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A P P E N D I C E S

Appendix A  Determination of Degree of Swelling and W eight Loss o f Gelatin  

Film s

The degree of swelling and weight loss o f gelatin were measured in water at 
37 °c for 5 days according to the following equations (Bigi et al., 2001):

and

M - M d
Degree of swelling (%) = ^ d X 100 (1)

M 1- M d
Weight loss (%) = X 100 (2)

where M  = the weight of each sample after submersion in the buffer solution.
Md = the weight of sample after submersion in the buffer solution in its dry 

state.
Mi = the initial weight of the sample in its dry state.
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Figure A1 % swelling and % weight loss of crosslinked gelatin (High gel strength) 
at various crosslinking ratios, 27 oC (#samples = 3).

Table A l. Molecular weight between crosslinker o f gelatin (High gel strength) at 
various crosslinking ratio, 27°c. (^samples = 3)

Sample
Crosslink

ratio
M olecular weight between 

crosslinker (g/mol)

Crosslink
density

(mol/cm3 X 104)
G T  0.5 4.69xld'5~ 13757 ± 687 0.73 ± 0.04
G f  1 9 .39x16^ 12875 ± 344 0.85 ± 0.073
G T  3 2.81x1๙ 1928 ± 296 6.09 ± 0.085
G T  5 4.69X103 - 696 ± 75 16.68 ± 0.33
G T  7 6.57x1๙ 327 ± 16 30.58 ± 1.53
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Table A2. Molecular weight tetween crosslinker of gelatin (Mid gel strength) at 
vanous crosslinking ratios, 27°c (#samples = 3)

Sample
Crosslink ratio 

(Ncrosslinker / Ngelatin)
M olecular weight 

between
crosslinker (g/mol)

Crosslink  
density 

(mol/cm3 X 
104)

GT_0.5 4.69Î10"5 12939 ± 647 0.77 ±0.04
GT_1 9.39x1 O'5 12475 ± 624 0.80 ± 0.04
G T J 2.8110"* 1525 ± 76 6.56 ± 033
G T 5 4.69x10 4 573 ± 29 17.45 ± 0.87
GT~7 6.57x10"* 203 ± 10 49.26 ± 2.46
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Figure A 3  % swelling and % weight loss of crosslinked gelatin (Low gel strength) 
at various crosslinking ratios. 27 ° c  (#samples = 3).

Table A3. Molecular weight between crosslinker of gelatin (Low gel strength) at 
various crosslinking ratios, 2 '/๐c  (#samples = 3)
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Crosslink ratio 

(Ncrosslinkf'i* / Ngelatin)
M olecular weight 

between
crosslinker (g/mol)

Crosslink  
density 

(mol/cm3 X 
104)

G T0.5 4.69^105 13939 ± 766 0.80 ± 0.04
GT_1 9.39\105 11475 ±542 0.75 ± 0.054
G T 3 2.81*10"* 1445 ± 66 5.06 ± 0.20
GT~5 4.69 do"* 673 ± 40 16.55 ± 0.27
GTJ7 6.57 do"* 303 ± 15 49.26 ± 1.64
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Appendix B  Th e  Therm ogr ivimetric Therm ogram  of Crosslinked Gelatin

The thermogravimetric analyzer (DuPont, model TGA 2950) was used to 
determine the thermal behavior o f polymers. The experiment was carried out by 
weighting a powder sample of 7-13 mg and placed it in a platinum pan, and then 
heated it under nitrogen flovy with the heating rate 5°c/min from room temperature 
to 600 °c.

There are two transitions for the gelatin and the crosslinked gelatin (0.5,1, 3, 
5, 7%) respectively. The first transition (45-100°C) refers to the loss of water. The 
second transition (260-340°C) refers to the gelatin degradation. The TGA results of 
the gelatin and the crosslink', :d gelatin showe that temperature decomposition does 
not change significantly. % maximum weight residue o f gelatin is 7%.
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Temperature decomposition of crosslinked gelatin 
(High gel strength)

Temperature

Figure B1 Temperature decomposition of Crosslinked Gelatin ( High gel strength)

Figure B2 Temperature decomposition of Crosslinked Gelatin ( Mid gel strength)
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Temperature decomposition of crosslinked gelatin 
(Low gel strength)

Figure B3 Temperature decomposition of Crosslinked Gelatin ( Low gel strength)

Table B l. The summary o f tile degradation temperature in the TGA thermogram of 
Gelatin and Crosslinked Geladn

Sample Td (°C)

High gelatin strength 320
Middle gelatin strength 310
Low gelatin strength 298
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Appendix c  Electrorheologi cal properties Measurement o f Gelatin

(Temporal response o f gelatin film by using stretch fixture)

The temporal response o f pure gelatin films with different morphology; High 

gel strength; M iddle gel strength; and Low  gel strength were investigated by melt 

rheometer meter (Rheometric Scientific, ARES). It was fitted with a custom-built 

stretch fixture, gap = 30 mm. A  D C  voltage was applied with a D C  power supply 

(Gold Sim 3000, GPS 3003D) work with high voltage power supply (Gamma High 

Voltage, UC5-30P), which cah deliver electric field strength to 1 kv/mm. A  digital 

multimeter was used to monitor the voltage input. In the temporal response testing, 

the dynamic strain was applied and the dynamic moduli (G' and G") were measured 

as functions o f time and electric field strength. Dynamic strain sweep test were first 

carried out to determine suitable strains to measured G ’ and G ” in linear viscoelastic 

regime, as following figures (Figure F l ,  F2, and F3).
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R elationship betw een  G ’(Pa) and strain (%) in strain sw e e p  test m ode
( High gelatin strength )

Figure C l  High molecular weight gelatin film  in strain sweep test (stretch fixture, 

gap = 30 mm, film  thickness =: 0.890 mm, film width = 7.0 mm, 25°C)

Relationship between G'(Pa) and strain (%) in strain sweep test mode 
( Middle gelatin strength )

Strain (%)
Figure C2 Middle molecular weight gelatin film in strain sweep test (stretch fixture, 

gap = 30 mm, film thickness =: 0.826 mm, film  width = 7.0 mm, 25°C)



R elationship  b etw een  G '(Pa) and strain (%) in strain s w e e p  te st  m od e
( Low gelatin  strength )

Strain (%)

Figure C3 Low  molecular weight gelatin film  in strain sweep test (stretch fixture, 
gap = 30 mm, film  thickness = 1.405 mm, film  width = 7.0 mm, 25°C).

The time sweep test was carried out with electric field applied on and 

off, alternatively. The G ’o f each film was investigated to measure time that each film  

response reach to steady state and there response under electric field stimulation. 

Figure F4, shows G ’ o f  H igh gelatin strength was steady state after 310 ร o f  

measurement. Moreover, the film gelatin does not reversible by electric field (1 

kv/mm). In the case of, Figure F5 and F6, M iddle gelatin strength and Low  gelatin 

strength were steady state after 550 ร and 500 ร, respectively. There also shows the 

similar response under electric field as the High gelatin strength film.
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Relationship between G'(Pa) and strain(%) in dynamic time sw eep  test
( High gelatin strength )

Figure C 4  Temporal response testing o f storage modulus (G ’) o f High gelatin 

strength (gap 30 mm, film thickness 0.890 mm, film width 7.0 mm, freguency 100 

rad/s, electric field (E) 1 kv/mm, 25°C)

Relationship between G ’(Pa) and strain(%) in dynamic time sweep test
( Middle gelatin strength )

Time (ร)
Figure C5  Temporal response testing o f storage modulus (G ’) o f M iddle gelatin 

strength (gap 30 mm, film thickness 0.826 mm, film width 7.0 mm, freguency 100 

rad/s, electric field (E) 1 kv/mm, 25°C)
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Relationship betw een G'(Pa) and strain(%) in dynamic time sw eep  test
( Low gelatin strength )

Time (ร)

Figure C 6  Temporal response testing o f storage modulus (G ’) o f  M iddle gelatin 

strength (gap 30 mm, film thickness 1.405 mm, film  width 7.0 mm, ffeguency 100 

rad/s, electric field (E) TkV/m m , 25°C).
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Appendix D  Frequency Sweep test; various Electric fields o f  Gelatin Films

Relationship between G'(Pa) and frequency (rad/s) sweep test mode 
(High gelatin strength)

Figure D1 High molecular weight gelatin film  in frequency sweep test (gap = 30

mm, film thickness = 0.890 mm, film width = 7.0 mm, 25°C)

Relationship between G'(Pa) and frequency (rad/s) sweep test mode 
(Medium gelatin strength)

ทCL
b

o A tov
□ At2V
A At 6V
o At 10V
0 At 15V
๏ At 20V
0 At 50V
A At 100V
0 At 200V
& At 500V1 At 1000V

•01 .1 1 10 100 1000
Frequency (rad/s)

Figure D2 Middle molecular weight gelatin film  in frequency sweep test (gap = 30 

mm, film thickness = 0.826 mm, film  width = 7.0 mm, 25°C)
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Relationship between G'(Pa) and frequency (rad/s) sweep test mode 
(Low gelatin strength)

1 e + 6

<0a

1 e + 5

๐DAoo©อA©©

1000

Atov At2V At 5V  At 10V At 16V At 20V Atsov At 100 V  At 200V At 600V At 1000V

Frequency (rad/s)
Figure D3 Low  molecular weight gelatin film in frequency sweep test (gap = 30 

mm, film thickness = 1.420 mm, film width = 7.0 mm, 25°C)
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Relationship between G"(Pa) and frequency (rad/s) in frequency sweep test mode
(High gelatin strength)

Figure D4 High molecular weight gelatin film in frequency sweep test (gap = 30 

mm, film  thickness = 0.890 mm, film width = 7.0 mm, 25°C)

Relationship between G'(Pa) and frequency (rad/s) in frequency sweep test mode
(Medium gelatin strength)
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Figure D5 Middle molecular weight gelatin film in frequency sweep test (gap = 30 

mm, film  thickness = 0.826 mm, film width = 7.0 mm, 25°C)
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Relationship between G"(Pa) and frequency (rad/s) in frequency sweep test mode
(Low gelatin strength)

Figure D6 Low molecular weight gelatin film in frequency sweep test (gap = 30 
mm, film thickness = 1.420 mm, film width = 7.0 mm, 25°C)
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Appendix E Effect o f Electric field and Frequency on Storage modulus Sensitivity 
of Gelatin Films

E ffec t o f e le c tric  field a n d  f re q u e n c y  o n  s to ra g e  m o d u lu s  d if fe re n c e s
( High g e l s tre n g th  )

Figure E l High molecular weight gelatin film in effect o f electric field and 
frequency on storage modulus sensitivity (gap = 30 mm, film thickness = 0.890 mm, 
film width = 7.0 mm, 25°C)
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Effect of electric field strength and frequency on sto rage m odulus sensitivity 
( Middle gelatin strength )

Figure E2 Middle molecular weight gelatin film in effect o f electric field and 
frequency on storage modulus sensitivity (gap = 30 mm, film thickness = 0.826 mm, 
film width = 7.0 mm, 25°C)

Effect of e lectric  field s treng th  an d  freq uency  on  s to ra g e  m od u lu s sensitivity
( Low gelatin  s tren g th  )

Figure E3 Low molecular weight gelatin film in effect o f electric field and 
frequency on storage modulus sensitivity (gap = 30 mm, film thickness = 1.420 mm, 
film width = 7.0 mm, 25°C)
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Effect of electric field strength and frequency on storage m odulus sensitivity of gelatin

Figure E4 Compare effect o f electric field strength and frequency on storage 
modulus sensitivity of gelatin; High gel strength(*), Medium gel strength(o), and 
Low gel strength( T  )
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Apendix F Frequency Sweep test at various Electric field and Temperatures

F req u en cy  s w e e p  te s t  o f  G e la tin  film s
R e la t io n s h ip  b e t w e e n  G '( P a )  a n d  f r e q u e n c y  ( r a d / s )  a t  v a r i o u s  t e m p e r a t u r e s  
in f r e q u e n c y  s w e e p  t e s t  m o d e  (H ig h  m o l e c u l a r  w e i g h t  g e l a t in )

o At 300K
o At 31 OKA At 320K
o At 330K0 At 340K
๏ At 350Kร At 360K
A At 370K
♦ At 380K

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

Figure FI High molecular weight gelatin film in effect o f electric field and 
temperature on storage modulus sensitivity (gap = 30 mm, film thickness = 0.897 
mm, film width = 7.0 mm, E = 0 v/mm)
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R elation sh ip  b e tw e e n  G '(Pa) an d  freq u en cy  (rad /s) a t v ariou s tem p eratu res
in freq u en cy  s w e e p  te s t  m o d e  (High m olecu lar w e ig h t ge la tin ) (1000v/rnrn)

๐ At 300K
□ At 31 OKA At 320K
o At 330K0 At 340K
๏ At 350K13 At 360K
A At 370K
❖ At 380K

Figure F2 High molecular weight gelatin film in effect o f electric field and
temperature on storage modulus sensitivity (gap = 30 mm, film thickness = 0.897
mm, film width = 7.0 mm, E = 1000 v/mm)
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R elation sh ip  b e tw e e n  G '(P a) and freq u en cy  (rad /s) a t v a r io u s tem p eratu res
in freq u en cy  s w e e p  te s t  m o d e  (M edium  m olecu lar w e ig h t gelatin )

o At 300K
□ At 31 OK
A At 320K
o At 330K
0 At 340K
๏ At 350K
0 At 360K
A At 370K
❖ At 380K

Figure F3 Medium molecular weight gelatin film in effect o f electric field and
temperature on storage modulus sensitivity (gap = 30 mm, film thickness = 0.878
mm, film width = 7.0 mm, E = 0 v/mm)
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R elation sh ip  b e tw e e n  G '(Pa) and freq u en cy  (rad /s) at variou s tem p eratu res
in freq u en cy  s w e e p  te s t  m od e (M edium  m olecu lar w eig h t gela tin ) (1000v /m m )

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

Figure F4 Medium molecular weight gelatin film in effect of electric field and
temperature on storage modulus sensitivity (gap = 30 mm, film thickness = 0.878
mm, film width = 7.0 mm, E = 1000 v/mm)
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R elation sh ip  b e tw e e n  G '(P a) and freq u en cy  (rad/s) a t variou s tem p eratu res
in freq u en cy  s w e e p  te s t  m o d e  (Low  m olecu lar w e ig h t gelatin )

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

Figure F5 Low molecular weight gelatin film in effect o f electric field and
temperature on storage modulus sensitivity (gap = 30 mm, film thickness = 0.878
mm, film width = 7.0 mm, E = 0 v/mm)



R elation sh ip  b e tw e e n  G '(P a) and freq u en cy  (rad /s) at variou s tem p eratu res
in freq u en cy  s w e e p  te s t  m o d e  (Low m olecu lar w e ig h t gela tin ) (1000v /m m )

๐ At 300K□ At 31 OKA At 320K
o At 330K0 At 340K๏ At 350Ka At 360KA At 370K❖ At 380K

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

Figure F6 Low molecular weight gelatin film in effect o f electric field and 
temperature on storage modulus sensitivity (gap = 30 mm, film thickness = 0.878 
mm, film width = 7.0 mm, E = 1000 v/mm)
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Apendix G The Sensitivity o f The Storage modulus o f Gelatin Films at various 
Temperature

E f f e c t  o f  e l e c t r i c  f ie ld  s t r e n g t h  a n d  t e m p e r a t u r e s  o n  s t o r a g e  m o d u l u s  d i f f e r e n c e s  
o f  g e l a t in  f i lm s  ( 1 0 0  r a d / s )

o High molecular weight gelatin □  Medium molecular weight gelatin A Low molecular weight gelatin

Figure G1 Compare effect o f electric field strength and temperature on differentials 
storage modulus o f gelatin; High gel strength(*), Medium gel strength(o), and Low 
gel strength(T)
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E f f e c t  o f  e l e c t r i c  f ie ld  s t r e n g t h  a n d  t e m p e r a t u r e s  o n  s t o r a g e  m o d u l u s  s e n s i t i v i ty  
o f  g e l a t i n  f i lm s  ( 1 0 0  r a d / s )

o High molecular weight gelatin □  Medium molecular weight gelatin A Low molecular weight gelatin

Figure G2 Compare effect o f electric field strength and temperature on storage 
modulus sensitivity o f gelatin; High gel strength(«), Medium gel strength(o), and 
Low gel strength(T)
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C o m p a r e  e f f e c t  o f  e l e c t r i c  f i e l d  a n d  t e m p e r a t u r e s  o n  s t o r a g e  m o d u l u s  o f  
g e l a t i n  f i l m s  ( 1 0 0  r a d / s )

o  High m olecular weight gelatin 0 v/mm 
o  High molecular weight gelatin 1000 v/mm
□  Medium molecular weight gelatin 0 v/mm
□  Medium molecular weight gelatin 1000 v/mm A Low m olecular weight gelatin 0 v/mmA Low m olecular weight gelatin 1000 v/mm

Figure G3 Compare effect of electric field strength and temperature on storage 
modulus gelatin films
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Table G1 Compare Sensitivity o f Storage modulus o f Gelatin Films

Material Electric
field

(kv/mm)
Frequecy

(rad/s)
Temperature

(C°)
Storage 
modulus 
(G*) Pa

Initial
storage

modulus
(G°) Pa

Sensitivity of 
storage 

modulus 
(AG'/G0) Pa

High molecular 
weight gelatin 1000 100

27

4340900 1316500 2.3
Medium 

molecular 
weight gelatin

1000 100 2823500 892800 2.16

Low molecular 
weight gelatin 1000 100 292800 661300 1.26



Apendix H Review Sensity o f Storage modulus o f Materials on Electroactive Response

M a te r ia ls
E le c tr ic

fie ld
(k v /m m )

F r e 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  (AGVG-) P a R e fe 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 e rs 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  30% (v /v) 0.971

S ty re n e - is o p re n e -s ty re n e  trib lock 
D 1 1 1 4 P 0 .122

S ty re n e - iso p re n e -s ty re n e  trib lock 
D 1 16 4P 0 .1 0 2

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

T h o n g se k  [16]

D 1 1 4 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 7 1 /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 7 1 /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 (d im ethyl s ilo x an e ) (PD M S ) 0 .1 0 4

poly (dim ethyl s ilo x an e ) (PD M S ) + 
PANi 20 %  (v/v) 2 0 0 0 100 0 .25 P iy an o o t [18]

poly (d im ethyl s ilo x an 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]P D M s J i  5 % P E D O T /P S S /E G 0 .3 3 3



M a te r ia 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 fe re n c e

C ro ss lin k ed  P o ly iso p re n e  3 %  + 
P o ly th io p en e  5%  (v/v) 0 .5 2 3

C ro ss lin k ed  P o ly iso p re n e  3 %  + 
P o ly th io p en e  10%  (v/v) 20 0 0 100 0 .3 3 T o em p o n g  (4)

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

S ilicone gel 50 0 0 no t re s p o n s e
S ilicone ge l + PM A C O  4 6 % 1000 60 2 7 0 .25
S ilicone gel + PM A C O  4 6 % 2 0 0 0 0 .75
S ilicone gel + PM A C O  4 6 % 30 0 0 2 T ohru  S h ig a  

[21,22]S ilicon e  gel + p o ly (p -p h e n y le n e s)  10% 1000 300 0 .3 3 3
S ilicon e  gel + p o ly (p -p h e n y le n e s)  10% 30 00 300 1 .133
S ilico n e  gel + p o ly (p -p h e n y le n e s)  10% 50 00 30 0 1 .666

p o ly (3 -hexy lth iop hen e) d o p e d  iod ine  
(a m o rp h o u s) 8 .7 - 0 .28
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