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Abstract
G e la t in  i s  a  p r o te in  p r o d u c e d  b y  th e  p a r t i a l  h y d r o ly s i s  o f  a  c o l la g e n  e x t r a c te d  

f ro m  b o n e s ,  c o n n e c t iv e  t i s s u e s ,  o r g a n s ,  a n d  s o m e  in te s t in e s  o f  a n im a ls .  G e la t in  h a s  
b e e n  w id e ly  u s e d  in  th e  p h a r m a c e u t ic a l  a n d  m e d ic a l  f ie ld s  a s  s e a la n t s  f o r  v a s c u la r ,  a  
c a r r ie r  f o r  d r u g  d e l iv e r y ,  w o u n d  d r e s s in g s ,  a n d  a n  a r t i f i c ia l  m u s c le .  I n  o u r  w o rk ,  
g e l a t in  f i lm s  w e r e  p r e p a r e d  b y  th e  f i lm  c a s t in g  m e th o d  u s in g  w a te r  a s  th e  s o lv e n t .  
T h 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 ,  th e rm a l  p r o p e r t ie s ,  a n d  th e  d e g r e e  o f  s w e l l in g  
w e r e  m e a s u r e d  a s  th e  f u n c t io n  o f  g e la t in  c r o s s l in k in g  r a t io  o r  th e  g e l  s t r e n g th , 
te m p e r a tu r e ,  f r e q u e n c y ,  a n d  e le c t r i c  f ie ld  s t r e n g th .  T h e  h ig h ,  m e d iu m , lo w , a n d  th e  
3 %  c r o s s l in k e d  h ig h  g e l  s t r e n g th  g e la t in  f i lm s  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 iv i ty  v a lu e s  o f  2 .3 0 ,  2 . 1 6 ,1 .2 6  a n d  0 .4 9  r e s p e c t iv e ly .

K e y w o rd s :  G e la t in ;  g e l  s t r e n g th ;  e le c t r o m e c h a n ic a l  p r o p e r t i e s

1. Introduction
T h e  e x c h a n g e  o f  e le c t r i c a l  e n e r g y  f o r  m e c h a n ic a l  e n e r g y  h a s  b e e n  o f  

s c ie n t i f ic  a n d  te c h n o lo g ic a l  in te r e s ts  f o r  m a n y  d e c a d e s .  E le c t r o m e c h a n ic a l  e n e r g y  
c o n v e r s io n  h a s  b e e n  a p p l ie d  in  m a n y  a p p l i c a t io n s  s u c h  a s  m u s c le / in s e c t - l ik e  
a c tu a to r s ,  r o b o t ic s ,  a n d  e tc  [1 ] . T h e  d e v e lo p m e n t  o f  e le c t r o a c t iv e  m a te r ia l s  fo r  
a r t i f ic ia l  m u s c le  o r  a c tu a to r  is  v e r y  a t t r a c t iv e  b e c a u s e  i t  h a s  m a n y  a d v a n ta g e s .  F ir s t ,  
th e  e le c t r o a c t iv e  m a te r ia l s  r e s e m b le  n a tu r a l  l iv in g  t i s s u e s  m o r e  th a n  a n y  o th e r  c la s s  
o f  s y n th e t ic  b io m a te r ia l s  b e c a u s e  to  th e i r  h ig h  w a te r  c o n te n t s ,  s o f t  c o n s is te n c y ,  a n d  
th e i r  a c t iv a t io n  m o d e .  S e c o n d ly  i t  is  b io c o m p a t ib le  a n d  n o t  b io d e g r a d a b le .  T h ird ,
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th e i r  p h y s ic a l  a n d  c h e m ic a l  p r o p e r t ie s  v a r y  w i th  c o m p o s i t io n  a n d  c a n  b e  t a i lo r e d  a s  
d e s i re d . F o u r th ,  t h e y  c a n  ta k e  v a r io u s  s h a p e s  a n d  th e y  a r e  a  lo w - c o s t  m a te r ia l .

G e la t in  i s  a  p r o te in  b io p o ly m e r  d e r iv e d  f ro m  th e  p a r t i a l  h y d r o ly s is  o f  n a t iv e  
c o l la g e n s ,  w h ic h  a r e  th e  m o s t  a b u n d a n t  s t r u c tu r a l  p r o te in s  f o u n d  in  th e  a n im a l  b o d y :  
s k in ,  t e n d o n ,  c a r t i l a g e ,  a n d  b o n e  [2 ]. D u e  to  a  w e a l th  o f  m e r i t s  s u c h  a s  b io lo g ic a l  
o r ig in , n o n - im m u n o g e n ic i ty ,  b io d e g r a d a b i l i ty ,  b io c o m p a t ib i l i ty ,  a n d  c o m m e r c ia l  
a v a i la b i l i ty  a t  r e la t iv e ly  lo w  c o s t ,  g e l a t in  h a s  b e e n  w id e ly  u s e d  in  th e  p h a r m a c e u t ic a l  
a n d  m e d ic a l  f i e ld s  a s  s e a la n ts  f o r  v a s c u la r  p r o s th e s e s ,  c a r r i e r  f o r  d r u g  d e l iv e ry ,  
w o u n d  d r e s s in g s ,  a n d  a n  a r t i f ic ia l  m u s c le  [3 ] . O n  th e  o t h e r  h a n d ,  g e l a t in  e x h ib i t s  
p o o r  m e c h a n ic a l  p r o p e r t i e s  w h ic h  l im i t  i t s  p o s s ib l e  a p p l i c a t io n s  a s  a  b io m a te r ia l .  T h e  
im p r o v e m e n t  o f  th e  m e c h a n ic a l  p r o p e r t ie s  o f  d r a w n  g e l a t in  h a s  b e e n  r e la te d  to  th e  
r e n a tu r a t io n  le v e l  o f  th e  p r o te in ,  a s  e v a lu a te d  th r o u g h  th e  d i f f e r e n t ia l  s c a n n in g  
c a lo r im e t r y  [4 ] . I n  th e  l i te r a tu r e ,  s e v e r a l  p h y s ic a l  a n d  c h e m ic a l  m e th o d s  h a v e  b e e n  
r e p o r te d  f o r  c r o s s l in k in g  c o l la g e n o u s  m a te r ia ls .  P h y s ic a l  m e th o d s  in c lu d e  th e  
d e h y d ro th e r m a l  t r e a tm e n t  a n d  th e  u v  i r r a d ia t io n  [5 ,6 ] ;  h o w e v e r ,  th e y  a r e  g e n e r a l ly  
le s s  e f f ic ie n t .  M a n y  c h e m ic a ls  s u c h  a s  f o r m a ld e h y d e ,  g lu t a r a ld e h y d e ,  c a r b o d i im id e ,  
a n d  d e x t r a n  d ia ld e h y d e ,  h a v e  b e e n  u s e d  to  c h e m ic a l ly  m o d i f y  g e la t in  f o r  b io m e d ic a l  
a p p l ic a t io n s .  A m o n g s t  th e m , g lu t a r a ld e h y d e  ( G T A )  i s  b y  f a r  th e  m o s t  w id e ly  u s e d  
c h e m ic a l ,  d u e  to  i t s  h ig h  e f f ic ie n c y  in  s ta b i l i z in g  c o l la g e n o u s  m a te r ia l s  [7 ] . G T A  
b a s e d  c r o s s l in k in g  o f  c o l la g e n o u s  m a te r ia ls  s ig n i f i c a n t ly  r e d u c e s  b io d e g r a d a t io n ,  
m a k in g  th e  m a te r ia l s  b io c o m p a t ib le  a n d  n o n th r o m b o g e n ic  w h i l e  p r e s e r v in g  
b io lo g ic a l  in te g r i ty ,  s t r e n g th  a n d  f le x ib i l i ty .  G T A  is  a ls o  e a s i ly  a v a i la b le ,  
in e x p e n s iv e ,  a n d  c a p a b le  o f  a l lo w in g  th e  c r o s s l in k in g  in  a  r e la t iv e ly  s h o r t  t im e  
p e r io d .

I n  o u r  w o r k ,  w e  a re  in te r e s te d  in  g e la t in  a s  a  c a n d id a te  f o r  a r t i f ic ia l  m u s c le  o r  
a c tu a to r .  T h 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 ,  th e r m a l  p r o p e r t i e s ,  a n d  d e g r e e  o f  
s w e l l in g  w e r e  m e a s u r e d  a n d  w i l l  b e  r e p o r te d  a s  f u n c t io n s  o f  g e l a t in  s t r e n g th ,  
c r o s s l in k in g  r a t io ,  t e m p e r a tu r e ,  f r e q u e n c y ,  a n d  e le c t r i c  f i e ld  s t r e n g th .
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2. Experimental

2 .1  M a te r ia ls
G e la t in  p o w d e r  ( h ig h , m e d iu m , a n d  lo w  g e l  s t r e n g th s )  ( A R  g r a d e ,  F lu k a ) ,  

g lu ta r a ld e h y d e  (  5 0 %  G T A  s o lu t io n  ) ( A R  g r a d e ,  S ig m a - A ld r ic h )  w e r e  u s e d  a s  
s ta r t in g  m a te r ia ls  f o r  f a b r ic a t in g  g e la t in  f i lm s .

2 .2  P re p a ra tio n  o f  g e la tin  f i lm s
G lu ta r a ld e h y d e - g e l a t in  c r o s s l in k e d  f i lm s  ( G T A - G e )  w e r e  p r e p a r e d  b y  

a d d in g  th e  a p p r o p r ia te  v o lu m e  o f  G T A  s o lu t io n  to  th e  g e la t in  s o lu t io n  10 v o l .% ) ,  
w i th  G T A  c o n c e n t r a t io n s  v a r y in g  f ro m  0.5 to  7  v o l% . N o n - c r o s s l in k e d  g e la t in  f i lm s  
(G e )  w e r e  p r e p a r e d  f r o m  a n  a q u e o u s  g e la t in  s o lu t io n  (10%, v /v )  a t  50 °c  a n d  u n d e r  
c o n t in u o u s  s t i r r in g  f o r  4 0  m in .  T h e  G T A -G e  a n d  G e  s o lu t io n s  w e r e  p o u r e d  in to  
p l a s t i c  p e t r i  d i s h e s  (1 0  c m  o f  d ia m e te r ) .  C r o s s l in k e d  f i lm s  w e r e  o b ta in e d  a f te r  
a l lo w in g  a  w a t e r  e v a p o r a t io n  a t  r o o m  te m p e r a tu r e  f o r  a  p e r io d  o f  4  d a y s .  P r is t in e  
g e la t in  f i lm s  ( G e )  w e r e  p r e p a r e d  in  th e  s im i la r  w a y  b u t  w i th o u t  a d d in g  th e  
c r o s s l in k in g  a g e n t .

2 .3  C h a ra c te r iza tio n  a n d  te s tin g  o f  g e la tin  sa m p le s
2 .3 .1  C ro ss lin k in g  d e n s ity  d e te rm in a tio n

I n  o r d e r  t o  e s t im a te  th e  n e tw o r k  c r o s s l in k in g  d e n s i ty ,  th e  n u m b e r - a v e r a g e  
m o le c u la r  w e ig h t  o f  c h a in  s e g m e n ts  b e tw e e n  tw o  c r o s s l in k in g  p o in t s ,  M c, w a s  
c a lc u la te d  f r o m  e q u i l ib r iu m  w a te r  u p ta k e  e x p e r im e n ts  p e r f o r m e d  a t  2 0  °c, a c c o r d in g  
to  th e  F lo r y - R e n h e r  e q u a t io n  [8 ]:

w h e r e  p  is  th e  d e n s i ty  o f  th e  d r y  g e la t in  d e t e r m in e d  b y  p i 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 ly m e r - s o lv e n t  in te r a c t io n  p a r a m e te r  w h o s e  v a lu e

x<h2 + l n ( l  -<pg)+(j)g (1 )
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w a s  ta k e n  f r o m  th e  l i te r a tu r e  [9 ] (x  =  0 -4 9  ±  0 .0 5 ) ,  a n d  (pz i s  th e  v o lu m e  f r a c t io n  o f  
th e  s w o l le n  g e la t in .  T h e  g e la t in  v o lu m e  f r a c t io n  in  th e  s w o l le n  s a m p le s  (v>g) w a s  
e s t im a te d  a s s u m in g  th e  f o l lo w in g  r e la t io n :

*  ~ W f * - w Z > - P - )  (2)

w h e r e  Wo i s  th e  in i t i a l  w e ig h t  o f  th e  s a m p le ,  พ  i s  th e  w e ig h t  o f  th e  s w o l le n  s a m p le , 
p w is  th e  d e n s i ty  o f  th e  w a te r  a t  r o o m  te m p e r a tu r e ,  a n d  p  is  th e  d e n s i ty  o f  th e  d r y  a n d  
u n c r o s s l in k e d  g e la t in  f i lm .

2 .3 .2  T h e rm o g ra v im e tr ic  a n a ly s is  (T G A )
A  th e r m a l  g r a v im e tr ic  a n a ly z e r  ( D u P o n t ,  m o d e l  T G A  2 9 5 0 )  w a s  u s e d  to  

d e t e r m in e  th e  a m o u n t  o f  m o i s tu r e  c o n te n t  a n d  th e  d e c o m p o s i t io n  te m p e r a tu r e s  w i th  
th e  t e m p e r a tu r e  s c a n  f ro m  3 0  to  6 0 0  ๐c  w i th  a  h e a t in g  r a te  o f  5 ° c / m i n ,  f o r  th e  
c r o s s l in k e d  f i lm s  w i th  %  v o lu m e s  o f  g lu t a r a ld e h y d e  o f  0 .5 ,1 ,  3 ,  5 , a n d  7 , a n d  th e  
n o n - c r o s s l in k e d  g e la t in  f i lm s . T h e  s a m p le s  w e r e  w e ig h te d  in  v a r y in g  f r o m  5 to  10 
m g  a n d  lo a d e d  in to  p l a t in u m  p a n s ,  a n d  w e r e  h e a t e d  u n d e r  a  n i t r o g e n  g a s  f lo w .

2 .3 .2  E le c tro m e c h a n ic a l p r o p e r tie s
T h e  e le c t r o r h e o lo g ic a l  p r o p e r t i e s  o f  th e  c r o s s l in k e d  a n d  u n c r o s s l in k  g e la t in s  

w e r e  in v e s t ig a t e d  in  t e r m s  o f  e le c t r i c  f ie ld  s t r e n g th .  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 ic ,  A R E S )  w a s  f i t t e d  w i th  a  c o p p e r  p a r a l l e l  p l a t e s  f ix tu r e  ( d ia m e te r  o f  2 5  
m m ) .  A  D C  v o l t a g e  w a s  a p p l ie d  w i th  a  D C  p o w e r  s u p p ly  ( I n s te k ,  G F G 8 2 1 6 A ) ,  
w h ic h  c a n  d e l iv e r  e le c t r i c  f ie ld  s t r e n g th  to  1 k v / m m .  A  d ig i ta l  m u l t im e te r  w a s  u s e d  
to  m o n i to 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 ts ,  th e  o s c i l l a to r y  s h e a r  s t r a in  w a s  
a p p l ie d  a n d  th e  d y n a m ic  m o d u l i  (G ' a n d  G " )  w e r e  m e a s u r e d  a s  f u n c t io n s  o f  
f r e q u e n c y  a n d  e le c t r i c  f ie ld  s t r e n g th .  S t r a in  s w e e p  t e s t s  w e r e  f i r s t  c a r r ie d  o u t  to  
d e te r m in e  th e  s u i ta b le  s t r a in s  to  m e a s u r e  G ' a n d  G "  in  th e  l i n e a r  v i s c o e la s t i c  r e g im e . 
T h e  a p p r o p r ia te  s t r a in  w a s  d e te r m in e d  to  b e  0 .2 %  f o r  g e l a t in  f i lm  s a m p le s .  F o r  th e  
3 %  c r o s s l in k e d  h ig h  g e l s t r e n g th  g e la t in  f i lm  s a m p le ,  t h e  s t r a in  o f  0 .1 4 %  w a s  u s e d . 
T h e  f r e q u e n c y  s w e e p  te s t s  w e r e  c a r r ie d  o u t  to  m e a s u r e  G ' a n d  G "  o f  e a c h  s a m p le  a s
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functions of frequency. The deformation frequency was varied from 0.1 to 100 rad/s. 
Prior to each measurement, the non-crosslinked gelatin and the 3% high gel strength 
gelatin film samples were presheared at a low frequency (0.04 rad/s) under an 
electric field for 15 min to ensure the formation of equilibrium polarization before 
the G' and G" measurements. Experiments were carried out at the temperature of 27 
°c and repeated at least two or three times. The effect o f temperature was studied at 
various temperatures between 27 and 107 °c  for the non-crosslinked gelatin film 
sample. The temporal response experiments were carried out at 1 kv/mm for the 
non-crosslinked gelatin and the 3% crosslinking high gel strength gelatin film 
samples.

3 . R e su lts  a n d  D isc u ss io n

3 .1  D e te rm in a tio n  d e g re e  o f  sw e llin g , w e ig h t lo s s  o f  g e la tin  f i l m  a n d  m o le c u la r  
w e ig h t b e tw e e n  c ro ss lin k s

Crosslinked and un-crosslinked gelatin films were prepared in the same 
conditions. บท- crosslinked and crosslinked gelatin films were kept in a desiccator at 
room temperature (27°C) for a period of 2 days before testing to prevent any further 
property changes during the experiments. Glutaraldehyde (GTA) is a fast-acting 
crosslinker for collageneous materials, easily available and inexpensive. The reaction 
of gelatin with different amounts of GTA was carried out at 50 °c in basic conditions 
[10]. All crosslinked films were stiffer than pure gelatin films and they changed in 
color to yellowish films. The GTA crosslinking induces a significant reduction in 
swelling. Swelling measurements at longer times were hindered by the solubility of 
the film which began to dissolve in solution. The degree o f swelling and the 
percentage o f weight loss are shown in Fig 1. As can be seen from Fig 1, the degree 
of swelling and the percentage of weight loss decrease drastically with increasing 
GTA content, due to the formation of a denser network. Gelatin films with 
percentages o f crosslinking agent higher than 3 wt% do not possess any noticeable 
differences in the degree of swelling and the percentage o f weight loss. The 
calculated average molecular weights between two crosslinking points, Mc, in terms 
of GTA concentration are shown in Table 1.
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The thermal properties were obtained from the thermogravimetric analysis and the 
differential thermal analysis (TGA-DTA). The TGA data show a glass transition 
temperature o f the gelatin samples with different bloom index at various percentages 
of crosslinking (0.5, 1, 3, 5, 7 %v/v). There were three transitions for the gelatin 
namely: the first transition (45-100°C) refers to the loss of water; the second 
transition (197-220°C) refers to the glass transition temperature of gelatin, and the 
third transition (280-320°C) refers to the degradation of gelatin. The TGA 
themograms o f the gelatin and the crosslinked gelatin show that the decomposition 
temperatures are not significantly different; with 7%v/v GTA-Ge has the highest 
percentage o f a weight residue.

3 .2  T im e  d e p e n d e n c e  o f  th e  e le c tro rh e o lo g ic a l r e sp o n se
We first show the temporal responses of high, medium, low and 3% 

crosslinked high gel strength gelatin films, subject to switching on and off under 
applied electric field strength of E= 1000 v/mm . The temporal characteristic of each 
sample was recorded in the linear viscoelastic regime at a strain o f 0.14% and at 
frequency of 100 rad/s. As shown in Fig. 2, the storage moduli of the gelatin films 
show changes in G' values at electric field strengths o f 1000 v/m m  during a time 
sweep test, in which an electric field was turned on and off alternately. The 
storage modulus of high, medium, low, and 3% crosslinked high gel strength gelatin 
increase from G'= 2,120,000 Pa to 4,570,000 Pa (1.15) at 2200 ร, G= 835,000 Pa to
1.485.000 (0.79) at 5000 ร, G' = 1,260,000 Pa to 2,080,000 (0.65) at 2500 ร, and G’=
8.060.000 Pa to 10,900,000 Pa (0.35) at 2000 ร, respectively. Fig. 2(a)-(d) shows the 
temporal response o f gelatin film at electric field 1000 v/mm the storage modulus 
increases. With the electric field switched off, G' does not recover its original value, 
possibly due to the interaction between the residue permanent dipoles in gelatin 
molecules [11 ].

3 .3  E ffe c t  o f  g e la t in  f d m s  u n d e r  e le c tr ic  f i e l d  s tre n g th
The effect of electric field strength on the rheological properties of high, 

medium, low and 3% crosslinked high gel strength gelatin films was investigated in 
the range from 0 to 1 kv/mm. Fig. 3 shows the storage modulus sensitivity (AG'/G°)
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and the storage modulus response (AG') of the high, the medium, the low and the 3% 
crosslinked high gel strength gelatin films vs. electric field strength, at frequency 100 

rad/s, strain 0.14%, and at 27 °c. The increases in AG'/G° and AG' with electric field 
are nonlinear within the range of 0.1-1 kv/mm. The storage modulus response 
values, AG', of these systems at electric field strength o f 1 kv/mm are 3030000, 
1928000, 369000, and 1170000 Pa for the high, the medium, the low, and the 3% 
crosslinked high gel strength gelatin films, respectively. The storage modulus 
sensitivity values, defined as AG'/G° of these samples (high, medium, low, and 3% 
crosslinked high gel strength gelatin films) at electric field strength of 1 kv/mm are 
2.30, 2.16, 1.26, and 0.49, respectively, as tabulated in Table 2.

When the electrical field is applied, gelatin molecules induced dipole 
moments are generated, leading to intermolecular interactions. These intermolecular 
interactions induce the loss chain free movements and higher chain rigidity, as 
indicated by higher G' values [12,13]. The electric field evidently enhances the 
storage modulus of our samples. But the improvement o f 3% crosslinked gelatin 
storage modulus is less than those of the uncrosslinked gelatin samples, since 
sample rigidity is relatively high without electric field applied. A higher electric 
field strength is expected to induce a higher dipole moment and to cause particle 
chains to pull themselves together in a tighter formation due to the greater 
electrostatic force as evidenced by the dramatic increases in both G' with electric 
field strength [14]. And comparisons of response and sensitivity of other systems are 
shown in Table 3. Table 3 shows several characteristics o f storage modulus 
sensitivity o f electroactive polymers and dielectric elastomers. For comparison 
stating sensitivities of these materials can be seen between Table2 and Table3. In 
same electric field strength (1 kv/mm), Styrene-isoprene-styrene triblock (D ll 14P) is 
the best in its types, the storage modulus sensitivity is 0.122, however when add 
particles in Styrene-isoprene-styrene triblock and Silicone elastomer, the storage 
moulus sensitivity increased to 0.256 and 0.250 respectivly. Table2 demonstrates, 
good response was achieved in gelatin system, so the storage modulus sensitivity is 
higher than dielectric elastomer system in same electric filed strength. In addition 
dielectric elastomers can operate at relatively high voltage ( 0.1-4 kv/mm ), 
depending on material thickness and properties) [15].
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3 .4  E f fe c t  o f  o p e ra tin g  te m p e ra tu re
Finally, the storage modulus sensitivity and the storage modulus differential 

response of the gelatin samples are found to decrease with increasing temperature up 
to 380 K. This is a general plastic-like behavior. In order to exclude the effect of 
gelatin samples, AG' -G'(E) -  G'(E=0) and AG'/G° are plotted versus temperature as 
shown in Fig. 4. Evidently, AG' initially decreases with temperature up to 306 K: at 
E=T kv/mm, for high, medium, low gel strength gelatin films, AG' are 3024000, 
1930000, and 368000 Pa at 300K; AG' are 2483000,1672000, and 363000 Pa at 306° 
K respectively. AG' dramatically decreases with increasing temperature up to 
380°K. As can be seen in 3% crosslinked high gel strength, its AG' slightly 
decreases between 300°K and 380°K.

4 . C o n c lu s io n
In our work, the electromechanical properties o f gelatin films were 

investigated as the function of electric field strength and operating temperature on 
the storage moduli under oscillatory shear mode. The storage modulus (G') increases 
with increasing gel strength of the gelatin samples, as the applied electric field 
strength is increased to 1 kv/mm. The temperature dependence o f AG' and AG'/G° 
shows a maximum at T ~300 °K, so the AG' and AG'/Go of gelatin samples are found 
to decrease with increasing temperature up. At the temperature above 300 K, they 
indicate the plastic-like behavior. For un-crosslinked gelatin films, the storage 
modulus response and the storage modulus sensitivity are higher than crosslinked 
gelatin films.
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Table 1. Molecular weight between crosslinker o f gelatins o f various crosslinking 
ratio, 27°c. (# samples = 3)

S a m p le % c r o s s l in k in g  
a g e n t  (v/v)

C ro s s l in k
ra tio

M o le c u la r  w e ig h t  
b e tw e e n  c r o s s l in k  

(g /m o l)

C r o s s l in k  
d e n s i ty  

(m o l/c m s x  104)

High gel 
s tren g th  
ge la tin

0 .5 4.69x1 O'5 1 3 ,7 0 0  ± 6 8 7 0 .7 3  ± 0 .04
1 9 .3 9 x 1 0‘5 1 2 ,8 0 0  ± 3 4 4 0 .8 5  ± 0 .073
3 2.81X 10'4 1 ,9 2 0  ± 2 9 6 6 .0 9  ± 0 .085
5 4.69x1 O'4 6 9 0  ± 75 1 6 .68  ± 0 .33
7 6.57x1 O'4 3 2 0  ± 16 5 0 .5 8  ± 2 .03

M edium  gel 
s tren g th  
gela tin

0.5 4.69x1 O'5 1 2 ,9 0 0  ± 6 4 7 0 .7 7  ± 0 .0 4
1 9.39x1 O'5 1 2 ,4 0 0  ± 6 2 4 0 .8 0  ± 0 .04
3 2.81X 10'4 1 ,5 2 0  ± 7 6 6 .5 6  ± 0 .33
5 4 .6 9 x 1 0-4 5 7 0  ± 2 9 17 .4 5  ± 0 .8 7
7 6.57x1 O'4 2 0 0  ± 10 4 9 .2 6  ± 2 .46

Low gel 
s tren g th  
ge la tin

0 .5 4.69x1 O'5 1 3 ,9 0 0  ± 7 6 6 0 .8 0  ± 0 .04 .
1 9 .3 9 x 1 0‘5 1 1 ,4 0 0  ± 5 4 2 0 .7 5  ± 0 .054
3 2.81x1 O'4 1 ,4 4 0  ± 6 6 5 .0 6  ± 0 .2 0
5 4.69x1 O'4 6 7 0  ± 4 0 16 .5 5  ± 0 .2 7
7 6.57x1 O'4 3 0 0  ± 15 4 9 .2 6  ± 1.64
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T a b le  2 . Compare storage modulus sensitivity of gelatin films at various gel strength

M ate ria l
E le c tr ic

f ie ld
(k v /m m )

F re q u e c y
( ra d /s )

T e m p e r a tu r e
(C°)

S to r a g e  
m o d u lu s  

(G ') P a

In itia l 
s to r a g e  

m o d u lu s  
(G °) P a

S to ra g e  
m o d u lu s  

s e n s i t iv i ty  
(A G 7G °) P a

High gel 
s tren g th  ge la tin 10 00 100

27

4 3 4 0 0 0 0 1 3 1 0 0 0 0 2.30

M edium  gel 
s tren g th  ge la tin 10 00 100 2 8 2 0 0 0 0 8 9 2 0 0 0 2.16

Low gel s tre n g th  
gela tin 10 00 100 2 9 2 0 0 0 6 6 1 0 0 0 . 1.26

3%  c ro ss lin k ed  
High gel s tre n g th  

gek atin
1000 100 3 5 8 0 0 0 0 2 4 1 0 0 0 0 0 .49



Table 3. C om pare storage m od u lu s sen sitiv ity  o f  electroactive  and d ie lectric  e lastom er m aterials tech n o logy

M a te ria ls
E le c tr ic

f ie ld
(k v /m m )

F re q u e c y
( ra d /s )

T e m p e r a tu r e
(C°)

S to r a g e  m o d u lu s  
s e n s i t iv i ty  (AG'/G<) P a R e f e re n c e

Acrylic e la s to m e r  70 0 .4 3 9
Acrylic e la s to m e r  71 0 .5 8 6
Acrylic e la s to m e r  72 100 0 .1 4 8

S ty ren e-ac ry lic  c o p o ly m ers 2 0 0 0 1 .195 K u n an u ru k sap o n g
S ty re n e -iso p re n e -s ty re n e  trib lock 

D 1 11 2P 0 .7 4 6
[15]

Acrylic e la s to m e r  71 + p p p  10% (v/v) 1 0 .3 0 6
Acrylic e la s to m e r  71 + p p p  3 0 % (v/v) 0 .971

S ty re n e -iso p re n e ^ s ty ie n e  trib lock 
D 1 11 4P 0 .1 2 2

S ty re n e -iso p re n e -s ty re n e  triblock 
D 1164P 0 .1 0 2

S ty re n e -iso p re n e -s ty re n e  triblock 
D 1 16 2P 0 .0 5 0

T h o n g se k  [16]

D 1 14 P  + P D P A  5% (v/v) 27 0 .0 4 0
D 1 14 P  + P D P A  10% (v/v) 0 .2 5 6
D 1 14 P  + P D P A  30% (v/v) 1000 1 0 .0 9 5

A R 71 /lead  z irc o n a te  ti ta n a te  
P b (Z r0 .5 T i0 .5 )0 3  (0 .0 0 0 0 1 9% v/v) 2 0 0 0 1

0 .1 4 9
T ang b o rib o o n  [17]A R 71 /lead  z irc o n a te  ti ta n a te  

P b (Z r0 .5 T i0 .5 )0 3  (0 .038% v/v) 0 .5 8 7
poly (dim ethyl s iloxan e) (PD M S) 0 .1 0 4

poly (dim ethyl s iloxan e) (PD M S) + 
PANi 20%  (v/v) 2 0 0 0 100 0 .2 5 P iy an o o t [18]

poly (dim ethyl s iloxan e) (PD M S) + 
PANi 2%  (v/v) 0.111

P D M S _ 5 % P E D O T /P S S /E G 2 0 0 0 100 0 .0 7 7 W ijittra [19]PD M S ไ  5 % P E D O T /P S S /E G 0 .3 3 3



M a te ria ls E le c tr ic  
f ie ld  (v /m m )

F re q u e c y
(ra d /s )

T e m p e r a tu r e
(C°)

S to r a g e  m o d u lu s  
s e n s i t iv i ty  (AG7G-) P a R e f e re n c e

C ro ss lin k ed  P o ly iso p ren e  3%  + 
P o ly th io p en e  5%  (v/v)

2 0 0 0 100

27

0 .5 2 3

T o em p o n g  (4)C ro ss lin k ed  P o ly iso p ren e  3%  + 
P o ly th io p en e  10%  (v/v) 0 .33

C ro ss lin k ed  P o ly iso p ren e  3%  + 
P o ly th io p en e  30%  (v/v) 0 .4 3 5

S ilicone gel 50 0 0
60

no t r e s p o n s e

T o h r' '  S h ig a  
[21,22]

S ilicone gel + PM ACO 4 6 % 1000 0 .25
S ilicone gel + PM A CO 4 6 % 20 0 0 0 .75
S ilicone gel + PM A CO 4 6 % 30 0 0 2

S ilicone g e l + p o ly (p ^p hen y len es) 10% 1000 300 0 .3 3 3
S ilicone gel + p o ly (p -p h en y len es) 10% 30 00 300 1 .133
S ilicone gel + po ly (p -p h en y len es) 10% 50 0 0 30 0 1 .666

po ly (3 -hexy lth iophene) d o p e d  iodine 
(am o rp h o u s) 8 .7 - 0 .28
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figure 1
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Figure 2a-d
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Figure 3

«û*

■ ร

________________________ E  ( E l e c t r i c  f i e l d )  (V )_________________________________________ ____
o  H igh  g e l s t r e n g th  g e la tin  ( s to r a g e  m o d u lu s  s e n s i t iv i ty  )
□  M ed iu m  g e l s t r e n g th  g e la tin  ( s to r a g e  m o d u lu s  s e n s i t iv i ty  )
A L o w  g e l s t r e n g th  g e la tin  ( s to r a g e  m o d u lu s  s e n s i t iv i ty  )
V 3%  c r o s s l in k e d  h ig h  g e l s t r e n g th  g e la tin  ( s t o r a g e  m o d u lu s  s e n s i t iv ity )  
o  H igh  g e l s t r e n g th  g e la tin  ( s to r a g e  m o d u lu s  d iffe re n tia l r e s p o n s e  )
{3 M ed iu m  g e l s t r e n g th  g e la tin  ( s to r a g e  m o d u lu s  d iffe re n tia l r e s p o n s e  )
A L o w  g e l s t r e n g th  g e la tin  ( s to r a g e  m o d u lu s  d iffe re n tia l r e s p o n s e  )
V 3%  c r o s s l in k e d  h ig h  g e l s t r e n g th  g e la tin  ( s t o r a g e  m o d u lu s  d iffe re n tia l r e s p o n s e  )
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Figure 4

T e m p e r a t u r e  (K )

o  H ig h  g e l  s t r e n g th  g e la t in  ( s t o r a g e  m o d u lu s  s e n s i t iv i ty  )
□  M e d iu m  g e l  s t r e n g th  g e la t in  ( s t o r a g e  m o d u lu s  s e n s i t iv i ty  )
A L o w  g e l  s t r e n g th  g e la t in  ( s t o r a g e  m o d u lu s  s e n s i t iv i ty  )
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