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Abstract

Increasing abilities of electrostrictive polymer that can indicate by electrostrictive
coefficient (M) depend on dielectric constant and Young’s modulus. Increasing dielectric constant
of a polymer is the addition of filler. An increased dielectric constant that can be explained by
increasing the interface between polymer matrix and filler which raised the interfacial polarization.
In addition, the increase of dielectric constant is not depend on content, size, shape, and dispersion
of filler but it’s depend on the interface between the matrix and the filler. Therefore, the increase
of interface is an important. In this research, forming the film in the form of fiber due to increase
of the dielectric constant. Prepared the Polyurethane/Polyaniline (PU/PANI(ES)) composites fibers
at 0.5, 1, 1.5, and 2% weight of PANI(ES) loading in the PU matrix by electrospinning technique
under controlled process conditions, applied voltage 20 kV, distance between tip and collector 19
cm, and flow rate of 0.3 ml/h. Then, the morphology of the obtained fibers were investigated by
SEM, structure of chemical by FTIR, electrical properties, mechanical properties, and
eletrostrictive properties. The results showed when the PANI(ES) content increased which
decreased the average diameter of fibers, increased fibers distribution, and increased spider-net
fibers occurred between the main fibers. Preparation of the composites fibers by electrospinning
technique did not change the structure of PU composites when compare with composites films.
Moreover, the dielectric constant increase when the PANI(ES) content is increased and inversely
proportional of Young’s modulus. From the electrostrictive properties results of the PU/PANI(ES)
fibers it was observed that the electrostrictive coefficient increased with an increase of the

PANI(ES) content because of the increase of dielectric constant and the decrease of the Young’s
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modulus that can be explained by a relationship of the electrostrictive coefficient according to

£o(&r—1)*

ey Furthermore, the electrostrictive coefficient of the composites fibers about 6 times higher
T

than the composites films because of the increasing spider-net fibers.
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o a 4

a s Y = [ A =2 A
RYATITALAIWOANDITNUANHULAATIIATINNAN LAAIAININN 2.2(N) INALUDIDINLTIAIND
. a sAR A 9 2 aa v A
(Surface tension) mmmiaxam‘waammmﬂmmawawmmaﬂa HFIUNAVUIUNUNA
g’/ [ 9 ~ LYY A [ dsg o 9
VDUV AWALANRINNULAUUDUNVDUNAITUN T Lla$ﬁ1ﬂL§1LW3JﬁﬂfﬂV‘lﬁ']q\1‘Uu i lviven
a S 1 A 1 < d'dy (% A <
VYDIF1TACANWYNDAUNDT DY) LﬂaﬂugﬂiW\?!ﬂUﬂi’)ﬂﬂﬁNﬂ%ﬁﬂ Llﬁ@\i@\igﬂﬂ 2.2(%) Wumau

vy '
A o A [ A
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nusaranni e sz yilvamilousu uazieriudng IiihiuluGesn auriltuss

=X A

[ s 1 a Jd 1 a H
wanna llihlaunn NussRerEIvesmsazateneaes analiinaveavsiaisazaienil
[ I { 1 s [ {
anvaziluginidelateunay wioNiTen91 N3INEOT (Taylor cone) HAAIAIFUN 2.2(A)

.. = [ A ' a X o
(Baji et al., 2010) Fwannusanannie Iiihweslszanegmeluasazaronedwosiue 1
a @ o a 4 ] < v @ [
Ifinansdadivesdiarsazaroneames udmseensenainlaiedu lave lldiiaqsesiy
1 o 4 { g . 1 (% 4 {
@ule Taslusrausniiudulosznaouniunse (Straight path) HagyIMARLIM AT UN
] . . (g = = @ A o Yo o
1n 33129 (Whipping) teraeaagin 2.3 uazluvazi@ernumisunieiies i lvaiazaie
< ' 3 ! o q Yo a s 2 Y A a ™
szmenanoiulosgnasias danamldariaisazarewsdmesnarethudulennanisny

< a o { ' v W 1Y Y
azavaunaaiuilaunduleniilnssiveudulonunuuuiagsosiudule (Reneker &

Yarin, 2008)
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Taylor cone
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drop +— from electric field

€——_ Jetinitiation
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i 2.2 msnlasunlasgilsvesnsamsazareneamesilunidemmaes

Y

a a J a 4
(M) MINANYAVDIFITALAYINDALNDT (V) fﬂiﬁﬂﬂl’l’)ﬂﬂﬂﬂﬁTiagﬁTﬂW’ﬂa!Mﬂﬁ

inag () MIAANTIVNIADT (Baji et al., 2010)
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sun 2.3 msnaounvoudule (Rencker & Yarin, 2008)
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= Y a ad a a S A A = [N
fJ\‘ILLiJ'ﬂL‘]/Iﬂuﬂﬁll,aﬂi‘ﬂiﬁ'ﬂuuﬁ]&ﬂut‘ﬂﬂuﬂﬂ\ﬂﬂ UUUABDUN LUYIYIINLLIAS

Q

1383 o A a
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[ 1 @ @ [ [ < [ Y]
1&un anuasdnd lvlih sasmsdouaisazats szezvnszninalarodivdeiaasesiuidu

o I
lo anududuvesasazate uazmsvi ihwesnsazaredludu

M5199 2.1 UEAIMNIIND3 A9 NiManodnyazveaudule (Bhardwaj & Kundu, 2010; Sill

& von Recum, 2008)
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2.1.3.1 anumasng vvh

1 [ v t4 ]
anuandnd lihamsaauguumaduriugudnarve aduleliogly

seauluTaswas nazu1 Tumas 1@ (Sill & von Recum, 2008) 31AN1IAABIUDA Deitzel 1A
Ay (2001) 1% 1A 8 Polyethylene oxide (PEO)/water NAN1TANHINUIIAITIANAIINAL
o o v 4 < A 2
dnd 1l i IR vuaduriuguéve udulolvuinasan vazlviada vudulowniu

4 A ' o I A ' ' a
iiesnamaiuanuandnd i dumsiuanuvumivvessey i demaldinausa

@ A dy = & a
panmelfveslsepiuuniu suilumsanlsuinsvesarsazateninveadisazaiy

< & 7 < o 4 o {

awnsznanaeunseaesnlarednlane uaasaagdi 2.4 shldlaidulentvuaanas

(Bhardwaj & Kundu, 2010; Deitzel et al., 2001)

Capillary

Ejected Fiber

Increasing Applied Voltage

4 a a { 1 (Y] H ] a J
517 2.4 dnTwavesmalasuutasanuadng i ninanemananitemiass

U

2.1.3.2 5ﬁ§1ﬂ1§ﬂi’]uﬁ1§ﬂ$ﬁ]ﬂ

(% = 1 I ' Y
gasimstloudisazatelinanovuia aAniugngu uazglitveudule
4 A @ ' [ 4
(Sill & von Recum, 2008) iorindasimstfoudisazals wunvmadurugudnalsveudu
=\ A Lg A [ A A Lg o 9 [ ]
loTunaiuay 1519991000313 Tnavesasazatenmuay M ldesazaisauosnu1o e
<3 o ) o ~ A 3 3 A
5729152 Mvahazareszmisoon 1 las lmduledvinamuiy taznudiadauudule

[

4 3 { 1 1 1
iy dunanndhaeszvesenli livue hldiduled 18 liukaneufianasg fag

a

soasuidule (Megelski et al., 2002; Yuan, Zhang et al., 2004)
2.1.3.3 szaznesznnalaedudsiaasessudule

A A ll ' 3 KX o o 9 o 9 9y 1
Lll’f]llelig‘(’ng’l\‘ligW’J’l\iﬂa']fllell‘“i‘l\i')a@i@\iiﬂ!ﬁuiﬂ 1/1161Wﬂlu1mﬁumu
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fjmfj(ﬂmw’e)%?s{}ualﬂaﬂm LlﬁgEJ\TWTJ'J’]QJﬂﬁWUuL&}uGlﬂaﬂﬁQ Lﬁ@\ﬁ]’]ﬂﬂqﬁlwuigﬂgﬁ%jﬁgﬁ31\1
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2 = o ¥ d a Aa A Y 1
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9
(2 o a 1 4
1ﬁﬂ1iimmmmmmazammﬂﬁu"lﬁ}ammumm (Doshi & Reneker, 1995; Jaeger, Bergshoef

et al., 1998; Megelski et al., 2004)
2.1.3.4 ANWVNVUVDIAITAZAY

mmrﬁ'uﬂi’ummmiazmﬂﬁmaﬁi@mmwﬁﬂ !,Lam!iﬂﬁﬂﬁ%‘uﬂﬂfﬂiﬁ%ﬂﬂ%@g
< . 1 A Y 9 a 4 ° 9
105 (Sill & von Recum, 2008) TAgWLIMHININNANUUYNTVUVDIFITaZA1oNDANDS 39 1N

]
= a
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LﬁuNmﬁuwmmuﬂlﬂummmwmmu L‘Ll?NﬂTﬂﬂ'J”lll!sUllsUuNﬂ?TNﬁNWHﬁIﬂﬂ@ﬁQﬂUﬂ?’]NWu@

2 < oslal =
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HINAIUHUANNUYU NITN Wﬁ’liﬁ%ﬂ'lflflﬂfl'n’f]@ﬂlﬂuLﬁuﬁlﬂhlmﬂﬂulnéll'lﬂ@ﬂﬂﬂ'lﬂﬂu ‘V]’lﬁh’i
v Ay Y £ X v ) a ¢ a < .
Lﬁuiﬂﬂulﬂu““uwﬂlwu"uu LlagﬂWWTﬂﬂUTNLﬂJllsllu“’ll@\ifﬁﬁa$a1ﬂWﬂa!3J@§3J']ﬂﬁ]u!ﬂullﬂ ﬂﬁ]%llll
ds! I Y Y A A A a o Yo a J
ﬁWNWﬁﬂmugﬂlﬂULﬁuﬁlﬂqﬂ lu@ﬁ%Wﬂﬂ?’lﬁJﬁuﬂﬂg\uﬂuqﬂ ﬂuﬂ’liﬁﬁ’lﬂl@ﬂﬁWﬁﬂga'IEJW’E)aquJﬁ
' ] I 9 = @ Yy 9 < o
llll?nll15ﬂﬂﬁ@@ﬂu1ﬂ1ﬂﬂa18lmﬂ1ﬂ GI,‘L!GUﬂ!3Lﬂ83ﬂu1’i1ﬂﬁﬂﬂ311]!€|131€|1um@\1ﬁ15a$a18 NITNM

a < d a
Glﬁ)LﬂﬂliJﬂ‘ﬁﬂ Lﬁ@\‘]fﬂ']ﬂﬂWﬁﬁﬂﬁ\?ﬂlﬂ\illi\‘]ﬁ\iW'Jsllﬂ\ifﬂiﬁgiﬂﬂ (Deitzel et al., 2001)
2.1.3.5 ﬁﬂ1Wﬁ1Ulwﬁ1m@Qﬁ1iﬁ$ﬁ1ﬂ

a s o = A ~
asazarwwoawes niaamih Ivlihge szlianuaunsalunmsniounves
a o ' a s o o 4
Uszqlihameluaisazareweames ldanasazarewedmesniianimi luihé iesnn
1 ° a A ) = = . o
n3eeenvesdiasazarenodmes nlan i lige 927iA 115984 (Tensile force) Vo3
1 a s ) ° 4 ' ' o
msazareuInnnasazareneamesnianmih lvldhe Wesgmeldau Ivldh aewarild
<
iduleTivura@na (Sill & von Recum, 2008) 1aZ910N15ANYI1Y09 Hayati tazame (1987)
wunmsazareilammi g dawari ldmsifuveadule luadesitiosnnmanisia
4 1 o ' 4 (J
sovoudule osgmeldaauiy g ildlvunaduriuguiveudulelininsz e,
1 A Y ‘:91 v A A o vy a A
yoaua lureiinde uazuennniidalimamuaninih liihwesansazats Semsdunae
' 4 A [l X g A @ { o °
iU NaClivorinanuvnuiuveslszy i Faumsmuuswanmiellihingnlddn

a Jd 2 o ] 4
ﬁ1§ﬁ$a1ﬂW®alﬁJﬂﬁwxiﬂﬂﬂiﬂﬂﬁu m“lﬁ’summﬁumuﬁuﬂﬂmwmzﬁuiﬂaﬂm (Zhang et al.,

2005)
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2.2 Woa ﬁmu (Polyurethane: PU)

a

a a I a SAq Yo 1 J A a 4 gd
noa mﬁmmﬂuwaamawﬂl%ﬂu@mmwmmmuawmwaamaﬁ%uﬂum

2 o

anvazNvannateaauduvilenviiounaradn llauseusinmniions1s (Rodrigues et al.,

dy v A wa 1 9 ra = . = =
2005) WoNIINH PU dalinaiantiamu laun JA15989ga (Tensile strength) U110 ileage
nuaeMInansou uazinudanguigungiial (Sastri, 2013; Voda et al., 2006) 1Az A28

va o J ° 7 ' A '
Auantasinanannsni PU ldiszgnaldlanateaiu laun sugaainnssudne iwu

Y o 2 v A A

o 2 3
WINUUT HUAUNYY TNINDNINNITINNUT ﬁ'mmmwm Llﬁgﬁ)Tuﬁ\‘lllﬁﬂéj’f)iJ L‘]Juﬁ’u (Karakas et

o d

al., 2013) PU gndunsizriondgnsenaiinisznov 1o 1y Isocyanate (-N=C=0) 11ag 1y

£

Hydroxyl (-OH) areasagilit 2.5 PU amnsadunsign Inandfisernisninminsgnineds
[ H 9
AIAUNEN U 2 YUA o Diisocyanate 8% Polyol (Polyalcohol) memgﬂﬁ 2.6 ATAIAUAT
A .. = Y o '
113NUYD3 PU A® Diisocyanate mﬂizﬂaumﬂmaqamm Isocyanate 911U 2 WY Lag
Isocyanate 0l ﬂEJE;J:GL‘Llﬂ@:M‘lJfN Aromatic 1% Diphenylmethane diisocyanate (MDI) tt81& Toluene
diisocyanate (TDI) w%%zegjsluﬂﬁjmm Aliphatic 1%1 Hexamethylene diisocyanate (HDI) 112
I 1 g’; { [

Isophorone diisocyanate (IPDI) (Hudu d@aua1sasduieans Ao Polyol A1mniisuauluana
1] Hydroxyl 2 Y ag 3 Wy 9238071 Diol ag Triol AMW&1AY &3 Polyol 92 QNLILINBBNN
' ?x}/ A U . A 901 @
vinaels Tuanamedunsoais s Inanoanay (Glycol chain extenders) #iitmin Tuiana

f1 uazauyouloanoauos (Cross linkers) 1514 Ethylene glycol (EG), 1,4-Butanediol (BDO),

Diethylene glycol (DEG), Glycerine (t8& Trimethylolpropane (TMP) e

H O
! 1
R-N=C=0 + R-0-H ——=R-N -C-0-R’

4' aan = o 4
§1J<n 2.5 ‘]J;]ﬂiml,ﬂiﬂli’]ﬂﬂ"liﬁﬂmﬁxﬁ PU

Y

WAVAY L o VAVAVL S 0 S WaVavls

Vavs =Oligomeric
Soft Segment { WV diamine or diol

@ =Urea or urethane link

Hard Segment ==m=m = Diisocyanate
= Chain extender

517 2.6 Taseadran l)veanwedgsimu (He et al.,, 2014)
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<3 1 o
wmiu Idnonmsuenialuszdngania (Microphase) ¥09 PU §i Tnseadng
o 1 ¥ . . @ A 1 Y 3 ' A [
17 11Jup 9417891 (Repeating unit) PU taasasgli 2.7 awnsoneIailu 2 aau Ao diu
1 3 '
Hard segment t18¢ Soft segment (He et al., 2014) @3ULL5N Hard segment i]szuﬂan Diisocyanate

Y 1
= S 1

A =) ' Y < a o = a
1H9391nY -NH-CO- 9¢ ﬁ]xslwmmmmm mﬂwu‘ﬁx'laTmmuuaw"lﬂiwammuﬂmu

ZDle

v [ P Y
(Jomaa et al., 2015) @IUNTDI Soft segment vidlunau Polyol 131942103 -O-R-O- 8¢ Faa1uil
g ) y 4

Y A [] [
v IMANUIANGUNLTETe

Soft Phase

Hard Phase

=Hydrogen Bond

s 2.7 msuenilaluszaugania (Microphase) Y84 PU (He et al., 2014)

[

Y ¥
wena1ni PU sl udaanatndszsinndanInsaasnind Taoiield
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a

aww lldmesuenundag sz I Tagnanisilasumlasgse vievuald aens
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ﬁﬂﬂﬁu’ﬂﬂutﬂﬂi]”lﬂiﬂiﬂﬁi"lﬂﬂ”lflslu“]]@\nﬁﬂﬂmﬂi‘ﬂiﬁ@]iﬂ‘ﬂw Llﬁﬂ\‘]ﬂﬂgﬂﬂ 2.8 i]”lﬂg’]J‘Vl 2.8

q
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%&ﬁuulﬂ?"nﬁﬂﬂLﬁﬂjﬂﬁﬁﬁﬁﬂﬂw 1]IﬂSﬂﬁiﬁﬂTﬂiuVIﬂJaﬂHmZLﬂUﬂQWﬁ]mi]’f)i‘ﬂwﬂ"lﬁ ALIEN

<A '

o ' I o o ' A
ded1a liitluszidon (Flexible Backbone) HUNAD A IUVDI Soft segment UUIDI IS FIYLNY

S o A @

A 1 Y 'o = (% Y I T =2 1 A ~
mmaﬂwquﬁlmmma Gluellﬂ!&ﬂEJ’Jﬂ‘L!ﬂENiJIﬂﬁQﬁiNL‘]JuWu’JEJNaﬂUNﬁ’Ju“meﬂiﬂﬂL'ifN

o ' < o ' a 2%
fedutuszidoy (Crystal graft unit) WuA® dIUUe Hard segment %Lﬂﬂiilmuﬂ"llilﬂ (Dipole

=

1 = o o U o Y ﬂ’gll
moment) SuluuSnad udTaeri 1y Tuamd "U’Jﬂ WUMIIATEINMVUGN IR IudvIq

G

N3 (Net dipole moment) s ugué Saaselifimsnevauesdoauinlii uddie g

vlﬂi‘]JﬂTiﬂi G]‘Ll‘"lﬂﬂﬁuﬁ\l]l%lﬂWﬂﬁlu’Oﬂ 19 nadlad lagluaas ‘Vi‘l.l’JEJNﬂﬂ TG RERERIN)

U

Y
2.9() Tuudangez vyu lawdisvesauin I uazifamsfudmsuve sano Ta

q

Tuana Soft segment ¥ 1A TdaIAANIHARINTUIO HAAIAIFLN 2.9(3) (Wang et al., 2004)
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Flexible Backbone
v

Crystal
-->=  Graft Unit

__ Dipole
Direction

Crystal Unit = ( .
< “ T E

{))

51 2.9 nalnmsuadvesiandian Insaasniivl (Wang et al., 2004)

2.3 WoderHaY (Polyaniline: PANI)

wodwesih ihasniuedaunsnarouazgnii 'l 1ise Temimndiga
1Y Polypyrole (PPy), Polythiophene (PT), Polyacethylene (PA) tt81% Polyaniline (PANTI) Lﬁﬂﬂmﬂ
fa1nsi lmedlusaeiiauisosl1dds Tenl1duaz iaaades snifu
Polyacethylene (PA) uﬁ’i}zﬁﬁm151j’1"1wﬁm1ﬂ17iq¢ﬂumamwaﬁmﬁﬁﬂﬂ%ﬁ’wm e 1T

ANuades TuanIWUIo1ne (Bhadra et al., 2009) PANI (Hunoamesnlasuanuaulonay

’q ¥ Y v A A & v 2 v o Y
awnsndszgnd I Idedanhevnanigasianile wu 92'1Wd (Electrodes) A513

- . = ST , &
NINEINTIN (Biosensor) LUANDIT T laToa Wludu (Rangel-Vazquez et al., 2009) LUDINLAAY
A o A ~ [ S Y 1 9 Y~
ﬁNU@ﬂ15u1ulV‘lﬂ1!Lﬁ$'ﬁil‘U@l‘Vl’l\?ﬂa‘Vl’E;f\? ﬁ\uﬂ31$1’iulﬂ\ﬂﬂ 317190 ‘wuﬁ@ﬁmwumaaullﬂﬂ
(Reda & Al-Ghannam, 2012) PANIaza18 1aa lu@I1%1a2a18019%HA 15% N-methyl-2-

pyrrolidinone (NMP) Dimethylsulfone (DMSO) i8¢ N,N,-dimethylformamide (DMF) (481 ¢ i1

P v
k4 =< =1

azarwlu DMF azsi ldainsi laihnldgetiu wenainiidy PANI gnidelu HCl Ainisii

U

Tz geiune 1072 s/em 1iio 19 DMF ludas1dau 10% w/w PANI (Gurunathan et al., 2013)

=1 9 A Aa Y =1 A a Aaan =~ o
PANI llIﬂix‘]ﬁiN‘ﬂNLﬂM‘ﬂMﬂ31hﬁa1ﬂﬂﬁ18ﬂ’mﬂuﬂ\1 6 LUy ﬂ!ﬂﬂﬁﬂﬂﬂgﬂi&ﬂiﬂflﬂ“ﬁlm%

v v
v A o

aaan 1 ' < [
Ugnsernsa-ud uaihiiosInseairadonnniuii Idd 14 fe indeduuesadu
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Y
(Emeraldine Salt: PANI(ES)) Tﬂﬂﬂmﬁamﬂ"lﬁ'mmﬂﬂ;]ﬂsmaaﬂmwmm Leucoemeraline
4

Base (LB) agn131an 115aou1%n D Emeraldine Base (EB) (Wallace et al., 2003) ttaaga a3

2.10

protonation

lencoemeraldine base  (gu7u h‘ma) - leucoemeraldine salt (ﬁ"]ﬁ'] ﬁ'mﬁaqéau)
(insulator) e (insulator)
oeud.\uon
HA™ (pH 110 45"~
oxadation
HA (pH=1)
protonation

emeraldine base (QUIU ﬁ‘I..I'IN'I-.I) ° emeraldine salt - polaron lattice (A1 ﬁJﬁJH'J)

(insulator) (conductor)

reduction
H'C (pH 010 4)
- / reduction

H'C (pH = 0)

}wmmauon

pemigraniline base (RUIU TIATR) pemigraniline salt (U Fai)
(insulator) (insulator)

ﬂﬁ 2.10 ﬂﬁlﬂ@ﬂ;]ﬂiﬂﬁ@f]ﬂ‘mm"‘ﬂ N381NTA-1AUDI PANT (Wallace et al., 2003)
2.4 Woa ﬁmuwauwaaazﬁﬁu (Polyurethane/polyaniline blends: PU/PANI)

2.4.1 WdnuwodgSmunannwodezHay (Polyurethane/polyaniline composites films:

PU/PANI films

INIUIVYUDY Jaaoh lazAmMe (2014) t1ag Putson tazaAmMe (2013) &S en

A 2 ard a o o o {
PU/PANI 1ag35m15Uuilduu1981835n1511@ (Solution casting method) 1@ iian1a 11/
a d v Y A 1 A a v 3 1
AATITHANHUSNNNYNINAIYATOI SEM WUNT15199 PANI ummamwmgﬂmmuqﬂu
L a A= ] A Ao A A 2 9
1o PU uazﬂzmﬂﬂmmzﬂquﬂmﬂuﬂqu Wolldaaiuveda1sIeuuInvy uaz lim T,
A ds! o 1 A A A 3 I Y I ' o v A A
NAUMNFATINVRIE TR NN Humsuaad i uNMINdgaa I U@ I5IRDINNLIN
49! I o w A A = 1 a 4
v alumsnnannuanusalumsinaeu Iviveame o (Hoa91nTHTITEHINNBANDI
o A AA < o q Y1 Ay v 4 2 a o Y = wa
an uazmm@‘nummmmﬂqam‘lwm T, alamuvy luvaz@enu laimsanuaniia

ad a T ~ ad a 1 = adg a o =~
ladianninves PUPANI wunaiasi ladiannin mgaudelasiannin wazaninia il

A dy A Yy 9 A A dg! % ~
AVNNUY LUDANUUNUUVDIF1T9D PANI (WYY Llﬁﬂ\?ﬂ\igﬂ‘ﬂ 2.11 uag 2.12
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S
24 o —e— FPUPURE
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o v
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54 %’: vy A AN ey -
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- .
d .
2

100 101 102 102 104 100
Frequency (Hz)

‘lJﬁ 2.11 ﬂ’J"IllfﬁJ‘WLl‘ﬁi ﬁ310ﬂ1ﬂﬂﬂ1ﬂﬂlﬁﬂ‘ﬂiﬂuﬁ ﬂ’J”Illf]sUi’N PU/PANI

AANUAUTUA1) (Jaaoh et al., 2014)

<

at1Hz

o

Conductivity (Sfem)

102

0 5 1.0 15
Weight fraction of PANI (%)

Loss tangent
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Weight fraction of PANI (%)

‘ljﬁ 2.12 ﬂ’?ﬂll’dllWuﬁi“’ﬁ’ﬂﬂﬂWﬁﬂlLﬁﬂllﬂmaﬂﬂiﬂ ua‘"ﬁmwm"lv\lﬂmm’gmufumlu

VYDIA15199 PANI (Jaaoh et al., 2014)

A A Yy v A o q ¥ ' A 2
ioaninmsmuaNudnduvesasweazinIianumuinlsggiumnnuu Tagns Twan
Y 9 ' H
"l,igcm?’uﬁmﬂﬁugﬁmmﬂmiﬁzﬁmaqﬂizﬂ‘ﬁmnmmmam (Interfacial polarization) 3¢
4 o o { < o { o J
wantianiwir llihge A esive PANI numlaniflunurunielianimii lwihidina fe

dyl [ a ad’ad A a (A 9 A dg@l A Y 9 A A dS!
PU Llf]ﬂ%WﬂuﬂWﬁNﬂi$ﬁ‘ﬂ‘ﬁ@!ﬁﬂIﬂiﬁﬂiﬂﬂWﬂqﬂ!WMﬂJu WA NUUNUVUFITODINWUUY LT AN

SLa g

aagii 2.13 nazianduilszansoanInsaasniilgagaminy -6.12x10™" m/v’ innuudu
= 2 a1 A g ' A = v a d a £

2% ¥94e13198 PANI BauAnnuiuaeun wenfoumsunuilay PU USqnT (Jaaoh et al.,

4 o ~ adg A a4 2 1 Y o Ay 1A

2015; Putson et al., 2016) 118991 NAIAIN IADIANNT NN GIVY azmupgaaue1dai Tl

d' v U d'
manlasulaanmin ueaasdagdi 2.14



6.5x10®

6.0x101®

5.5x101®

5.0x101®

- M, (m*V?)

4.5x107°

4.0x10®

3.9x10®
0
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~+p~ PU/PANI

-

5 1.0 1.5
Weight fraction of PANI (%)

20

31 213 Adulse <AnsaEn Insaasniiniuanutuduvesansiie PANI

30

(Jaaoh et al., 2014)

25 A

20 4

15 A

10 4

Young's modulus (MPa)

5 1.0 1.5

Weight fraction of PANI (%)

2.0

517 2.14 AwegdavedinuaulTUVD 5170 PANI (Jaaoh ct al., 2014)

paz 1HAIANUHEUILIUNEIIUGIEa 1,544.68 nw/cm3 AANUITUTY 2% ¥09015190 PANI

(Jaaoh et al., 2016) Faras Il Idenunsori 115 ugnsaldidnnsetindh 195 adu Trlvh

° ] a a d a 4 . a iq ¥ [ ] v J
@1 19U UINNBLANNTONNE (Electronic watch) i Tasanildussau IiseauunTuiag

(Nanowatt microship) ﬁJusﬁ’ U (Cottinet et al., 2011)
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d
2.4.2 WasnaulawedgSmunannodoz Hay (Polyurethane/polyaniline composites

fibers: PU/PANI fibers)

awv . 9y A = o 9y Yy axa d
N UIVYUDN Liu LIAZAUS (2011)1ﬂl@58hwahlﬁuclﬂ PU/PANI a8950La N

=Y a o a d { 1 [ . a 4
Tnsatluiia uaz 1dmmsAnyimisiwesaian Minanednvazvoudule #aldwislnes

e

(Y =

A1 NnunzanaemsHaadu lowodgimunauasil Ao ANuuTUYoIAIsTaZaE PU B %
Y 1

Tagumin uaz PANI lueasidau 10/1 (w/w) azarglu DMF wagTHF (1:2 Taguia) au

] [4 ] 1 [~ =Y o I Y o

ANANG 35 kV szazr19szranlatadudeiagsesiumilu 15 cm uagldoasilunisidou
< = a g Aa Yy o

arvazaetlu 6 mi/h Faesanaady lenNunaduRIUgUINA1ULIA 200-400 U1 TUINAS
a v o ad a

HAZINNUITBVDY Wang & Zhang (2013) lasimsaseuidule PU/PANI aaedtatan Ins el

A gy A A Y " a = '

U9 A18N15190 PANT ANuudyl 0, 10, 20 1ag 30% laguiansdSuias 91nmMsAnEIny M

A A ) 1 o q ¥ Y ¢ ) &

WBINUANNUNTUYDY PANT dawaih Invinarduriuguenatveuduloanas 1103910013

A a < y 9 a s = Yy Y o o

5w PANLIIumsaannududuue9a15aza1enoamo 509 $9a1 I U g WU S

Tasasanuanuvitavesasazans dawalinnuniiavesansazaivanad WoleunUusINGD

e bl i lFusama lihansaesuzusadsinldae dawalildvuadurugudnais

masveuduloanas
a d
2.5 woameimalnih (Electroactive polymer: EAP)

a s < a s

noatwasn1aludn (Electroactive polymer, EAP) 1T unadiuasnaiu1so

A U 4 [ 1 I 1
nasuntasymne niegdinld weldsumsnszduonnauinlid widldeomilu 2 ngu

v a 4 a g a J
Taguisawnalnvesnisnszqu Ao woatwesnia lwddi@annsetind (Electronic EAP
J a 4

materials) 92 gnnszaulasaun T3 eussgasuaf (Coulomb force) Az WO AIUDI NS

a 1 . adg
lwh'loostin (Tonic EAP materials) gnnszgu Tasmsunsved loooudsdosldarsazaredian

14 d ) o < @ ]
Tnslad (Electrolyte) tWo lFd1miuna lnuoan1snszqu (Bar-Cohen, 2001) HIUTAIA10619
a ¢ ' 1 o = Y Y a ¢
yoanoamesn1e i luuaazngu uaasdsg i 2.15 nazudasion uaz dordevoanodawos

J o A

ma it lesaiin tazwodweismalihdidnnioiind dea13an 2.2



| Electronic EAP

lonic

EAP
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Dielectric elastomer

lonic polymer gels (IPG) ]

Piezoelectric polymer

lonic polymer metal
composite (IPMC)

Electrostrictive polymer

Conducting polymer

Ferroelectric polymer

J -

Carbon nanotubes (CNT)

J

U

5111 2.15 Medraveanedmeimalwih luudazngu

A15197 2.2 a514ed nazdeideveanedmesnie Il lessiin uazwedmosnia lvlih

adg a 4
21aNNIOUNT (Bar-Cohen, 2001)

FHAYDINDAINDS Ton Yoide

malnih
woawosn1a v - Feamsanuenadng e - gndudimSuneauesii i
loootin - aulnglimsnszdqualens (Conducting polymer) L@z WO AN S

30 (Lﬁ@ﬂallﬂmmm)

- !Lﬁﬂdﬂ1iﬂi$§}ﬂﬂlﬂﬁﬂﬁﬁﬁ)ﬁq\i

malddr lessiin Tuadreaadig
anuaseanaldanuaiedne v
nIzuanseld
9 ) [ a ~
aovauedr (luszauaiuvo )
a 4
n1s9vYRINeaLtuBs N1d vl
A ° Y a Y A 9
mitenih liinausanszquinaeudig
N
o Y] a d o
gatudmsuneawesii Wi uay
4 a o
A15UDUU1 11N (Carbon nanotube)
d' a [ Y [
pinnvzwaniaaldivuizauny

Tasmwizod1989 IPMC
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a s o 1 o {
woamesna vl - awsasiuneldaniag - Aegnisantuaradng lilinge
adg a 4 a <3|
siannsolind gaungines laidlunanu (Wszan® 150 MV/m)

< o = a = g Y
- aevdusuia(luszay - fguugimanlasuaniuzadienn’
a aa = 1A 9 [ Y
UAAIUIN) (Tg)”lmwmwammumiﬂimuw
- @IW1I0AIR1IANNIAT EA gaungie

neldaltuaradnd 1
nszuansald
- mssevedneaues el

A o q ¥Ya Y A
LWHEJ’JHﬂ‘H!ﬂﬂLLi\‘IﬂiZ&{]HT]QQ

da a
2.6 woaunesaaninsan3nii (Electrostrictive polymer)

a ‘a3 a a < . a 4 { 1

woawesoan Insaasnnvbiunilalunoamssnia i finovaussno
H 1 o o a3 %

auw 'l Taemsulasuutasvune niegdin aunsoi ldszgna ldauiluaanszdu

9 [ 9 o a ‘a3 a A [ ‘a3
vazlduaandsnuld msihanuveanedmesoan InsaainiWazeidelsingmisaiomn

a Y 1 [ @ o 1

INnsansn¥U (Electrostriction effect) NUAAIANUTUNWUTITEHINIAINUIATEA (Strain) LAY

au lihuuumaiae s (Quadratic effect) Hananegli 2.16

- Strain

0 Electric field +

d‘ v o d v ~ a Ja a a
sUn 2.16 ANUTUNUTITUINANUIATYIA uamumllv\lﬂwmwaamasamﬂmﬁmnmw

Y

(Wang et al., 2004)
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Y v
Taen1uAseANINUA (The electric field-induced strain, S3 ) N1VINHATINVDIANUATIATNLNA
Ja < a o .. J ~
910U51NMIIAUBIAN INTAATNFU (True electrostriction, Sg) 1Az Y3 1NYNI1TAIANINATEA
4 o
HUNGLIAa (Maxwell strain effect, Syq,) (Jaaoh et al.,, 2015; Wongtimnoi et al., 2011;

Wongtimnoi et al., 2013) LHAIAITUNITN 2.1
S3 = Sg + Syax = Ma3Es” 2.1

(% a £a g a a
Tag Mgz Ao dudszansoraninsansnivlumoenauiulidlh (Apparent electrostrictive
. AN A = [ & ‘a3 a @ a
coefficient) NAAANMIUALINUANUHUIAz duw Tl Fesingmiseiodn Insaasnduimnea
3 [ ad a 4 Y a g a o
Yunuiag ladiannsn (Dielectric materials) Taoilo IHau laihuniaqladannin wild
a dl o dy é ! 1 [ aa 1 %
mamsmtienirlaTnadu edaulng S; wawnduasnsevewssszniglalnanyla
Twa Ngnmileniegmeluiagaresauin i Taemsmiieninhldlszy Idihhednelu
i1 1 9 9
Taquonoonainnu Uszquanveslalnavzmasundvminauvesia Ivih dauilszgavves

] 1 Y Y
TaTwaszinaounivivruanvead i i ldinanis Twar lasunia I (Eletric

polarization) (Kim et al., 2011) na@saa31li 2.17 uazenansoudas lageaunisi 2.2

o:r.." ii\/l'fﬁ ) ‘| ‘ E

A Y 1o

4' Ia < a o 1 7
sUn 2.17 ‘]J31ﬂ§]ﬂ"liil!ﬂlaﬂiﬂiﬁﬁiﬂ‘lfuﬂﬂﬂﬂﬂuIﬂﬂ@]i\ﬁgﬁfﬂﬂﬂ"ﬁIWﬁﬂﬁL%ﬂfﬂLm%ﬂTi

Y u

] Y Y
apuaueININa lnvesnnuasealinatuneluiiofae (Kim et al., 2011)

Sg = Q33P32 (2.2)

e

o Qs Ao dulszansoianInsaasniivlumoenTwarlsisdu (Intrinsic electrostrictive
coefficient) wag Py Ao Ina1 lswdulufagladidanInfimaniamamieni iedou
aun i (B5) Wedau hunssinduSag ladidnnin melutaamannuadon ¥
annsa@ouTna lswsuluiagiimannmamiioni Wedeuauw i ( py) 1&daeums

q

n23

P3 = EO(ET - 1)E3 (23)
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A A ! A ad a . . A ' ~ ad a
o & D ﬂ”lﬂ\iﬂulﬂ@!,ﬁﬂﬂiﬂ (Dielectric constant) LLQS &, AD ﬂWﬂQﬂllﬂﬂLﬁﬂﬂﬁﬂﬂlﬂﬂq’ﬂJuﬂlﬂﬂWﬁ

[ g’; ~ A a a3 a @ = 9 o ~
ﬂ\iuuﬂ'ﬂllLﬂﬁﬂﬂﬂ!ﬂﬂﬂ'lﬂﬂﬁTﬂaﬂ'ﬁm@Lﬁﬂi'ﬂﬁﬁ@]iﬂ“b’u i]glﬁllﬂuhlﬂﬂ\iﬁllﬂ'liﬂ 2.4
2
Sg = Q33&0%(&r — 1)°E;3 2.4

' v @ @ a 7 s a ~ o A
ualumendunulsingmsainnuasoaunndnad mavinanunseasuiiiowain i
a . . v H ¥ 2 A o v Jou o an
Ada (Electrostatic strain) 52131997 1 1ad09 Falinnuduiusnuouasns e1veasag
J 1 A 1 2 ¥ ! ' @
asutiszn9lszy ldhneguua Iddinaes Alianumumiuaeslszpuiiounu

(Homogeneous space-charge density) Hanaad31/7 2.18 HaguaaInaaun1sn 2.5

~ G4 ~ 4 I a @ an 4 1
i‘lJ"ﬂ 2.18 ﬂi1ﬂ§]ﬂ1‘iﬂ!ﬂ’ﬂll!ﬂiﬂﬂllﬂﬂ%mﬁﬂﬂlﬂﬂiﬂﬂﬂu@ﬁﬂiEﬂGUENI,LiQﬂaE]M‘]J‘iZW’JN

U

Uszq laihneguuan luihiiaes (Kim et al., 2011)

8T£0E32

Spax = — T2 (2.5)

A A 1 o @ ) [ a Ja o a a ' a A

1o Y Ao AW0Qadveddl (Young’s modulus) d1m5unedmwesoan Insaasniw iy wodys
a a a J a Jd a a a s

iy (PU), wod ltladauvlgen lsd (PVDF) nazwodmessiuned iladaurlgos 15 (Co-

' 1 S 1 ' tﬂ' =) = v =

PVDF) 0814 P(VDF-TrFE) 90131 Spagiaunnindien)Seunfis uny Sy,, uay Ma; i

Y] v o o a a‘{a < a a @ ] ~
anudunusnudulszansomn Insaasnnlumon Tnar lssdu Mmuaunsn 2.6
M3 = foz(fr - 1)2Q33 (2.6)

< Ao ' o ) o o a fad
uennlnnnuIsenaten ngu ldinismaaswazasiedunanadulsyanioaninsan
Soflumon Tnan Iy (Qs3) Minawmsh 2.2 sgulswnAunuamuegaauody tagann

ad a 4
vlﬂ@mﬂ‘ﬂﬁﬂ AUANNTN 2.7

Q33 x 2.7

Eo&rY
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maﬂmﬂwﬁmﬂm"lﬂmaﬂmﬂmm (g, » 1) w1 Mys utl5iunsa
1Y 1 A ag a v w1 o @ (% A
ﬂumﬂw"lﬂmaﬂmmmzuﬂmﬂwuﬂmma@ammm (Guyomar et al., 2012) uﬁmmgﬂ'ﬂ
2.19

10
7 X

iy pure PU
6} PU05%SIC

—+— Polyethylene
linear fit

M*31 (m*v?)

L . L L . L ) "
0 02 04 06 08 1 1.2 14 16 18
5 £
20(2, _1) x10
(m*177%)

a

d' La g 'd%l "o 1 A ag a
1]7]219 ﬂ’JUJﬁTiJ“W’L!‘ﬁi niemaudszansom ﬂiﬂiﬁ@]ﬁﬂ‘ﬂw NUUDY ﬂ‘UﬂWﬂQ‘ﬂhlﬂ'ﬂmﬂﬂﬁﬂ

1aANBYAAUDIEY (Lebrun et al., 2009)

[
=1

a Q{Q =) =) Q' l%! Z/ l%! L% 1 d’ a
mﬂsﬂ‘nzl% st ldnadulseansod ﬂT‘Vlﬁﬁmﬂmewmuummuagﬂmmm‘lﬂa
Laﬂﬁmmzﬁma@ﬁmmﬁq (Lebrun et al., 2009) H#aa101300AAIANNTUNUT IAAIaUNTN

2.8

_1\2
M3z « Zoler— 1) 2.8)

&Y

[ g’; o I Y a sa Aa A a0 9 a @ 1 ~
muumiwwuﬂﬂﬂwaamamLﬁﬂTﬂiﬁmﬂmV\Ivmmm@] AN U8 U0IA 1NN

u

a 1 [

ad [ a 4 9 % dy 9 a Ia I
ulﬂ@!fﬁﬂ“l/liﬂ LLﬁZﬂnJ’E)ﬂaﬁGIJ@QfNEU’l’)QWEIﬁLﬂJ@3]1‘]J°IN§’E)3JG]ﬂu wonnntuadineawesomn Ing

u

a a { 1 g’; o I [
aasnndniage s adawaliwoamesulanuauisalumsudandsnunadlundeau

U

Tl Idun VY (Lebrun et al., 2009)

2.7 autia ladidnnan

a a (3 1 &’
aqlasidnnia wie avauma i Sutaaieoulau lvlihiwiie

q

1314 e 1¥dng Inihanasouas i ldinamsmtioni Twar 15wy nazlaun v

Y 1 '
meluRaiu Uszngaduaiiouduiulszy Wi Famsmilerve s Tnan lsdunieluiag

@

a X2 o Aa A ad a v 2 ] =2 v d
%3LﬂWU‘L!ﬂ‘]J’Jffﬁ]‘VIllﬁﬂJ‘]Jﬁulﬂﬂlﬁﬂ‘ﬂiﬂwnuu Iﬂﬂ%g‘ﬂx‘l‘ﬂ@ﬂﬂ\iﬂ’l']iJﬁTll”liﬂil!ﬂ?iﬂﬂlﬂ’Uﬂ53ﬂ
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Y
% [ U

] a v { Aa g a { LI Y]

W14 w3e uaasdennuianvesiag daqglunaazsiiasziininai lasannini himnu
1 { ad a o [ @ X v o
Tagarnsi lasianninezulsAuasanuaianug lihwesiag Feusoudasanuduiug

' 1 v J { ad a v !
53‘Vi'JNﬂTIWﬁThlil,g]iglﬂ'!ﬂ‘].lﬂ?ﬂﬂﬁ]lﬂi’)!ﬂﬂ‘ﬂiﬂllﬁﬂ\iﬂﬂﬁllﬂ?ﬁﬁ 2.9
P =¢gy(ep — 1DE (2.9

4 Y] 1 { a d a
10 P, g, e 0002 E Ao Inallsisdu, A1nan ladiannsn, an1neouueagqyinid
(8.8542x10" F/m) maz a1y i erudidy luvaziderdust luaivisada Twar lsissu
[ v J v

wo3ian 14 lense uagmisoiannlszaddasyla Feduiusnumsnszdanialid (D) naag

Aae111599 2.10
D=¢gE+P (2.10)

' ~ a g A Ao 9 a ~ [ 1 ~ Aaa a
ﬂ1ﬂﬂ‘ﬂl’lﬂ@laﬂ‘ﬂiﬂ‘ﬂ?@ulﬂgnﬂfﬂi\‘l ilzLﬂlﬂu@gslugﬂmmmﬂxmulﬂmaﬂ‘l/liﬂ

L%Q%’au LLﬁﬂQﬁ\iﬁNﬂTi‘ﬁ 2.11
e =¢ —je" (2.11)

A % ’ o n ' d'ul Aas a a 9 . . ' d'nl ag
Wo e*, &’ uag e A AAIN LADINNITNIFIFOU (Complex dielectric constant), A1ANN LABDLANN
a 1 a 1 { a g a 1 a
INAINUITN (Real part of dielectric constant) HAZAIAN IABIAANI NAIUIUANIN (Imaginary part

o o % a3 [
of dielectric constant) AMUEIAY 9 &’ LAAIDIANUAINTO TUMTINVNAINU 1AL " UFAAID

M3 PYTININY

1 { ad a 1 1T o 1 o 1
ﬂTﬂ\i‘ﬁUlﬂf)!aﬂ‘ﬂiﬂﬁﬂWlﬂWﬂUﬂWﬁﬂWWfJfJiJ"’llfJ\iﬁ']ﬁLﬁEl‘lJﬂ‘Uﬂ1ﬁﬂ1WEl’E)3J"’llfN

AUYINA HAAIRIAUMTN 2.12 1Ay 2.13

g == 2.12)

e =E—*=(£—')—j(8—") =&l —jel (2.13)

€o €o
4 ' a ' a % < v
1o g uag g’ AD FIUITIVOITANINDN LATAIUIUAMNUBITNINGDN B e/ 1YuAIIun

=2 a o 11 ﬁ A g A nlyulg/ oS . )
mﬂ‘immwmﬂl,lMﬂﬁum ‘V\I INFA1ITAIVITDNULNYI LY LA LD & Lﬂuﬁ?ﬂﬂu@ﬂ’)qﬁ'ﬁuu

mldnamsgydennudouvesnasnunnauy lwihunnideanla
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o
Tasmsszymsgapdennuion awnsovenla lasunuauanmsgaides (Loss

tangent: tand) LLEANAITUNITN 2.14

A

tané = - (2.14)

&g &



Y a an Yo 4 A A ax av = = dy
AlgNoanzUa U (PU/PANI(ES)) 19%3a9 e1nsal 1nTo9le LAzITMIINY TaelisieaziDennall

U

3.1 Tag

26

UNN 3
Aax =\ W
IBEMIIVY

o Aw 4 waa o a a a d a {
TumssiisemeAnyiauiiaoan Insansnivlvesilaudu lowodgsmunie

[

a3

LflﬂW@a gﬁmu (Polyurethane; (PU DP9370A), Liack Seng Trading Co., Ltd)
pawoanziiauluzdyoundeduimosadu (Polyaniline (emeraldine salt);
(PANI (ES)), Sigma-Aldrich Ple Ltd.)

arsazarelaunanosulud (N, N-dimethylformamide; (DMF), Sigma-
Aldrich Ple Ltd.)

15921810 1Uoa (Ethanol)

#159201892% 1Al (Acetone)

nszayWesanzgilition (Aluminum foil)

NTTAHFIAT

Wau

NILATHNYY

d A oA
3.2 qﬂmmuazammua

3.2.1
322
323
323
324
3.2.5
3.2.6
3.2.7

Yagsoasurduly shanurvezgiiition vua 12x15 cm

DnfunuuFey SmSusuHEN (Smooth forceps)

UNWNMANAINET (Magnetic bar)

v ngae)

UNILAIAUAIT (Stirring Rod)

N5ZUONAAYT YUIA 20 ml (Syringe)

WuRaesiialave wes 22G

LﬂémﬁuﬁﬂﬁﬂﬂWﬁﬁﬁJ\TQQ 0 — 25 kV (High voltage power supply; PHYWE

model 13671-63, PHYWE Systeme GmbH und Co.)



3.2.8

3.29

3.2.10
3.2.11
3.2.12
3.2.13
3.2.14
3.2.15
3.2.16

3.2.17

3.2.18
3.2.19
3.2.20
3.2.21
3.2.22
3.2.23

3.2.24

3.2.25

3.2.26

3.2.27

3.3 35msH
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m?'mﬂaumiazmﬂé"ﬁiu 1A (Syringe pump; model NE-4000, New Era Pump
System, Inc.)

Lﬂé@i’iﬁ‘c’lﬁhﬂﬂﬂﬂ”lﬁiﬁﬁ@ﬁ 0 — 10 kV (High voltage supply; Trek model 610E,
Trek, Inc.)

WIWNTVIA1 (ALBA AXA29ZX1)

S?Ii} mﬂﬂfu (Canupy hood; FLEXLAB the laboratory markers model CNP120)

w1 1rnnudeu (Hot plate)

fianesud vuia 250 mi

NITUDNAIN YUIA 100 ml

Tulnstlulad (Micropipette)

Fouanasinll

Lﬂéﬁ)di}ﬂﬂﬂuﬁu1 (Thickness gauge handing; Peacock model G-7C, Ozaki MFG
Co., Ltd)

m’%@ﬁmma%ﬁ (LCR meter; IM 3533, HIOKI E.E. Corporation)

Lﬂé@\iﬁ an31 1910 (Ultrasonic probe; Hielscher UP400S, Hielscher USA, Inc.)
1N9IALLTIAY (Basic Force gauge; BFG 200 N, Mecmesin Inc.)

wa 1 Iatin (Photonic sensor; MIT - 2100)

m’%mﬁuﬁﬂﬁ 1M (Function generator; Siglent SDG1010, Siglent.Eu)
Lﬂé@ﬂﬂ@ﬁ‘%ﬁiﬁﬁiﬂﬂ (Oscilloscope; Siglent SDS1072 CML, Siglent.Eu)

Lﬂé 23Uy ingQJJ YU aendu (Lock — in amplifier; SR510, Standford Research
System Inc.)

dulasdyaaeudenilu@inea (NI USB - 6001, National Instruments)
NADI9ANTIAMIBIANATOULLLADINTIA (SEM; model Quanta 400, Fei. Co.)
iw3eenlgiseinsudesy sulsusamuainsfines (Fourier Transform

Infrared Spectrometer (FTIR); Bruker EQUINOX 55)

Y
(% ax (% Y

a o a A ~ a 9y
Gluﬂm YUNIDTNITIVY 2 YUADY AD mammnﬂamﬁuiﬂ PU/PANI(ES) tiag

9
U 1

=2 wa a Y A A YR o &2
msaneauiavesdlaudule PUPANIES) Mwsonld Halivuaeuaian fail
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331 mawsexniamdule PU naz PU/PANI(ES)

J Yy

9
msasouNandule PU/PANI(ES) Hiupoulumsiasoudisazais

1 g‘/ o dl =) 3 a A
PU/PANI(ES) nou mntiuihasazatoiiaionld laugiihudule Tasldimaiiasidnin

e

1 v
FAUIY FaNTUADUAIL
3.3.1.1 Mam3sNaIsazals PU uag PU/PANI(ES)

a A FY a o gjz dy A a A a an
weaweInlglunulvelunsell Ao weagimu (PU) tas wedeziiaulugll

]
[

A g o a = A A R Y S &
YDUNADLDUIUDIAAU (PANI(ES)) 9a1502 018 PU WU Vll@]ﬁﬂllllﬂuu Glslf PU Lﬂulu@')ﬁﬁ]

a

o < o & ' A 4
#an (Matrix) ez 19 PANI(ES) il uenside (Filler) Tagriudia PU o lanuau Nguvgil 80
o I ] Y @ 3’; IS ~ 1 &} Y o o o A
C Hunatednarios 3 ¥ 1ue Mnvunawda PU Neou laanusuudinudiazais lawiia
4 4 { o 1 1 a o
Wosurlud (DMF) Adaaiu 5, 10, 15 uaz 20% laguransillsuias asluvrarinaes 1
3‘1 v 1 1Y) 1 ] <3
msazarasum Idanudoudsedludganiu nazniuasazarearounauiianniuais
A a N < < < < A A Y a v o
Ngmugil 80 “C1ilural 1 91119 aunsegnsasazaroiuiiomerny Tuvazimodnurang
Y
PANI(ES) @14AMMANTUAII 0.5, 1, 1.5 1ag 2% Jasulana1l3u1as udnauaie DMF
=Y 2’, 9 4‘ @ a A A A J A ) [
U511 3 ml nsiulfasesdans il amiumsnszanevesansidensunzii lilnauny
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33..2 msaugiilanduls PU taz PU/PANI(ES)
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332 msanmanfvesilauduly PUPANIES)

33.2.1 asnaeudugvingvesilauduls PU/PANI(ES)

[

a ~ Yy a £ ad g
dugiumaImeveslanduls PU u3gns uazWauduls PUPANI(ES) gn
ATINAOUABIAT O Scanning electron microscope %38 SEM (Model Quanta 400, Fei. Co.) 1i®
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AUENAIT $1IU 100 P59 udImsvIadURIUgUdNaImae
3.3.2.2 asdadevlassaiamanivesiladyuls PU/PANI(ES)
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Transform Infrared Spectrometer (FTIR); Bruker EQUINOX 55) #HIFTIR 92 190 1353AA 010
£ A A 1 o v ! A ~ o 3’, a Y 3
WNLEINANVEIAAUAI ) AUBdaaoufTsumeunural nuuszgnilasulmiu
@ 9 ! A . Y
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a = 9 I . g 9 o
ﬂﬂﬁJW’JLﬁﬂiﬂﬂﬂﬂﬂﬂﬂiﬂlﬂu Fourier Transform Spectrum Taglumsnaasstlyanasuvos

[
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(A . = A =2 < '
awnsadananug v (Capacitance) Futlumnuswonisnnuawnsalumanuilszy, a
2 ad a . . < oA = o A~ = o
gadelavannin (Dielectric loss) Hlumnuavendandsnungydelyluglvesndaay

9 v & @ Y o o ' A ad a
anuSeuvesdunuilsz s ldihnszuaady vaz udninndauniasi ladidannsn

(Dielectric constant) taza@n i1 14 (Conductivity) Tamuaunisi 3.1 waz 3.2 muaiay

g == G.1)

SoA

t

o=G (—) (3.2)

A

H [ { Aaad a ard
Taef g, t, C, &5, A, 0 uaz G Ao mMAen ladtannsn, AnuruIveslaudy
1 1 i‘ {a 3’/ { LY v o A d
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o o o w d‘ = d‘ 2 1 =
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Y o a 4 9 . . < o
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oA Y @ 1 ) v Y o o w
uaaemn laninmsiaeonunlugluesnisng Excel Tasnousiinmiiazdowiinismaanimy
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o & v o ] < 2 ] D,

1. MANNEEe1avI¥091H30 (4) Taen13 1% Acetone 15ATINNATINOUNT THI1U

Y )

2. 11 “Open correction” TABNINYUIIVIN LAZIIAVVBINIATHH19 NN 180N Open

correction IOVUIATOILAA Open correction complete 4ag N1 “Short correction” Tay
9 Y 1

MTHYUIILIN 1agIauveaR1IA 1R IAL AU 188N Short correction TOAUATOILLAAY
Short correction complete
o o o Y vy ' g’; 3’, ¥ @ a)

3. ahWamdulenadsenineiiniaesveaiadn idallsunsy LCR meter sample

. . ] $ (% 1 1 Aaad a
application 1A0nANABINITA e A1nwy il (Cy), mgapdeladiannsn (D) uas
) v 3 {
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100 kHz
a . d‘ [ vAa = 9

4. AN Start measuring 1A39992 15z aNadn TulatazfunnTayaluzlueanisy
Excel
o 1 o o ! ! ad a o

5. e ldhwazanuih dihnduaaiacilasanns nuazaniwir ladh

9 { o w
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33.2.4 antiamanavestlasduly PU/PANI(ES)

a J va Aa a d 9 a < a o Y
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Y v wa A 1% ~ = Y [ = .
PU/PANI(ES) Tﬂﬂi%ﬂg’ﬂ')ﬂﬁuﬂﬁl%ﬁﬂﬁ Llﬁﬂ\?ﬂﬁgﬂ‘ﬂ 3.5 G])'\‘fl‘lﬂﬂﬁ]'lﬂﬂ'ﬂﬂlﬂﬁﬂﬂ (Strain gauge
strain) UL 1NTALTIA ( Basic Force gauge; BFG 50N, Mecmesin Inc.) ﬁ1ﬁ1h®ﬂﬁ’ﬁﬂlﬂ\1t’]’\1
Y A
(Young’ s modulus; Y) lagueaunish 3.3

__ Stress _ F/A'
- i AL
Strain / Lo

(3.3)

H 1 [ Y] { a
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Y o o

4’4’ A ' AA a d F a a o 9 o
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[
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1. Alamaiaanuaien (1) taznaiausde (2) Haznouiimes (4)
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[ ] v A g’; Y [ [ 2’,
2. IATTETHINTLNIN clamp BATAN (6) NId0IIHWINU 1 em (Lo = 1 cm) HAI1NUY
Antlaudulouy clamp udrdadoang
3. WaTdsunsy TUsunsu Elastic Test KP101 (5) dounanud 2 Hz wazl45zeztia 200%
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14 ¥ [
wowes (8) Taed Twideaninniourlaa v (9) dowhds (8)
a . d‘ [ CZ v KR 9
4. @@an Star Elastic Measurement 1130992152 17anada ludauaziiunndoyalugives
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o 1 9 ~ = FAl o A U [
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3.3.2.5 antiaoaninsansnninvesilasdyls PUPANI(ES)
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a A 9y 9 ' vaa a a
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o v 1 o w [ .
effect) LLﬁ'ﬂQﬂ’NﬂJﬁ'ﬁJWH‘ﬁig‘Iri’JNﬂ’NiJ!ﬂ%EJﬂLLﬁ$ﬁﬂ1ﬂ17\|ﬂ1!tﬂﬂﬂ1ﬁﬂﬁ@\‘] HEAIAITUNITN
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I o o 1 a
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o 1 = dl 9y A [ v W
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auiaodnInsaasnnnvesilduduls PUPANI(ES)

4.1 Hasdwls PU u3gn3 nezildanduls PUPANI(ES)

[

4 Y
Tuaasenlsiandulelunmsnaaeananua 5 wia laun Aawduls PU
=) 4( =Y § ]
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[
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4.2 msanmanavesilamduly PU/PANI(ES)
4.2.1 mnaauﬁmg114371816119@?153415?14‘121 PU 1az PU/PANI(ES)

[y d
4.2.1.1 asvaeudugndnenvesilamauly Pu

= a d == 1 a 9 3’; a d A
NNITANHINITIUIAD TAC) Nuranensnadu lensvue 4 W1300035 Ao

[

9y 9 ' o 1 ' < =R
1. Ay IHYDIaITaLany PU, 2. ﬂ?ﬂilﬂNﬁﬂfﬂWﬂL 3. szezr1esenIdataundaian

q

soasudule ua 4. onsinstlouaisazale
4.2.1.1.1 ANNINVUVDIEITAZANE PU

~ Y 9 A ' o Y
57 4.2 udaawavonNuITNIUYBITITAza18 PU NliHan0anyazv0udy
: {o o 4 1 o ard
To dreinToa SEM NMasvens 3,000 tiednsn 31519 vute azmsnszanearvesildmdule
v 9 ] 4 A 9 A 1 a
sazugamvadurmuguenatunadsueudule 7 5, 10, 15 uaz 20 % lasuradol5uias
o w 1 Y] 1 1 < [y [
aaay Tasldanuaredndlulih 20 kv, svezvinsszninadaadiudciagsesiudule 19

cm uazé"mwmsﬂ@umiaxma 0.3 ml/hr

471 =79 nm

frequency
cwSZBREYS
20 [

I —
[

]
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1

|

fiber diameter (nm)

427 £223 nm

frequency
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2
R 2
d

fiber diameter (nm)

PU uananan 1dun (n) 5, () 10, (A) 15 tag (1) 20% IagulanedSuias

Ay Yy o L‘]dJ J o

A ' Y =3 A =\
%Tﬂgﬂ“ﬂ 4.2 NUN musl,w ANANHUSIUUNDTUUTUD VliJiJLiJﬂ‘Uﬂ uagy
¥ @ 4 Y A X A y o A X &
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o w X a J. @
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a 4 a d 1 o
ﬁ\iN’Jﬂlﬂ\iﬁﬁa$ﬁ18 (Sill et al., 2008) Lﬁammmi'mi'ummmsazmﬂwaameﬁ ﬁQNﬁVI”IElTST}ﬂ’NiJ

A 2 a 4 % o q ¥ Y =2 a 9 '
TUA LOZUIIAINIUVDITTITASUUNNVIU TIWiﬂLLi\‘IWﬁﬂ‘VI1\311/\'1%1&61‘])’1!3&!5\1@]\3N’Jhlﬂﬁﬂﬂ RG]

wldvnaduriugudnaundomiuiiu (Bhardwaj & Kunda, 2010; Liu et al., 2011)
4.2.1.1.2 anumading lulilh

51 4.3 uaaswavesnnuarednd lih flinaneansuzveudule deniea
Ao w A = 1 @ a d 9 U
SEM N1/ 3,000 tWadn®1 31519 v sazmsnszatedivesdlduanle naziaasn
YRR o A Y] A o w 9 Yy 9
vinadurugudnatumasvoudule 71 15,17, 20 uag 23 kv awday Taglyanumudn
1 o 1 ' S KR o o 9y
YBIa1502a18 PU 15% Taguianoilsuias, szezissnnalaevunsiagessudule 19

cm Llﬁgﬁﬁi'lﬂ'liﬂ’éJUﬁ']ﬁﬁ%a'lﬂ 0.3 ml/hr

S
) s 471+ 79 nm
0
o 38
\ Esn
(7 R
£
10 I
§ s}
ERESREREREEREEREEE
fiber diameter (nm) fiber diameter (nm)
. 763 %271 nm 432+ 197 nm

frequency
= o ® 3

:::::::::::::::

2
, HNNNEEEEEEE = @S pWl-aveoa | EEEEEE-E-.- @00
88 BEEERESEEEE

uanaany 18un (n) 15, (V) 17, (M) 20 tag (1) 23 kV

~ 1 9 1 ¢ A Y I
103U 4.3 nunvinaduiugudmasveaduleasanas 91n 807 1y 432
4 o 4 24 2 o < 4
w Tuwas ieanuandnd i uiudu iesninmsmiuanudnd lud Hunsmiuany
] 1 o % A 3 o ] o {
wumnuilsey i dewarhldusswdnma Il ldvunaduriugudnaianoves

idulvanas (Bhardwaj & Kunda, 2010; Li & Wang, 2013)
4.2.1.1.3 szazrinvszinalmedansiagsesudule

A 1 J <= o Y A 1
g‘ﬂ‘ﬂ 4.4 !Lﬁ@NWa‘ll?)ﬂizEJZ‘ViN’i%1’i"JNﬂaWL‘lliJﬂQ’Jﬁﬂi@ﬁ‘Ulﬁuﬁlﬂ NUAAND

anvazveuduls AeiA509 SEM fifasuey 3,000 oAy 31519 v 1azn1insz1ea)
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a| o 9 1 Y 1 4 = Y A
voslaudule uamamﬂwmmﬁumug{uﬂﬂmqmawmmu% N 13, 15, 17 482 19 cm

mudey Tagldanudutuvesasazats PU 15% Iasuianallsuias, anuaiadng i 20

kV Lmzé”mwmsﬂ@umiaxmﬂ 0.3 ml/hr

frequency

fiber diameter (nm) fiber diameter (nm)

di @
50

632+ 215 nm 471£79 nm

sess

frequency
frequency

Sa8R

§8828888¢¢8
d

fiber diameter (nm)

[

1 @ ard : 1 ' <
‘1J 4.4 NND1Y SEM uazmiﬂszmﬂmmaw\lam&'u% PU ﬁizﬂ%?ﬂﬂigTi’JN‘]Jﬁ”IEJ!ﬁUiJﬁQ’Jﬁﬂ

q

soasuidule uanarany Taun (n) 13, () 15, (A) 17 1ag (3) 19 cm

= ' Y @ = ] o
13N 4.4 wun yunaduiugudnarunaeveuduloanas 910 700 (Hu
A ' ' ] = o v oy 4 2 5 4 X
471 M Twwas oszezrinsznnalmodudciagsessudulomuiv Fansinuiuves
] 1 < o o ' o
srazvnsznInlamedudsiagsesiuduls dwaildanuduvesau lvdhasas uaz
) a 2 ' s A a 4 9y o
MIIzMIveIAIazaenalued1edNysel tenniiszeznaminwe lunsiudule
1 4 {
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Abstract

Electrospun nanofibers have attracted extensive research interests for their applications in tissue engineering, in
drug delivery, as tactile sensors, as well as harvested nanofibers for energy conversion. In this work, polyurethane
(PU) nanofibers were prepared by electrospinning technique. Effects of fabrication and relevant parameters, like
solution concentration, applied voltage, distance between tip and collector, and flow rate, on the morphology and
average diameters of the PU nanofibers were studied. Morphology and average diameter of nanofibers were
investigated by scanning electron microscope. Results showed that nanofiber diameters increased with increasing
polymer concentrations and flow rate and with decreasing electrospinning voltage and distance between tip and
collector. It was found that with the this technique applied at optimal conditions, 15 wt% polymer concentration,
20 kV, 19 cm tip to collector distance, and 0.3 ml/h flow rate, smooth and uniform PU nanofibers could be

obtained.

Keywords: Electrospun, Polyurethane, Nanofibers

Introduction

In current research, polymer nanofibers are
attracting significant interest for their applications in
tissue engineering, drug delivery, filtration, tactile
sensors, and energy harvesting, for example [1,2],
because those fibers have unique properties, such as
very high surface area to volume ratio, high porosity,
as well as high mechanical property values [3].
Among many processes, electrospinning is one
method to prepare ultrafine fibers, known for easy
processing and low costs. Electrospinning can
fabricate continuous and smooth fibers through
applied electrostatic forces from a high voltage
source to the polymer solution [4]. However, in this
simple method several parameters can have an effect
on the morphology and diameter of the nanofibers,
such as polymer concentration,

applied voltage, distance between tip and collector,
flow rate and others [3].

Polyurethane (PU) is well used in many applications
due to several advantages; excellent tensile strength,
resistance against abrasion and wear, and flexibility
at low temperatures [5]. Thus, PU was used in this
work as a model polymer to produce nanofibers via
electrospinning.

The produced fibers were used to study the effect of
fabrication on the morphology and average size of
the fibers by varying different parameters, such

as polymer concentration, applied voltage, distance
between tip and collector, and flow rate, so that
finally the optimal conditions for the fabrication of
PU nanofibers by electrospinning could be
determined.

Experimental

Materials

Polyurethane (PU), Liack Seng Trading Co., Ltd,
Thailand. N, N-dimethylformamide (DMF), Sigma-
Aldrich Ple Ltd., Singapore.

Preparation of PU solutions

PU pellets were dried at 80 °C for at least 3 h before
dissolved in a solvent. Dried PU pellets were
dissolved in DMF with ratios of 5, 10, 15 and 20
wt% of the polymer and stirred until a homogeneous
solution using a magnetic bar at 80 °C for 5 hours.
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Preparation of PU nanofibers

PU nanofibers were obtained using electrospinning
system as shown in Figure 1. The system consists of
a high voltage power supply (PHYWE Power
supply, model 13671-63, PHYWE Systeme GmbH
und Co., Germany), a syringe pump (model NE-
4000, New Era Pump System, Inc., USA) and a
collector covered with aluminum foil. 3 ml PU
solution was loaded into a syringe with needle
connected to the syringe pump.

Fiber
Polymer l
solution

Syringe pump

collector

High voltage
power supply

Figure 1. Electrospinning system setup

The high voltage power supply was charged to the
polymer solutions by connecting the positive
electrode to the needle and the negative one to the
collector. PU nanofibers were prepared with
polymer concentrations of 5-20 wt%, voltages of 15-
23 kV, distances between tip and collector at 13-19
cm, and flow rates of 0.1-0.7 ml/h.

Characterization

The morphology of the PU nanofibers were
investigated by scanning electron microscope (SEM,
model Quanta 400, Fei. Co., USA). Ffiber diameter
measurements were tested by imageJ program.

Result and Discussion

Effect of polymer concentration

Figure 2 shows SEM images and fiber diameter
distributions of nanofibers for different polymer
concentrations, 5, 10, 15, and 20 wt%, at controlled
process conditions, applied voltage 20 kV, distance
between tip and collector 19 c¢cm, and flow rate of
0.3 ml/h. SEM results show uniform nanofibers
without beads and the average fiber diameter
increased  with  increasing the  polymer
concentration, with a significant increase from 15 to
20 wt%, 471£79 to 860+332 nm. This was because
the polymer concentration affects both the viscosity
and the surface tension of the solution [6]. It was
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found that when the concentration increased from 5
wt% to 20 wt%, the viscosity and the surface tension
of the solution increased as well, resulting in an
increase of the fiber diameter size [1,7].

860+ 332 nm

Figure 2. SEM images and fiber diameter distribution of
the nanofibers at different polymer concentration: (a) 5
wt%, (b) 10 wt%, (c¢) 15 wt%, and (d) 20 wt%

Effect of applied voltage

Voltage influence on the morphology of the
nanofibers is presented in Figure 3. From a polymer
solution with a concentration of 15 wt% nanofibers
were produced at different applied voltages, from 15
kV to 23 kV, with the distance between tip and
collector kept at 19 cm and the flow rate 0.3 ml/h.
Results show that the average fiber diameter
decreased from 807 to 432 nm with increasing
applied voltage. An increase in the applied voltage
results in an increase of the electrostatic repulsive
forces on the fluid jet as well as of the electric field.
These effects lead to the decrease of the fiber
diameter and to a fast evaporation of the solvent
from the fibers [1,8].

Figure 3. SEM images and fiber diameter distribution of
the nanofibers at different applied voltage: (a) 15 kV, (b)
17 kV, (c) 20 kV and (d) 23 kV

Effect of distance between tip and collector

Figure 4 shows SEM micrographs of PU nanofibers
at different distances between tip and collector, 13
cm, 15 cm, 17 cm, and 19 cm, with the polymer
concentration kept at 15 wt%, applied voltage at 20
kV, and flow rate at 0.3 ml/h. From the SEM results
it was observed that the fiber average diameter
decreased gradually from 700 nmto 471 nm with an
increase of the distance between tip and collector.
The increase in distance between tip and collector
decreased the electric field intensity, which lead to
the fiber diameter decrease and the complete
evaporation of the solvent [1,7,8].
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Figure 4. SEM images and fiber diameter distribution of
the nanofibers at different distance between tip and
collector: (a) 13 cm, (b) 15 cm, (c) 17 cm and (d) 19 cm

Effect of flow rate
The flow rate was changed from 0.1 to 0.7 ml/h,

while the polymer concentration was kept constant
at 15 wt%, applied voltage at 20 kV, and distance
between tip and collector at 19 cm, with the results
shown in Figure 5. It was found that the fiber
average diameter increased from 412 to 846 nm with
increasing flow rate. The flow rate of the polymer
solution from the syringe has an effect on the jet
velocity and the material transfer rate [1]. Because
of this a lower flow rate is recommended as the
solvent will get sufficient time for evaporation,
which decreases the fiber diameter. On the other
hand, at a higher flow rate the fiber diameter
increases because of a shorter drying time before
reaching the collector and because of low stretching
forces [8,9].

i

o

846+ 342 nm
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Figure 5. SEM images and fiber diameter distribution of
the nanofibers at different flow rate: (a) 0.1 ml/h, (b) 0.3
mi/h, (c) 0.5 ml/h and (d) 0.7 mi/h

Summary

PU nanofibers were produced by electrospinning
technique with DMF as solvent. Key parameters
such as polymer concentration, applied voltage,
distance between tip and collector, and flow rate
have an effect on the morphology and fiber average
diameter of the electrospun nanofibers. SEM was
used to illustrate the morphology and diameter of the
fibers. From this study, the optimal conditions for
the fabrication of PU nanofibers was at 15 wt%
polymer concentration, 20 kV applied voltage, 19
cm distance between tip and collector, and 0.3 ml/h
flow rate, as under these conditions uniform and
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smooth fibers with an average fiber diameter of 471
nm were produced.
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