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ABSTRACT

Project Code : MRG5380100
Project Title : The Study of Electromechanical Response of Conductive

Interpenatrating Polymer Networks of Polythiophene/Dielectric

Elastomers
Investigator : Datchanee PATTAVARAKORN
E-mail Address : datchanee.p@cmu.ac.th, cdatchanee@hotmail.com
Project Period : 2 years (15 June 2010 — 15 June 2012)

The Electromechanical or actuator is a device, which promotes mechanical work
under application of an external stimulus. The polymer-based actuators, especially
conductive polymers, as active materials appear as the most attractive. The conductive
polymers possess several advantages but also some drawbacks, i.e. low strain actuation. In
order to overcome this limitation the insertion of a conductive polymer into a dielectric
elastomer forming a blend has been interest recently. Conductive polymers can offer a
variety of benefits to the host elastomer: variable conductivity, better thermal stability, and
mechanical properties. In this research work, the preparation of conductive polythiophene
and polymer or elastomer matrices; polydimethyl siloxane (PDMS), polyvinyl alcohol (PVA)
and styrene-isoprene-styrene triblock copolymer (SIS) was studied. The conductive
polytiophene was synthesized from oxidative polymerization and mixed with polymer matric
and then crosslinked by crosslinking agent. The chemical, physical, thermal, mechanical
and electromechanical properties of the blends were examined. In which, the effects of
polythiophene concentration, dopant concentration and type, polymer matric type and

electric field strength were investigated.

Keywords: Electromechanical properties, Conductive polymer, Polythiophene, Polymer

blend
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RINNTOLARBUNARBARELT (Intrachain  delocalization)  waznsrlaaduszwinsansld
(Interchain delocalization) laatisazain wadwasnaansni i lddolassasrsluana
a €n:id 1 a A {;:l'd @A o o = oA
Wuwadwasndanuianlavinnsziduasdunidndaut@i lWnuazdanddnns
' A A A o o Y 4 o, A A & o
wWausawnilanlanzwiamaniaah uddiasmunindugdldionieunefinaivialy
wadwaTth lWgndunuidad a.qa. 1977 lag aaamansd aak 1a Sinasd (Alan J.
Heeger) A&A313158 8a% 3 LNAMABISAA (Alan G. MacDiarmid) Waz f&a319138 Laf
$371171 (Hideki Shirakawa) lagvinundaalasusnaialwuasziied e a.a. 2000 lagle
k2 a o u a =) =) A v v
Auwunadwasn MW afiausn fe wadasiafian (Polyacetylene) Taidulassasaauuuy

maaizuuw}ﬂé‘Lﬁﬂmauﬂaugmm LLﬁ@]x‘i@TﬂEﬂ 1.1

H H H H H

P < A A A
> :\\-\\t—\\ A\//// X \}/, -~ \\\\/ = \\\‘\ _~ 7
H

N

H H H H

3 1.1 lassgsvaInefazionan [15]

= a Aada A o v ] a A a (d‘
TINDAOLLTNAUNRILATIZN LAAANHUZLANAIINNNANTANRIONDALNDTOW Y 1%
‘ﬁl o Mt 1 a et & A wa 1 ] 1 = Q/
SasauaEnIalun s luvn wasmzidornwidantfian g vansad1atuidoany
a a { 1 :/ b J 1 v ~ a 1 a a v
WAEANTAADU 1T hntniunasdingie dudu dagiunuituananwedezionankua,
gaiwafinasinuanasianainnsatin Wl vt wadw13nAREL (Polyparaphenylene,

PPP) uaz Wadlwstan (Polypyrrole, PPY) (ilusiu dauaaslugy 1.2



Polyaniline, PANI Polypyrrole, PPy
ulaabal;
Polythiophene, PTh Poly(p-phenylene), PPP

1.2 gatalaTiaianaaluaztatavasnadiinain lwwunsadia [13]

1.2.3 nalnnsinlddlzaswaduasia lu#l [16]

o ¥ a o ¥ a 4 U & L
A W aIwaaL afuw'lWWwmmnﬂmimﬁaumﬂﬂizqmnﬁ;wuﬂﬂ 599039

q

A o A o ki o Y
Wik landan11azq (Charge carriers) @3d1masinlnw () sansndwamldanaunis

(1.1)
O = Iglenep [S/cm] (1.1)

lay g fia AwwIIdsEy i 6.24 x 10" (A.s w38 C)

A o [ -3
n fa NUWIUVIAINILIEY (cm )

A A A 2 1 41
W e mwmminlumimaaumaaﬂs:g (cm.v s )

Band theory [16]
A o ¥ a 6 o & a A = A & < &
gaudanTi lWWrveasnediwasin lwniifinannnisinfaunueddLanaTawniInNg
Aa eaa o < Aa A A o % A
luanazasnanginanadiweinilasainaduvesuds laswefweinilasiaironislnmin
wan@adnmwIzlauianennifnandrenu nsfiaasUsenauhuazUIenouaIBWAIINY

. . . Y v o & 0o § wA o

Bonding Uz Antibonding lastluianadsznaudisdiwinezaanuindn azvilidduwau
@ [ . . . X o a { '
2893:AUNI91ULU Bonding uaz Antibonding anndudas lulanazaswediweiniiauwalng
(Usenaudas 1,000 §14 1,000,000 8zAa) ARTEAUNAINUINWIUNIN LALTEAUNAINUIL
BALUUIN NN T97197WI1952AUWRIINY (Closely spaced) ¥inliiAauny (Band) w89
WRIUAD Bonding band (Valence band) 8z Antibonding band (Conduction band) lag
[ ;: [ Qs L & 1 Qs 1 AI A’ o v
MelulaUNaINWIEBIEHITAUNAINBLINANUUINTIAI1VBINRIBAZABE 9 LAUDY K14
dianasauanInTatadeunaslunaunasinuwiulaatnsazain lay Bonding band L&z

Antibonding band 2zL8NBaNINNNKAILTEIINNIZAINIUOLNKINY (Energy gap W38 Band



gap) TIANNNTI9VRY Band gap uardiwdandianasauiidulu Valence band aziiu

@ o 1 & = e A o o A @
@]’Jﬂ?%%@]?’ﬂﬁ@!%%ﬁ]zﬂﬁﬂﬂ@Lﬂ%%%’)% NIAIUN maiam @NLL@@GI‘HEII 1.3

% @ o & @ o
E'ﬂ 1.3 LAUNWRIIW (Band) VBIRIIAIUT RIINIAIUT LA WIW [17]

#1319A (Semiconductor)
A A a PN A o o A A A A& < & o
wadlwasndantaidusnsnialinaziian1sinfeunuei8LanaTaurINI lATIRINg
a {nid 2 6 A a o 1 > > > ni 1 a 6
wafwainiilasiafauvuislaouuud Aa Snuszdaaununuszdsinaaamols lanwafinas
fsdaind Band gap uaAy uaasaisLl 2.3 uazi W ldianion wedwasnsdainazddins
T
i Invhgaduiiie
v A A o A X A o o A ) A &
1. ldTugunpiniannudnuaiindu lasidaldainuiauniaussuninefinaias
Wumawuwasnuliundidnasenvaswefwes inlidianaseuaauisanszlanainszau
WAINUFIFAVEY Valence band 11833zdLUNAINUGIATEI Conduction band landianavas
2z1ARaWN LK Conduction band l@ag19dase wazvinliiianisinlWwveswedinasuas
A A& A A A o -y \ A & o & a e o o & A,
Wasnndianaseuianmsiaiaui launntuniaslonadines asnuweiiuesnialidilen
c %X
myth gt
= a v A & P ' a & A o o
2. inswndnniadieenvadsdianaseuanaslanefwasniduaisniaialas
I&JLaqaﬁLﬁu@T’ﬂﬁﬁLﬁﬂ@liau (Electron  donor) 1% Radical anions W&y Sodium
Naphthalenide w3aluiannafiduda3udianasan (Electron acceptors) 11w AsF,, SbF, Uz
. - . 4 . - . a5
lodine #38L7i@ Electrochemical oxidation Gatdun13lal (Doping) vadwadiuas lagazyinls
=) 4 4 =) =3 1 =) QI J Qq; v
WianTinfeunveI8LanaTauanaaa s lonafiuasinNuINY% JINYI9aA Band gap &N
duanasauwui lWiuiiszaunasaulnidlu Band gap
a (A Q@ o 1 a (nid A @ o A a b’ni
3. waRlwasndatidsannafwesnlaula duawinuazadiife wadinasnidu
awiud Band gap nevihl#BianasauanaunIniafewnan Valence band 14g9 Conduction

a & { o o ) A o o o o
band il’]ﬂI@]UaLaﬂ(ﬂiaWUadﬁ’liﬁLﬂuaWJu@E]Gﬂ’]i‘wadd’mu’mﬂ’s’ﬂladﬁ’ﬁﬂd@]’su’l %WZ‘H’II%



Aa & d'l ni U £ s ) =) a A &

BLANATOUANITOLARAWNT Y Band gap e nImartinazliinisidudianaseuly
Conduction band @ Valence band #331981813503uaanasantd U laan tiadianason
"L@T%‘UWﬁTamuﬁ]z"ﬁmVl,ﬂagjl'sl,mm”uwﬁamuﬁqaﬂ’hmUlu Valence band lawdianavanazly

213 Band gap 89 Conduction band

1.2.4 n32uan13laY (Doping process) [18]
I@&Iﬁ;’avl,ﬂ@‘hﬂﬂiﬁ’]vmﬂlﬁ“lladwaaLNagﬁW1Wﬂﬁﬁﬁ11ﬂ§0wﬂﬂﬁﬂ 93 dudasiin
woswasn W/ wnIzUIRNIIWi Lﬁﬁﬂﬁﬁﬂﬂ'ﬁﬁﬂﬂﬁﬂgdifuﬁauﬁﬁ]zﬁﬂﬂl"ﬁdm 138N
ATTLIUANTAINEITI “M3laL” (Doping) I@Uwaﬁma§ﬁa:w’mmzmumﬂaﬂmaa%ilugﬂ
NANUIIRIDH mﬂ@ﬂﬁl"ﬁﬁ]zagﬂuamu:ﬁwﬁammmmﬁvl(ﬁ ssaandladnfonls 1w
AsFs, |, az Br, dauanssaddaziduninlanzaaala v Li, Na, K, waz Na-naphthalide
lasundnsladvinlalasdsnaad s’ﬁdLﬁumsﬁﬂﬁlﬁ@msmﬁauﬁmaoﬂs:ﬁgmUsluimqa%"ﬂa
lutanavasnafwesluianiaansazas uaz3snTruanmsmslaviiad (Electrochemical

& o o v Aa ana ) ot ana @ o 1
doping) Tilasna lidumsiliifadfiseneendietuuazUnisunsantu nade

- YANIe0anTLaTh

wWunislwdianasanuiaalanafiuas v lnaalanafiuasaalanasawin LT

mMilaUweRezisiauaiomelelafin adauns (1.2)

—[cH], - + 3—2)(|2 — —[CH]," =x, (1.2)

n

- UN3n3anTs
= A & 1 a 6 o v 1 a 6 a ~
iunisaedianasawaanainaiulawadiuas vinlwaalosnadiuasu1adlanasan

u mMsladweRazisiiauaislanzlofon asguns (1.3)
—[CH], - + xNa — —[CH], —xNa* (1.3)

afiafldlunmsladwodwa i lWw§nainwansds wuw msladarae nisley
froa1vazats nsladaalwniiad nsladdrsdaies nisladdranisinfioriinan
wimantwnn waznsladersnisuaniasudasn Ssanvanuainislaldafisuazniy
I@ﬂ@i’uﬂvlﬁﬁLﬂﬁLﬂumﬂﬁﬂﬁﬁwWﬁuazhaﬂi”wamwstﬂzﬁmma:mﬂLLazﬁﬂmgﬂ



@13l (Dopant) [19]

A a

mﬂmjLﬂumﬁﬁ';efmamiaaﬂsﬁvl,wﬁﬁa;uma a9 ludF Tdndn uazidu
= A a A e & ° o A o =

g13dsznaunIatnfeanunid diguisnvinlwiduieanle wanannizislatatatdn
a A A A eV ¥ 1 @ A o Ao o = o @ P’ &
sIdunIgnIanafiuein iruwnu ssladininndanlumssivanueiosldnunefiwes
1w 1w ntladwafezanawalransalasasasnitudnnuladatinuazaandian Tunis

a % @ ¥ a Aad U = 6 o
mmﬂumﬂ@ﬂmyﬂszmumsmovlwmmaowaaammumﬂmia:aﬂUMLmuwQaa%@m

1ﬁmwmmmhmimumuaaﬂemﬁml,wwgwuvl,@ S1PTOMY

1.2.5 waanlaWw (Polythiophene) [20]
aa a o ¥ =) t& v
wadn lafwduwadiwasin W aianite g@lﬂmaqa Ao [C,H,S], lavdlasiaine
P o ' o A o o ' aa P o ' Lo o o
mmﬂuwuﬁzgLLa:wuﬁ:L@maamuma@mﬂIGﬁ wadnlafuilassainsing Ligudan lagdn
Aaa a s a s = 04 o va & d'l ai
IuLaqamaawaawiaﬂuumm@Limmlm:muL@mnu N R BLANATAUENITOLAR A WAL
mUIGﬁIuLaqavl@Tmaa@ﬂydIMLaqa Lwi'mﬂmzﬂsﬂmLaqamadwaﬁﬁiaﬂmﬁ@miﬁ@Lﬁumﬁm A
WWNITTAUIINILARAWNVBIBLANATABUWRNU LENEAT oW1 ANHIMLNITIALS HIAIVDIRNEY
Tt IuLaqamaowaﬁﬁIaﬂu wxaIaagy 1.4 1a88LaNATaWRINITOLARAUN A LANIZRIBNLT 1
sewurinnw vinlwanusinnsnlunisin lWwseswednlefuanss lagsanszoeniengnalda
. A [ ‘A A ' . i A A
TuLaqaagluszmummnuua:"l,uumﬂumamaﬁwzﬂaugm@ (Conjugation length) 9
%mmﬂﬁ]ﬁ‘i’nﬁl,ﬂumL%@Iﬁl,ﬁmﬂ’]sﬁ@LﬂuLnﬁﬂumaaawmisﬁwaﬁﬁIaﬂu L% TRAVDIAIINAZAE
QAN LLazﬁaauﬁa:mﬂagluaﬂia:aﬁmwaﬁﬁlaﬂu e msﬁﬂmmig}@ﬂﬁmmaﬂﬁw
é“amﬁvl,ﬂaLa@lLLazﬁﬁ'fnﬁammmuaﬂm’mmwaaiwzﬂaugm@maawaﬁﬁia A I@UIuLaqa
maawaﬁﬁiaﬂuﬁvlstﬁ@ﬂﬁiﬁ@Lﬂumﬁmazﬁi:ﬂzmwaﬁz@”uw&'oqwuﬁag;ﬁ@ﬁ'uﬁm@‘i'} e
MIQANABUTINAMVLIARWANNINDY (Red  shift) LL@I&Jmqamaowaan‘[aﬂummmsm
mﬁma:ﬁmwm’madsw:ﬂaugmma@m LATIZAUNRIITWAINWINANRI HIN LA IZZrN9
' o o { 1a o ' a X N ! { T '
3zmwimuwaamuﬁagmﬂuﬁmmwu 5\1m@msg@ﬂﬁuﬂﬁuumﬁmmmaﬂﬁummﬁ
(Blue shift)



b)

31 1.4 lassatranedfileflu a) wedfilefuniinsdaisodaluszuiuidsanu (Coplanar)
uaz b) wadfilefunluanaiianisdaiduinden [20]

woanlafindauigissdafouingan nuanuiaulags liflyanaauimad uazlal
59U%N (Hydrophobic) laswaafilafusnunsaazaislalueavinazans unssiaiviiiis u
R138YAN8U849 Arsenic  trifluotride WAz Arsenic pentafluoride  LIudn  wadfilaAwidn
woswasin I uaziIuansiadania (Semiconductor) §ata3zdldaInNnIzuIBMINARILES
Isiunslnvied (Electrochemical polymerization) WazN3=UIBNIITWOALNDSSLTTUNS

A% (Chemical polymerization)

1.2.6 MInadauaNLaLBI WA (Electromechanical properties test)
auu"’al,%avl,w“ﬁwnamaﬁa@; Wusuidfivsuanfsarnuannsalun1snauawssee
ﬂS:LLaVLWVﬁﬁmﬂuaﬂﬁmm:ﬁmai’a@g lagdrgazliniineuauasluansmzaainis
WAL 8INING 1T mnﬂﬁwuﬁaagﬂi’m sl Aesuaswa (Wan3aia) wazmIlas
30 1udn lwnudspillerinmmeseusutiaidsnvinauasfsunofwafuaudlasisnis
nagaunszuainsinioldnszualiwn (Electrorheology) wazlassanialdnszualumn

(Bending response) iU luuisahlavinnmsdnsautdde lWnwinale 2 anwue laun

- mmagaunzuaIngmelanszualunn (Electrorheology) [21]

ﬂ’]i‘ﬂ(ﬂaa‘i_lﬂizl,laﬁ"j‘ﬂF;IWI‘I’]ﬂl@TﬂitLLﬁvLW‘N’]LﬂuﬂﬂiﬂizﬂqﬂGﬂ‘fm%a\‘l%ﬁaﬁma{
. 4 . A v 4 oA e 4
(Rheometer) 1a8a1LAT2939:U N8I BN UN 2 ILAILARKN IEUULATANITI TandanULATa

PunTTUF AN TELERTI (DC power supply) LLam@T@gﬁ 15
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DC
— Power
supply

gﬂ 1.5 MINARaUNIELRINLNYlANTZLR IWNA

\asaanagausImansaasllsunsuie Ui asudaudseng 9 luszninsnminasay
16 tou ﬂ%’uLﬁﬁlﬂu&gmaommm’oLﬁaﬁﬂmwamaamwm%m (Strain  sweep test) %38
ﬂ%’uLﬂ?iyuﬂmuﬁ"uaamimaamﬁiaﬁﬂmmamaammﬁ'@iaawﬁ'@maﬁa@]] (Frequency sweep
test) Liludw Lf‘iam’%"aaL’éwﬁﬂmswmauu,w'wnaumaaumdﬂﬂ-unﬂugmLLmJs] niua3ash
a:ﬁwmsﬁmﬁuﬁﬂm‘ﬁ'vl,ﬁmﬂmsmaatuLLa@ﬂugﬂmaamuagé’aazaw (Storage modulus, G')
s'fioLLamaaﬁﬂizﬂaumuﬁﬁumamﬁaﬁ@msju (Elastic component) LazABARFFYLA (loss
modulus, G") ugasassUsznausiniitduaasinainiia (Viscous component) 289789 lag
nwispaulanasinwsutfdelWwhnasasnefwesivaudlagnsfnsdranuuandises
ﬁﬂiuﬂﬁaﬁzawﬂ’]UlﬁﬂiZLLavLW‘l;\]’lLLavaﬂﬁﬂSZLLETVLWﬁW WION1IABLAUAIVDIAINAQARAT AN

= ° v
(Storage modulus response, AG’) TIRITOAMWI LA NFNANT (1.4)
AG =Gg - Gy (1.4)
We  AG fis minausuastaifvagaaazay (Pa)

G fin dmagarazaumoldnszualun (Pa)

G, fa AMNBQARFZEY Th ANITUTILIN (Pa)



1"

- minasaumilasdamelanszualnna (Bending response) [22]

v = v ¥ a ¥ a &
mﬂmaamaam@;mUI@ﬂixLLavlwwﬁLﬂumimaauauﬁ@ma"lwmﬂaﬁm%%m W
=2 = A | . o A o A A o v o A
msdnmiannudantu (Elastic) vesiaquiiagnnizduniamberindionazlnv lasaies
eqj U 1 dl &/ 1 aa 6 (% 1
nagaumwIzlTiras INWINUTznaudwaInLEkazaIan NeluloaslsznauaiuipunaILad
2 e dutn W Ga5andn Bianlnsa (electrode) 2U1AANNNTE 30 HAFLNAT LAZAINY
a a 1 1 1 Oq: a a & 1 tZ et 4 1
2717 30 URALNGT LAZHIZUZWIIITHINILNINDILAINIFDY 30 FRALNGT TIdatNULATaI9NE
nazua IWWINIzUaA39 (DC power supply) lasdanasuasnasasaziuluindudilan (Silicone

oil) Nifinnuwila 100 wudalaIn (cSt) uaasasgl 1.6

\
\
() 6 ()
r-d =< | S
4 52 [\ B H
© Ba \ ©
Q Q
) \ )
L= \ S
7] 7]
o ~ o
o PN &
(& ] o
A
silicon oil

31 1.6 °12@qﬂﬂiﬂﬁuﬂ’ﬁ“n@ﬁﬂ‘l.lﬂ"lﬂﬁ(]dﬂﬂ"lﬂlﬁﬂitLLﬁvLWW’]

I@m”aqﬁﬁwmmaangﬂﬁ@lﬁag’ﬁaﬂmwaqLLN%SLﬁﬂIm@ﬁoaaa Tuseninenis
& a o et o o o X = o o v aa v @
maauuuﬁmmlvﬁmzLLaVLWWWWiauﬂuuuﬂﬂmiLﬂas_lu,LLaJawama@;mﬂﬂaaaa@ﬂa LRIIA
yun13ldssaasiaglaslilyunsn Engauge digiizer lanyunisldssamansndiwinilaain

]UNY (1.5)
0 = arctan (A/B) (1.5)

da 0 = yunmildwamoldnszualu (aamn)
A = szozmadosuunluiuwias Jdadwag)

B = szazmsidsaunluuuinen (Jasiuas)
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Ao A A ¥ . .

1.3 NAIIWIUNLNYIYDY (Literature reviews)

Thongsak uazame [23] Anwnsiassuianlasudanlanedinasvedalain-loles
WIU-8 1ATH (SIS) ArunadANITRaBENTATA1UNDALNDS (Solution  Casting) 31N
o =3 va Aa o 6 a 6 v A (2
nnsanuaudaldslwninasesfsunadinas laonsliusadannioldnlinuussves
nazulWwasud 02 Alaladdasiafwas lasAnmaniwavesgmnpiiuazrfiavasfay
SIS (D1114P, D1164P uaz D1162P) :nnmIAn®IwLin ﬁwwagé’aazaw (Storage modulus,

QI 5 4 ~a AI &/ a § 1 o 1
G) memﬁaqm%gmwugwuﬁa 330 asaAadn NiiinTzua i uazAnIRauawes

= 1 Q‘ ‘3’ 4 ¥
VDINDQARAHN (Storage modulus  response, AG’) HA AN WD ANNLTINTZU WA
nl J = a 6 1 Aa A = 1 &
WANDRDY 1 Alaladdalafiuey hazaInNnIIAnEINIInauawadda INWA lasnInagauniy
Tawanmuldnszualumi (Bending response) wuinfldu SIS wila D1114P uaz D1164P fa
. A v - - .
ImdawamﬁammLLiwaoﬂs:LLa"lwmgwu YmeNNAN SIS Bha D1162P Ludin1s
AOURWAIADN TR LW
. R wa a v o a [ 4
Haimtup wazamue [24] ladnsansanszuainenaslanszuginwvesnadines
NRNTEHININOR QLU lraantanLacwafazian  lagnisbiusadawnioldainunss
NUR INHIAILe 0-2 Alaladdadafiuas lauANEIBNTWAVBIANULIINITZLR WA A3
Lﬁuiumaaagmﬂwaﬁa:ﬁﬁu Lm:qmﬁgﬁ PNATANEINLIN Lﬁaﬂ’nmiu"ﬁumaaagmﬂ

a A ¥ A X o Y ] o
‘WaaazuﬁuLLazﬂ’)’mLLiGﬂi:LLavLW‘W’]LW&J"B%ﬁNﬂ“ﬂﬂ%ﬂ’]i@laU ﬁuad“lladﬂ’ma(ﬂaﬁazﬁw

1 QI g { =Y =) o v =)

(Storage modulus response, AG’) JA LAV Imﬁqmvxﬂu 325 a3@LAadw Ylvwasiuas
nauiinsneuauasvasdwagasszauNINfiga  wananidalddnsinisldssevasfidu
wadtnasuaninalanszualWwInudn wastuasHRURINIIALAANITIAIIaLTI WAL
=) v &/ 4 QI ¥
ALANINIa e uINU LB NN AN ULTINTEULE bW

Thipdech uazamie [25] laAnsiauldladidnnin nszuainsnaelanszualuvi
(Electrorheology) saznsladsanelanszuslWnn (Bending response) vadwafiuasHas
‘szmwagw‘"uﬁmaawaﬁﬁiaﬂuuazmﬂﬂma‘ (P3TAANBR blend) las@nmndniwavas
USumazaslalulasalineng m'lmiml”maaagkmﬂwaﬁﬁ‘[aﬂu LRZANNLIINTEUR W6

wa a 6 =1 1 nl 3 a a’
FUUAGN9 9 VInaRINaINEN NMIANEINLINTMTIRLdwaIUTumazas e lulasa Lwens
o v dl Aa & a 6 Al J di U % aa
lweasn ladianninvassnglulasatnudn LLa:LaJammwwumaaa%mﬂwaa‘ﬂiaﬂuuaz
¥ A X A ° @ A A & a . v

AMVULTINTELR WAL NN uwaﬂﬂ%mmﬂ@amnmmmzms@auauawaamuagaaazﬁm

y a 6 = ‘3 o >3 %
(Storage modulus response, AG) VOIWDALNDINTNNAIFIVY FRILNINAFAUNSLAI9D
% « u?: ] Ai ¥ &J a 6 a %
muldnszuaiiwhiunudt Weanuussvasnszua gl welweinaudyunisldsse
X o Aa &
PNV IANITA DL RWAINANTILI b LATR
Puvanatvattana wazame [26] leaansandanseuainennelanszualnnvasias
waRlalawsulazNsunafLuasHaunaan lalwwad lalawsw laonislvusadanmaldainy
¥ ¥ A A €1 A A =< A A o A &
u3InIzua lWadne 0-2 AlalladdaiafiuaslasdnuansnatadaaIsdanaNIluiaw
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WA Lo lonIearANNLTINTELE W1 N sAnEnuIn Tuaned bdsuwn lWwde iy
sanmudansalufisunadlalaniu Suavihlvdmaqaaazau (Storage modulus, G') diei
2 X L o - ) v o a4
WWNTW  udduaQaRgnLRs  (Loss modulus, G”) nNAUAIAAAd  waztdalANANLTS
AR ANLYIAL 2 AlalhaddadafuaInuin Aauwad lalowSunlsasnnisidauaing
Ve @ ' o A X o o @
whiuasas 2, 3, 5, uaz 7 ddwaqarazauiinduiasas 10, 60, 25, uaz 30 AWFGL
o 04 6 a 6 aa a a dld v 2 Aaa
fniufdunafiweinaunadfilaAwwadlolaniuniianududuvaseynianadnilafu
wihnusowas 5, 10, 20 uaz 30 lagdSunas WU NaQARETEN LATNAQARFALFFINI
23faunad lalansu lasilannuusinszua wiyinny 2 Alalhaddaiadiuas Aauwed
' o A X o o @

woiHaNilAwagarazauIANTIUTDEAZ 50, 35, 100 LAz 45 ANNAGAL

Gaoyi ka2 Gaoguan [27] l@ANEINTABURWEIGENTLR WY INanaRaLWIT=EE

A A 6 A A& ea A 6 A 6
mMIadaunvadfaunad wssaaluansazansdianlasladafionilasaaalsa laslaSouisy
WA IWTBALULTWAL (Single-layer) @Taﬁ%mnﬁuwﬂmﬁ”wmmﬂwm wavinmsladaas
Sodium 1,4-bis(2-ethylhexyl) sulfosuccinate NNTANHIWLI1 RRUNEH INTIOAUULTHLAE
g A A o o <& o | A o = A A
tanansndsunyuiuuwasanldinnnii 900 lasddasusilunisneuauasnuin fe
1 a U { k2 v 1 q‘?// A
Uazanm 60° dadwfi uazlangmildnunuiu Ae aansnldssaldunnin 20,000 a3s &
A & a & o i < a & . ~ A & & A o

maassafaunadmasi IWWnuutw s Ssansotigsadywuiasnisusngulaunain

& <V va o
wuluRsuLuURaNa T e nee

Wichiansee Way Sirivat [28] baanmautanszuaInennslanszualnwvasned
LWASHANTEWINIWAR bALNNA LoRanLTY LazWa’ (3,4-LaNaulaaandflafwmwada lauga n
faadaiafidninaaa) (PDMS_PEDOT/PSS/EG) lasmslvussidannmelanseualuniaae
0-2 Alalandedadinas lasfnsdntwaresaningw PEDOT/PSS filadduiefiaulng
Aan ANNTNTUVIaUNA PEDOT/PSS/EG UazaNuuitaInszua W dasut@rained
waskay annsdanswuiiilaanudutiuzetaynia PEDOT/PSS/EG UAzAINUTIVEY

v x . q e . .
nazua W gedin fnavilvdwaqasazay (Storage modulus, G') WazAINIIABLFAUBIVES

Q 1 QI &/ 1 §
VBQAERZEY (Storage modulus response, AG’) SfAudn LazwuInaun1a PEDOT/PSS 1
1 k% ~a 1 o et { Ql é/
Hwnsladdisiafiau lnanaadainmasi lWw i adn
Kunanuruksapong Wae Sirivat [29] leAnsaNU@aLEI INwnauaInafiNasHas
1 a Aad aa A 6 A U v €¢:i
wwianadnnAfiduuazazaiandmalawed inedszundld nunisduguninifianinsn
aavuanadda b le lasmslinsadannelanszualuniaiue 0-2 Alaliaddadiadiuns
mnmiﬁﬂmwud’wﬁwa@ﬁ'ﬁﬁ:au (Storage modulus, G’) LLa:ﬁmagé'agtyLﬁy (Loss
yy aa a 6 AI l&l Ai a b &/
modulus, G”) zaaza3An Saalawmaiiiuduiliogunniuazanuusinszua liwgedn
) e a 1 1 s Q AI &/ 1 aa a
fniunafiwaiuaunuiddwagasazauuaznaqaagyiFoiAngidunitezaiindaiala
s uaﬂmnﬁﬂ'\awui’]@h@muvl,wiammauauawaamaga"’aamu (Storage  modulus

x4 v ¥
sensitivity) meumam’mmeaaﬂima"l,wmgwu
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Lin hazatwe [30] lad@nwimInauanasde lvmasssurnefwasuuuunsnaaa
il ldvosnafozasiaanunasazian (Polyacrylate/Polyaniline, PAAPANI) Wazwad(2-
azasanfla-2-wwfialwylwaalWiialeda-azasaniadanuwadoziian) (Poly(2-acrylamido-2-
methyl propylsulfonic acid-acrylic acid)/polyaniline, P(AMPS-AA)/PANI) PMNMIANBA2E
NADITANTIAUBIANATOULLLEDINTIANUTIAUTIWINEVRITHURN AW BT UULUNINFE AT
"LWV?WVL@ngmmLﬂugwquua:ﬂi:nauﬁaUwaﬁa:ﬁﬁuuﬂﬂmuai‘agﬂﬂmm%a LAz
nsfnsnsasvanasaaliirlagnimeasaunislassanislanszualwny  (Bending

[
%

response) wui%ﬁalﬁmﬂmﬁﬁwmeaﬁma‘imuLmsrmawgoaawziﬁwanng'mLLaIu@
LLa:mminﬂa‘"uﬁugi@‘hmei,uau"l,@i”uﬁia%ﬂq@sl,ﬁm:uavlwqﬁﬁ

Ludeelerd uazame [31] lad@nmsutanszuainonmsldnszuglnvinvoswefines
senidladidnnindanalawas wafazasanlanadiues (AR70, AR71, AR72 uas SIS) wWad
lawfialoaaniow (PDMS) wadwlasudinladu (SBR) uazwadalaIn lalanis (SIS) uas
wodlwssen launsliussdennmoldnnuussvasnszusluwiosud 02 Alaliadea
fiafiuas landnsdninavesriialadiinnindaalawad anududuaynanadlnises
wazAnNLIInszus I o auRd1 Juasnefiuainan anmIAnEIWLIn AuaqaEzaa
(Storage modulus, G) vaslaBiEnnindaalawefiuduiionnuusenszulnviniudu
LLa:ﬁﬁmmvl'J@iammauauawawagé’aazaw (Storage  modulus  sensitivity) mold

v 1 ¥ { v v a AI g
ﬂiZLL'ﬂVL‘V\IW’]?JE]\‘] AR70 ﬁmmﬂq@ %E]ﬂﬁ]’]ﬂﬁl,ﬁﬁ]ﬂ’ﬁ’mLTN?J%”IJE]GE]ELJ’H@WE]avl,WiiaaLW&J‘U%ﬁ

° @ ' o N A A £
Namlvxmmmauauawaammag}aaa:au (Storage modulus response, AG) ANV Y
gl

Puvanatvattana uazamiz [32] ladnmantanszuainenslanszualnnizasans
LAY TERIIWAT Laluiazwad lalawiw lagnsliusadanneldainuussnszusinw
aale 0—2 Alalladdaiasiuas I@uﬁnmé‘w’ﬁwamaamwLiuiuag,mﬂwaﬁﬁiaﬂmmzmw

¥ =< ' A ¥ A X a ° o @
139209NT LR NN 37 nN1IAEN WL Wanszua WAt udnarilddnegaaazau
1 AI &’ { =) v
(Storage modulus, G’) HAANTRLAzETUIRRBLIURBUINNNOANTINAR I BVRIAA LT
= A v o Aa oA ) 1Y o
YD I LLawmmmwwaoagmawaawiaﬂugaG] wundlasigadulaung (Fibrillar)
a J dy = a £ dl & ¢I>
WNadn wannhaIuIuassingAnTsunaiuiaa (Gel) NANULTIVBINTEUE W6 9
Hiamtup uwazamse  [33] leadnmavdanszusinsinislanszusinwivasans
1 a ad g’ v aa v A £Z ¥ dll =4
LUIUADYIZATIND R hALLAz NN WER law laun1slrusadannmelanszuginwn tNa@dne
S‘nﬁwamaommLLiamzLLaVLWWWLm:mmLﬁuﬁumaoagmﬂwaﬁazﬁﬁu ANNITANEINLIN
sIuIuReswaiaziiniingdnsuuuuvaanadantu (Viscoelastic liquid) n1oldsa4
nreua W1Inge 50-200 addadadiuas (Critical electric field strength, E,) waztianiny

v v a a n' J o v 1 g 1 a
mmuagmﬂwaaazuﬁ'mwmumhm'}mﬂumaommﬁwqua@aa uaﬂmﬂﬁﬂ’magaaa:au
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. . & 4

(Storage modulus, G') UALFNBQARFWYLAY (Loss modulus, G”) LWNAHLTBAULTY
¥ AI &/ =) 1 =) a

nyzua WA NTwa 2 Alalladdaiafiuas

1.4 aqiszasn

141 Wednsimaasousswinadiwasiuuunsngaai lww lduosweatlofu/lasidn
n3ndaalalues

1.4.2 WafnsmInauanaaiins lWnpasswrwe fwesuuuunsnaaaiin W le

1.4.3 [WaANEHINA NI LR HAILTINA WU DITIILRNARLNAT LU LUNINR AT TWWA L6



UnNn 2

nanaaay

2.1 ia3asiiauazalnint

A9 2.1 L@ﬁaaﬁaLLazqﬂﬂsnIﬁlﬁ'Luﬂwsw@aao

Bawaasliouazalnant UIHNNHAR By
iwnsaaiSpinnuanaiudunemunlnidiaas | Perkin Elmer Co. RX59943
(Fourier transform infrared spaectrometer, FTIR) Ltd
ﬂﬁaaﬂawsiﬂﬁﬁlﬁﬂmammuz«’iaaﬂ‘nm JEOL JSM-5910LV
(Scanning  electron microscope, SEM)
atnsaliamslassanmelanszualnmi
) CUSTOM-BUILT -
(Bending response test)
w3assladinas Rheometric

ARES
(Melt rheometer) Scientific, Inc
w3 lnrnszuaass Hipotronic SERIES HIPOT
(DC power supply) TESTER
Lﬂ%ﬂdf@%%’]@ﬂ}}ﬂ’]ﬂ Malvern Mastersizer S

(Particle size analyzer)

Instruments Ltd.

w3aseaa hlama-35a munlnsalnd

(UV-Visible spectroscopy)

insasTamsasusdasanatitasaneanyutan Rigaku TG 8120
(Thermogravimetric analyser, TGA)

aunsaliasnnsin luwn

) CUSTOM-BUILT -
(Two-point probe meter)

LA3BITanMURMILLLASAeA MITUTOYO 547-400
(Digital thickness gage)

doug N YAMATO DP22

(Vacuum oven)

@ZLLﬂiGiﬂ%NW(ﬂig?%
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2.2 msmﬁuazi’aq

AN 2.2 msmﬁl,l,a:i'a@;ﬁlﬁ’lumsmaaq

%am‘smﬁuaﬁaq gasial LNIA UIEN
Alafuuauaiuas (Thiophene monomer) C2H,S AR Fluka
wWas3naaa b3d (Ferric Il chloride) FeCls AR Carlo Erba

CHCl,4 AR Analar
aaalswasy (Chloroform)
Normapus
I‘Y@ﬁu (Toluene) CeHsCH; AR
LWNIUaa (Methanol) CH;OH AR Lab-Scan
AR08 INTANG (Tetraorthosilicate) Si(OC,Hs), | AR Carlo Erba
ladafialasaiaa (Dibutyl diluarate) CiHeOsSn | AR Aldrich
WA LaLUTA kuaaniww (Polydimethyl siloxane, | C,HOS AR Aldrich
PDMS), hydroxyl terminated
alasu-laloniu-alasu lasudenlanadinas - AR Aldrich
(Styrene-isoprene-styrene triblockcopolymer,
SIS), 14 Y%wt. styrene
Comm. Shin-Etsu
wad hilauaanagaa (Polyvinyl alcohol, PVA)
Chemical
naaNIaad lad (Glutaraldehyde, GA) Tech. Fluka

Ao
2.3 1 dMINaaasd
2.3.1 M3aILATIZNDAN oW
Aav AN v, g [ aa v ad . . . . . A
NWIpilarinnsssazinednlafua183% Chemical oxidative polymerization 7
Y & A A a @ o Aaa
§NNENIEIATIER Ao amannd 40 asrmaatduanoldnsniuidunan 9.5 Talud laadas
[ 6 @ ‘;’
FILANTAAIT
LATUNENTREAE Iron(lll) chloride anhydrous, FeCI3 0.9 Tua (145.99 ﬂﬁl) Tu
analywasy 800 JadfAas luaanunanshaaiune WazAIUANWANTRIIRZATE Iron(lll)
chloride anhydrous 7 40 adrtaatGos LlaslEa19Balan NUUASINRITAZANAUBLNES
filafn 0.3 Tua (24.60 n3w) luanalinasu 100 Gaddas lunysusnsuia 500 gnunen
LIRALNAT INBUFINITREAFITATAN BN DL LaNuadlua1TaZa1® Iron(lll)  chloride

anhydrous uuuwbadansa aausasluid 2.1 lasldiaaiun 3 Talus wiauniuannas
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AROALIAT LaATU 3 T2 lUINAINITRIARITALAINDUBLNDIALa AU FINTNINTITHENGE
Wuan 9.5 Galus LLazﬂaquqm%Qﬁlﬁﬂdﬁﬁ 40 ssraaidos oasu 9.5 Talug ¥ins
ﬂ%“uqmwgﬁawswawlﬁﬁnr‘qum%gﬁﬁaa L& ANANIKEs 800 daaaatasluaInauie
wyalJiiten wisunuaIngudauwIn 1.5 $2lu9 N389813@8 Buchner suction funnel L&A
ﬁmzﬂau"lﬂaulmmauqtyty'mm ﬁ'aqmﬂn“ﬁ 27 aseriaatoa 1wnan 24 $alus 3nsiwri

NMILALAZAATWIANILAZUNIITO ﬂ'auﬁﬂﬂm%‘wﬂﬁwﬂﬁmaﬂwﬁm

31 2.1 NNIFILATIZANARN LA

2.3.2 msladwaanlain

nuwispitladnsnislaUwednlefudsasladdsziannsevialalasaaosnuas
wWasaaesn lasdvuaawnsley aai

Fanaaflafungaaszila 1 nsu @Ewinluafilofn Uszurm 00119 Tua) ud?
w3pusIazanenIalalasaassnanutute 0119 M dnsumslaliidsandiwnislal
(Degree of doping) Fatwnadnsansinszninesulusvssvenaiwasdasiwinluaas
130 (Ny/NL) D 1:2.5 ansiuusrswadnlafuluasazaronsalalasnaasnfinanuidude
aIna? twiaan 12 fﬁImLLazmumiwau‘qﬂﬂ 6 T2l ntunIaanaaflafufiniuns
Taud@as Buchner suction funnel uaztinranadflafuiidiunislalaransalalasaaasni
ANULTNTUAN 9 "lﬂaulmmauqtytynmﬁﬁqm%gﬁ 60 avemaLoa twaan 12 T2lu9
gwsumiladdronsaiasnaasnaunsaasoyldauiiesnsad aniuiinTUaLaTAa

PUIAGILAZLNTITaN Hawi laSuunaunaulnae
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2.3.3 naesaaNanaanIndanaanlanNwwoanas

a

-Wannaulnaanaanlalwnaalaunalgaaniaw (PTh/PDMS composite)

MaasoufsuaanlnFanadnlafwnad taufia loaaniourinlalasnisiasaw
RIFTAUNRNLAATLaNn0a INTRINAuazWad batufa braanton laslhaanaiulaslug
Jerinsaasziafiaes lndanauaswesd lalufia loaanian 1Ay 0.053 (Laasziafiaealnda
\N@ 0.17 NIV LATWaR balufia lraaniay 1.40 N3w) ‘lummwwmﬁaﬁﬁmm@Lﬁumuﬂuﬁﬂma
6 LTUAWAT LRINRUNINaAT LaAuasluaITRzuNaNIAATaNiaaa INTANALAZ WA LaLNTa
laoniow lagUsuiasuanudutuaasnoanlofulugis 0-30  wesiSudlasUsunas
mmfuﬁmméﬁLidﬂﬁﬁ?ﬂﬂ"l,@ﬁaﬁaﬁu"l,@aaLiw 1 noa uiInIuaIszaaRarluIwNzITE
TAianni LL&T’sﬁmeww:L%a"Lﬂaulmmauqtytywmﬂﬁqm%n“ﬁﬁaa s 24 Falug

-WannanlnaanaanloNwnaalhausanagas (PTh/PVA composite)

Twsudseiilavinnsessufisunanlndanoanlafwnadhiiaueanagedannis
289 Costa-Janior uazane G9lddnsnnisassunadiuesnanszninaned hilaweanagasny
lalamw laodasnsiason aoil

Msassuiaunanlnfaseninawed hilawaanagasuazwadflaflu ¥inlalasnns
azanelalamwluindsnanioan lagsmuesandiulasiininszninglalamuiaziin
Unaandaowyiiny 0.01 (lalaanu 2.5 n3u waztindsiaaindean 250.0 n3w) uazLdi
nynasdan lasldsandiulaslsinasrenitniaazdanuazindnaandaanyiniy 0.02
(NIADLTAN 5 fadansuaztindnaanioan 250.0 ARARAT) INNIINIBRIIALAILARDALIAN
Wwaan 24 52lus mnsuazanswed huaanegedluindsaainsaen lasldsandiulas
WwninszninsnswadlfiaueansgaduazinUsiaanndeswyinny 0.1 (WIwad lfia
Laana@ad 10.0 N3u wazINLAINNGaan 100.0 n3w) LL&Z@’JUQ&IQM%Qﬁﬁ’]‘mZﬂ’]Uﬁ 75
parnaos wiounuamsazasaasananduam 2 Talus niunsuasazaslalamm
Lazs1Iazansnad ilauaanages uasduninasilofuasluaazaonsufiasonld lay
UsuasunnududusaswadnlafwnsfiliniiunisladuazriwnsladdsarslaUnya
WAL 5, 10, 15 waz 30 wWasidudlagtiminnadlhfiaweanazas mmfmﬁuﬂgmsaaﬁvl,a@?
$192% 3 wea annan 1t udanaTazasnautiesou ldasluawns safidunaLiu

N’W%ﬂ%gﬂﬂ’ld 15 LTWALUAT LLﬂq”)ﬁ’leﬂﬂﬁJﬁqm%Qﬁ 60 adeLaaLTos [wIaT 24 °IQT/’313JG
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-WannanlnaanaanloNwalasw-lalawIn-ala3w (PTh/SIS composite)

maeSoufsuaanlnfawadnlofwalosu-lalaniu-glasu lasudanlanafwas
funanmaasauasit

azaowalalaiu-lalaniu-alasu lasufenlanafiwesludivhazaislngdu lay
lggandmszniniIngduuazweialaiu-laloniu-alau lasudenlanafiwasiriniy 30
WasitudlasuiadalSunag ﬁ'qmﬁqﬁﬁaa wdmsHadwaa 3 52l nEuinHINe a7
ToRudrnwmsaauwausrvdvasusisazans SIS lagUsuilaswanututuuainasnla
fAw iy 5, 10 waz 15 Wosidudlas5unas udrnuwnaudniuna 24 52l niwn
msa:msJNauaalummwswm%‘yaﬁﬁmm@Lﬁumugjuﬁﬂma 8.5 LlrudtNay wad lauluen

= a o o
augmaMeanguwpdvauduia 24 Halug

2.3.4 MINATDUANLAA 9 2aIWaanlann

- ﬂf%sl{‘ni’mﬁﬂa‘fuauﬂ‘i’niﬂ aulnlnsalni (Fourier transform spectroscopy, FTIR)

LﬁaLﬁumsﬁuﬂ'umwwgnﬁawaamsé’aLmﬂzﬁwaﬁﬁiaﬂu PNTIATNZA VLG
maaivaswednlofuiissinreilddoimaiadunsise snlnsalnd devinldmunsn
mmﬁy;wq:ﬁﬁ“ﬁ'uﬁagiuwaﬁﬂaﬂwﬁ' fnanzAlauaswoanlofuirwnsladdansaniaas
w5a Tagmyiaseianansarinleansi

a3ounsneafilafin 1-2 SadnsufivasziBoauazoulannusuuds nautulluag
Fouluslud (KBr) 100-200 Saansululnssudruanauanwduwiloldonniu mmfumsqm
wasnloRuuay KBr asluuaifuw (Mold) vasiadassauielaslfusssafinanuei 12 6 uga
AIFLTIBARLY 3-4 w7l ansiulsududadsisaldaslutasldansaaogng (Disc holder)
udnlUiudin IR spectrum gwsuwaanlafufiriunsladdonsalalasaaasnuaznia

wasnaain ﬁﬂ’]&ﬂiﬂﬁ’]ﬂ’]ﬁﬁm‘i’lzﬁﬂlﬁlﬁﬁ%lﬁF_I’Jﬂvu I@] HNILAILURIIAIDENAIBIDAINET?

- daanlilaaa-dmia aulnlnsalnil (UV-Visible spectroscopy)

Aa v d‘y YR % a aa v a o aa
Nwdspiladnslassaiamaaiivasnedflefu lasldinafinaaasnllotan-343

A A a Aa A [ = A = v
s sunlasaled Sudunafianfoultiensiuazdnsunsinulasssluanazeias

=i V%% A [ 1 ~ 6 o % [ A 1 [
Feazlidayaiioanungwsdsuluans lagldnannminmiganduusslugridaanilamauas
ABiua maiwzganiuuashliiiadnindfaouudasszaunasinusesdianasan (Electronic

transition) T ANNLNIARKATI 9 laulTuakluNTLATHNAIBENIEIRTUMTIATIEE A9tk

azaruwadfilafuluarviazaslawfanasunlud (Dimethylformamide, DMF)
nniuuITIaIazanslugaiuIaIdiatelzinm 3 §adfeT iinmsasenznInasey

YDILAIDINARAL I@]51Lﬁ'an*’ﬁ’ao@i’mﬁg@nﬁmmLLazlﬁﬂaa@w”aammﬂuﬁ"aﬁ%ﬁmm
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- SL91WINEN (Morphology test)

lunwisuitlavhnlieneddunwineaamednlafluiisnansilddonadie
ﬂé”adﬁgaﬂﬁﬂﬁﬁLﬁﬂmammudadﬂi’m (Scanning electron microscopy, SEM) lasnInasay
ﬁw"l@ﬂ@ﬂﬁwagl,mﬂwaﬁmaﬂuéj@muu Stub  9nsiwirliadeudionas lagvinuI
stub Iugaslagunagey Lﬁﬂﬂwugryapmﬂ LREAITZILIANARDUA 150 SW7 9 NTHHH
@hLmuwaomql,mﬂwaﬁmaﬂuﬁ'ﬁaomsmmmw USUANUTALAU ANUAZLDLA LAZAINY
7119 WalddunisndasmIuaznniimanzauuaassrinnstnann iashnwdnadlewn
AT AN BT NIININANLAZNNINIZNUAIVBINDAN LaN 1

a 6 . . =
- NMANEHIWINBBATA (Particle size analysis)

NMIIATIERMITUIABRNIA ﬁﬂ@ﬂmsmaauﬁamﬂ‘%iaﬁmﬂ:ﬁmmm@agmﬂ
(Particle size analyzer) %amﬁ'wé'ﬂmimn?;mmmaaLLaameaﬁ?ﬁ@nm:muuagmﬂ WIn
ag,mﬂﬁmm@lmy‘sg‘wmngmLmummuaamma{aumu wazdnagnaduwalanygunis
T LRIt A C Lk kA m‘n?i”mquu'*ua@u,aaLﬂLGﬁﬂ§@°’dﬂ§iﬂﬁ]:gﬂi’@@T’; HRINIIVIAVD
m%ﬁmsw:ﬁmmmmgmﬂ S’fjdmﬁ"’wmﬂagtmm:‘[ﬂaiﬁvumuaaLﬁuéﬁﬂmﬂumi
NIzABaIvediag Lo piitunaulum ey aoil

iwasfilafuiigsiassila L) uadionsnUasITLLUaZINALAI IO U BAZLNTS
2919 120 10T MNuwineafleAuAvaTuniazEsaunTonHIwAzINTITORIWIA 270 LU
5NA%I  UETN0AT e AUAHIBAZUNTITA% 270 LUT Vl,ﬂﬁﬁmﬁmﬁ:ﬁmmmmagl,mﬂ@hzl

\A384 Particle size analyzer

- ﬂﬂ‘iﬂﬂﬁﬂﬂﬁ&ﬁ?\ﬂ'\\‘]ﬂ'ﬂ&d%ﬂ%

MIANEIRNLANINAINNTauIaINaAN Lafy Yilasn1snagaualaIadiianaray
{ 4 o i X =&

nmstdasuidasuattodannausas (Thermogravimetric  Analyser, TGA) T9N13LA3813
a ] dz o 2!'
ABENINYUA D UAI

TInnNWaan lanwlszunm 5-10 Jadnsulaasluoiaunandvy wariinialy
LYW FINLATEI TGA 1AL TTIRINRITA0 H19LRZUUANAT RRIINHWALTI LA
mw%auﬁ'umm”aaﬂwaﬁqm%nﬂﬁﬁwﬁu 30 DIANLTRLTYR wmm‘"sﬁaqm%nﬂﬁqmﬁw 800
AIALTRALTOR @800 T1 10 aIALTALTURGAWIT LATDITILV NI TUWANIIRUNVDIRT
o ' ~ A ' ~ A a £ o
mamdmﬂawuﬂaﬂﬂi:mwﬂqmﬁgmwmumUI@ama:msmﬂmvluimwuaaﬂml,ﬂu
ImasuaunTy LL&Tﬁme:ﬁmqm%QﬁﬁmwﬁashdL%uammﬁ LAz U ANENTA0EN

FRUAIRUA
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- ﬂ'liﬂﬂﬁﬂﬂﬂ"]ﬂ"ﬁﬁ;’]lﬂﬁ"l

nwItpilarinimdimsi iWwhveswedfileflu lasldadnsaliiadinisinlany (Two-

. @ A2 o ' & o X
point probe meter) Laa4a331 2.2 TINsiATNMIBENILAzNNINATRUTTUABUAIT

3 2.2 qﬁmrﬁi’@mmiﬁﬂwmuuu Two-point probe

vawadflafudszanm 0.50 nsulvidunsazidaa LLﬁaﬁﬁwowaﬁﬁIaﬂu"lﬂé'@ifugﬂ
Iiduues (Disc) PIALFURUAWEINA 2 i dee3oanasauulaasedn (Hydraulic
press) lapldusesa 5 on 1w 4 Wil NUHBEUNAFELINIURLNUINITUNAFELT DS
1A3a9TARINNEMT (Thickness gauge) LLé”slﬁrﬁmaam'%"'aa‘j'miw%wu‘%l:;m@me] YoITUN AT
U323 mh 3 @unikd TUANKE e W BmeLaagu89aNNRITEIEUNAREY 9N
LU TUN AR LI LWL U T UNATaLUBILA3ES Two- point probe Dh §NTITLIILANE 7
T34 Linear regime (m']ué’uw“’ufs:ijm:LLaVLWVﬁWﬁ'umm@mﬁ'ﬂsﬁﬁmﬁumammgmaa
Towu) vasdunageu laglianudrsindunsunagauudrtaainszualniidasinios
Multimeter annwulauarsdnglugas Linear regime undunasavudrsadinszualuvin

warFwIAIN N e sBunasauaNFNNNT (2.1)

c=_1 2.1)

W o = emahlWvsiwne (Siem)
| = dnszualuvn (A)
K = dnsfines probe
V = anueadng (V)

t = ANVURARIVBITUNARBAY (cm)
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2.3.5 MINAFUANLAAT ) Dasnlanaanlndanaanlalwnaaiuas

L% fa & 1 . .
- NaadanIIAnalanAIanLUUaadInIIn (Scanning electron microscopy, SEM)

lunwdspilldinmsiiensfduguineaasisunanlnfaiioionlddmnaia
NA8IIANTIAUBLANATOULLLFBINTIA mimaauﬁﬂ@ﬂ@ﬂﬁ’]ﬂa’wﬂau‘[yﬁ@a@awu Stub
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3.2.1 Wisasnawanasudunsise swnlnsalnd (FTIR Spectroscopy) [16]
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A1319 3.1 m’mm’mﬁumamig@ﬂﬁmmSu%lmmmaawaﬁﬁiaﬂu

. ANWEIARY (cm )
R SHIRIEN

PTh HCI-PTh HCIO,-PTh
C-C bending vibration 787 785 792
C-C stretching vibration 984

1219 1220 1218
Ol-coupled VaIWaAT Loy
C-H stretching vibration 1367 1367 1367
C=C stretching vibration 1739 1739 1739
YBIIILAIUA LA

MANTN 3.1 WU RUNATNTIIDUNITILIaVaINadTlafu tiaRAvad C-C Bending
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3.2.2 saasblatan-dzia awnlnsalnil (UV-Visible spectroscopy)
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3.2.4 anainnia
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- NauaaulnFanadilafwnad hilaueanagas (PTh/PVA)
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- MauaaulnFanadilofwnadalaiu-lalaniu-ala3u (PTh/SIS)

maasouiaunanlnianedilafwnedatlasu-talowiu-alasu lasudanlaned
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(a) (b)
31 3.13 anwauz (a) Wy SIS waz (b) Waunaulnia PTH/SIS

3.3.2 dmgruingrvasiannanlndanaailolwnaainas

- Aaunanlndanadnlafwmwes lawwiia lsaanisy (PTh/PDMS)

lunudspilavinsiiensisuguineivesfsunaulnda PTh/PDMS Miasowla
@‘ﬁ51mﬂﬁﬂﬂﬁaa@amiﬂﬁﬁL§ﬂmammuz%aaﬂm Tagn wang SEM vaslsunaulwaauLsa
@Tagﬂ 3.14

(a)

PTh_S/PDMS

31 3.14 SEM Aduaaulwia PTh/PDMS ﬁLﬁuangﬂwaﬁﬁIaﬂu (a) 5, (b) 10 LA
(c) 15 wWasiFudlasiimin
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- Aaunanlndanadflafwnad hilawaanagas (PTh/PVA)

luuwdapilavimadeneiamgiuingvesldunonlnga PTHPVA Niasoule
dunafiandasansiaidiinaseuutudesna lasnwdie SEM vasflanaanlniausad
a931 3.15-3.17
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gﬂ 3.16 WLax 3.17



36

18pm B8B81 EMR Sc CMU

18pm BBEB1 EMR Sc CMU X118, 88d Mo B8 Sc CMU

31 3.16 SEM AsunaulnFawadnlanwwad dataanagas 10 tasidudlagiinnin
(a) nadnlafuladdonialalasaaasnuaz (b) laddrunsaidasaaasn
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a
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- NenaaulnFanadilofwnadalasu-lalaniu-ala3u (PTh/SIS)

luswipitlavinsieneiamguinevesflsunanlnga PThSIS Masowle
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a431 3.18
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PTh_5/SIS

<

e

Sc CHMU

PTh_15/SIS

31 3.18 SEM Aduaaulnianadfilafiwsis ﬁLﬁ&lagmﬂwaﬁﬁIaﬂu (a) 5, (b) 10 WY
(c) 15 Wasfifudlassinnin
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3.3.3 anvaze b navaslanaaalnaanaanlanwnwaaiuas
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Abstract Gelatin (Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-
Pro-) is a protein produced by the partial hydrolysis of a
collagen extracted from bones, connective tissues, organs,
and some intestines of animals. In this work, gelatin films
were prepared by the film casting method in an aqueous
solvent. The electromechanical properties, thermal proper-
ties, and the degree of swelling were investigated as a
function of gelatin crosslinking ratio or the gel strength,
temperature, frequency, and electric field strength. The high,
medium, low, and the 3% crosslinked high-gel-strength
gelatin films possess the storage modulus sensitivity values
of 2.30, 2.16, 1.26, and 0.49, respectively; these values are
much greater than those of other electroactive materials,
suggesting the gelatins studied as a potential artificial muscle
or actuator.

Keywords Gelatin - Gel strength - Electromechanical
properties - Actuator - Artificial muscle

Introduction

The exchange of electrical energy and mechanical energy
has been of scientific and technological interest for many
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decades. Electromechanical energy conversion has been
used in many applications, such as in muscle/insect-like
actuators, robotics, etc. [1]. The development of electro-
active materials for artificial muscle or actuators is sought
after because of their many advantages. First, electroactive
materials resemble natural living tissues more than any other
classes of synthetic biomaterials because of their high water
content, the soft consistency, and their high activation
modes. Second, they are biocompatible, but not biodegrad-
able. Third, their physical and chemical properties vary with
composition and can be tailored as desired. Fourth, they can
take various shapes and are low-cost material.

Gelatin is a protein biopolymer derived from the partial
hydrolysis of native collagens, which are the most abundant
structural proteins found in the animal body: skin, tendons,
cartilage, and bone [2]. Gelatin contains a large number of
glycine (almost 1 in 3 residues, arranged every third resi-
due), proline and 4-hydroxyproline residues. A typical
structure is: Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro; it is
unique in that it contains 14% hydroxyproline, 16% proline
and 26% glycine. The only other animal product containing
hydroxyproline is the elastin and then at a very much lower
concentration, so hydroxyproline is used to determine the
collagen or gelatin content of foods. It is a good film and
particle forming material [3]. Due to a wealth of merits, such
as biological origin, non-immunogenicity, biodegradability,
biocompatibility, and commercial availability at relatively
low cost, gelatin has been widely used in the pharmaceutical
and medical fields as sealants for vascular prostheses, as
carriers for drug delivery, as wound dressings, and as artifi-
cial muscle [4]. Nevertheless, gelatin exhibits poor mechan-
ical properties, which limits its possible application as a
biomaterial. The improvement of the mechanical properties
of drawn gelatin has been related to the renaturation level of
the protein, as evaluated through the differential scanning
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calorimetry [5]. The most interesting feature of gelatin is that it
can be used for the production of practical biocompatible
materials [6, 7]. Several physical and chemical methods have
been reported for crosslinking collagenous materials. Physical
methods include the dehydrothermal treatment and the UV
irradiation [8, 9]; however, they are generally less efficient.
Many chemicals—such as formaldehyde, glutaraldehyde, car-
bodiimide, and dextran dialdehyde—have been used to chem-
ically modify the gelatin towards biomedical applications.
Among them, glutaraldechyde (GTA) is by far the most widely
used, due to its high efficiency in stabilizing the collagenous
materials [10]. GTA—based crosslinking of collagenous mate-
rials significantly reduces biodegradation, making the materi-
als biocompatible and nonthrombogenic, while preserving
biological integrity, strength, and flexibility. GTA is also
casily available, inexpensive, and capable of allowing the
crosslinking in a relatively short time period.

In our work, we are interested in the development of gelatin
as a candidate of an artificial muscle or actuator. The electro-
mechanical properties, the thermal properties, and the degree
of swelling were investigated and are reported here as func-
tions of the gelatin strength, the crosslinking ratio, tempera-
ture, frequency, and electric field strength.

Experimental
Materials

Gelatin powder (high, medium, and low gel strengths; 250 g
bloom, 180 g bloom, and 80 g bloom, respectively) (AR
grade, Fluka). The Bloom value is proportional to the stor-
age modulus of the gelatin and it decreases with decreasing
Mn [11]., and glutaraldehyde (50% GTA solution) (AR
grade, Sigma-Aldrich) were used as the starting materials
for fabricating gelatin films. Table | shows data on charac-
terization of our samples.

Table 1 Data on characterization of gelatin

Preparation of gelatin films

Glutaraldehyde—gelatin crosslinked films (GTA—Ge) were pre-
pared by adding an appropriate volume of GTA solution into a
10 vol% gelatin solution with GTA concentrations varying
from 0.5 to 7 vol%. Non-crosslinked gelatin films (Ge) were
prepared from an aqueous gelatin solution (10%, v/v) at 50 °C
and under a continuous stirring for 40 min. The GTA-Ge and
Ge solutions were poured into plastic petri dishes (10 cm in
diameter). Crosslinked films were obtained after allowing
walter evaporating at a room temperature for a period of 4 days.
Figure 1 shows a schematic of the two proposed structures for
gelatin—GA complexes and Pristine gelatin films (Ge) were
prepared in a similar way, but without adding the crosslinking
agent.

Characterization and testing of gelatin samples
Crosslinking density determination

In order to estimate the network crosslinking density, the
number-average molecular weight of the chain segments
between two crosslinking points, M., was calculated from
equilibrium water uptake experiments performed at 20 °C,
according to the Flory—Rehner equation [12]:

pV1(0g'” — 26g/f)
298’ +In(1 — ¢g) +og’

(1)

where p is the density of the dry gelatin determined by
picnometry, ¥ is the molar volume of the solvent, x is the
polymer—solvent interaction parameter taken from the liter-
ature [12] (x=0.49=0.05), and ¢, is the volume fraction of
the swollen gelatin, which is estimated from the following
relation:

Wopw

= ) 2
Wpg — Wy(p — pw) )

g

Sample Non-crosslinked high

gel strength gelatin

Non=crosslinked low
gel strength gelatin

Non-crosslinked medium
gel strength gelatin

Gel strength 250 g bloom*

pH 7.7
Calcium(%) <0.2
Chloride(%) <0.2
% Moisture =20
Molecular weight 75,537

180 g bloom* 80 g bloom*

6.7 7.0
<0.2 <02
<0.2 <02
<20 <20
57,909 41,363

*Bloom is the weight in grams required to push a piston of a strictly defined shape 4 mm into a gelatin gel matured for 18 h at 10 C

*Molecular weight as measured by Ubblohde viscometer (K=1.66x1 07, a=0.855)
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Table 2 Comparison of storage modulus sensitivities of the gelatin films of various gel strengths

Storage modulus Storage modulus
modulus (G,) Pa (G') Pa

sensitivity (AG'/Go) Pa

Material Electric field Frequecy Temperature °C  Initial storage
(kv/mm) (rad/s)

Uncrosslinked High-gel-strength 1,000 100 27 1310 000
gelatin

Uncrosslinked Medium-gel- strength 1,000 100 892 000
gelatin

Uncrosslinked Low=gel=strength gelatin 1,000 100 129 000

3% crosslinked high-gel-strength gelatin 1,000 100 2 410 000

4 340 000

2 820 000

292 000
3 580 000

2.30

2.16

1.26
0.49

Effect of the operating temperature

The rheological properties under an electric field of the
uncrosslinked and the crosslinked gelatin films were inves-
tigated at operating temperatures of 300 to 380 K. In order
to exclude the effect of the gelatin samples, G'y, G'1kv/mm

and AG'/G' are plotted versus temperature as shown in
Fig. 5. Here we used one sample each for the G', and
G')ky/mm measurements. We can see that the storage moduli
decrease linearly with increasing temperature; the deviations
may originate from less of chain entanglements in certain
temperature ranges. G'1gymm 18 higher than that without

Table 3 Comparison of the storage modulus sensitivities of electroactive and dielectric elastomer materials

Materials

Acrylic elastomer 70
Acrylic elastomer 71

Acrylic elastomer 72

Styrene-acrylic copolymers
Styrene=isoprene=styrene triblock D1112P
Acrylic elastomer 71+PPP 10%(v/v)
Acrylic elastomer 71 +PPP 30%(v/v)

Styrene=isoprene=styrene triblock D1114P
Styrene-isoprene-styrene triblock D1164P

Styrene-isoprene-styrene triblock D1162P
D114P+PDPA 5%(v/v)

D114P+PDPA 10%(v/v)

D114P+PDPA 30%(v/v)

AR71/lead zirconate titanate Pb(Zr0.5Ti0.5)03 (0.000019%v/v)

AR71/lead zirconate titanate Pb(Zr0.5Ti0.5)03 (0.038%v/v)

poly (dimethyl siloxane) (PDMS)

poly (dimethyl siloxane) (PDMS)+PANi 20% (v/v)
poly (dimethyl siloxane) (PDMS)+PANi 2% (v/v)
PDMS_5%PEDOT/PSS/EG
PDMS_15%PEDOT/PSS/EG

Crosslinked Polyisoprene 3% + Polythiopene 5% (v/v)
Crosslinked Polyisoprene 3% + Polythiopene 10% (v/v)
Crosslinked Polyisoprene 3% + Polythiopene 30% (v/v)
Silicone gel

Silicone gel + PMACO 46%

Silicone gel + PMACO 46%

Silicone gel + PMACO 46%

Silicone gel + poly(p=phenylenes) 10%

Silicone gel + poly(p=phenylenes) 10%

Silicone gel + poly(p-phenylenes) 10%
Poly(3-hexylthiophene) doped iodine (amorphous)

Electric field Frequecy Temperature °C  Storage modulus Ref #
(kv/mm) (rad/s) sensitivity (AG'/Go) Pa
2,000 100 27 0.439 [22]
0.586
0.148
1.195
0.746
1 0.306
0.971
1,000 1 0.122 [23]
0.102
0.050
0.040
0.256
0.095
2,000 1 0.149 [24]
0.587
2,000 100 0.104 [25]
0.25
0.111
2,000 100 0.077 [26]
0.333
2,000 100 27 0.523 [27]
0.33
0.435
5,000 60 Not response |28, 29]
1,000 0.25
2,000 0.75
3,000 2
1,000 300 0.333
3,000 300 1.133
5,000 300 1.666
8.7 - 0.28
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particles. From the deflection measurement, the deflection
distances of the low-gel-strength and the high-gel-strength
gelatin films increase monotonically with increasing electric
field strength. The low=gel-strength gelatin film shows the
greatest deflection response.
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Preparation of PTh/PDMS blend

Polythiophene/Poly(dimethylsiloxane)
(PTh/PDMS) blend films were prepared
according to the method of Haimtup et.al [8].
Polythiphene particles were mixed with
HO-PDMS and TEOS at a crosslinking agent to
monomer ratio (C/M) of 0.053 (TEOS 0.17 and
PDMS 1.40 g), using 2EHSn as the catalyst. The
mixture was poured in a mold and allowed to
cure under vacuum for 24 hours. The volume
fraction of polythiophene particle was varied in
the range of 0 to 30 vol. %.

Electromechanical properties measurement

The electromechanical properties of
conductive PTh/PDMS blend were investigated
in the way of electrorheological test and bending
response test under the electric field. The effects
of polythiophene particle concentration and
electric filed strength were studied. .

For the electrorheological properties
study, PTh/PDMS blend samples with a
diameter of 25 mm and a thickness of 1 mm
were prepared. The sample was placed between
parallel plates (diameter of 25 mm) of a
modified melt rheometer (ARES, Rheometric
Scientific Inc.) which is attached to a DC power
supply.  The samples were first checked for
viscoelastic linearity by strain sweep tests.
Experiments were carried out in the frequency
sweep mode ranging from 0.1 to 100 rad/s to
investigate the effect of electric field strength on
the storage and loss moduli, G* and G”. All
experiments at each applied field strengths were
repeated twice to confirm reproducibility.

Finally, the bending response of the
conductive PTh/PDMS blend in an electric field
was investigated using the experimental set-up
as shown in Fig. 2.

onginal postion

* aeflectaa

B is measured as
shown (from the
deflected film)

Fig. 2: Schematic diagram of the apparatus used
to observe the bending response of the

74

PTW/PDMS blend [8].

The PTh/PDMS films were immersed
vertically in a silicon oil (viscosity=100 cSt)
bath, with a dc electric field applied horizontally
between two parallel flat copper electrodes. DC
electric field was applied with various strengths
in the range of 0-700 V/mm. The amount of
deflection at a specified field strength is defined
by the geometrical parameters A, B and 6. The
bend angle (8) was calculated from the
following equation,

6 = arctan (A/B) (2)

Results and Discussion

Characterization of polythiophene

The FT-IR spectrum of the synthesized
polythiophene is showed in Fig. 3. The spectrum
shows characteristic peaks at 787 cm?, 1219
cm’, 1367 cm™ and 1736 cm™ corresponding to
the C-C bending vibration, C-C stretching
vibration of a-coupled, C-H stretching vibration
and C=C stretching vibration of the thiophene
ring. respectively.

e

of
4000 s 0 000 [T o 00

memramisens fom-1|

Fig. 3: FT-IR spectrum of the synthesized
polythiophene

w0

The UV-Vis absorption spectrum of
synthesized polythiophene in DMF solution
shows absorption peak at 375 nm and 321 nm,
due to the n—m#* and m—m* transition of the
thiophene unit, respectively. Fig. 4 shows the
scanning electron microscopy of synthesized
polythiophene particles. It can be seen that the
shapes of the polythiophene particles and their
surfaces are quite irregular. The specific
conductivity of synthesized polythiophene was
measured using the two-point probe meter. It
was found that the specific conductivity of
polythiophene is 8.97 x 10™ S/cm.
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