a l., 1 9 9 9 ;  K im  e t a l.. 2 0 0 2 ) .  a n d  e le c tr ic  f i e ld s  

( K a e w p ir o m  a n d  B o o n s a n g ,  2 0 0 6 ;  K im  e t a l., 2 0 0 2 ;  T u n g k a v e t  e t al-, 2 0 1 2 ) .  G e la t in  

i s  a  o n e  t y p e  o f  h y d r o g e ls  o r  E A P s ;  it i s  a  b i o p o l y m e r i c - p r o t e in  d e r iv e d  fr o m  a n im a l  

c o l la g e n  b y  th e  th e r m a l a n d  h y d r o ly z in g  p r o c e s s e s  w i t h  e i th e r  a c id  o r  b a s e s .  It i s  

s t a b le  a s  a  f i lm ,  a  h y d r o g e l ,  o r  a c o m p o s i t e  ( Y a n g  et a l . ,:  1 9 9 7 ) .  B e c a u s e  g e la t in  

p o s s e s s e s  n o n - i m m u n o g e n i c i t y ,  b io d e g r a d a b i l i t y ,  b io c o m p a t ib i l i t y ,  b io a c t iv i t y  a n d  

c o m m e r c ia l  a v a i l a b i l i t y  a t r e la t iv e ly  l o w  c o s t ,  it h a s  b e e n  w i d e l y  u s e d  in  th e  m e d ic a l  

f i e l d s  s u c h  a s  d r u g  d e l iv e r y ,  w o u n d  d r e s s i n g s ,  a n d  a r t i f i c ia l  m u s c l e s  ( N g u y e n  a n d  

L e e .  2 0 1 0 ) .  U s u a l l y ,  g e la t in  is  p r o d u c e d  b y  d e n a tu r in g  a  n a tu r a l ly  d e r iv e d  c o l la g e n  in  

a  s o lu t i o n  t h r o u g h  e i t h e r  a n  a c id ic  o r  b a s e  p r o c e s s  a t h i g h  te m p e r a tu r e  in  w h ic h  th e  

t r i p l e - h e l ix  s t r u c tu r e  is  s p l i t  t o  r a n d o m  c o i l  s tr u c tu r e . D u r in g  th e  g e l  f o r m in g  p r o c e s s  

at th e  te m p e r a tu r e  a r o u n d  4 0  ๐c ,  th e  g e la t in  r a n d o m  c h a in  in  a w a r m  a q u e o u s  

s o lu t i o n  u n d e r g o e s  a  d i s o r d e r - o r d e r  t r a n s i t io n  in to  th e  c o i l - h e l i x  s tr u c tu r e  w h e n  

c o o l e d  ( R o s s - M u r p h y ,  1 9 9 2 ) .  H o w e v e r ,  g e la t in  e x h ib i t s  p o o r  w a te r  r e s is ta n c e  a n d  

l o w  m e c h a n i c a l  p r o p e r t ie s  w h e n  c o m p a r e d  w i t h  s y n t h e t i c  p o ly m e r s ,  th e s e  l im it  its  

p o s s i b l e  a p p l ic a t io n  a s  a n  E A P  ( T u n g k a v e t  e t a l..  2 0 1 2 ) .  T h e r e f o r e  g e la t in  n e e d s  to  

b e  r e in f o r c e d  e i t h e r  th r o u g h  c h e m ic a l  c r o s s l i n k i n g  o r  u s i n g  s o m e  f i l l e r  m a te r ia ls .  
C h e m ic a l  c r o s s l i n k i n g  e n h a n c e s  th e r m a l a n d  m e c h a n ic a l  p r o p e r t ie s  th r o u g h  c o v a le n t  

b o n d s  b e t w e e n  t h e  r e a c t iv e  s id e  g r o u p s  in  g e l a t in  m o l e c u l e s .  H o w e v e r ,  th is  p r o c e s s  

p r e s e n t s  th e  r e s id u a l  c r o s s l in k in g  a g e n t s  th a t  le a d  to  t o x i c  s id e  e f f e c t s .  T h e  u s e  o f  

m u lt iw 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 al. ( 2 0 0 3 ) .  T h e y  s t u d ie d  g e la t in  w i t h  M W N T s  th a t  c a n  b e  e m b e d 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  th 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 )  i n 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 l d  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 i t h o u t  c r o s s l i n k i n g  a g e n t  d u e  to  th e
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h y d r o p h o b ic  e f f e c t  o f  th e  M W N T . C a r b o n  n a n o t u b e s  ( C N T s )  a re  a n  a t tr a c t iv e  fo r m  

o f  c a r b o n , c o n s i s t in g  o f  c o n c e n t r ic  c y l in d e r s  o f  g r a p h ite  la y e r  to  g r a p h e n e  c y l in d e r s .  
C N T s  d ia m e t e r s  a re  s m a lle r  th a n  c o n v e n t io n a l  c a r b o n  o r  g la s s  f ib e r s  a b o u t  1 0 0 0  

t im e s .  U s u a l ly ,  n a n o t u b e  a s p e c t  ra tio s  a re  o v e r  1 0 0 0 . T h e  s tr u c tu r a l c h a r a c te r is t ic s  o f  

C N T s  a re  h ig h  a s p e c t  r a t io , h ig h  s u r fa c e  a r e a , a n d  e x c e l l e n t  m e c h a n ic a l ,  e le c tr ic a l  
a n d  th e r m a l p r o p e r t ie s .  T h e c o m b in a t io n  o f  C N T s /p o ly r n e r  c o m p o s i t e s  c a n  b e  u s e d  

to  e n h a n c e  th e ir  m e c h a n ic a l  p r o p e r t ie s  d e s p i t e  u n d e r g o in g  la r g e  d e fo r m a t io n s  

w it h o u t  d a m a g e  ( B o w e r  ๙  a l ., 1 9 9 9 ; Q ia n  et cil., 2 0 0 0 ) .  S c h a d le r  et al. ( 1 9 9 8 )  

s t u d ie d  th e  s tr e s s  tr a n s fe r  u n d e r  t e n s io n  a n d  c o m p r e s s io n  in  c a r b o n  n a n o tu b e  e p o x y  

c o m p o s i t e s ;  th e  c o m p r e s s i o n  m o d u lu s  is  h ig h e r  th a n  th e  t e n s i l e  m o d u lu s ,  in d ic a t in g  

th e  s t r e s s  tr a n s fe r  in  th e  c o m p o s i t e s .  W a g n e r  e t al. ( 1 9 9 8 )  in v e s t ig a t e d  s tr e s s  th e  

tr a n s fe r  b e t w e e n  M W N T  a n d  a  f ib e r  in  th e  p o ly m e r  c o m p o s i t e s  w h ic h  th e  M W N T  

s t r e s s  tr a n s fe r  e f f i c i e n c y  is  la r g e r  th a n  f i b e r - b a s e d  c o m p o s i t e s .  T h e r e f o r e  M W N T s  

a r e  e x c e l l e n t - p r o m is in g - r e in f o r c in g  m a t e r ia ls  fo r  b io p o ly m e r s  th a t  h a v e  b e e n  

d e v e lo p e d  to  s e v e r a l  a p p l ic a t io n s  s u c h  a s  b io s e n s o r  ( G u o  e t a l ., 1 9 9 8 ) ,  a n d  b io -  

e l e c t r o n ic  m a t e r ia ls  ( M a c d o n a ld  et a l., 2 0 0 5 ) .
T h e  o b j e c t i v e  o f  o u r  in v e s t ig a t io n  is  to  d e t e r m in e  th e  e le c t r o m e c h a n ic a l  

p r o p e r t ie s  o f  M u l t i - W a l l e d  C a r b o n  N a n o t u b e /G e la t in  h y d r o g e l  c o m p o s i t e s  

c o n t a in in g  a n  a n io n ic  s u r fa c ta n t  ( i .e . ,  s o d iu m  d o d e c y l s u l f a t e )  a s  c a n d id a te  m a te r ia ls  

fo r  a c tu a to r . T h e  e l e c t r ic a l  p r o p e r t ie s , th e r m a l  p r o p e r t ie s ,  a n d  e le c t r o r h e o lo g ic a l  

p r o p e r t ie s  w e r e  in v e s t ig a t e d  ill .term s o f  M W N T s  c o n c e n t r a t io n  a n d  a s p e c t  r a t io s ,  
e l e c t r i c  f i e ld  s t r e n g th , a n d  te m p e r a tu r e .

5.3 Experimental

5 .3 .1  M a t e r ia ls
G e la t in  ( T y p e  B . b o v in e  s k in )  a n d  s o d iu m  d o d e c y l  s u l f a t e  ( S D S )  w e r e  

p u r c h a s e d  fr o m  S i g m a  A ld r ic h  ( S in g a p o r e )  a n d  L o b a  C h e m i e  ( I n d ia ) ,  r e s p e c t iv e ly .  
V a r io u s  m u l t i - w a l l e d  c a r b o n  n a n o tu b e s  ( M W N T s ) ,  a s  p u r c h a s e d  fr o m  A lp h a n a n o  

T e c h n o lo g y  C o . ,  l td . ,  C h in a , h a v e  s p e c i f i e d  d ia m e te r s  o f  3 - 1 0 ,  1 0 - 2 0 ,  2 0 - 3 0 ,  a n d  

3 0 - 5 0  n m .
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5 .3 .2  P r e p a r a t io n  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
V a r io u s  c o n c e n tr a t io n s  o f  M W N T ;  0 .0 1 .  0 .1 ,  0 .5 ,  a n d  1 v o l% , w e r e  

d is p e r s e d  in  a q u e o u s  m e d iu m s  f i l le d  w i t h  1 v o l%  o f  S D S  b y  a  t r a n s o n ic a to r  (E lm a , D  

7 2 8 4 ) .  F o r  th e  p r e p a r a t io n  o f  a  g e la t in  s o lu t i o n ,  10  v o l%  o f  g e la t in  w a s  d i s s o lv e d  in  

d i s t i l l e d  w a te r  ( p H  =  6 .4 0 )  at 4 0  ° c  o v e r n ig h t  b y  m a g n e t i c  s t ir r in g . T h e n , tw o  

s o lu t io n s  w e r e  w e l l - m i x e d  at 4 0  ๐c ,  a n d  p o u r e d  in t o  a  p e tr i d is h  to  o b ta in  th e  

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 .  T h e  h y d r o g e l  c o m p o s i t e s  w e r e  a l lo w e d  to  s e t  

a s  a  s h e e t  a t 2 5  ๐c .  T h e  t h ic k n e s s  o f  h y d r o g e l  c o m p o s i t e s  w a s  a b o u t  1 .6 4  m m .

5 .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  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

; T r u e  d e n s i t y  o f  e a c h  m u l t i - w a l l e d  c a r b o n  n a n o t u b e s  (M W N T )'  w a s
' .m e a su r e d  b y  a  g a s  p y c n o m e t e r  (T h e r m o  N i c o l e t ,  N e x u s  6 7 0 )  w h ic h  w a s  o p e r a te d  in  

H e  g a s  a t m o s p h e r e  ( 2 0  p s i )  a t 2 5  ° c  w i t h  a  p u r g in g  g a s  t im e  o f  1 m in . T h e  tru e  

d e n s i t y  o f  M W N T  w a s  m e a s u r e d  r e p e a t e d ly  2 0  t im e s  to  o b t a in  th e  a v e r a g e  v a lu e  a n d  

th e  s ta n d a r d  d e v ia t io n .
T h e  e le c t r ic a l  c o n d u c t iv i t y  m e a s u r e m e n t  ( K e i t h l e y , .  M o d e l  8 0 0 9 A )  o f  

th e  M W N T  f i lm  s a m p le s  w a s  m e a s u r e d  a t 2 5  ° c ,  th e  f ix t u r e  c o n s i s t e d  o f  t w o  p r o b e s  

th a t m a d e  c o n t a c t  w it h  th e  s u r fa c e  o f  th e  M W N T  f i lm  s a m p l e s .  T h e  t e s t  f ix tu r e  w a s  

c o n n e c t e d  to  th e  p o w e r  s o u r c e  ( K e it h le y ,  M o d e l  6 5 1 7 A )  to  s u p p ly  a  c o n s t a n t  v o lt a g e  

s o u r c e  a n d  f o r  r e a d in g  th e  r e s u lta n t  c u r r e n t . T h e  a p p lie d  v o l t a g e  a n d  th e  r e su lta n t  

c u r r e n t  w e r e  u s e d  to  d e te r m in e  e le c tr ic a l  c o n d u c t iv i t y  o f  t h e  M W N T  f i lm  s a m p le s  b y  

th e  f o l l o w i n g  E q . (5 .1  ):

I  _  I  I  
p = R j  =  K V t ( 5 .1 )

w h e r e  a  is  th e  s p e c i f i c  c o n d u c t iv i t y  ( S /c m ) ,  p  i s  th e  s p e c i f i c  r e s i s t iv i t y  (£1 c m ) ,  t is  

th e  s p e c im e n  t h ic k n e s s  ( c m ) ,  Æs is  th e  s h e e t  r e s i s t iv i t y  (T 2), /  i s t h e  m e a s u r e d  cu rren t  

( A ) ,  K  i s  th e  g e o m e t r i c  c o r r e c t io n  fa c to r , a n d  V  is  th e  a p p l ie d  v o l t a g e  ( V ) .
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S c a n n in g  e le c t r o n  m ic r o g r a p h s  w e r e  t a k e n  w i t h  a  s c a n n in g  e le c tr o n  

m ic r o s c o p e  ( S E M ;  ร - 4 8 0 0 .  H ita c h i ,  T o k y o ,  J a p a n ) to  d e t e r m in e  th e  m o r p h o lo g y  a n d  

s i z e s  o f  th e  M W N T  in  a  p o w d e r  f o r m , p r e s t in e  g e la t in ,  a n d  M W N T /g e la t in  

c o m p o s i t e s  a t v a r io u s  M W N T  c o n c e n t r a t io n s .  T h e  c r o s s - s e c t i o n  m ic r o g r a p h s  o f  

g e la t in  a n d  M W N T / g e ia t i n  c o m p o s i t e s  w e r e  o b t a in e d  b y  u s in g  a n  a c c e le r a t io n  

v o l t a g e  o f  1 0  k V  w i t h  m a g n i f ic a t io n s  o f  6 0  0 0 0  t im e s .  S E M  im a g in g  s o f tw a r e  

( S E M A F O R E  5 .2 1  ) w a s  u s e d  to  p r o v id e  tu b e  d ia m e te r .
T h e  t o p o l o g y  a n d  p h a s e  i m a g e s  o f  s p e c im e n s  w e r e  o b ta in e d  fro m  th e  

a t o m ic  f o r c e  m i c r o s c o p y  ( A F M . P a rk  s y s t e m ,  X E - 1 0 0 )  w h e r e  im a g e s  w e r e  ta k e n  in  

th e  n o n - c o n t a c t  m o d e  w i t h  th e  c a n t i le v e r  ( N S C - 1 4 - C r A u )  ta p p in g  a t a  s c a n  ra te  o f  

0 .2 5  H z . T h e . e le c t r o s t a t ic  f o r c e  m i c r o s c o p e  ( E F M )  w a s  d e te r m in e d  at s ig n a l  

a m p l i t u d e  o f  5 V ,  a n d  a  s c a n  s i z e  o f  1 .2 5  x 1 .2 5  p m 2. E a c h  s a m p le  w a s  s c a n n e d  at t w o  

h e ig h t  l e v e l s  a b o v e  th e  s u r f a c e .  In  th e  fir s t l e v e l ,  tip  s c a n n e d  th e  s u r f a c e  to  o b ta in  th e  

t o p o l o g y  im a g e s  in  th e  n o n - c o n t a c t  A F M  m o d e  in  r e s p o n s e  to  th e  V a n  d e r  W a a ls  

f o r c e s .  T h e  s e c o n d  s c a n  w a s  c a r r ie d  o u t  b y  m e a s u r in g  th e  t ip - s u r f a c e  d is ta n c e  a s  a  

r e s u lt  o f  th e  e l e c t r o s t a t i c  f o r c e .  T h e  c h a r g e  d is t r ib u t io n  a n d  th e  d e g r e e  o f  c h a r g e  

g e n e r a t e d  w e r e  o b t a in e d  fr o m  th e  E F M  t e c h n iq u 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 ie n t i f i c ,  A R E S )  w a s  u s e d  to  s tu d y  

th e  e le c t r o m e c h a n ic a l  p r o p e r t ie s  o f  th e  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 .  T h e y  

w e r e  f it 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 l le l  p la te  f ix t u r e  o f  3 0 - m m  d ia m e te r . A  

DC v o lt a g e  w a s  a p p l ie d  at th e  e le c t r ic  f i e ld  s tr e n g th  o f  8 0 0  v/rnm  u s in g  a  DC p o w e r  

s u p p ly  ( I n s te k , G F G 8 2 1 6 A ) .  F ir s t , a s tr a in  s w e e p  te s t  w a s  o p e r a t e d  to  d e te r m in e  th e  

s u i t a b le  s tr a in  fo r  m e a s u r in g  s to r a g e  m o d u lu s  (G ')  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  a p p r o p r ia te  s tr a in  w a s  d e te r m in e d  to  b e  0 .1 0 %  fo r  b o th  p u r e  g e la t in  h y d r o g e l  

a n d  th e  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 .  P r io r  to  th e  t e m p o r a l  s w e e p  a n d  th e  

f r e q u e n c y  s w e e p  t e s t ,  s a m p le s  w e r e  p r e  s h e a r e d  at a  l o w  f r e q u e n c y  ( 0 .0 3 9 8 1 1  r a d /s )  

a n d  l o w  s tr a in  ( 0 .1 0 % )  w it h  th e  a p p lic a t io n  o f  e le c t r ic  f i e ld  ( 8 0 0  v /m m ) fo r  15 m in  

to  e n s u r e  th e  f o r m a t io n  o f  e q u i l ib r iu m  p o la r iz a t io n .  In  b o th  e x p e r im e n t s ,  th e  

s p e c im e n s  w e r e  m e a s u r e d  a s  f u n c t io n s  o f  e l e c t r i c  f i e ld  s t r e n g t h  ( 0 - 8 0 0  v / m m )  a n d  

te m p e r a tu r e  ( 3 0 - 8 0  ๐C ) . T h e  d e f le c t io n s  o f  th e  p u r e  g e l a t in  h y d r o g e l  a n d  th e  

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  w e r e  c a r r ie d  o u t  u n d e r  v a r io u s  a p p lie d  e le c tr ic  

s t r e n g th s .  F o r  e a c h  h y d r o g e l ,  o n e  e n d  o f  th e  s a m p le  w a s  f i x e d  v e r t ic a l ly  w ith  a  g r ip
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b e t w e e n  t w o  p a r a l le l  e le c t r o d e s  in  a  tr a n sp a r e n t  c h a m b e r  c o n t a in in g  

p o l y  d im e  t h y l s i lo x a n e  ( P D M S ,  v i s c o s i t y  1 0 0  c S t ) .  T h e  in p u t  e le c t r ic  f i e ld  s tr e n g th  

w a s  p r o v id e d  b y  a  D C  p o w e r  s u p p ly  ( G o ld  รน ท  3 0 0 0 ,  G P S  3 0 0 3 D )  c o n n e c t e d  to  a  

h ig h  v o l t a g e  p o w e r  s u p p ly  (G a m m a  H ig h  V o l t a g e ,  U C 5 - 3 0 P ) ,  w h i c h  c a n  d e l iv e r  

v a r io u s  e le c t r ic  f i e l d  s t r e n g th s  fr o m  2 5  to  6 0 0  v / m m .  A  d ig i t a l  v id e o  r e c o r d e r  ( S o n y ,  
H a n d ic a m  H R T ) w a s  u s e d  to  r e c o r d  th e  d i s p la c e m e n t  o f  th e  c o m p o s i t e s .  T h e  b e n d in g  

d is t a n c e s  o f  th e  c o m p o s i t e s  w e r e  m e a s u r e d  fr o m  a  S c i o n  I m a g e  ( B e t a  4 .0 .3 )  

p r o g r a m .
T h e  d ie le c t r o p h o r e s  is  f o r c e  (Fd) o n  t h e  s a m p le s  w a s  c a lc u la t e d  

th r o u g h  th e  s ta t ic  h o r iz o n t a l  f o r c e  b a la n c e  c o n s i s t in g  o f  t h e  e la s t ic  fo r c e  ( / ’).). th e  

g r a v it y  f o r c e ,  a n d  th e  b u o y a n c y  fo r c e  a s  s h o w n  in  E q . ( 5 .2 )

Fd = Fe + m g(  s in  9 )  -  p V g ism . 9 )  ( 5 .2 )

w h e r e  m i s  th e  m a s s  o f  s a m p le  (k g ) ,  g  i s  th e  g r a v ity  c o n s t a n t  ( 9 .8  m / s 2), 6  is  th e  

d e f l e c t i o n  a n g le ,  p  i s  th e  d e n s i t y  o f  f lu id ,  V  is  th e  v o lu m e  o f  th e  d i s p la c e d  f lu id , a n d  

F e is. th e  r e s i s t in g  e la s t ic  f o r c e  ( N ) .  In  o u r  e x p e r im e n t ,  t h e  e la s t ic  f o r c e  c a n  b e  

c a lc u la t e d  b y  th e  f o l l o w i n g  E q . ( 5 .3 )  (S a t o  e t a l.,  1 9 9 6 ;  T i m o s h e n k o  e t a l., 1 9 7 0 ):

17 _ dEI ( 5 .3 )

w h e r e  E  i s  th e  y o u n g ' s  m o d u lu s  w h ic h  is  e q u a l  to  2 G' ( 1 + v )  in  w h i c h  G' i s  th e  s h e a r  

m o d u lu s  ( ta k e n  t o  b e  G' (œ  =  1 r a d /s ) )  a n d  V i s  th e  P o is s o n ' s  r a t io , w h i c h  is  e q u a l to  

1 /2  fo r  a n  in c o m p r e s s ib le  s a m p le ,  I  is  th e  m o m e n t  o f  in e r t ia  /'''น’ / 1 2 ,  /  i s  th e  th ic k n e s s  

o f  s p e c im e n ,  ห’ is  th e  w id t h  o f  s p e c im e n ,  d  i s  th e  d e f l e c t i o n  d is t a n c e ,  a n d  /  is  th e  

l e n g t h  o f  s p e c im e n

5.4 Results and Discussion

5 .4 .1  C h a r a c t e r iz a t io n  o f  M u l t i - w a l l e d  C a r b o n  N a n o t u b e s  ( M W N T s )
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C h a r a c te r is t ic s  o f  M W N T s  a re  s u m m a r iz e d  in  T a b le  5 .1 .  T r u e  

d e n s i t ie s  o f  f o u r  M W N T s  a r e  2 .1 4 3  ±  0 .1 5 ,  2 .1 4 0  ±  0 .1 0 ,  2 .1 7 0  ±  0 .1 3 ,  a n d  2 .1 0 3  ±  

0 .1 0  g /c m 3, in d e p e n d e n t  o f  d if f e r e n t  a s p e c t  r a tio  v a lu e s .  O u r  m e a s u r e d  tru e  d e n s i t y  

v a lu e s  a re  s im i la r  to  th e  v a lu e  ( ~ 2 .1  g / c m 3)  a s  r e p o r te d  b y  L e h m a n  et a l. 
( 2 0 1 1 ) .

T h e  a v e r a g e  d ia m e te r s  o f  th e  tu b e s  a t v a r io u s  a s p e c t  r a t io s  a s  

m e a s u r e d  b y  S E M  a re 9 .4 7  ± 1 .5 9 ,  1 8 .3 8  ±  0 .4 3 ,  2 7 .0 9  ±  0 .1 0 ,  a n d  4 2 .6 3  ±  3 .8 5  m i l ,  
w h i c h  a re  c o n s i s t e n t  w it h  th e  s u p p lie r  m a te r ia l  s p e c i f i c a t io n .

T h e  s p e c i f i c  c o n d u c t iv i t y  v a lu e s  o f  M W N T s  a r e  a p p r o x im a t e ly  3 2 3 7 ,  
2 1 6 1 ,  1 9 7 7 ,  a n d  1 6 9 3  s / c m  ( w i t h  s ta n d a r d  d e v ia t io n s  o f  2 4 0 ,  3 2 8 .  1 9 5 , a n d  1 4 2  

s / c m ) ,  r e s p e c t i v e ly  a s  s h o w n  in  T a b le  5 .1 .  T h u s , th e  e l e c t r i c a l  c o n d u c t iv i t y  o f  th e  

l o w e s t  a s p e c t  r a t io  p o s s e s s e s  th e  s m a l l e s t  v a lu e  d u e  to  th e  p r e s e n c e  o f  v a r io u s  d e f e c t s  

fo r m e d  w it h  in  M W N T s  (L i  et a l., 2 0 0 7 ) .  A  la r g e r  d ia m e t e r  M W N T s  h a s  a h ig h e r  

a m o u n t  o f  d e f e c t s  ( D u  e t a l.,  2 0 0 7 ) .  F o r  t y p ic a l  s i n g l e - w a l l e d  c a r b o n  n a n o tu b e s ,  th e  

s p e c i f i c  e l e c t r i c a l  c o n d u c t iv i t y  is  o f  th e  o r d e r  o f  1 0 3 s / c m  (B a n d a r u , 2 0 0 7 ) .  D a i et al.
( 1 9 9 6 )  r e p o r te d  th a t  th e  e l e c t r ic a l  c o n d u c t iv i t y  o f  M W N T s  a t a m b ie n t  te m p e r a tu r e  is  

b e t w e e n  1 2 5 0  a n d  8 3 3 3  s / c m .

5 .4 .2  M o r p h o lo g y  o f  G e la t in  H y d r o g e l  a n d  M W N T / G e l a t i n  H y d r o g e l
C o m p o s i t e s
C r o s s - s e c t io n e d  s c a n n in g  e le c t r o n  m ic r o g r a p h s  o f  th e  g e la t in  

h y d r o g e l  a n d  c o m p o s i t e s  a re  s h o w n  in  F ig .  5 . 1 a - c  a t 0 .1  a n d  1 v o l%  M W N T . It c a n  

b e  s e e n  th a t th e  M W N T  s h o w s  a  m o d e r a te  u n if o r m  d i s p e r s io n  in  th e  g e la t in  h y d r o g e l  

a t  l o w  M W N T  c o n c e n t r a t io n  (0 .1  v o l% )  w i t h  th e  a id  o f  t h e  s u r f a c ta n t ,  o w in g  to  th e  

a t tr a c t io n  o f  h y d r o p h o b ic  c h a in  o f  S D S  m o le c u l e  a r o u n d  th e  s u r f a c e  o f  M W N T s  

(R ic h a r d  e t a l., 2 0 0 3 ) .  In F ig .  5 .1 c ,  th e  d i s p e r s io n  o f  M W N T  a t h ig h  c o n c e n t r a t io n  (1  

v o l% )  is  r e l a t i v e ly  p o o r  b e c a u s e  o f  th e  d i f f i c u l t y  in  o b t a in in g  h o m o g e n e o u s  

d i s p e r s io n  o f  1 v o l%  M W N T  in  g e la t in  s o lu t i o n  a s  d u e  t o  th e  la r g e  v a n  d e r  W a a ls  

a t tr a c t io n  f o r c e s  b e t w e e n  M W N T  m o le c u l e s .
T h e  t o p o l o g y  a n d  th e  p h a s e  c h a r g e d  s u r f a c e  o f  th e  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  w e r e  a l s o  in v e s t ig a t 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 . 5 .2 .  T h e  t o p o l o g y  o f  th e  p u r e  g e la t in  h y d r o g e l  a n d  th e  0 .1  a n d  1 v o l%
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MWNT/Gelatin hydrogel composites without electrical charge are shown in Fig. 
5.2a-c. Fig. 5.2a shows the smooth surface of the pure gelatin hydrogel at a 
nanoscale. A micrograph of the 0.1 vol% MWNT/gelatin hydrogel composite shows 
a well-distributed and randomly-aligned MWNT by the mechanical stirring force as 
shown in Fig. 5.2b. On the contrary, Fig. 5.2c demonstrates the agglomerated 
topology of 1 vol% MWNT/gelatin hydrogel composites. Fig. 5.2a'-c' show the 
phase charged image of the pure gelatin hydrogel and the MWNT/gelatin hydrogel 
composites. The images exhibit the charge distributions within the materials where 
the light areas indicate the presence of the attractive charge generated between the 
probe tip and the materials. The degree of attractive charge generated .on the pure 
gelatin hydrogel and the MWNT/Gelatin hydrogel composites is shown-in Fig. 5.3. 
Both 0.1 and 1 vol% MWNT/gelatin hydrogel composites possess the.'degrees of 
attractive charge generated of 1 0 1  and 106% respectively, values which are greater 
than that of the pure gelatin hydrogel.

5.4.3 Electromechanical Properties .. -

5.4 . ร. 1 T im e D e p en d en ce  o f  E lc tro rh e o lo g ic a l R e sp o n se
The temporal response of the pure gelatin and the 

MWNT/gelatin hydrogel composites (0.1 vol% and 1 vol% MWNT) was 
investigated under the applied electric field strength of 800 v / m m  as the electric field 
was switched on and off alternately. The temporal characteristics of materials were 
measured in the linear viscoelastic regime at a strain of 0 . 1 0 %, and frequency of 1 0 0  

rad/s. Fig. 5.4 shows the storage modulus (Gr) of the pure gelatin and of the 
MWNT/gelatin hydrogel composites during the time sweep tests under the electric 
field. For the pure gelatin hydrogel, when the electric field is switched on at 800 
V/mm, G ' immediately increases and rapidly reaches a steady-state value as the 
dipole moment within the materials are induced. As the electric field is switched off, 
G ' decreases instantaneously close to its original value which can be referred to a 
reversible material. In contrast, for both MWNT/gelatin hydrogel composites (0.1 
vol% and 1 vol% MWNT). G ' decreases after switching off the electric field but it
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5 .4 .3 .2  E ffe c ts  o f  E le c tr ic  F ie ld  S tre n g th  a n d  A sp e c t R a tio  on  
E le c tro m e c h a n ic a l P ro p e r tie s  o f  M W N T /G e la tin  H yd ro g e l 
C o m p o site s
Effect of MWNT aspect ratios (470, 740, 1200. and 2100) 

on the electromechanical properties of 0,1 vol% MWNT/gelatin hydrogel composites 
was first investigated in the range of 0 -to 800 v/mm. Fig. 5.5 shows the storage 
modulus response (A G 1) and the storage modulus sensitivity (A G '/G 'o) of the 
composites vs. electric field strength at à. frequency of 1 0 0  rad/s, a strain of 0 . 1 0 %, 
and at a temperature of 30 ๐c. It can be seen that A G ' and A G '/G 'o  of 0.1 vol% 
MWNT/gelatin hydrogel composites increase with increasing aspect ratio of MWNT 
and with increasing of electric field strength as the polarization is generated on 
carboxyl groups on the gelatin side, chain . the dipole moment, leading to 
intermolecular interactions (Tungkavet e t-a l., 2012). The main reason is the higher 
response with increase of MWNT aspect ratio is be due to the stronger interfacial 
force between the nanotube and the matrix due to a higher surface area (Ayatollahi et 
a l . , 2 0 1 1 ), or the nanotube-matrix interaction.

Ayatollahi et a l. (2011) reported the mechanical properties 
of epoxy/0.5 พt% MWNT at various aspect ratios (455, 555, 715. and 1000). Both of 
the modulus of elasticity and the tensile strength of the samples increased with 
increasing of aspect ratio. Manoharan e t a l. (2009) reported that MWNT with a 
smaller diameter enhanced a stronger interface with the polymer matrix due to the 
higher surface area of the nanotube. Boo et al. (2007) studied the effect of 
nanoplatelet structure on mechanical properties of epoxy nanocomposites. They 
found that the larger surface area increased the modulus of epoxy/ZrP-1000 relative 
to than that of epoxv/ZrP-100. A larger surface area is a result of a higher aspect ratio 
ZrP nanoplatelets induces an increase in the modulus.

5.4. ร. 3 E ffe c t o f  C o n c e n tra tio n  on  E le c tro m e c h a n ic a l P roperties  o f  
M W N T /G e la tin  H y d ro g e l C o m p o s ite s

does not recover to their original values. These characteristics indicate that there are
some residue dipole moments due to the agglomerations of the MWNT.



90

The effect of MWNT concentration on the electromechanical 
properties of MWNT/gelatin hydrogel composites was studied at 30 °c with the 
electric field strength varying between 0 and 800 v/mm. Fig. 5.6 shows the storage 
modulus response ( A G CO = 100 rad/s) of the gelatins at various MWNT contents of 
0, 0.01, 0.1, 0.5 and 1 vol%. A G ' increases nonlinearly. with increasing electric field 
strength. With increasing MWNT concentration from 0 to 0.1 vol%, A G ' increases 
from 82 507 to 223 600 Pa at an applied electric field strength of 800 v/mm. Further 
increase ill the MWNT concentration (at 0.5 and 1 vol%) leads to a reduction of A G '. 
Interestingly, AG' of the 1 vol% MWNT/gelatin hydrogel composite is inferior when 
compared, to the pure gelatin hydrogel. Table 5.2 lists the storage modulus sensitivity 
( A G VG’0) '.values of these materials at various MWNT contents. As MWNT 
concentration increases, the induced dipole moment increases under the applied 
electric field strength (Shiga, 1997) due to the enhanced polarizability of the 
carboxyl groups of gelatin chains under the presence of MWNT. The maximum A G ' 
and A G '/G 'o  are found in the 0.1 vol% MWNT/gelatin hydrogel composite. However, 
as the MWNT content is higher than 0.1 vol%, A G ' decreases. As the highest MWNT 
concentration of 1 vol%, A G ' under the applied electric field diminishes since the 
material presumably consists of the phase separation between the hydrogel and the 
MWNT agglomeration as previously observed in the SEM image and topology 
surface (see Fig. 5.1c and 5.2c).

Ayatollahs e t a l. (2011) found the similar behavior in that the 
Young’s modulus and the tensile strength of epoxy/MWNT composites increased 
with increasing of MWNT. However at the higher MWNT concentration of 0.5 wt%. 
the mechanical properties decreased due to the effect of agglomeration. Prashantha e t 
a l. (2009) reported the optimum mechanical properties of multi walled carbon 
nanotube filled polypropylene nanocomposite, 2 wt% MWNT was the optimum 
concentration to enhance the modulus of the composite due to the dispersion and the 
distribution of individual nanotubes in the matrix. Evingur et a l. (2012) studied the 
elasticity modulus of polyacrylamide (PAAm)/multi walled carbon nanotube 
(MWNT). The elastic modulus of PAAm/MWNT increased with increasing of 
MWNT concentration. However at the higher nanotube concentration of 5 wt%. the 
elastic modulus decreased. Kunanuruksapong et al. (2007) reported a similar effect
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for poly(/>phenylene)/acrylic elastomer blended. The storage modulus response 
(AG') of poly(/?-phenylene)/acrylic elastomer blended increased with increasing 
poly(/;-phenylene) concentration. The maximum A G ' occurred with 30 vol% polytp- 
phenylene)/acrylic elastomer blended. For the highest particle concentration of 40 
vol%, AG' diminished.

5 .4 .3 .4  E ffec t o f  O p era tin g  T em pera ture
The electromechanical properties of the pure gelatin and the 

MWNT/gelatin hydrogel composites were investigated at the temperature range 
between 30 and 90 °c. The result shows that storage modulus at 800 v/mm (Gr) and 
storage modulus respons.e {AG ') of the composites exhibit three response regimes as 
shown in Fig. 5.7. With increasing temperature from 30 to 40 ๐c, G ' of the pure 
gelatin hydrogel decreases because the triple-helix structure is split to the random 
coil structure (Bigi e t a l., 2004). At the temperature range of 40-50 °c, G ' increases 
again with temperature. According to the classical network theory (Sato et al.. 1996), 
as temperature increases, the entropy of gel increases that leading to more retractive 
force. However further increase in temperature (from 60 to 90 °C) leads to a decrease 
in G '  since a-amino acid block of the gelatin chain is isolated at a temperature close 
to the low-temperature glass transition of 120 ๐c  (Fraga et a l., 1985). Similar 
electromechanical properties are observed during the same temperature range for the 
0.1 vol% MWNT/gelatin hydrogel composite, the level of triple-helix structure 
dénaturation (30-40 °C) and the lower temperature glass transition temperature 
(-60-80 °C) of the composite could be retarded due to the enhanced polarizability 
of the carboxyl groups in the gelatin chains. The obtained result indicates that the 
electromechanical responses of the MWNT/gelatin hydrogel composites are largely 
improved in term of AG' due to the presence of MWNT. At any temperatures 
studied. G 80 0 v/mm and A G ' are higher than those of the pure gelatin hydrogel because 
MWNT acts as reinforced particles and enhances the polarizability in the gelatin 
chains under the electric field.
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5.4.4 Deflection of MWNT/Gelatin Hydrogel Composites
The bending behavior and the dielectrophoresis force were 

investigated under the applied electric field strength between 0  and 600 v / m m .  
Samples were gripped between copper plates and immersed in a silicone oil chamber 
(shown in Fig. 5.8). The amount of deflection of the pure gelatin and MWNT/gelatin 
hydrogel composites at the specific electric field strength is described by the 
parameters (d . /. and 9). A video recorder (Sony, Handicam HR1) was used to record 
the displacement of the pure gelatin and MWNT/gelatin hydrogel composites. The 
bending behavior of the pure gelatin and all MWNT/gelatin hydrogel composites is 
shown in Fig. 5.:9a-c. Results show that all of the samples bend toward the anode 
side (positive charge) under the influence of the electric field strength of 600 v / m m  

due to the attractive force between the polarized carbonyl group of hydrogel and the 
anode side. The polarization of the carbonyl groups can be referred to as the 
electrophilic behavior which generates the negative charges on their groups. As a 
higher electric field strength is applied, stronger dipole moments are generated 
leading to a higher degree of deflection. The pure gelatin. 0.1 vol% MWNT/gelatin, 
and 1 vol% MWNT/gelatin hydrogels start to deflect at lower critical electric field 
strengths of 100 v / m m ,  100 v / m m ,  and 250 v / m m ,  respectively. The 0.1 vol% 
MWNT/gelatin hydrogel composite exhibits the greatest deflection values relative to 
other samples. The degree of deflection (9) of 0.1 vol% MWNT/gelatin hydrogel 
composite is higher than the pure gelatin hydrogel due to the higher amount of 
polarizability from MWNT. In contrast, the 1 vol% MWNT/gelatin hydrogel 
composite shows a lesser deflection response than the other two samples due to too 
high particle contents (Krause and Bohon. 2001). The induction times of these 
samples of deflection response are tabulated in Table 5.3. The induction time is the 
time which is required for the sample to deflect toward the maximum distance in the 
influence of applied electric field strength. All of the samples studied exhibit fast 
deflection response which is one of the importance factors for actuator application. 
Fig. 5.10 a-b shows the deflection distances and the dielectrophoresis forces (Fd) of 
the pure gelatin and the MWNT/gelatin hydrogel composites under electric field 
strength. The deflection distances and the dielectrophoresis forces of these materials 
become larger with increasing electric field strength. At electric field strength of 600



v / m m ,  F d  of the pure gelatin hydrogel, 0 .1  vol% MWNT/gelatin, and 1 .0  vol% 
MWNT/gelatin hydrogel composites are 0 .0 3 6 ,  0 . 0 3 9 ,  and 0 .0 3 1  N. respectively. The 
F d  of 0 .1  vol% MWNT/gelatin hydrogel composites is the highest since such a 
composite has a higher amount of polarized nanotube content that creates a stronger 
attractive with the anode side. However, the 1 vol% MWNT/gelatin hydrogel 
composite shows a lower F d  than the pure gelatin and 0.1  vol% MWNT/gelatin 
hydrogel composite due to the particle steric hindrance (Liu and Shaw, 2 0 0 1  ).

In the previous works. Niamlang et a l. (2008) investigated 
dielectrophoresis force and deflection of poly(p-
phenylenevinylene)/polydimethylsiloxane blends (PPV/PDMS). The 
dielectrophoresis force and the degree of deflection of the PPV/PDMS films 
increased with increasing electric field strength. The maximum dielectrophoresis 
force was found in PPV/PDMS-10 because of a higher amount of polarized particles; 
however, the PPV/PDMS-20 showed a lower dielectrophoresis force than 
PPV/PDMS-10 due to the too high particle concentration and the particle steric 
hindrance. Kunchornsup e t al. (2 0 1 2 ) reported the dielectrophoresis force of 
cellulose gel under the electric field strength between 0 and 550 v/mm. At 500 
V/mm, the cellulose gel showed the dielectrophoresis force of 4.6 N and deflection 
angle at 44°, respectively. In addition, with increasing electric field strength between 
525 and 550 v / m m ,  the back and forth swinging deflection occurred due to the 
competition between the anion and cation movements in the ionic liquid. Tungkavet 
e t a l. (2012) reported the dielectrophoresis forces at E = 600 v/mm of 0.1 vol% and 
1 vol% nanowire-Ppy gelatin hydrogels to be 6.60 and 1.60 mN, respectively since 
the 1 vol% nanowire-Ppy has strong positive charges that counteract those of 
negative charges in gelatin structure and the effect of steric hindrance. Petcharoen e t 
al. (2013) studied the dielectrophoresis force of thermoplastic polyurethane 
elastomer (TPE-PU). TPE-PU generated the highest dielectrophoresis force (43 pN) 
and deflection distance (TO mm) at electric field strength of 500 v/mm. In this work, 
0.1 vol% MWNT/gelatin hydrogel composite provide the greatest deflection distance 
at 14.50 mm and the maximum dielectrophoresis force of 0.039 N.
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5.5 Conclusions

This work presents the electromechanical properties, the dymanic storage 
moduli (G ') and the bending measurement of pure gelatin and MWNT/gelatin 
hydrogel composites as functions of electric field strength and temperature. When 
the electric field is applied, the polarization generated in gelatin chain is further 
enhanced by the presence of MWNT, as induced by electrostatic interaction. Both of 
the storage modulus response (A G ') and the storage modulus sensitivity (A G /G o )  
increase with increasing electric field strength upto 800 v/mm. The maximum A G ' 
and A G '/Go are 2.34 X  105 Pa and 1.25, respectively, for the 0.1 vol% MWNT/gelatin 
hydrogel composite. For the effect of temperature, both G ' and A G ' exhibit three 
behaviors between 30 and 90 ๐c. From the deflection measurement, the deflection 
distance and the dielectrophoresis force (Fd) of the pure gelatin and 0 . 1  vol% and 1 

vol% MWNT/gelatin hydrogel composites increase with increasing electric field 
strength. The 0.1 vol% MWNT/gelatin hydrogel composite exhibits the greatest 
deflection response; whereas the 1 vol% MWNT/gelatin hydrogel composite shows 
the lowest deflection distance and Fd due to the particle steric hindrance.
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Figure 5.1 SEM micrograph of cross-sections of the pure gelatin and 
MWNT/gelatin hydrogels (magnification of 60K): (a) cross-sections of the pure 
gelatin; (b) cross-section of the 0.1 vol% MWNT/gelatin hydrogel; and (c) cross- 
section of the 1 vol% MWNT/gelatin hydrogel.
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s tr e n g th s  f r o m  d e f l e c t i o n  m e a s u r e m e n t:  ( a )  p u r e  g e la t in  h y d r o g e l;  ( b )  0 .1  v o l%  

M W N T /G e la t in  h y d r o g e l;  ( c )  1 v o l%  M W N T /G e la t in  h y d r o g e l

M a te r ia ls
I n d u c t io n  t im e  (ร) a t  v a r io u s  e le c t r ic  f ie ld  s t r e n g th  (V /m m )

2 5 5 0 100 200 3 0 0 4 0 0 5 0 0 6 0 0

P u r e  g e la t in  

h y d r o g e ls
- . - 10 . 8 7 7 6 4

0.1 v o l%  

M W N T ( 3 - 1 0  

n m ) /g e la t in  

h y d r o g e l

- - 6 - 6 4 3 2 1

1 v o l%  

M W N T Ç 3 -1 0  

m n ) /g e la t in  

h y d r o g e l

- - 7 6 6 4 Oว์ 2
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