
C H A P T E R  I
INTRODUCTION

1.1 Background

1.1.1 W h at are E le c tr o r h e o lo g ic a l F lu id s?
D u r in g  th e  p ast d eca d e , th e d e v e lo p m e n t  o f  m a ter ia ls  that 

resp o n d  in  a w e ll-d e f in e d  w a y  to  an a p p lied  e le c tr ic  f ie ld  h a s ca p tu red  th e  
im a g in a tio n  o f  s c ie n t is ts  an d  e n g in e e r s  w o r ld w id e . E le c tr o r h e o lo g ic a l (E R )  
flu id s  rep resen t a u n iq u e  c la s s  o f  e le c tr o a c t iv e  m a ter ia ls  that e x h ib it  m o d if ie d  
f lo w  p ro p ertie s  u n d er  an e le c tr ic  f ie ld . E R  f lu id s  d em o n stra te  o r d e r s -o f-  
m a g n itu d e  c h a n g e s  in ap p aren t v is c o s ity  in m il l is e c o n d s  w ith  th e a p p lic a tio n  
o f  ju s t  a fe w  w a tts  o f  e le c tr ic a l p o w er . T h is  fa st, s tro n g , and r e v e r s ib le  
g e la t io n  p r o v id e s  a n o v e l an d  e f f ic ie n t  w a y  to tran sfer  e n e r g y  and co n tro l 
m o tio n  (H a v e lk a  and P ia le t. 1 9 9 6 ).

E R  f lu id s  are m o st b road ly  c la s s if ie d  to  b e  e ith er  th e  p a rtic le  
d isp e r s io n  or th e h o m o g e n e o u s  ty p e s  (In o u e  e t  a l . , 1 9 9 8 ). P a rtic le  d isp e r s io n  
E R  flu id s  are ty p ic a lly  c o m p o s e d  o f  e le c tr ic a lly  p o la r iz a b le  p a r tic le s  d isp e r se d  
in a lo w -d ie le c tr ic  o il .  T h e  first p a rtic le  d isp ers io n  E R  flu id s  w e r e  in v e n te d  b y  
พ .  M . W in s lo w  in th e la te  1 9 4 0 s . T h e 1 9 8 0 s  w e r e  a p er io d  o f  in te n s iv e  
in v e s t ig a t io n  o f  v a r io u s  p a rtic le  d isp ers io n  E R  flu id s  b y  u s in g  s e m ic o n d u c to r  
or o th er  a n h y d ro u s p a r tic le s  and m o d if ie d  c o n d u c to r  c o m p o n e n ts  in a 
n o n c o n d u c t in g  liq u id  (H a v e lk a  and P ia le t, 1 9 9 6  and In o u e  e t  a i ,  1 9 9 8 ).

H o m o g e n e o u s  E R  flu id s  w h ic h  co n ta in  n o  su sp e n d e d  p a r tic le s  
h a v e  b e e n  in v e s t ig a te d  e v e n  lo n g er . T h e ea r lie s t  rep orted  o b se r v a t io n s  o f  th e  
E R  e f fe c t  (an  in c r e a se  in v is c o s ity  or sh ear  stress u p o n  e x p o su r e  to  an e le c tr ic  
f ie ld )  w e r e  g ly c e r in  an d  p a ra ffin  o il in th e 1 8 9 0 s. In the ea r ly  1 9 9 0 s , th ere  
w e r e  d is c o v e r ie s  o f  an  e x tr e m e ly  large E R  e f fe c t  in certa in  liq u id  c r y s ta llin e
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(L C ) p o ly m e r  flu id s; d ram atic  c h a n g e s  in  r h e o lo g ic a l p ro p ertie s  w e r e  m a n y  
t im e s  p r e v io u s ly  fou n d  in lo w  m o le c u la r  w e ig h t  L C  m a ter ia ls  (In o u e  e t a l
1 9 9 8 ).

1 .1 .2  D e s ir e d  P ro p erties  o f  E R  F lu id s
T h e  required  p ro p erties  for g o o d s  E R  flu id s  are (S a la m o n e ,

, 1996):
1. H ig h  sh ear  stress  at lo w  e le c tr ic  f ie ld . T h is  p rop erty  lea d s to  

sm a ll p o w e r  req u irem en ts .
2 . L o w  z e r o -f ie ld  v is c o s ity .  T h is  p rop erty  im p lie s  a lo w  

v is c o s ity  o f  th e  n o n c o n d u c tin g  c o n tin u o u s  m ed iu m  (e .g . .  o il)  
and lo w  v o lu m e  fra ctio n  o f  th e d isp e r se d  p h a se . H o w e v e r ,  an 
ap p rop ria te  b a la n ce  m u st b e so u g h t b e tw e e n  lo w  z e r o - f ie ld  
v is c o s ity  and h ig h  sh ea r  s tress  at h ig h  f ie ld s .

3 . L o w  c o n d u c tiv ity . T h is  p rop erty  lea d s  to  a lo w e r  p o w e r  
req u irem en t. L o w  p o w e r  k eep s  h eat d is s ip a t io n  lo w .  
m in im iz e s  sa fe ty  h azard s, and  co n tr ib u te s  fa v o r a b ly  to  the  
s iz e  and e c o n o m ic s  o f  th e E R  f lu id s -b a se d  d e v ic e s .  T h e  
d esired  c o n d u c t iv ity  ran ge for E R  m a ter ia ls  is rep o rted  as  
10'8 to  10'5 s / c m  w h e r e  ร stan d s for S ie m e n s .

4 . W id e  tem p eratu re  ra n g e  o f  a p p lic a tio n s . T h is  w o u ld  e n a b le  
E R  flu id s  to  o p era te  in c o ld  and h ot tem p era tu res  ( - 4 0  and  
2 5 0 ° C ) .

5. S ta b le  d isp e r s io n . S e d im e n ta tio n  o f  th e p a r ticu la te  r e d u c e s  
the e f f e c t iv e n e s s  o f  E R  flu id s .

6 . L o w  a b rasion . T h is  w o u ld  red u ce  w e a r  o f  d e v ic e  
c o m p o n e n ts .

7 . N o n c o r r o s iv e .
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8. G o o d  m ateria l c o m p a tib ility . G o o d  c o m p a tib ility  o f  ER  
f lu id s  w ith  standard  s e a lin g  m a ter ia ls  is n e e d e d  so  that 
sp e c ia l iz e d  and r e la t iv e ly  e x p e n s iv e  m a ter ia ls  w o u ld  not be  
req u ired  in the d e s ig n  o f  c o m p o n e n ts  and the m a in te n a n c e  o f  
r e lia b ility  o f  d e v ic e s .

9 . N o n to x ic . T h is  is d e s ira b le  to  en su re  th e  sa fe ty  o f  u ser s  and  
m a k e  th e flu id s  e n v ir o n m e n ta lly  a c c e p ta b le .

10. L o w  c o st. T h e  c o s t  o f  th e flu id s  h as to  be kept low' for ER  
f lu id s -b a se d  d e v ic e s  to be c o m p e t it iv e  w ith  c o n v e n t io n a l  
d e v ic e s .

เท th e  fo rm u la tio n  o f  an E R  flu id  for a s p e c if ic  a p p lic a t io n ,  
se v e r a l p ro p ertie s  are so u g h t after  (T a b le  1.1). T a b le  1.1 lis ts  th e d e s ir a b le  
p ro p er tie s  and v a lu e s  and c o r r e sp o n d in g  a p p lic a tio n s  (H a v e lk a  and P ia le t.
1 9 9 6 ).
Table 1.1 E le c tr o r h e o lo g ic a l p rop erties  and c o r r e sp o n d in g  te c h n ic a l  
a p p lic a tio n s

E R  m ateria l p rop erty V a lu e C o m m e n ts
D y n a m ic  y ie ld  s tre ss  at 
6 .0  k v /m m

>  4 .0  kPa M ain ta in  f ie ld - in d u c e d  s tre ss  at 
h ig h  sh ear  rates

Z e r o -f ie ld  v is c o s ity <  100 cP A s lo w  as p o s s ib le  and  
in se n s it iv e  to  tem p era tu re

C urrent d e n s ity 11 at 6 .0  
k V /m m

<  3 0 0  m A /m 2 M ust be lo w  to  m a in ta in  p a r tic le  1 

p o la r iza tio n  and to  m in im iz e  
p o w e r  c o n su m p tio n

R e s p o n s e  t im e M illis e c o n d s R ap id  turn o n  and o f f
D isp e r s io n  p ro p ertie s

arx • .

S tab le N o n se tt l in g , e a s i ly  r e d isp e r s in g ,  
no e le c tr o p h o r e s is

;lD ir e c t  current
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1.1 .3  T h e  E R  P h e n o m e n a  o f  P a rtic le  D isp e r s io n
In th e  a b se n c e  o f  e le c tr ic  f ie ld , E R  flu id s  s h o w  N e w to n ia n  

b e h a v io r  w h ile  on  th e  a p p lica tio n  o f  an e le c tr ic  fie ld  ( ty p ic a lly , a few  k ilo v o lts  
per m illim e te r ) , p a r tic le s  b e c o m e  p o la r ized , and th e  lo c a l e le c tr ic  f ie ld  is 
d isto r ted . T h e  m ig r a tio n  o f  m o b ile  ch a rg es  w ith in  the p a rtic le  to  areas w ith  
g rea te st f ie ld  co n cen tra tio n  in c r e a se s  th e p o la r iz a b ility  o f  th e  p a rtic le  and  
resu lts  in  a larger d ip o le  m o m e n t. T h e se  f ie ld - in d u c e d  d ip o le s  attract o n e  
a n o th er  and c a u se  th e  p a r tic le s  to  form  ch a in s  or fib r illa ted  stru ctu res in  th e  
d ir e c t io n  o f  th e f ie ld  (F ig u re  1 .1 ). T h e se  ch a in s  are h e ld  to g e th e r  b y  
in terp a rtic le  fo r c e s  that h a v e  su f f ic ie n t  stren gth  to  in h ib it f lu id  f lo w .  
S u b je c t in g  th e se  fib ers  to  a sh e a r in g  fo rce  p u lls  p a rtic le s  apart w h ile  d ip o le s  
on  th e p a r tic le s  attract r e p la c e m e n t p a rtic les . A n  e q u ilib r iu m  is e s ta b lish e d  
b e tw e e n  c h a in  fo rm u la tio n  and b rea k in g . W h en  th e  e le c tr ic  f ie ld  is r e m o v e d ,  
th e p a r tic le s  return to  a ran d om  d istr ib u tio n  and flu id  f lo w  re su m e s  (H a v e lk a  
an d  P ia le t . 1 9 9 6 ).

Figure 1.1 (a ) In th e  p r e se n c e  o f  an e le c tr ic  f ie ld , th e  p a r tic le s  in an 
e le c tr o r h e o lo g ic a l (E R ) f lu id  form  ch a in s  or f ib r illa ted  stru ctu res;  
(b ) M e c h a n ism  o f  fib r illa tio n  and a lig n m e n t o f  d ie le c tr ic  p a r tic le s . T h e  
in tera c tio n  o f  th e se  d ip o le s  c a u se  a ttraction , r e p u ls io n , ro ta tio n , and a lig n m e n t  
o f  p a r tic le s , c r e a tin g  ch a in s  that a lig n  w ith  th e a p p lied  e le c tr ic  fie ld  
(B o n n e c a z e  and B ra d y , 1 9 9 2 ).
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W h en  an e le c tr ic  f ie ld  is a p p lied , th e flu id  c h a n g e s  from  a liq u id  
to  a s e m is o lid  and can  b e  d escr ib ed  as a B in g h a m  p la stic . T h e  sh ear  s tress  ( t ) 
for th e  B in g h a m  p la s t ic  m o d e l is g iv e n  by

X = 7าา + X[.;r (1.1)
w h ere  y is th e sh ear  strain  rate, ๆ  is th e  v is c o s ity ,  and  I|.;R is th e e le c tr ic  f ie ld -  
in d u ced  d y n a m ic  y ie ld  stress  (H a v e lk a  and P ia le t, 1 9 9 6 ).

1 .1 .4  LC  P o ly m e r s
LC  p o ly m e r s  m a y  b e d iv id e d  in to  tw o  broad c a te g o r ie s  

(K r o sc h w iz  and M ary , 1 9 9 5 ) , th erm o tro p ic  and ly o tr o p ic , a c c o r d in g  to  th e  
p rin c ip a l m e a n s  o f  b rea k in g  d o w n  th e c o m p le te  ord er in th e  so lid  state.

T h erm o tro p ic  LC  p o ly m e r s  resu lt from  th e m e lt in g  o f  m e s o g e n ic  
(s e m ir ig id  or r ig id  u n it) s o l id s  d u e  to  an in c r e a se  in tem p era tu re . T h e s e  
p o ly m e r s  m a y  ex h ib it  L C  ord er in m elt. L y o tr o p ic  L C  p o ly m e r s  m a y  e x h ib it  
L C  order in so lu t io n  and p o s s e s s  at lea st o n e  liq u id  cry sta l p h a se  in th e c er ta in  
ra n g es  o f  c o n c e n tr a tio n  and tem p era tu re  r e su lt in g  in an a n iso tr o p ic  so lu t io n . 
T h e  m e so p h a s ic  structure o f  LC  p o ly m e r s  g iv e  b ir e fr in g e n c e  in s o lu t io n s  an d  
m e lts  and th e y  h a v e  b e e n  stu d ied  by o p tica l m e th o d s  (K r o s c h w iz  and M a ry . 
1995 and M ark  e t  a i ,  1 9 8 7 ).

1 .1 .4 .1  A n is o tr o p ic  S o lu tio n
A n  a n iso tro p ic  so lu t io n  c o n s is ts  o f  d o m a in s  o f  o rd ered  

m o le c u le s ,  ea ch  w ith  h ig h  m o le c u la r  o r ien ta tio n , but are ra n d o m ly  o r ie n te d  
w ith  r e sp ec t to  ea ch  other. S c h e m a tic  rep resen ta tio n  o f  d o m a in s  is s h o w n  in 
F ig u re  1 .2 . In an “a n iso tr o p ic  r e g io n ” , m o le c u le s  are h ig h ly  ord ered , th e y  
a lig n  in th e sa m e  d ir e c tio n s . In an “ iso tro p ic  r e g io n ” , m o le c u le s  are h ig h ly  
d iso rd ered , th e y  a lig n  in ran d om  d ir e c t io n s  (N a k a jim a , 1 9 9 4 ).

T h e  fo rm a tio n  o f  an a n iso tr o p ic  so lu t io n  ca n  b e  s e e n  fro m  
th e  graph s h o w in g  th e c h a n g e  in  so lu t io n  v is c o s ity  w ith  in c r e a se  in so lu t io n  
co n cen tra tio n  (N a k a jim a , 1 9 9 4 )  (F ig u re  1 .3). A t lo w  c o n c e n tr a tio n , th e  
so lu t io n  v is c o s ity  in crea se s  w ith  p o ly m e r  c o n c e n tr a tio n  in th e n o rm a l w a y  lik e
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an iso tro p ic  so lu tio n . A t th e  cr itica l co n cen tra tio n , w h e n  m o le c u le s  are so  
c r o w d e d  th ey  restrict th e m o v e m e n t  o f  ea ch  o th er , c r y s ta ll in e  d o m a in s  are 
fo rm ed  le a d in g  to  red u ctio n  in th e o c c u p ie d  v o lu m e  and h e n c e , th e  v is c o s i t y  
starts to  d e c r e a se . T h e  v is c o s ity  th en  rea ch es  th e m in im u m  at w h ic h  th e  
so lu t io n  is fu lly  LC  fo rm a tio n , w h e n  the in crea se  in n u m b er  o f  m o le c u le s  can  
n o  lo n g er  b e  c o m p e n sa te d  b y  red u ctio n  in th e o c c u p ie d  v o lu m e , an d  th e  
v is c o s ity  starts to  in crea se  a g a in .

A n iso tr o p ic  reg io n

Figure 1.2 S c h e m a tic  rep resen ta tio n  o f  th e d o m a in  th eo ry . 

V is c o s ity  (P o is e )

Figure 1.3 The graph showing the viscosity-concentration relationship o f a
solution o f poly(p-phenylene terephthalamide) (PPTA) with a moderate
molecular weight in sulfuric acid.
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1 .1 .4 .2  A r o m a tic  P o ly a m id e s
T y p ic a lly , ly o tr o p ic  LC  p o ly m e r s  can  b e c la s s i f ie d  in to  

tw e lv e  p o ly m e r  fa m ilie s  (M ark  e t a i .  1 9 8 7 ). O n ly  a ro m a tic  p o ly a m id e s  w ill  
b e d isc u sse d .

The p a ra -lin k ed  a ro m a tic  p o ly a m id e s  are r e p r e se n ta tiv e s  
o f  a c la s s  o f  p o ly m e r s  w ith  a ro d lik e  structure. T h e se  p o ly m e r s  y ie ld  LC  
so lu t io n s  b e c a u se  o f  an in h eren tly  e x te n d e d  rig id  ch a in . T h e  fo rm a tio n  o f  LC  
so lu t io n s  o f  p o ly a m id e s  can  b e a ffe c te d  b y  th e  p o ly m e r  stru ctu re  (e x te n d e d  
c h a in  and trans c o n fig u r a tio n  o f  th e a m id e  g ro u p ), th e m o le c u la r  w e ig h t  and  
a x ia l ratio  (w h ic h  m u st e x c e e d  a m in im u m  v a lu e ) , s o lv e n t -p o ly m e r  
in tera c tio n , and th e so lu b ility  m u st b e s u f f ic ie n t ly  h ig h  to e x c e e d  th e  cr itica l 
co n c e n tr a tio n . T h e  tem p eratu re  a ffe c ts  so lu b ility  and liq u id  c r y s ta ll in e  
c o n c e n tr a tio n  ran ge. W ith  an in crea se  in so lu tio n  tem p era tu re , th e  cr it ica l  
c o n c e n tr a tio n  w ill  b e  sh ifte d  to  h ig h er  co n cen tra tio n  v a lu e s . S o m e , but n o t a ll. 
p o ly m e r s  sh o w  a p p rec ia b le  in v e r se  d é p e n d a n ce  o f  th e cr itica l c o n c e n tr a t io n  on  
m o le c u la r  w e ig h t . T h e  ran ge o f  c o n c e n tr a tio n s  at w h ic h  a n iso tr o p y  b e g in s  is 
g e n e r a lly  3 -1 0  w t%  (M ark  e t  a l . , 1 9 8 7 ).

T h e  LC so lu t io n s  o f  a ro m a tic  p o ly a m id e s  are n o r m a lly  
n em a tic . N e m a tic  p h a se , in w h ic h  th e d irec tio n  a lo n g  th e d irec to r  is th e  o n ly  
k in d  o f  lo n g -r a n g e  ord er p resen t. T h e  lo n g  a x e s  o f  th e  m o le c u le s  rem a in  
su b sta n tia lly  p a ra lle l, but th e  p o s it io n s  o f  th e cen ters  o f  m a ss  are ra n d o m ly  
d istr ib u ted . T h ere  is o r ien ta tio n a l order, but there is n o  p o s it io n a l ord er. 
B e c a u se  p h y s ic a l p ro p erties  o f  th e  m ateria l are n ot th e sa m e  in  a ll d ir e c t io n s ,  
th e  n e m a tic  p h a se  is a n iso tr o p ic . O r ien ta tio n  o f  n em a tic  liq u id  c r y sta ls  m a y  be  
a c h ie v e d  e a s i ly  in e le c tr ic  or m a g n e tic  f ie ld s  (K r o sc h w iz  an d  M a ry , 1 9 9 5  and  
M ark e t  a l . , 1 9 8 7 ).
P o lv (p -b e n z a m id e )  (P B A )

P B A  is o n e  in th e fa m ily  o f  a ro m a tic  p o ly a m id e s .  
Its rep ea tin g  u n it is sh o w n  in F ig u re  1.4. It c o n ta in s  a ro m a tic  r in g s in its
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b a c k b o n e  w h ic h  p r o v id e  h ig h  r ig id ity  to  th e  m ain  ch a in s . W ith  su ch  a h ig h  
r ig id ity , th e  ch a in s  ten d  to  tak e up th e e x te n d e d  ch a in  c o n fo r m a tio n . T h e  
m o le c u le s  are p a ra -su b stitu ted  g iv in g  a stru ctu re o f  h ig h  reg u la r ity  and  
p la n a r ity . T h is  e n a b le s  the m o le c u le s  to get c lo s e  to g e th e r  for m a x im u m  
in te r m o le c u la r  in tera c tio n s and m a x im u m  p a ck in g . T h ere  are e x te n s iv e  Id- 
b o n d in g  b e tw e e n  a d ja cen t m o le c u le s .  T h e  m o le c u le s  b e h a v e  lik e  r ig id -ro d  
(r o d lik e ) . P B A  fo rm s LC  r e g io n s  in so lu t io n  at a certa in  tem p era tu re  and  
c o n c e n tr a tio n  r e su ltin g  in an a n iso tro p ic  so lu t io n  (R iv a s  e t  a l . , 1 9 9 6  and  
K r o s c h w iz  and M ary , 1 9 9 5 ).

- K ^ © > - ๓ t
Figure 1.4 R e p e a tin g  u n it o f  p o ly ( /> b e n z a m id e ) .

1 .1 .5  T h e  E R  P h e n o m e n a  o f  L C  P o ly m e r s
In ou e and M a n iw a  ( 1 9 9 6 ) p o in ted  out that d ifferen t m e c h a n is m s  

w e r e  in v o lv e d  in th e E R  e f fe c t  o f  th erm o tro p ic , and ly o tr o p ic  EC p o ly m e r s .  
P h y s ic a l stru ctu re o f  LC p o ly m e r s  and th e in tera c tio n s b e tw e e n  LC d o m a in s  
w e r e  in v e s t ig a te d  in ord er to  e x p la in  the in crea se  in v is c o s i t y  c h a n g e  in su ch  
m a ter ia ls  d u e  to  an a p p lied  e le c tr ic  fie ld .

In th e  c a se  o f  th erm o tro p ic  L C  p o ly m e r s , th e  m e c h a n is m  
in v o lv e s  a p h y s ic a l r e in fo rcem en t o f  th e e le c tr ic a l in tera c tio n  b e tw e e n  
a d ja cen t L C  d o m a in s . T h ey  attrib u ted  th e w e a k n e ss  o f  th e  E R  e f fe c t  in th e  L C  
m a ter ia ls  to  the w e a k n e s s  o f  th is in tera ctio n ; the d o m a in s  t h e m s e lv e s  are all 
a lig n e d  in an e le c tr ic  f ie ld , but th ey  are v u ln e r a b le  to m u tu a l m o v e m e n ts  u n d er  
sh ear . T h is  led  th em  to  c o n s id e r  th e in tro d u ctio n  o f  a m o re  f le x ib le  m o le c u la r  
ch a in , w h ic h  c o u ld  e f f e c t iv e ly  form  a link  b e tw e e n  a d ja cen t d o m a in s , in th e  
b e l i e f  that th e  natural e x te n s io n  and ta u ten in g  o f  su ch  c h a in s  w h e n  th e  
d o m a in s  w e r e  a lig n e d  by an e le c tr ic  fie ld  w o u ld  crea te  a r e s is ta n c e  to  m u tu a l
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Electric Field

slippage between the domains and thus increase the viscosity o f  the fluid; the
idea is illustrated as shown in Figure 1.5 (Inoue and Maniwa, 1996).

E

Y

(a) (b)
Figure 1.5 Presumed orientation of conventional liquid crystals and LC 
polymers under applied electric field: (a) low molecular weight liquid crystal;
(b) liquid crystalline polymer.

For lyotropic LC polymers, the approach involves a search for liquid 
crystals exhibiting a high viscous anisotropy. LC domains generally are rod­
shaped and possess dipole moments. They exhibit viscosity anisotropy, which 
is generally referred to as Miesowicz viscosities (Figure 1.6) when these 

. molecules are oriented in an electric field. ๆ 3, ไๅb and ๆ c depend on the relative 
direction of their directors to the flow. When a prevalent external field freezes 
molecules in the direction transverse to the flow, liquid crystals exhibit the 
highest viscosity, qc. In contrast, the lowest viscosity, ๆ h, represents the flow 
resistance when molecules are oriented parallel to the flow. Under no applied 
electric field, liquid crystals normally flow with a viscosity close to ๆ 1-,. Hence, 
the maximum viscosity enhancement or the ER effect is closely related to the 
ratio of these two viscosities: ๆ J ฦh. The ratios of low molecular weight LC are 
relatively small and are of no practical interest. However, for lyotropic LC 
polymers, significant ratios were reported, and certainly, their potential to be 
an ER fluid may be worthy of investigations. The viscous anisotropy may be
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expected to increase with increasing aspect ratio (i.e., the ratio of the 
molecule’s length to its diameter) and dipole moment. The LC polymers 
composed of rodlike molecules with a large aspect ratio are also expected to 
show much larger stress enhancement compared with LC of small molecules 
(Inoue et al., 1998. Inoue and Maniwa, 1996, Tanaka et al., 1997 and Yang 
and Huang, 1997).

-----------
0

----------
(a) 7 a

Figure 1.6 Miesowicz viscosities: (a) director perpendicular to flow direction 
and velocity gradient; (b) director parallel to flow direction; (c) director 
parallel to velocity gradient (r|a q 1, < ๆ 1. ).

1.2 Applications

Applications on engineering devices or systems are based on the 
controllable, rapidly variable rheological properties of ER fluids. The 
proposed applications are, for examples, vibration damping, force 
transfer/clutches, positioning/chucking, and valves (Havelka and Pialet. 1996).

1. Vibration damping. Vibration damping can be used in vehicles and 
in industrial equipment. The vehicle applications include primary 
suspensions, engine mounts, cab mounts, seat dampers, bushings, 
and torsion bars. The industrial applications of vibration damping 
include beam stiffening and journal bearings.

2. Force transfer. It is used in primary and auxiliary clutches, 
servo-clutches, brakes, and tensioning.

-<-------
(b) 7  b

S h e a r  f low  
-------------

-
(c) 7<



3. Positioning applications. These applieations are predominantly 
industrial. One major possible industrial application for available 
ER fluids is in positioning or chucking. A variation on the 
chucking application is the use of the ER fluids in a pick-and- 
place application for robotics.

4. Valve applications. These are also predominantly industrial. They 
include hydraulic valves, ink-jet printers, hydraulic vibrators, 
variable displacement pumps, and dynamic balancing.

Other possible uses of ER systems are: peristaltic pumps, actuators, 
glues, and heat transfer (Havelka and Pialet, 1996).

ER fluids based on LC polymers are superior over particle dispersion 
ER fluids in certain applications such as torque control and vibration 
damping. Their Newtonian-like flow characteristics, in contrast to the 
Bingham flow of particle dispersion fluids, are advantageous for use in linear 
control systems, since it permits the use of constant voltage under varying 
shear loads and speeds, and eliminates the problems of stick-slip movement 
often encountered with the particle dispersion ER fluids. Because they contain 
no particles, the polymer fluids pose no abrasion problems and permit the use 
of narrow electrode gap. The electrode gap can be decreased to 50 pm or less, 
making it possible to use applied electric field of less than 50 V (Inoue et a i. 
1998).

1.3 Objectives

The objective o f this thesis is to synthesize and characterize poly(/>
benzamide) (PBA) o f different molecular weights to be used in formulating
electrorheological (ER) fluids.
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