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Flow Induced Switching in a Bistable Nematic 
Device 

J.G. MCINTOSH, P.J. KEDNEY and EM. LESLIE 

Department of Mathematics. University of Strathclyde, Livingstone Towel; 26 
Richmond Street, Glasgow G1 lXH, Scotland 

This paper discusses some recent experimental results concerning the switching of a weakly 
anchored nematic liquid crystal between bistable states by exploiting backflow in the cell. 
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INTRODUCTION 

In  a receiit. paper Doxov. Nobili and Durandll] describe esprriiiiriits ii i  

which t.liry switch a weakly anchored neniat,ic liquid cryst,al betwren t.wo 
1)istalde st.ates by applying voltages across the cell. Thc bistable states are 
Imth aligned parallel to the plates, being uniform in one but having a K- 
twist in tho other, these configurations having equal energv if tlir nematic 
cx)ntains an appropriate ainoiirit, of chirill tlopaiit. .4lso t,he surface aiichor- 
ing is weak and of lilieqtiill st.rciigtlis ilt t h v  two IiIiIt(*s. .-lpplicatitiii o f  H 

voltiigr wit.liin a given range breaks the anchoriiig only at. tlir surfaco wit 11 
t lie weaker anchoring, and thrreby iichiwes tlici traiisitioii frotii  the, twisted 
st;itv t o  tlic iiiiiforiri statr. Howevrr. tlir rrvrrsr switcliiiig is iiior(5 ( w i i -  

pl~s. A strfficiently stxoiig voltage t,o break t h  anclioriiig at I)ot,li plates is 
rcwiovrtl abruiit,ly. imd this leads to tlie nrinat,ic adopting a s ta t r  iiivolv- 
iiig I i c w l  ilt. I)ot,h plates. which ultimately relaxes to a a-twist. The init,ial 
stilgr of this rrlaxat,ion ii1t.o tlie splay-l)rnd state is attril)utrd t o  \.iscoiis 
(.oiipliiig I)etwem the pliltcs throiigh rlie prrsriice of backflow. 

O u r  aim i n  this paper is t o  investigate tlie role of flow i t i  thr lirst stag(. 
of  this liittrr rchsat.ioii ciiiploying (.oiitiiiuiiin theory. wllirit witti ii smi(9- 

what siniplifietl nlodel to  rrtlnc~ the Iiuine~ri(~ii1 (~iil(~diItio1is involvcvl. 111 

t liis way. our invest,igat,ion confirins thtx a r g i ~ n ~ e ~ i t s  pi i t  forwird Iiy Dozov. 
St)li i l i  and Dtlrimdl'i. I)? sliowirig thilt thc' flow iiitliirrtl iiiitidly itt tlie niorv  

[ 176911525 
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526/[ 17701 J. G. MCINTOSH et al. 

st roiiglv anchored surfacr can influence tlir aligirneiit a t  the weaker surfacc 
t o  produce a bend-splay rotation of K across t,ho crll. 

CONTINUUM EQUATIONS 

Bclow we employ the (:ontiiililirii cquatioiis proposed by Ericksrii aiid Loslic* 
( s w .  for rxamplc. Lesliel'l or (Ic Gc!iiiics and Pros1 [ " I ) .  ;~lthoiigh iu this prv- 
1iiiiiii;wy study it seems rea.soriallc to usc a simplified iiioclel to rrtliicv t,lie 
iiuriierical computations. Here we coiisider solutions of their equations in 
wliich t,hc velocity g and aligiinierit fi takr the forms rcfcrrrd to C'iirt.(tsi;ili 
i I W S  

- 'U = ( 7 ~ ( z , t ) . O , O ) :  12 = (sin6r(,-,1).0,cos0(-,t)). ( 1 )  
\diere c' is the Cartesian coordinate normal to thc plates. and t tlrnot.c!s 
t,iiiie, I n  t,his event it follows that 'u and 6' must satisfv 

at 
g(0)- - m(0)-  

all a ( ;; 
p- = - 

at a: 
illltl 

Iiaving chosen 

UI = o:, = fY6 = 0, ( I . ,  = fV5 = -fP2 = ( I .  (.-I ) 

;\lso for very thin lavrrs it scrms rcasonable t.o neglect, tlir Hiiid iiicrtia by 
ststtiiig thr clensity p equal to w r o .  a r i d  this has bwn verified hy cid(d;lti<)lls 
iii which t.lie clensitv term is retained. Firially t,hr cquat.ioiis arr solved 
hii l i , i ivt  to tlir boundary conditions 

l I ( 0 .  I )  = r r ( / r .  1 )  = 0. 

: = / I .  
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FLOW INDUCED SWITCHIN0 [ 17713/527 

h denoting the cell thickness, YI a surface viscosity, and ; lo and .4,, positive 
c*o1istants. 

NUMERICAL RESULTS 

111 this paper it is coii\~iiie~it to ei~~ploy t,wo different wts of initial c'oii- 

tlitioiis. The first of these is iiscd when considcring the full switch froni 
iiiiiforrii to bend states which involves thr field being switched both on and 
off. i d  is 

71 
B ( z , 0 )  = rad.. u ( z . 0 )  = 0. (7 2 

Tlio swond set represents only the second half of the above process whcrc 
thr ficld has already orientated the director to a near vertical state and is 
jiist, about to he removed. and takes the form 

~ ( t .  n) = 1 x lo-' rail.. tI(2.0)  = n. (8) 

Siilc:c the flow plays such a large part in thc switching process and is very 
iiiilikely t.o be identically zero across the cell at. this stage? this final sct 
of initial (:oriditions is not ideal. However. it is tho Iwliavioiir of t,lrcl c.rll 
aftcr the field has been switched off that is of most interest aid tlic effect 
that different sets of material parameters have on this bchavioiir is more 
siiitably compared from the same starting point. 

For the results contained in this paper the inaterial parameters for 
IIBBA at 25°C. are considered (in cgs i~nits)f'], that is 

l<, = 2.9 x 10-'~.  1\:1 = 3.7 x lo-'. n = 0.42,11 = o x in-". / I  = 2 / ~ .  

Results for other sets of parainctcrs haw been exaniined. howewr such 
r c d t s  are qiialitativrly the same iu those‘ protliicrd hcre. Furtlicr iiiforinii- 
t ion regarding the specific probleiii being considered. such as tlic aiiclioring 
strcngth at  both boundaries. will be given with the relevant figiires. 

In order to stiiciy the partial differential equations (2) and (3) with 
I)oi~utiary ronditions (6) and initial conditions (7) or (8) we IIW numerical 
1 cdiniques. This rssentially involvrs employing the '~netllotl of lines' t o  
c~onwrt the syst.ern of partial differential equations. with finitv tliff~rrirc~s. 
to ii  s w e l l 1  of  ordinary differential cqiiatious in 11ir tiiiie dirrctioir;']. 

It ha.. l~ren conirnoii practice in siiiiilar liquid crystill prol)le~ns to iic~glcct 
tlie inrrtial term ( p g )  in the equation for the I)alancc of l i ~ i ~  iii0ni~iitui1i 
(2). Tlic first two figurcs in this paper c:omparc~ solutions both with a i d  
without this inertial term. Figures 1 aid 2 provide results obtained with 
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the set of initial conditions (8). Figure 1 gives the values of the director 
angle 0 at bottom, middle and top of thc liquid crystal cell. The second 
figure gives two values of the velocitv component u and, since the flow is 
illways zero at the boundaries. these values are given at different poiiits 
within the cell. 

Although there is a difference in thc two solutions i t  is possilh t o  sw 
lroiii figurci 1 that the transition to herid structur(1 for thv  prot)lo~ri wit,li t l i v  

inertial terrri removed is orilv in the order of 11s slower t hail tliv nori-rc!cIucetl 
prol)lcm. ?lot surprisingly, the results for the flow - givcn in figure 2 . 
show the solution neglecting the inertial term lagging behind, by a small 
iliilount, that of the other solution. This phenorncnon is rcpeated in all t h c b  
C.;LWS so far considered and, since it, is a qualitative study of the switching 
process that is being attempted, thc removal of the inertial terrri in further 
c*alculations can therefore be seen as a reasonable step. Thc main rrasoii 
for wanting to neglect the left hand side of cqulition (2) is that it. can take 
almit. 400 tinics ILS long to compute a solutioii with thc- inertial t (wii  as is 
clow without, it. 

The following four figures give results for the givcw material parameters. 
starting this time with the initial conditions (7), and the surface anchoring 
strengths at the bottom and top plates given by -40 = 0.07 and A,, = 
0.09. respectively. The first two of these figures show the director and flow 
response to the applied electric field. The director figure 3 is seen 
1.0 be attempting to align with the field by decreasing towards zero across 
the cell. The weak anchoring at thc boundaries is shown 114’ the fact t,liat 
rlic director near both surfaccs lags behind that in the bulk. For i,he field 
oil. the flow, shown in figure 4, varies only slightly from an antisymiiiet,ric. 
foriii. being approximately qua1  in magnitude uicl opposite ia dirc*rtioii i i i  
t l v  opposite halves of the cell. 

When t,hc electric field is removed t,hc effect of tIi(1 flow hiis a iiiorc 
proiiounred influence on the liquid cr;\st.al rcll. This is evident. from figures 
5 niid 6. which give results for the field off. Siniple elastic considerations 
suggest tohat the director orientation should simply return to its initial st.ate 
( H ( 2 .  f )  = q,Vz) by way of a monotonic increase in 13 across the cvll. Fro111 
kiiowlctlge of the backflow e f fd6 l  wc know that this siniplistic rhsat.ion 
will iiot take placc. If the cell Iiad strong aiithoriiig at l)ot,li Iwiiidi\ries 
tl ieii  n shear flow wuld  be geiierated .- iiiitisyniaietric. and opposit (1 i l l  

s(*usc to the flow with the ficlcl on. In a region aroiiiid t h ~  c.ciitw of tliv 
( ~ 1 1  ;I torque \vould bo created wliicli would oppcw thc1 dast it. rdasation. 
.Although t.his may take the dirwtor past the vertiral (0 < 0 ) in this region. 
tliv cantire cell will eventually relas back to its initial stat,c. Figurvs 5 aiicl 
6 iiiake clear that this gradual rclaxatioii back to n iiiiiforni stat(*. parallt4 
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FLOW INDUCED SWITCHING [ 1773]/529 

with the plates, is not happening in this weak anchoring prot)lern. 
From figure 5 it is possible to see that at the plate with the stronger 

iudloring, t = h, the director relaxes more swiftly back to its iuitial stat.e. 
This induces flow in the negative direction ncar this plate which interferes 
with the relaxation in thv rest, of the wII .  Figiirc G sliowi how this How 
owi irs  throughout the cell iis t h e  progrwses. Tliv flow first. appears signif- 
ic.iiiitly at  the plate with faster relaxation and then tliffuses across the w I I  
I )c4w the elastic relaxation can take place at, the sloarr ( 2  = 0) surface. 
-This produces a viscous torque i n  the lower part o f  tlie cell which opposes 
tlici intendcd elastic/surfacr elastic reltixiltioll towards H = ilt thc: I)ot,totii 
plat,e. For this example it is apparent. that the visc:oiis torquc is strong 
(*11oii~11 to overcome the elastic and surface elastic torques and the dirtBrt.or 
oricwtation becomes negative near the lower plate. Once the director is 
iirgat,ivci tlie surface elasticity drives the surface orientatiou towards - ?j. 
This is shown in figure 5 where the director is show to I)($ tending ttr 
wards il n-bend state wit.11 H(0) = -$ a i d  H ( h )  = ;. .4s discirssrd cwrlier. 
t liis l ~ t . 1 ~ 1  state is iiiistable a i d  mist undergo ii relaxation to t.lw rrqiiirrd 
ii-twist, state. 

Final1.v in this scction we turn our attentioil to consideratioils of how t Iici  

r i i w  taken to switch between a uniforni, planar state and a n-twist s t i w  
niay he decreased. Although we arr only discussing thc process wherc. via 
the application of an electric field, the uniform solution beconies a n-bend 
solution, the length of duration of this process surcly gives some indication 
iis to the length of time required for the full switch. 

Figure 7 shows three tliffcrent solutioris corresponding to clifforent sets 
of imchoring conditions. The solutions are in a form siniilar to that, of fig- 
ure 1. wticre this tirnc the different. line t,ypes separate t.hc three different 
soliitions. A s  with figure 1 the wrves at the t.op of thr figure represent 
r h v  director angle at  the top plate, those in the inidtile give H-villuw ia tlir 
cwitrv of t.he cell aiid the reniaining curves give t,lie director oricwtatioli at  
.: = 0. It is easy to see that. as the anchoring strength at. both plates is 
iticwiised. the time taken to proceed to a bend statc decreases. This is liot 

iinespect.ec1. .ilso. predictably. if the values of t,hr anchoring st,rengtlis at 
wch boulldilry are taken too rlosc to rach other tlicii t.hr cell lvill silnply 
n v r t  back t.o thc uniforni state when the c~lwtric field is rriiiove(1. 

CONCLUSIONS AND FURTHER WORK 

I'siug continuum t,heory \vc have sliowii that the Row induc.cd 11y t Iic 
i h s t  ic./surface elastic relwatioti at the faster boundary causes tlw ~ H S -  
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530/[1774] J. a. MCINTOSH d ul. 

tir/siirface elastic relaxation to be opposed at the weaker boundary, and 
leds to a 7r-bend state which must. relax to a n-twist. Thus, we give 
thtwretical proof that an asymmetrically anchored cell ran switch froni a 
uniform state to a twisted state with the applicatioii of an clwtric fit*ld. 
IIonwvr, t la switching times achieved so far appcirr to hr slightly s lowr  
tliilii tliow obwrvecl experimentally. 

Attempts are currcntly being made to ohtixi a fuller understanding of 
the problem including the introduction of chmigeri to the boiitvlary rontli- 
t ions and the influence of twist effects. 

FIGURE 1 Director angle, O(r,t), given at three points in a liquid 
crystal cell for two difterent valuea of density p. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

37
 1

7 
A

ug
us

t 2
01

2 



FLOW INDUCED SWITCHING [1775]/531 

FIGURE 2 Flow, u(z, t ) ,  given at two points within a liquid crystal cell 
for two different values of density p. 

FIGURE 3 Director response to an applied electric field. 

FIGURE 4 Flow induced by the electric field generated director 
reorientation. 
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FIGURE 5 e(z,t) after the field has been removed. 

FIGURE 6 u(z, t )  after the field has been removed. 

FIGURE 7 Three solutions for different sets of anchoring strengths given 
in terms of 0 at three different points. Top curves: e(z = h),  middle 

curves: e(z = 5) and bottom curves: e(z = 0). 
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