
ann aM 'una', 
na1a UU8111fu, 

I 

1uia 1wnWlR1 

U~~ lIUURaU LRj~ri1\11f, 

L~unu~~a~U~'~U1rn"~uiu ~'~~1~ ~.~. 2533, 

~ n.1lJ. 2543 
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~Ul 

ii 

iii 

1 

11 

20 

31 
oe-I. .... • ~ 

nl1n~R8~nnlR~nlLW~ 39 

VlU~a8El~a~ 41 

btnJ~~ (¥ 10) 15 
d 

l ~1;'Yl:l1JtJU OO'1~ 1.2, 

. .. 
~ 

• 
. 

t 



ii 

~ I 

unfHUHt 

, 'I 

polyvinylidene3,000 11!Ht 

... .. <i .. 
L'Wl'la1'Zfs Lantnn 

.. " .!...... <i .. ,..::;: ...
~1nn111LA11~~'WU11~~U1~anrrLuat1~8L~n~1n d

31 
H8~~a~~~L'W~nUL~8 

OJ 

E UA~ T a-3HU l~B'H E = 100 KV/m, T = 100°C, tl' 2. 20 U1n ~~'t~ d:l 
1 

= 
P P 'I P P 

20 X lo-1~ C/N ~~~R1a-3LnI'lULn1nU~~~ PVDF ~1~111U 1~U1~~~L~8a1'ZfBL~n~1n~ 
.., I ~:i I ..... 1.1J • , ... ..1 ..I 

'tUn1LUUU~a~n'~~1I'1L~D~ ~w-3 Ua~'t~1A'1~u UU11LA'8~~aL~~1Un1~1U't~~nA11~n 
'I 

! , ..1..1 J • "'... ..1..1 .. ~ <i~ ... 
~1n11 350 Hz nA11~Ua~Lnu 5 kHz ,~n1-31Ul~~~1n lla~nA11~nL~uaL~a~nl'l~'n 

'I 

~1U't~; A16)11U~JJ PVDF ~a1~11nU1'tUWilU1LjjUwil~illll~L~-3U1rnn~1~'U8U1R~ 



iii 

iA'h'In1"1~~~ 1~n1'H(UUi(UU'nn L~UnU1~!'I\lutl"~JJ1rnLLuu~utJ'l~~1i1 2533. , 
'" ~ I ",..I~
,\I~il~ilUArnLtJu~~1\1a\l11 ~ nu 

• 'I 

iun1"1~a~ AWff~~'l ~UnJJ1R 1~~1BL~~~Lilu~B1\1JJ1niun1'l~~U1W~JJ PVDF, , 
I 

iu,.~a~iu A~~~U1 L~ffU~ 1iJ1~iun1"~RiJJtI,.~~n; d ~il\l~~~ U~~ArnLHni~, 31 

I V-' ~ <oj ~ 4.... !j I '" I '" ~I 

U~~1\1 1~n1!'1LtJU~~1\1~iun11~~u1LA"~\ln1LU~Hna1~~1 3,000 i1a~ ,\I~il~ilUArnLtJu, 



.. I.., '10\ 

LUtl~,1n~,~'anUntl~~8aL~D'L~e!l'1~tlLaOfjl'n~011u1'~'nnu 

1_ 'lJ'fl'U,' 

...:..... I ... ..~ I ~ -4 ~ • 
8Lan~'n (PIezoelectric) na11RD'U.fl1~~nft~'~'~an1~'~w1011' "a~L~8~"'~n'~n1 

,~ LnMn1' L~i m~LL ~a~n8 ~'~'~~n11'~ ri1'~ Lii~afUfU1rn'tJlJ1~~U1~1,~~1·U'M [1]~18th~ 
~III'" I ~.... I ...... ~ ..... ~ 

H8~.11u'~un~anR18'~ (Quartz) ~~'~U1~1~1~Dn~n1LR'8~n1LU~AfUfU1~RaUL~U8L~B~
• 

.. • ... ~ ~ ~ ~~ ~ ~ II I ~ I ~ u

LR'8~n1 LU~i:lfUfU1f11'tJW1R11~nfHnA1WfUl~1wn1 '1 'IfLL~1~a1DnU8e'uu"uu 
'I , 

'UfiltlULL1n '1 fiU"1'Li:lB"'~8L~nIil1n~1n6iltlBUIii'u~an!l'1'Dilun1e ILR'U~ A.A'. 
'I 

1969 Kawai [2] ,i~U~U~1 ~~~~tli'1ili;utJa'tl'1~ (polyvinylidene fluoride, 
'I 

u I .. ~ ~ .:. . '10\ ... .:. .. J~
PVDF) ~a~,1nw1un'1u1rrn1~n1an1~nL~~1~!l'~ ,~na1aL~u!l'1'L~B.'~8L~n~'nnuA11~'1 

... .:. .. '10\ • tJu 

.. u 1i", ..,. ~ '10\ ~, .. (~ 
'A'~n111,au,~'~n1n1'Hn~1n1'LIiI'B~wa~~8aL~8'L~a!l"n-

... 11 ........:. ..

1.1 nq~U~Ul1Uftij~an1~L~e31wBLanR'n 

""' I qI ~ c! .q. ~ <I(!I ..., 
~,1'W1ILWU.11L ~e!l"~tl ,L aml,n 11 ~~'~l.n' 1L ~IlU (Po larizat ion) ~'tl'6iI'~a 

I ... ~.. ~..... ~ ~.... I ,~...,
IiItlU'Jl1f011 P n8f11~mJR~n T ~nR'ullu1 +z ~~"Hit1nnU'~U1UH8~LLWU '6l'~aU,~n1'~ 

, 'I .. ..,. 
Lii~!l'u1~'tJ~17iu'uu1L1rnlLwu.1' 
~ . tJ ""' I I All .q, ~ ~.., J ~ I J", 1.qI 

u81,~n'~'R8R~ 11LLUUL ~IHn~8 La ml 'OR~na 11 na 1 e L ~u!l'fUfU1n 1R ILfjlnr.l1UUlLa~a1 ~~~,::,, , 
~ I 11 ~ I U ~ A ... ~ .., I 

'~W1Ii1D~UnLn10U P.Z fil1U1~ 1.1 0 ~'~,~1UUU,~LUU~'~,U10 lIa~U'::'R1ua1~'~ 
'I • • , 

L~,uu,~,au 11'~,~L11'1011 "~1~,1~a1' 'B nitu" L5u~,~, La~ rlU~~,,jU'1nLJ'U!l'~01'71a~". ., , '1) ~ ~ q. ~ <II ...I .qI~ I

lIunL1aa '~L~U'R11.U1~'~W1nLnRnu,~~n~a~ ~nU1RLn10U E = P/Eo 

n1~1uu~~'a~~~U1UU"a~a1~nD~lIWuLi:ll'la'n8L~Ofjl10L~D'~LtlUEL~0'n1~ '10fiu 

IiiDa1~~1u1LD1nuBL~0'njR~~ff8~ ('U 1.1 n) 'un,ru~~n~'wiJ1nD~~~a8~8L~n'n'R'~Ln1
'I 



<! 
x: 

2 

tI'j :;'1'1?'1, 

-Q

z[ + + + 

:I 
+ 

pt ~E F 
~-==-v 

~ 
~ -:;'+Q 

y x 

(n) ('lI) (Tl) 

v ~ I ~ I ~ ~~ • 

E lIa~~11IJLAU X 1I-HTl1nlJU1-J F PHl\mnmlHfl1~n1 

..... "v lJ qI 4" ~ I • ~ I.J I '" "" nu n1"lM E = 0 ,~~8-31J111~'nU L AntlU,10tl L nn1Tl1~LUl'l.la1-3l'1U'tUtlI'lTlIIUUlJUL nRU'l~',H, .., 
~,::: .~II !I "" ~ !I+Q nIlWUTl-J.8-3L~aMna1-3U1~'1~a1't'L~nU IU8-3,1n E LUaI'lU'tU,1n'UII,n 1Un1't11.nU- . .. 

I ..J <! .;II 

~tl~UWU.1"~LUnBU'tULnnU81'1'1n P nn18'tULUU P (residual polarization) "lu_n1w
T" 

~ ~ ~ ~ ~ ~ <! ~~ ~ 
un1'~,~Tl1-3't~W1 D = Q/A (A = UUnn8-38LanlTl'~) IIn~IJTl~nu 

i1~tlR111J~1-J~n' V ~uiL=n1n'~~-3.8-3 "A~tl8nll'-J F n1~~1~aU~U.1'~-J"lu 
J.; ..~ .. ~ 

..'U 1.1 ~ ~Ui1 E = V/1 ua~1~a1t'I~YfuLl1al'lu'tuluu P '1nTlqBD~u11un1-JIUI'I.1.tl-

p - p = € ")(."E + dx: (1.1 ) 
r o 

v J. I I 

IUU~11IJLRU (stress) nn'~n1~tlllwU.11 = F/a 

.. .! .... ~ <! ~ 
d AtlilJt.J,~innR'1IJL~'I'I~LUI'I.'.tlLanR'n 

lit -4 .., II tI • • •

(piezoelectric strain coefficient) lIa~ X A8_H1U'U't1'~ (susceptIbIlIty) 
~ J v v .; ~ ~ • .. ~ .. 
n x: A~n "lU.lJfl" (1.1) 't~"l~ E IIn~ X LUU~1Ut.J18.'~ 1UTl1Utl-JLMI'I1nUtl1,Ll'II'IU P 

"luLTlalJntl~~11IJLA;I'IR (strain, S) ua~.U11J E i~.lJn1' 

http:nn'~n1~tlllwU.11
http:1nTlqBD~u11un1-JIUI'I.1.tl
http:1Un1't11.nU
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'" AD = E E + dX ( 1. 3a) 

'"161 !'I A'111 tHHUI € = IE (1 + X'" lIa~'nmt'Hl1'f ( 1.1> LL a~ (1. 2) 161 
lJ 

" 
S = dE +~X ( 1. 3b) 

G 
~ ~ E . ..I ~ 

n-lULU'I1::: G = A1A-lTIA1111U7I-l (stiffness constant) e/d (1. 4) 

. •11«:: d = E (?C - 'X.)/e (1. 5)
" 

1uA'1In1'f (1.3) AD ua:: S 

Ln!'lUElll1uLTH11liHH X Ull:: E i-lO!l11L~u~1LLtI'IBA''f::: ii'10Ell1 S LLa:: E L~u~1utI'faa'l:: 
'I 

~ lJ lJ 

n()l,~l AD Un:: X 1611wLuuAa1!'1 1 nU'nnlllJn1'l 

( 1. 6a) 

E x G S - eE ( 1. 6b) 

'lnnEl1lan1~UUUU11A1n1'fR1U1w~lL~-lna (electromechanjcal coupljng)
'I 

i -loUEl n5R 'f1 d1UIl () -It.la 'H 1u1wiJ1 Ua::w~ '1-l1Una ~ll::A'JJ () ~1uA'l 'f II 061 A11111 ~161 !'IlllJn 1 'I 
'I 

(1. 7)k = 
I .., ~ "'lIlt ~ ~ "" • ..,.... _~ ..... Go " 

A1UA1tlnua1lU~n1'ILW!'la11()LAnA'fn u~uA'1'f!'l-lJJaJJU~n1-l1u1'f()L«n~'fn (pyro­
'I 

I ... .....1... ......1 ......1lJ

electric) na11A8fi1A11JJLA'I!'I6IA-ln LIJ8()rn~nJJLtlA!'IUUtla-l ,::Ln~n1'lLtla!'lUUtla-ln8-l D 
'I 

AD = pAT 
T 

+ € E ( 1. 8a) 

AS 
D 

= (CE/T)AT + pE (1.8b) 

... 
LJJEl 

T 
€; 

Cf 

~ ..I.... ..I 
LtluA'n1U!'I8JJn()rn~nJJA~n T

• 'I 

~ lJ ..I 
LtlUA111J,A11JJ'f()UnaU1JJ E

• 
..I 

A~n 

~ ~ ~ ~ ~ 
P L U~JJtl'f::anrr1u1'f()Lan6l'fn 



4 

( .... • ( I ., 
~.... ... .......... ~...... ~ ... II' ~ 


~nrr d ua~ p nUR1.~ 1un1'L~'8Uua~nM ua~n1'1~ d ua~ p Ul~'~na11'U~BunM'~ 
'I 

~1U1m P, Dua~ E L~U~1~1~L~nLAa4 i1U~1U1W X, S, d, p Ln8U'~'U 
~, I ~ "'" u '"III .... I 

'~nB~Lu~'n1 a81~'1nA1u'un111LR11~~UAn1'nRaB~.un1'D1~UU.1U11n'~LD8U'~B8 
'I 'I 

'uLna~DB~~i~1w.LnA1 ~~B1,n1'~L~Un'~ 1 ,tl 

1)1) , ~I .... .......... (

Kawai '~RUWU11 wAuwBA'1uA~u~A1B'1M (polyvinylidene

'I 

'"l1li I AIilIo A:\t) I) 

L~'8~~18,~~~~RA11~~u',n1~M1ua~~1~n~'~ 

t~ 1+
'I , 

c--c . 'U~1~ R.A. 1970-1986 '~~n1'Rn~1n1~~1UI I 

H F 
 ~... ~~ 11( ~ ,n ~uu~n1~wRn~wu11uDa~ PVDF nua81~U1nU18 

,uu"uun11U~BUAa1A~ ~n1'MLD1',~uu~n1~ 
, 'I 

1i., , ... 
,~ 1.2 ~~'lR1~.11~nB~ PVDF n1DH1W~B~t1,uUUULUuaa1~R 
-.-- 'I 

J.... "j .. ! , a ~"':c! 
nBIl!~HU~~ PVDF ,~l1Aa~LVla1 LUaaIl!VlllUAR6l1A~n11 150 C t1,u,~L1UILIH 

, 'I 'I • 'I 

~.... I) "! I ... . J... II !! 
R1LnR1A1~~'1~lLuutLwa11'n (spherulitic structure) ,~~t1unulR1~~11~UUUa~ll!-

'I 

.., ~ '" ..I ... ~ ~... I) .,j 4 .... 

11U (amorphous) UA~lLuu~an~unu wannLn~~uuuuUU1R1~~11~1~uuun II ~1aU8U 
'I 

... ~ , c! ~ II~ ~ I. ~u... 
L'8nnU11L~uUUUL~. a ,1nn1'Mn~11~8'~'~~Lan~wu11 lR1~~11~uanUuu II UU~M~ 

'U'UD1~a1~ [5] n1111~A1DB~~181iB~ABUR14uBULtlULLUU TOTO ~~U.~~'U1U 1.3 UU 
'I • 

n1ua~~'U~'1n~1UuU'~L~UB~~BU~1~ 1 L~U~~'U'U 1.3 a1~ ('U1~~'U'MU.~~B~RBU
'1'1 'I 'I 

I, ... .... ..I..,j 4 ...1i.,
'~1~1L,U) L~aaVlu18 (unit cell) DB~uanuLuuuaMn.~LVla8uuuu1 (rectangular 

. .., "....~...,' . .

lattIce) ~~U.~~'U1~ 1.4 (a1'W,1'1l!1LU18U'~unu1U 1.3) UAa~L~aaVlU1a,~u'~nBu 
• 'I 'I 
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(TGTG)Modef 

111.. 1.3 
u • 

1A'~~11~1~LAnAn8~a1B1~
• 

PVDF nJlluu 
'I 

II (L lola 0:) 

-<t 
N 
W 
<t-
o• 

i­
-<t 

~*-, 
0 

t-

b=9.64A 

Tat
I i 
OC 

'nJ 1.4 
'I 

n a ~ PVDF 1UIIUU 
'I 

t 
~+ 

0 
~i 

o 
~~ 

OF 

II (L lola' 0:) 

B~ailnU1~~1rn 4-6 Ln1narn~n~U1~~1W 80-100 c a'1B1~R11uau'~BRa8nlu~1~R11~B11 
• 'I 


( SJ.co ... 


IIA~,~~81~1A1~~11~~Anll1J1J I M'8L~~ ~ 

~!:! ... u 

1U1U 1.5 '~U1UU,~~~U1nnU'~U1un8~n'~~1H ~1UtJ~fla~ F lla~ H '~11~~hDU-'H "~ 

4 .J", I'0 .. 

'I 

eX 
 X 
Oc 

OF A.... '.

,~I ~,.o H 

(n) ('IJ ) (fl) 
111 1.5 (n) 1R1~a'11~a18111~Lanan8~ PVDF 1UI1UU I ( L ~~ ~).. 'I• 

~ ~ i 4 v(n) n111J~~1n8~~181 1~LanaLua1M8~~a~ F u"'R~I~• 
(R) ~~n11u~~1n8~a'181il~Lana, • 
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~ I ... ....~, 4 ........"1 '
I , 
,u,~ (nl ~lnnl'HnHlilBl~~~L8a~'~D'~~LBn1wU11 LUili~ln'~U~UL~il'11~. (van

'I 

• .... 0 ~ ... .,.j • ~ 
der Waals radius) na~B~~8U F Lnlnu 1.35 A ~~'M~Lnu'~n~~u"~'U.1D'~UUUU, 

I ~ I 0 '~IJ
(1~a~1~M11i~~ninal~nB~B~~~U F 'U1~ 1.5 n lnlffu 2.56 A ) B~~aU~11uaU~i~B~ 

'I 

UUU~LnlnUU'~Ulm 7°, 
,. ... ../ ... . 

·L~a~"U1DniliNanuuun I "'BL~~ P ".R~'U1~ 1.6 ~lUlUununil~.lD'~ 
'I 'I 

Rl~UBU~Bunu c u~a~L1~~"~13~~~1~nBU;lD.13'~'ULana~iMU~ 2 ~lD~~UUlununU1U 
.... 
nu 

... 
ILI~~il~~BU H ~~llSl'.Il1W 

I I , 

WU11U61a~UBUBLUB1,~ ~ ~..~-1'-r.~-~ . 0- _0 · ......... -4------ 30
~'~'w~nUl~ 7.06 x 10- C-m (Coulomb­~ .... t ..-:--l~;-.. 

... .... 
iUIIUUL6I31nU 

c· 8.5 8A p (1. 9 I oH OC OF 0.23 C/m 
2 

c 

... ~, ../........./ I 


iunl1B6Iwau PVDF nBWM.IlU.i6linnal1Ul 
• 'I" 

, I) .q..l::.qjI ... 

PVDF II UU I (L ~A' ~) ~inL~Sl' p ~~'U'~LnRnULWD~UUUL6I31 

U~~~~ PVDF ~~~'~'~A'¥l~UUUB~rullUUUil~;lD 
. 'II 

,11 1. 6 
'II 

o ~ 0 
R11ll311 100-200 A Ua~"U1LWD~ 60-100 A 

..... .~, ILl I J <II q. c! " 
nl1DR PVDF ~~'uu'~'wanl11 "a~~~D~'uiu~11Lwe.'18Lan~'n 

~;~~~~li~u~u\)~U;1~UUL~U.l1L~B~'~iL=n~~n~11i'~Dnl,~~il (poling) 

E 
p 

= 50-150 MV/m 

http:lUlUununil~.lD
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~1~L1a1 t = 3-30 U1n (~1U 1.7) ~aruH~~~~LLUU~ ~u1~1~~1R11~LD~~~'UnR~~~1n 
P 'I 11 'I'I" 

ffU'~U1Una~~~~~~.1~11nL"~81~1'~~inM~ui1 ri1'~I~'~~~IU'UUU1'n;'~8~ffuuU1n8~, 

Z(3) 

x ( 1 ) 

E 
P 

1tl 1.7 U~~~n11~~i1~~~ PVDF ~~~ 
'I 

'I 

IV 

.U1~'~~1~1niu [4] 

<! 4 .:: ~ q,! J .q, v 

LlJUU U 1 n 1 'HI A II ~ ~ LUUlL mUI a~ ~1nL~w1~naruHn~~1n11aWH~~un1 (T) na~ 
, 'I ,'II It 

~1 ai11iJH «na PVDF ~~LrhnuU1~~1rn -40°C Lrh~lb ~arnH~ij 
, 'I 

'" ~ 
~ 1tb~1'Iln~~uu~~ 'nJ 

'II 

A 

I 

I 

<!I <!I 

Lmll \lJ.Jll 
1mJj :;'l, 

F 

Z ( 3) 

l:
X (1) 

, 
~tl 1.8 n1':r1~a~t11~~nrr d

31 
na~~~~ PVDF 

";10}':;:"'<r1Utl"~':l AQ.,j.,j ~ tV .... • ::J ,I ~.! d ,V
II In •• , .-, u nLtl~8UUU«~U'~ ~~a1,A1u1ru~~ul~~nn 31 ~~1n~~n1' (1.3a), 

(1.10)flD flQ/A = 



8 

....... ,..1 ,..I ... ~of' ~~, 
A1U1m,~nal1A~n A1ni~uuUUL1en11 d~l LD~u1~,n~ (observed d~l) 

, ~ 'of ~.: ~ " ........ ... , • ~, ~of 

n11 111~ enlil DB ~wiHJ Luea'11l'rl LiWfI,. n1Ulililun 1flD rl ~n111' B,~1"~iHI5iI rl UHIWiUJUJJ, 

d~ ~~ 1un 111 ~Y~JJ LilULL"a ~ri1 L U~ aCUCll 1III L~e -l ueJJi1rlUaIlllU1milJ~1a'aufluih ~n1nn~u~1 

., ..I 
A n-larl-l ~w~n X = F/a = 0 ,10aJJn1~ (1.3b) ~~JJ,~~n1~;~"~a~unu1u~-lri11~Ln~ 

A~\H ~rH;U {11 d~ ~R1JJ1n,~ri11~w~JJ ~1~~ 1 DaJJU~ ,~a' -l~ -l ri 1 ~ U~H aa -J'!~~iu ,i1"1Un111 
iI iI 

,,~ , .: J ~!J <oj':... .. ~ "u ~..I ~ ..I
'I i]'t.lrlJJ IUU LA 1u -J 1Ulil1l11l111H iHI-lnJJIHHI um lUll 01' 1'I1H~U d~ ~ au,~ LfiB 10U011 L Un BUll Uil-l 

~ ..I J, " ~ ....I. ... .. <oj
TIrl-lU1~~ AQ uuwun A LJJull~-l0~rl~1UUU1 ! z d~~ 1'I1AI1lLUw1~0,.run,~01LU~RilUL~B-l 

A11JJ~a-lJJ' 1n '1 IIn~~unu1n'lu011'l ~waJJ L~u~h~UafdI1l1m L~D -l I~u -l, 1n'luo 111~a~~ -l~'~ 
'II , 

'l~W~JJL~rlri1LU~al1lfd1ruA11JJ~i~~-lUn (f ( 20,000 Hz) ~-la'U'l'LW~Hlh d~l Lthffu 

" . ~ .. ... ,~ ,J ~..I" ... ~ ~...
!l'~ 1-l11 UU,1iHl-l ~UVln 1DLI UU LlH181JU1 a1111 nlJO 11W11, [ 4] ~1H,.Un'~'l~'lu0111,aUA8"UU 

~ I I •

Wada lIil~ Hayaka~a (LDeUfla '1 11I1UU,1n8-l W-H) ~-l~rl11~1UIIB-lyaJJ~11 

" ... 
Unn~nmJ1rlU~1e 

(1.11) 

P.. ,,' , .. 
1~!l LuUiuil11H'lI'nu ('UlIU1 z) I1B-lWnJJLJJrl E = 0 (spontaneous polarization) 

I of 

K.. = OEjlJS W-lLUn11 

electrostriction constant t1U Poisson's ratio m~l = -(dl/bS)/l 

m "JJ1a~-l~~d1UR1'JJ"U1I18~Y~JJ~aAil~L~anni-l1ufl1JJUUl 1 ("~BUU1;A
~l ,. 

~ ~, .., ,... ..! J ... , /
LAJJIIB-lwaJJ) 'UU~aLJJD1a~"8Un11uLnua1~ m ,~JJR1U1~JJ1W 1 J2 = 0.7, 31 

,.j ..,,, ..I ~ ~ .:... J ~ , of ... 

PVDF nBW"nJJ~B-lLLn~nBW"nJJ~~I1ULanUrl!l m = 0.7 Lnunu WU11 m JJunU1nLnau 80S 
, ,. , ,.,. 31 31 

~ ~ .... • ~I I I • ~ ..... IJ .... 

n8~LnrlJJ'U1-lLaOn-l"JJ~ "a~'U011LR1aJJIIWUWaJJ UU111n8JJfl1-l 1 LVln1U,~JJR1'nnLRa-l 

flU ~-l~U~1 d~l ~-l;unu p.. Liludlu'~~~a8AAaB-lflUUan11n~a8-lA~LLa~-l'u1U 1.9n[4] 



9 

~ II I "'.....: ,

'~L~ul~111an11Lu~ dal nB~Ua~ PVDF 

YU~1B1'LR;8~U~~';~ P t~I~1~8L~~ E ua~ T 
.. 'I P P 

i~U~~~'U1~ 1.9 D [4] 
'I 

5 

0 

~L. 0-U 1.5N 

0 0 

::.3 
z 0 

0 

i= 0 

0 


~2 
c: « 
~1 

00 OS 1.0 1.5 ~ 100 
PQI~ FIElD (MV1M) ('lJ)d31 (10-11 CIN ) (n) 

0 

1~1~~'~aU1~ E g~Lnul~,un,~fi~u~~ PVDF ff1~~ na11RB ~n1iaiJ1n~D~ni~lIai~~11~ 
p • 

• ... ~ !:! U I 
... ..,1) ... ..,..q.1J "" ..... _"" 

U~UDL~nlni~n~aB~ Ua~!lDI~,~n1~D~i~~~i~1~~'~DrnVlfl~ T a'~Lnul~,un1~n~Lniln11 
, • P 'I 

L~~eulA1~a11~nB~win'1nLWa' p I~L~uLwa a ~~,~n1'~ P.. ~~~~ 

.... 1.I I . • ~ .... 

n~II~11,~I~~Ui~~1ni~n1~~1~ ,1na~n1i (1.8a)
• 

= E = 0 (1.12) 

'1nUUlJ~1aB~ W-H YU11 Pa u~iwul~eR'~I~nu p.. . Lt/Unu ~~,~n1'; Pa U~'Nul~8~i~ 
~ l!t ~ ~ L' ~L' I 

l~nu d al tli1n~n1'~UaD~~AD~nU~an1in~aD~~~Ua~~'u~u 1.10 n1~a1~ [4] ,~L~U 

U I .. ~,...I... <!.. L' J ~ 
1~11n1'LA'8Uwa~n~ d

3l 
~~n,~~ Pa ~~ltl~18Lnunu 
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o 

M 

0­
1 

o 	 Q5 1.0 1.5 2.0 25 
d)1 ( 10-11 (IN ) 

1~ 1.10 	 Ua~~R11~i~~U~1~Mi1~ P3 ua~ d
31 

B~~~~~ PVDF 
'II 

1.3 

EmM~~I~'ui1~ BO°C "~ 130°C 
, 'I 'I 


.... ~ .{... ... . o! .... 


L~1E~~E1~i~~1~anrrLu8al~-lwl1aLan~1n 
!I 	 ... ~ , ~ ~ , "'... I .J

(n) ~n~1n1~U1Un11'Un11L~18~wa~ Ua~U~U1wa~'M~R1 d ua~ P n
31 3 

.J I.J • ... ~!I 	 .J...... I ~ ...... IlJ 

a~na~Ln1n~~n11~ n~U~~R11~aEU~an11n~aa~n~aUn1~1nEUUa1 ua~~~utla~1rrn11'M~ 
'I ~ 	 'I 

'~LM~1~.~~~Jul~Di~uuu~1aa~ W-H LfiuMin 

'~'''''''~'''' 	 lJ ~..... I(R) u1wa~nl~~~~A1 d ua~ P !~ltl.11~LR1a4~an1~La8~R1~ 1 
31 3 



1 1 

~ .... ~~_ IJ I ~ ~ ~.... ~ , IJ.... I .... !:! 
Ltl-J 1l~~IRHn111,aU,nu,1J1~11 L1J1H1UL 1IJU 1nn,~'WW1'Wa~ LlJa1111w"'16t-Jn~11 IiHu,u,1u 
::: IJ JJ OJ ~ ... ~ 4 ~ I ~ IJ ... ~/.. ... ~ ... I 

~U~Uu,,~~a-JLUu,n11L~1DIJLA1B-JlJtl'WU11U,~1-J1 L'Wa'»'u,n11W~u,1W~IJLWaaI1BL~n~1n~tl1u 

OJ .. 4~ <1 ............ OJ ~ ... -4 4..1. ~ IJ 

n11.11~LH1a-JlJanULB~'~LUUn11U1~~DRL~U1,a'RIJ1n 1l~~LlJaIJLA1a-JIJBn'1Ltluua1-J1U 

q. .... ~ II ....J 411 I .qI. lJ ,• I... 

1,an,~n11~I6ta.~6t1n n11'W~U1LA1a-JlJa~1~ 1 Ll.~-Jaa~-J1u11a~~LaD6tn1-J~1~ 
'II 

I lJCIIiI <III ~ IJ ~ 11 l.Jv....,
LW. a i-J.11J11nri1'MIJ.IJ~in1-JL'WB.11~L~nR~n~u nu,ll1n'~~B-JDRUaIJ1MB11tlann116t1U 

lJ ~ I.J ~ Q .q,.... ~ t!4 II 4 .. ~, 
1~R1u,m~-JU"j~1J1f11 4-6 Ln1nBII!VlIIIJ 80 -100 C ~1U1,a L"j1J1L 1nn~an1"j6l'11-J LA1B~D~'WalJ 

'I 

~ ~-J1L.6t~1u,uWUIl1'W'U."jtl 2.1 n. 1L1l~I~ail1Wn1fl1u'lu 2.1 11 
'II 'I 

.. 41 ~ 4 

lA1-Jntl-JLA1a~lJaLUu.na-JLMIlB~ 

ua~ p', ~ ~a~1~ 1u 
JJ 

p, Q U~C P
I 

, Q
I 

U 
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... I ,''' "" 

~IU'~UnULn~e1 I ~~~8~~IU' R "~~ S "a~~~aa~~lu'tlLnae1 H LUB~UU 
'I 'I 'I I 

.l' I ... I I ~ q. ~. J II II J I J,~ .. J
uU E un~nB~L~~8~ A B n~~~HU"UU~~L~8uL~IBBn1~nm~n~1uBuBeu~ 1 LUB~UUuU E 
, . 'I , , 

'ttliunR'~~'tl un~n8~ L~a8~ A B' ~~M'ml '1 L~au8iln ' ~~ILr.iuw~u PVDF i~8~88n1~"IJJ 
'I 

..I.. -4 .. ..1.. l;! l;i .. .....I 

nlilB ~ nl 'f \011111 LIl 'f 8~8~mt'I1~ 71uui!1 ~ lu1~jl 

2.2 Lflll111 

~ .. ~, ... .,.. ~'..I ... ° 
~~~~ln8jlwa»8anlLa1~IL11U~~~B~811w~Un8m~flJJtl'f~JJIW 100 -120 C tl'f~JJIW 

• 'I 

... "".. ... ... , ~ ... ..I... .. ~ 
3-4 Uln L\oI8iMlll'~~'I~n8~W8~LUB'R~18!i11a~R11JJLIl'f8~nLnjl~lnnl'8jl U8n~lnuu 

iUnl'f~~;1WaJJWBHLUB4~~ill~~B~nl~BW"fl~~~LJutl'~JJlm 100°C ~~~UiU~IU~~~~ILtlU 
, 'I 'I 

... .~il~~;I~L~IB11~~IJJI'UIl11lIlJJBm"fl~1;iud1~ 80 -120°C ~;8n~I~U ~IJJI'fnLaBnW1~nl' 
, , 'I 

..I ......... ..I J "" .. ... .. "" 
Ltl~nuutla~DB~BW".nJJ aT 'l~ lLa~JJDUI~imll'oHlni~LIl'8~njliu1tl 2. 1 Lft111.l1jl LUB'lOlln 
• 'I 'I 


.q,. ~ • ~ lSI 1.1 .... . II .., 


8m~.nUDm~nl~IU~B~L!ilIBUU1JJ~~~~IJJ!ilB~i~nla~I~UIJJlnUn 
I 'I 'I 

Jilt ~ ~ v 
L"lilUna11~ftUUUJJDUI~.nIBUilnn11~ 23 nJJ. a~ 22 nJJ. U~~811 66 1U. 

'I 

'BllUBnLilulL~ua~~~L~8JJ . fijll1.lLilUQU1UR11U;8u~~rili18n'f~L~B~nu't~~~iiriBa;l~
'I 

rr"JJjll n'~L~8~~"UI'1unUtl1~JJIN 2 nJJ. 11~i"8a.nlniuD8~"~U8~A~L~aJJljla'811nn
'I 'I • 

IJ iJ I I II . I IJ 4tt ..,,,'J.... 
~IU ~IUal~llUIL~Un1~LllB~UUftjlA1jlA11JJ1BU11~8a'ln1.l1nL!ilIBllL7I11tl~UU~iU~jl UM~ln 

'I I 

I ~ .. ~ ~~. ~ ... ~ ... 

IL~Un1~LUB~LDI1 ~ L~Ulll'~L"Ann~nl~lnL"anL.U'fR'JJtl'f~JJlm 2 JJJJ. 
l;i .. ~ ~ 

L!illilUUIL"~JJB~LDI1tl~~L"UmW~~U~M~iuuwumwiu1tl 2.2 n UA~fllwrilniu'f1.l 2.2 71 
'I.., u ~ ~ m 111!l(UWUJ, " 

........ 

-..., 

........ 

~. 

r-­ :::-­

l -
\ 

-­

I-­

-r ­ -

J4 
n~::l1J!l-ll1UlW 

lm'Hl1~n 

(n) ('II) 

"'.. "" ~,ll 2.2 n) UW\UlI'WLLaIH~IU"UID8H!ilIB11LJJilLUjlrJlilBn 
'I 
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.., I qI I "' .... 

~1Ua1~~~~"WUB~a~LUB~ 
'I 

... 
~1't1.l L~U5l~U nH8~a~'i~ UB~ 11~nll1RH L~~nna1 ~a a 1na~n~~a1B~~i1e'Un11~1R11~'BU 

'I 'I 'I 

.. .., SJ" I ,I) ... 

Dv~v1n1RLW8U1ll'~aN~~~~1e'UL5I18llRaUD1~~~Ln1nu 
I 'I 

...... IS ... LI'" ... ~ ~ ... J I .. "" , 
51~un1~a~a~LuB~U M1un1~~1 2 ,. L~B~aR5I11RaW~~~ LnU Lna1~aL5IB1 ~18Ln8'1~ 

'I 'I 'I • 'I 

~ ... ~... IS 
RvULua Lwa1RaN~~~~1B1UD8~L5I1U 

, 'I 

Wll~1~11~'t~~1~iu 220 11a~ ffua1RA11~'8una~LR1vU ~~ri11~aN~~~~1B'U 
I 'I 

t.J" I !!.q, II .:j .oJ v 4 •&.II I SJ .., 

18ULnu'tUB1nunn1n1UR, ~ ~~U,U~~111'LR1v~~1'1~ <light diller) LD1!1'1BLw81~n1a~, 
~ 1U't1J~1 Ln1~a1RA11~1vuua ea ~~uri1'~aw,~~jjri ~~~me1u Lfl1 au L thffUUj~~1N 140 

0 

C \.Ill 
'I I 'I 'I , 

I JS ... • ..... 
11'ua~1WUn1jR1UR~8N~~~D8~L5I1alJn1'tR~ 

, , 'I 

1.1.... t ~ • ~ 1.1..,.,. ~ 'I ~ ,
'tRWiJu,1~u,1e Llfa~518 (interfacing unit) Jl~'1I'nUL Aja~RfUJW1 LlijajU(.Ju,\.I~\.l 

... ... ... IS I 

LRB1UlJU MPF-1 (Hicroprofessor 1) [6] LW8A1UA~8N~~~D8~~5I1alJu, 1~~jDa~~U1a 
, , 'I 

L~a~~alla~~'UjU~ 2.3n1j1RaW~~~Da~L~18u~ri1iRaLn84~aL5I84 (TH) ~~~~L~U,~1U
'I , 'I 

power supply ADC 0804 

18 

PIO 

AO 

~ 

Z-80 
CPU 

11 A7 

Vin 
+ 3 

S 

ARDY 

ASTB 

B7 80 

+SV 

heater 

+--.------.---+-+----. 

SOO kG 

SV 
I 

A B 6.68 kG 

20 kG 20 kG 

220 VAc 

3A 
TA 

light 

jU 2.3 1~~'L~a~~8D8~~U1eA1lJA~aw~~jj
'I , I 'I 
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, ~, 

A11JlIil1~"nB VAil 

(2.1) 

.,j 
1i11Jl~U ADC 0804 ~~LUaBU 

'I .. 
PIO "a~ Z-80 CPU D8~LA~~~ 

KPF-1 
,1.1 ,..,.,j .. 
A1A11JlIil1Un1UJ~~Ln~~UaLIiI~1 (R) n~~MflJl (T) 

• 'I 

, :I, . ~ 
WU11'U1~~~UA1n1a~A11Jl 

~ ...II 

1i11L~HU 

CPU D~~ KPF-1 ~~d~aqq1ww1u PIO 1Un1~~U'M
• 

L~Uiijq1Wi1LaD ~1nffud~L;1d PIO n1~~84n A i~ 
'I 

, ~ ,~ ,:I II ~ , II~ .., ,..., 

~:n n1nu 5 11iHI "nBU~~n~~IiIUn~1UlIaLIiI~~ TA 'Matiil1~~~ n1'Mn~::"aW1UH aB RL a~, 
d~u ~~~~~~aini s 'MUtiilU1ri1~~~1U1W~1LD1da1~A11Jl18U 8WMfl~fl1B'ULIiI18U~~~~D 1 
'I 'I, 'I 

~ ~ .. ... .. 
a~Ju CPU ~~1iI~1~a~uA~11w~1n ADC liIa8~L1a1nn 1 1 1U1n LJl~'~ VA > 133 CPU 
'I • II 

~ II J ~ , , ... ~ ,~, ~ . II,..I..
~~IiI~'M PIO ~~Arucu1IKLaDR8Bnn1~~~~n B 'Un~N"nan1Jn BO ~~Ln1nURUB 1I~~~n1'M 

'I 'I 

n11U1aLIiI84 TA Ua~1La~ RL M8~ri1~1U ri1'M1~uri1i~1WU1LD1dLIiI1B1Ji~~~ri1'MLIiI1il1J 
I 'I 

II ~ :I~ .. II , .. <> 

1~8n1~ri1~1u~1 1 nUUU1JUna1Jl11nR11JAJlil~MflJlDB~LIiI18U'MBaU~L1~ 90 C 
• • 'I 'I 

t.. SJ • e.# ... , •.....-.u 
MU18A11Jl~'D~~ KPF-1 1tii1LJlilIil8~n1~'~~1U ~1nn1~1iI~1~a81J~U11MR~~1n1La8Ma~n1~1U• 

I"t ' "" ~_ ~ 4It ~.., ......, I '" 

1 una 1ilIKM·llJlfl18'UL 1i11itUn8~a ~ BUBn LanUBfI L~~1~JlR11Jl1BUa::R'JlB8UH 1Q1D~a1tii1A11Jl~8U 
, 'I 'I 'I 

.... ., ..... ,..: • ",~_. ~ . ... .. • II "'" I • • 

D~~Ltiil81nULJl8~La8L~Jln1~1UilN"llJln8~1Jla~DU'Unun n1'Mn1~A1UAJlilWMflU1Jl"JlU81100% 
• 'I 'I , • 'I 

'... .. <> ~ ~ ~".J ~. :I
UIiIJlA11JlAa1tii1LAaaUU~::Jl1W + 2 C 1I~n88Jl~u1tii1A1M~1Jn1~n1~1u'u1A~~n1~U 

II 
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, 


T(oC) R(kro V"8 

80 43.2 100 


81 41.6 103 


82 39.6 107 


83 38.0 110 


84 36.6 113 


85 35.0 117 


86 33.5 120 


87 32.3 123 


88 31.1 127 


89 30.0 130 


90 28.8 133 


91 27.7 137 


92 26.7 140 


93 25.7 143 


94 24.8 146 


95 23.9 150 


96 23.0 153 


97 22.1 157 


98 21. 3 160 


99 20.5 163 


100 19.89 166 


101 19.17 169 


102 18.56 172 


103 17.89 176 


104 17.30 179 


105 16.58 182 


R11H 2.1 
I II I... 1..1 .. I 1 

R1R11~R1Un1U!l8~Ln81~tLR81n8W~n~~1-l '1 ua~R'nl'l V"8 Lt-li1La!l• 

T(°C) R(kn> V"8 

106 16.00 - 185 


107 15.45 189 


108 14.89 192 


109 14.42 195 


110 13.83 198 


111 13.32 201 


112 12.90 204 


113 12.46 207 


114 12.07 210 


115 11. 65 213 


116 11. 25 216 


117 10.95 218 


118 10.54 221 


119 10.22 224 


120 9.88 226 


121 9.56 229 


122 9.29 231 


123 8.95 234 


124 8.69 236 


125 8.44 238 


126 8.22 240 


127 7.97 243 


128 7.73 245 


129 7.45 248 


130 7.19 250 


131 6.95 253 
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" ... ... ':J ' 2.3 LM1B~'~n1LU~M11UR1~"nD«~
• 

.., ~ I ~I "' ,
'Un1'~~D1UWUwa~WBaL~B' 

II~ ~ ~'II.., II .J L'~' ~ ...

iU1~lwW1R~"1nnU1~U1UD~~WBaL~B' U1~~~n11'liu1~DU1M 100 MV/m "1M'lJwa~1I~~ 

.., II I!$' ... :!~IJ..,,-, ... JII .~, 
M11~MU1 30 ~m '~R~~'IR11~R1~"nD 3000 V M~UU'~R~~W.u1LM'B~~~n'MR11~M1~"nD 

DU1M~ "~Ld~~'1n'un1'~Mi1fiu d1U'M~'~n,~u~lwU1~~8~1n n~11~~~~8n11 50 ~A 

V 0-30V,100kHz
1 

I. 

V . 
~n 

Vout 

0-3000 V 

N1 . N2 

1U 2.4 1~"D81nU'~LA~HU1Wa1.. 

Ul~~U LdH~'1nB~'1d1U~1U1un~a1~n;D~U~HU1~n~ Ne/Nl = 100 ~nelwa1~~Hnn1~ 
'I • 'I 'I 

IJ .......... ~ '1 '1.1 &I I) .., 1.1 ~~ 
~1un~8n~,~Dn1nDULlJU 0-3000 11a~ ~1~,u'~I~lH~U'lJ'Mn,~"~.aun1~~1UULUun'~u. 

• 'I 'I 

,.. L' L' ..... "L' <! ~ ." • ~ ~ ]J 
~,~ W'8~nlJU'U'ML'nlJ'~n'IR1LnlJU'~, 1I~i1~1'nn11~~18 1 nR11~ni~ 1 DU1~U 

I 'I 

. 1~"i;1~~n~IWa1'ULM~8~U~~~'U'U 2.5 1;'; Timer IC 555 L~8ri1L~~ 
'I 'I 

70 kHz 
~ 
nD1 6 '~~lJ'~'.~.JJ 

I 

. 
UU 1~,' upper 

I ..,..... 4 

~tlnlJ~UM'BD1 1 
... ~, . ~ 

a~a~,1n (2/3)V U~ V 13 U ~n8 V '~Ln1fflJ 0 n V = V 13 D1 7 ,~D1~
cc cC' 0 c 

......., I! • .., ~ ~ ~ I!I 4 
 Q.I 

'1n~UM1LnlJtJ,~, C '~L1~i~~~u'~"M~n1'M V LW~DU LUULDUUL'H81u~~'u,u 2.6 
• c 'I 
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v + 15 V 
cc o • 1 ~F 

V 
1~ 

2200 0-30Vyd 70 kHz 

Vo 

1 kOV 
c R = 10 kO 

cC = O. 001 ~F 

R = 1 kO 
a 

7 
555 

Rb =1 OkO 
2 
6 

'n12.5
• 70 kHz 

V V 
o cc 

______ V 0 
o 

I 

I 

I 
I 
I 
I 

I I 2
-V
3 cc ~==~~== ~c 1 

3 cc 
Vc 

'Ill 2.6.. 
....a ... .. ..a 

R1U~'IbR11~DnB~ Vo 81'~1U~~1R1RBLaun R•• Rb ua~ C nL~~1~~~ ,1n 
.. , J..a. ~ ..... .... ~I <i 

n1'I1L~'I1~~1~''I 'UD1~n C n1A~~~~~lI'I~' na11~8L~u V n1a~LW~,1n V /3 LUU 
, c cc ... 

2V 
cc 

/ 3 iiln~1M 
-t/C(R +R )

V = V (l-e • b) (2.2)
c cc 

... 
D1 V (t ) = 2V /3

c 1 cc 

t - t = (2.3)
£ 1 

I 

WU11 

1 V - ( t - t ) / CRe £ bV = (2.4)
c ~ cc 

V /3
cc 
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t3 - t e. = C Rbln2 (2.5) 
... 

~ ... 
~~UU~1U!'la~ V 

T = t3 - t1 = C(R.. +2Rb)ln2 11£ (2.6) 

:.t 3 ... ..,j"­
iU~1ttU R. = 10 .0 • Rb 10 !l. C = 10-9 F ~~1~~11~U 

£ [10- 9(2.1x10"-)(0.693)]-1 6.9x10"- Hz 
..,j.-4~ • IJ .. ..,j 

~11~U~1aUna1~n11~'~~Laan R•• Rb ua~ C nL~~1~.~ 
, :.t ... ..,j ~, ...

Rna v = v ~1n IC 555 u~~n1~~unn11u~aL~a, 2N2222 ri1i~D1 AD
"" . 

Da~ IC LM350K ~~LtiU regulator ~~1~~1a~~u iU~~~1~L~a1~~~~1waan V1 ~~ 
• ~ .. .... ... .~ ..,j !S ,..,j ... ..,j • ~ ~ 

Ln1nu 0 ~,a~~1U8a~1n u~~~~1~i~n Vo = 0 "n8nn'~~unD1 AD ~~Ln1nu Vd ]~~~ 

iJ!} Ill .. I ~ 1.1 

ri1i~~~~1rn V ) 0 iU~1~U V ~~~~1~1nDU ~1 Vd
1 1 

i~a~iui1~U'~~1rn 0-30 V 1~'~an1'U1U R" Rn~ V1 

uua~1~~1 i~u.~~iu,u 2.4 
'I 

...... -4.... • ~, (
1U 2.7 n1W~1u~u1Da~L~,a~n1LuRR11~~1~~naa~ 0-3000 '1a~. ~ 
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~~ ~ ~ v v ~. ~ ~ 5 J ~ ~ ~ 
'un1'1~nW.U1U 1~~'1~LR'B~~BBU 1 BnMa1nnu LnU LR'8~1~U'~~1~W1

• 
(Charge Amplifier) i~nB1An operational amplifier ~UR11~~1un1U~~~1n , 1~

• 
v ... ~ ~ • ~, J • ~ ~ ... .J ~ 

'~LR'B~~8u'un1'1~u'~~~1nuH~a~ PVDF 'Un1~u'n , uR'u'~n~Ma~'DLR'B~~8~1L'~
• 

RB electrometer DB~ Princeton Research Lab. i~'"WaU~UB1n11 ~~~~1~na11 
~ ~ v ~ ~ ~ ~~ ~ ~ v v ~. ~ v 
Lnn1nu~'1~LR'B~1~u'~~'~na~LBn~'unu u8n~1nuun~lM~'1~LR'B4~8d'~nBuLwB'~'U 
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v 4 ~ J v v ~ Vu ~~ 4 . v~, 
i~e1~LR1B~~vn1~a11~nU 1~W~U11rrn11n1~n18~1WLW8n11~w~~ PVDF 

v ., ~'J~ u" .. .. ~ ~ 4 IJ ~ 4 . ~ ~ ~ 
~1~1l1U1~na1eLUUW~~n~a~U~n1~LW3a1n8Lan~1na~ LW81nLUULR18~n1LU~"~~1WLAe~ 

'I 

I ..., -'J t.I !j lJ J.qI i) q, ..... I lJ ~ I).., ct. .... 

~ 81 1.1 1Ufll1Wiltnu11it 811'1 e n a~ aT1~JJ 1LL a1~ 1n H1 n"H:l n816 '1 w'8~n~1~R~UUa~n1 ' JJ1rr 
'II 

I ., 

n~n11~a~~1niuL8~ i~euniil~JJ PVDF ~11R11~uw~ v1~~v1;~1B 1 ~1n~1~ 
~1~LnR ~~L~un11u1~~aR~1~1un11i~a 

1un11i~81~~Hl~WilU1WaJJ PVDF i~B'~irrn11\L~n~Hnu1u L~u Ltl~eUlhaU1JJ 

e11U1~JJ1W 

~ ~ ~ .. 4 ~ ~, ~ 
Lwaai~aLan~1nRv n1'B~waJJUa8fl~1U 

1un 11nH1uffUlL 'n~Rwa~a8n ~ ~U1U 
'I 

iL~~BJJ~UU1 avlitnaUU~a~i1~Li11~~~1~B1~ P, Q ua~ p', Q' 1U1U 2.1 n 
'I 

IV ...

lit1B'n111ma'n1
• 

'1uila~~~~~~1 

I ~ • tI I .::4.. ~ II

C, D lla~ C ,D ~~~1ua1~nBfLR18~~8~~'uU11auu1~~1W.' 

4 ~ tl4 ~ ~ 4 ~ q, 

L~Bnn~~'~eRUU iULan~ PVDF ~=nnR~ailn1uR1~R11~B11na~n11BR wan~R~ 
'I • ~ • 
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~... 	 , ..1..\ ..J , ~ ..I ......:"1 ' ..J ... , ~ , ~ 
U'~~~Lwan'~M1n,~u1un1'n~18"~~UAa6ilnBLwa'Ml~wa~ PVDF n~A1 d 1 U'~~1ruuLn1uu 

• 	 :I 

I _~..: 	 ~ ~IJ III 	 •

'1nna~A'U'U 3.5 wU11'un1'~~D1e~'~aU1~ E a~DuLn1'Mnl~'~R1 d 
'I ' 	 'I P 'I 31 

Da~~~~.~iuLn1ffu U~~~,~ E a~iu n11H~1nDu~n1~Uan~«~~~ i~ri1'~~'~Laelu'u 
'I P 'I 	 • 

... ~ !II.... SI 

M~UU'U~1UU,~'n E 'UJ1~ 80-100 HV/m
P 

:"I'''' ~ ... ...
wa~L1eU~1nn.1~1'fl'n E a~~1nl~ 

P • 

'U1U 3.6 WU11 !lllIz~~i1il1aIllMn~Jla~~a~ T .~~,z1~R1 d~l a~~1n Ll~ 
'I 	 ' 'I P. ~. 

il1'HaruMn~a~Lnulu Liu1i T 'U81U 140°C iuluB1'Ln~n1'LU~eU1R,~.i1~uin~1n• 	 'I. P 

~ '., ..I... :"I'LWa p LUULWa a 1~~~LUUn11a6il d
31 

Bn1~~1n~1a Lwu.~~1n'Un11LR'8~wa~1un11 
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,.....
1~e~e~ III 1U~1~ 4-6 U~a1»~1n~a d (~'U 3.7) LLiH11n~1J1n ., 

o 31 ~. 

~~~~lan1.D1~~1e Ua~R11~"U1a1~1».J1L.~~ ~~~~1~L~~n1'.~1nn~aD8~n'~U.DW~~~ , 
:::: !t.... 1I ....1.1 t:J

!'I1 1un1'n~atl~u'H1n' III U'~~1W 4 d1"I ~UL 1~11un1,~~ih t. iiu1~ t 2 20 U1n 
o p p 

1.1 1.1 ,~~. IJ "'l1lI.., IV ~_ ~ ...... .., 

L~'1~n11nL1~1~1nn11Un~~1~1"~~~nu d ~1nun lIa~~~LUUn11L~aL1a18n~1e 
01 

... -4 .. ~ , s.o.. " 12 
1~ea;UUa1 L~8L~,e~~a~ PYDF 1"~ dOl B~1un1U 20xl0- C/N 1Un1~ 

III 4 
o 

t. ) 20 
...

1!1n ( 3. 4 ) 
p 

l' 
p 

II a~ E 80-100 MY 1m 
p 

~ ... ~ , ... ..1..' , .J ... IV q, • "" ~ • 4 .. . .. 
"a~~1n1~yalJ'Uan1~~n~1U11~ua~»U1~Ln1n~B~n1~lIa1 1~U1ya»u'un1LA1n~~an1LU~lIa= 

'I 

http:1~L~~n1'.~1nn~aD8~n'~U.DW


VocosW't .u1JJ.au E = VII 

... ~,

W'I1,rn1WnlJ PVDF 
., G ... ~'.J ... ~ 

~ ~ 

cm ~.1D'~i~ffu~L=nln,~fi~.E~1RD'i silver paste 51L'1~E~n~,~a1.iu 
... ~ ... ~ ,1i ~ .J, ~. , • v~,];1 ... 
Ln1nuELanln'~Au nW1UW~IJ~~n1'~waIJUa~~~~1JJ~11ijD11 

'I 

., .J !t~ ... .. v 
R1DA11IJnna~.U1IJU alJtla~~na1n1'a~-~Ra1'1'~~1n.~n1' (1.3b) 

~1UD11Ltlu~1una~WalJnnnBR~~U.~~"~Un1w'u'tl 4.1 

(4.1)= 

II -1 Z 
01 b = 15 cm, d~1 = 20xl0 C/N, Vo = 30 volts, I = 30 flm ~~wu'haIJJJih~ 

, "" 
iltHn1'asu 

" . 
~---b-----~ 
; : 

3xl0 
-4 

cm 

'" IJ .:,J.... l)1Lf J I GI 

A11~~'~"~1 d~l "1A'A~~"n~11'UUnnau~~u d~~ n,~u.~1~ 
II ~.J ... .,G 

alnJJ't\J~ha~UfI11IHI 1.1 d~ I ~~ LlHnfl!H tlu [4] 

V 



32 

d31 d31.£ t $d3i( ltjW'1) 

= d'31 - J°d"31 (4.2) 

VI 
.. 
"HI [ (d I )2- + (d: )2- J 1/2 e 

-i+ 
= d

o 
31 e 

-j~ 
(4.3a)d31 31 1

i~13 , tan 
-1 (d" Id' ) (4.3b)= 31 31 

,i1V11UltU1)J E = (V 11) e j W't = Eoe
jwt 

u'JJn11 (4.1> R 1 1.,:n tJu " 
0 

0 
j(W't-~) 

Ilb = bd 31 Eoe 

o 
Ilb bd31Eo 

3~lL~n~1'n1nu')Jn1" (4.1) L~D 'lLtJ~eu d31 L~U d:
1 

1I 

~~UUaJJn11 (4.1) 8~R~ 

I \ 

A .;E - - - - - - - - - - - - :'ab - - - - - - - - - - - - -~ B 

4Irt. ,~... , I t.I 

'1nn1"1LR"1~VlLD~Rm~R1lt~,. UU11n1DBU 

ab iRe a ~ 1 E)JtJa"Mn1,,~uD~~U~JJuiL1m
"I 

, ~ 
MHna1~"~ L n1nu 

a = 

F(l) = 0, F(O)= 1/2 
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LtlU~U ~a~~1ULgD~~~~~~iuffuH~U~,~na~n1'~UDu~Wa~~~~~~1u~1~ A n~ B ~U11L~U 
'f 

J ~ ... ~1i '" ........

n1'HJ1IHi1U1nm~A1U1rn~~N1tH RD,,1uL na~71a~ ex 1~ n~U'~Rtl~fi1u~n~ acoustic 

impedance ntl~tl1n1~~1e ~~ffu1un1'M1 ex ~~ri11~L~~LaD~i~'1nwa~~.~ffu A~ri11;
I 

• 1,) II1II ,,~ 11 lJ -1:b ~,~ ~ ~ I .4 ~ 
a1u1n'1nn1~~1unnH~ 1un1'1,8U1~Rtl~~,~wa~nDtlUn~itl~'1nUURtla 1 Latlu,~n~itl~, 

'" ... ~ 

L711~1ffu ~;B~~~n,~;uW~~;1aiu1~1Wg1iaU'1n"~~~ri1L~~ '1n~u~e1e1~~~L;e~"a~L~R, 
n1 ex £181uu1t11U 

'f 

ex 0.8 ( 4 • 5) 

I -4.... ~1U 4.2 n1~n1B71tl~LA1B~n1LU~LaD~ PVDF
• 

.... ~ -4 .... "j ~ 
1~n1n1'n~.BUR11~.1~1'n'un1'n'~'1eL~B~71tl~LR'tl~n1'U~LRe~ PVDF U 

'" -4 41 ~~ -4 ~ ...161tJ'lffL A'tl"~Eln~.Bud1 L"il~LL~~H'lUl1J 4.3 LR'El~ heterodyne analyser '~lJm~1'\J\h 
'I 

a~u5~U~'~A~~1L~~A11~~R1~ 1 ffu1uJ1~ 20-20,000 Hz 1"ffULA~tl~ri1LU~LatJ~~~~~~tla 
'f 'I 

1un~B~~~n1a1u1tlU 1 L~u~~~~~n;ULae~ LLa~1i1~lR11'\JU~1~'11u~~ri1~~~1ULaB~~ 
I'lli 

J • ~ 
R11~IlL~a1U 

<! 'iJ J J 1;: 
1Ln~,~a~R~LanUtlDnA11~n~~nu 

'I 
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1tJ 4.3.. 

.!" 1""-':1 ::.: 
,.:,., ""'. '. H---r"-------.·-f T ,-a 

"lIlIliIlI' . 

~~ 
e~.· 
i - • -i.teT,i··'·' 

H.urodyn. Anolyllr 
2010 

4 ....)
L~ 'HI-3JH1" 1 ~ 
..I ..I. 
'flA11JJ1Hl1-3 

1~:.....:...c~-f'-'.~~.:u 
..J 

l L...I Arcard., 2307 


L ___~~'!!~~"E~ _ 

rnectunicil or rlf'CtrH:..t! Iynchroniulion 

G 4 lJ~ • • .. "! 
':i'1 LWtl1n1~n 1'HI £llHiU£l-3iHI-3U Vli'l-Jn1 Lu.~ LfiB '1 PVDF 

'1 

;
• 

~'l--7-~-~~--~r-7-~7~~r-~;~~~~~+=~+=+c= 
i. 

1~ 4.4 u.~-3ri1i~-31UL~8-3'UVI~1e dB ~1nUVI~-3ri1L~~LaB-3 PVDF.. 

4 4 ~ .. 
LUa-311nLR,a-3UD1a"~~1rnn£l-31nan'1u.-

• 
.cJ v.... .., ! , ~ 

LVI~1~n~~'nnUa11w-3A11~n~~1 '1 L~UnU 

lJ "! lIJ

PVDF ~~'VlL~a-3UaB~1n 
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'I 

I 

urm PVDF I1n 
'I 

v = (4.5) 

y 

1- B 

1d 4.5 	 UUUilnil~nil~\A~il~rilL~~Laa~ PVDF nru:nnn1=;U 
• 	 'I I 

lJ • II .... 

fllllll''Ul~l\.JtJla'SlU 
I , 	 ... 

nl1~Ullfl~U~lJl1nVlU1-l~1111J1a li Uil=n1=Uflfltil~U (dashpot) 6i~tLrt6H1u'I1J 4.5 i'llll= Lnfl 
'I 	 'I 

~ IJ 4..,j ~~., !;:~ .... 

nl1n~fI y U1~~lUnl1LAaflUn11nn1=UflnU1IJU~=LUU Bdy/dt lfl8 B ~=nUnUA11IJVlU~nfl~ 


~ ~ ~ 	 ..,jll ~ I ..,j I .,.....,j" ~ ~ , ... 
U1IJU"Il-l1unuL 1.1uA1A-ln itlU H ,= Luu1.111J1rnnlLU1W11.11.1,nUIJ1IliliHWIlIJ llHl LIlBUUlJuitIJn11 

.. .,j 1I .. IJ~ 
( 1 • 6) ItIJ n11 n 1 , L AII u1tni'l fl-l 1 = U UU LII 8U1 fI L1.111. 

f + Bdy/dt + Md 
2 
y/dt 

2 

= o (4.6) 

f = -eV + Ky (4.7) 

I = ~(CV + ey) (4.8) 

1ua'J.lnl1 (4.7) e ua= K ,=u1.1uwul1.1nu piezoelectric stress cpnstant ua= 
~ I .. 

~lU C L1.1UA111J~i'lu-lUWU lfl8LD8U, 

I = jw(CY + ey> 

ua= -eY + Ky + jwBy - w 
2 

My = 0 
:! 1I ... 

'lnitJ.lnl1n-la'u-lu~=I~ 

(4.9)I = 	 Y ~WC 

stiffness co~stant 
jwt 

y = yoe 

PVDF 
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2 2. 2. 2 
(.l.10) 

2[(K-w M) + w B ] 

P
~... ~ II ..J ~ ~ ~ ~ ~ 4 ~ 

L 
nAa~~~~1UR11~'ilunL~~1tlfl1n'ULU8.1'nil~ PVDF nru~~uu1nnUUa~~1Unil~A~UL~a~ 

.,,\ ... 1;: ~ 111"'\ ..J! ~ I 
nn1LUVillU '"m(lJn1'l' (4.10) ,:::~l'IU1Vi11nA,)1JJfl~1 w-)O, PL->O jH~nJ1~R!1JJ,)1 

~ 4 ~ ..J .... 1;:.,,\ .,,\! II ..J.,,\ ~ _ I I ~ 
Wa~~1UR~UL~n~nLnVlnUnA11JJfl~1,~U8nJJ1n un~nA11~fl~~~1n 1 UU P ~1u1~~':::Ltlu 

L'I 

II ..J .... 1;: 11 ~ 4 .,,\ ., .. (!i ... ~ .. 
R')1JJ'l'ilUnLnVlnu1uLuilg1' Wa~~1UR~Una~nj.J11~UaB~~ Wan11,)LR'l'1~MU~aVlAail~nUnaJJa 

'I 

.,,\ ... ... ~ I ..\ • .... ~ ~ I ... ~ ..J! 
n1V111n,tl 4. 4 ~~ a~ nUflu ') 1 L R'HHn 1 L U~ L~HH PVDF LL UlJt~1JJ"r(1~ 1 ']fll:::1 fH rl B'lR ') 1JJllrn 1 

'I 

4.2 WW~ 
'I 

... 
LI'H'HmUu1uiU 

'I 

i) , ~ 

1~~il~U'i,~aJJu~~1un1~U8nn'1ana~~ij~ U~::: 
'I 

U~nu~1Dl.VlU1~ 1 Ra1a 1 w1a1Lw~ L~il~ilU
• 

~ .... I~' . ~ 14~ 
ri~~1rul n a LL lil'WaJJ llru~ nUU!l1L\.H nu 1 VI L a nunu 

... • 
~8~l'In~g8~1~1~3UL~a~ffAL'U~ ~~~1JJ1'fl1~ 

'I 

~~JJ PVDF Lfiuul'l~~n'l'~113Laa~1l8~~iJ~1;
'i 

I "'i1 I..J ~ :1WU11JJ ~l'I1l'1a1a8a1~lna1nUl'I~~ PVDF 
'i 

~ .... ~ ~ II ..... ... 
U n1'Q1UaLanLn'~uu 111il~AJJLUDJJJJ 

'I 

• ...~ , ~ ~ II 
A11JJ~U1L~u1tl ,~n11l'1'WaJJllU1ViLanun'~Vi1~ 
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nUL~1Bi~1B~~~1rnl~~1n'=U~.au~iL~~eUR11~nl~ ]4~='~L~a~88n~1 ~1n~8~ (PVDF2) 

4.3 'M~8~1Uaijq1W,aB~ 

';ri1n11n~a841~e'iuM~iri1L~~Laa4 PVDF 2 i1 ilU1n (PVDFl) ~8t;1 
~ 4'!j ... ~~.1 .I ... ~ I)~ ~.1 

~4~ 8dh nUB B~~~l~~lAl.lLLa:n 1~' na '1, nU~1LL 'n~'ma"hIlIHIU~1Ul1'W'U11.l 4. 7 ~Cl!~1rn~~U 
'I 

o'sci lloscope 
PVDF1 Frequency 

generator 

... .Ill' 4 ~ ~L~a~~1n PVDFl ~=n'=RtHl a~ PVDF2 ri1'"Ln~ffnalw~1a'au LU8~11n88~ ~!aalAl.l'u 
I ......

n1=LLaU8lUJ1n n81~"h a1M,ull~JJ PVDF2 UU ~D = 0 ~ 1 n ~JJ n 1 'j ( 1. 3aJ ii'JJl.l~h~~n allJ\J1 
'iI 

_ J <Ct. li! '" 
aawn nR 7IU¥HI 

V = ldX/E" 

(4.11) 

~ .I ~ , ~ 
"~~1rn 4-10 mV n88n~1n PVDF2 UU11Ll.luna~IT11JJ~1 a~~1ru~4nri11UU11JJ1nLnnUnU~ 

, 
1;11nlJJ'A11wu~111.l 

- _ ,JIJ 1)1 

preamplifier nn1a~Cl!~1rnn8un~=u8uLn1~ 
11 
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• ~ I t.J SJ

ampl ifier PVDF n1Luul~I~'lwuA~I~~H~'n preamplifier) 
1I 1t: ... q,I , 

~1nnt~B~Ua'ij~71H~anlnl1fil'ij1n PVDF-2 'ij::Ii~~1WjIUL 'lHEI '11 'WU11!l1'ij~~fI~ 0.05 l1iHI 
~ ..I !' ,
nLi8~A11~flR1 '1 Liu~1n11 1 kHz ua~ PVDF ~!lUIiU!l~I~~ I~R!l~L~1e~ 

u~~ PVDF DU161 1. 5x1. 5 em z ,nri1 L5ulJJ1A"ltJU~lIanlnl1fil 'WU11111anlnl1filL ia~'W(itl~I~~
• 

U~~R11»~~~n11 1 kHz n1'HIBlI~UH'3n!l~UaJJ PVDF ~ijil)!11I1filLia~~iuR1»,i1~u I~HIL\t'W1~
• 

I ":..1 
Ha1~EI~nU'::»1fil 5 kHz 

.~nU1~ 200 kHz '~l~"ltJu PVDF ~5~A~'~~nlnl1fill~L5U!l~1~~ 
'I 
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5_ 

.. ~ ..j .. ,~, ~.. ~ '!j ~ ~ ~&.0 

fl1'lTHI L fll'l1fltJ L'Hhlfl111l'r:nWAW,UJ PVDF L1l1H Fl'HI,j'l'tJ-li~i'I{U[)l1WL A8'lUU ilU 

• ...~ 1J 
AaUfl1'l'n1,j1UWali'l'1l'~~,jU, 

... .. .. ..j. ~ 
(1) WWU1LR'l'a,jijan,1Lllu 

... 
iUfl1'l'1~il,jL1H1~U 1 UB11 AD = 0 

,1fllilJfl1'l (1. 8a) ,~ 

= 

'f1l-1 ~tJ PVDF. LIHI K = 12 

P:l = 

... ...... ..... ..j .. 
IiB~RaB,jflunBlJafl1'l1,8'1flnBU

11 
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...
i11-lUU 

5.2 
..I ~:;: '" ~, ~'un11i~Dff1~n1n111~ d i1a-lW~~ PVDF nL~,e~DU'~Bn11~-lW~~ua=1~

31 

... ~..1 .....1 , ' ... ~ ~ ~ ... ' 
~1U1rn~1=~1~W1nLRaaun1=~11~UWU~Lan'n1~n-l~a-l n 1 d161U' n'iir\!fl/1rn't tJ~1 n1t:U ~~ H~ '3

• 
R1~n{j1til:~='Hr'H~1~~flfHL~1tri1un ~-lffu~-l1~ri1n11~11" L A ~fl"~fl L~a1~ d

31 
'6I!l'~ilfllCl!1rn 

n1=L!aaaUA11~~~1 '1 L~u~1ni1 1 kHz 1fla~11~LLa1ri11~'~a~i-li1l auW~~~11t~ti" ,1nffu 

~~ani1au~~"i1~"W~~nuLn'1RR11~LA;a~ (strain gauge) ~"A11~~1un1un1"1tJ~1'= 
..I ~ OJ..I. :i ,... ~ ~. ~.. " 

LtlaD1t'tlnuR11~LAunn1=n1 '1nLn,u~=~aR~nUunu"1ti1fl"a1'W-ln1='1aL~B-l L~Bflau 

A11~~1-l~n~.iuA11~~ f Li1nui1'W-l,=n1'HUnUi1fl"~1t~U U~=,t:ri1';L~flR11~L;u~aw~~ 
PVDF ~1aA11~~ffLiunu 1flB'~fla~~","g'Au1fl~n~1tJ~1~iu1=~i1"aL~n'n1fli1a~W~~ 

. ..
1i11Luun11 

~ ~..... ~,
5.3 n11~.u1LM1B"~Bn1"La8"~1~' ~1nwa~ PVDF 

,_ 4 "'..... I ~.....: .... ~ ~Cb ..... .4 41 ~ ~ ... .4t.I. I 

U~an1tN=LA,a-l~a8-lflD'Ui1UL1~ij'n ~-lUUDNt:U1-l1fln1n11W~U1LR1a"~flL~a1ULW~L~~LWfl 
'II 

u u J~~ ~ ..... ~ 
, Vl1~AllunwnflB-l DU~-lU

• 

.. 
J 2 ~, OJ , ... ~ ~ OJ J ~ ..... " 


LnU 0.8 x 0.8 em wa~~=Ra-lU1-l~1nLLa=flflU flL"n'n1An'=~fl-lU1"~1nLilunULwflu'~ 


~~~n1=;1"'UL~u1u d1~~U""~-lri1L~liIfl"R11'~~nua=1~'R"tJUA11~~~1Bu (f ( 1 kHz)
. . 

OJ 
~ 

UU 1;WD1D1~~~U1'A1-l.;1-lUa=1=uun1-lL;e"UUU~1f '1 'fla'in{j1taDa-ln11~U~a" 
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lJ1nn11 dl~ 
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" ... IJ "'-1
Uflfl"nn PVDF U~l Ufla~~fllflU 1 "~1D~UA LnU copolymer vinylidene 

..
fluoride-trifluoroethy l ene (PVFz-TrFE) M1fl Copolymer vinylidene fluoride­

..
tetrafluoroethylene (PVFz-TFE) M'fl Copolymer vinylidene cyanide-vinyl 

, 
J. .. I ,]4 J .. , u'..I " " 

mUl fl-.j ~ 1.olm~11.olfl a L lJ fl i Lmnl&lJ 11.11:: ntltH A'Hl-.I1Hl(}l1 ,1 '1 ~H L il'unm1 tlu ~11 

1 ) 	 J. C. Burfoot, "Ferroelectric", D. Van Nostrand Company Ltd., London, 

1967. 

2) 	 H. Kawai, Jpn. S. Appl. Phys., 8(1969) 975. 

3) J. R. Reitz and F. J. Milford, "Foundations of Electromagnetic 

Theory", Addison-Wesley Publishing Company, Inc., Massachusetts, 

1960, p. 70. 

4) J. Mort, G. Pfister, "Electronic Properties of Polymers", John Wiley 

and Sons, NY., 1982, p. 111. 

5) R. Hasegawa, Y. Talrahashi, Y. Chatani and H. Tadolwro, Polymer 

Journal, 3 ( 1972) 600. 

S) ~u ril11"m ua:: ~~U1 L;e-.jn~, "1lJ'A'1~1Lil'~L~fl~ 1jJ'AiAfljJ~lL~tl4" u~;n 
'iI 	 'J 

~~~~aLAiu ~1n~ (1985).
'f 

7) 	 F. Bueche, "Physical Properties of Polymers", Robert E. Krieger 

Publishing Company, Huntington, New York. 1979, p. 85 • 
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