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Theory of the acoustic realignment of nematic liquid crystals

A. P. Malanoski, V. A. Greanya, B. T. Weslowski, M. S. Spector, J. V. Selinger, and R. Shashidhar*
Center for Bio/Molecular Science and Engineering, Naval Research Laboratory, Code 6900, 4555 Overlook Avenue SW,

Washington, DC 20375, USA
~Received 17 October 2003; published 26 February 2004!

When an ultrasonic wave is applied to a nematic liquid-crystal cell, the molecules change their orientation,
leading to a change in the optical intensity transmitted through the cell. Modeling this acousto-optic effect
involves three separate theoretical issues:~a! calculating the intensity of sound transmitted through the cell
walls into the liquid crystal,~b! determining the consequent realignment of the liquid crystal, and~c! deriving
the change in optical transmission through the cell. In this paper, we present a theory that addresses all three
of these issues, and thereby reproduces the behavior seen in experiments. The theory shows how the perfor-
mance depends not only on the liquid-crystal material properties, but also on the geometrical parameters of the
system, such as the thickness of the glass walls, thickness of the liquid-crystal layer, angle of the ultrasonic
wave, viewing angle, and boundary condition at the glass-liquid crystal interface. The theory predicts that the
strong dependence on viewing angle still allows an optical image to be seen for realistic dimensions.

DOI: 10.1103/PhysRevE.69.021705 PACS number~s!: 61.30.Gd, 61.30.Dk, 78.20.Hp, 43.35.1d
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I. INTRODUCTION

Nematic liquid crystals are well known to exhibit a
electro-optic effect, in which an applied electric field realig
the molecules, leading to a change in the optical transmis
through the liquid-crystal cell. In addition to the electro-op
effect, nematic liquid crystals also exhibit an acousto-op
effect, in which a low-intensity acoustic-field realigns th
molecules, again leading to a change in optical transmis
@1–8#. This effect can be exploited to visually observe var
tions in an acoustic wave that probes the structure of a
tem. It is already being used in this manner as a mean
nondestructively test materials for weaknesses@9–11#. It has
further potential applications in medical diagnostics and
derwater imaging.

In a previous paper, we proposed a theory for the acou
optic effect in nematic liquid crystals@12#. This theory
agreed with the then available experimental results as a f
tion of the incoming acoustic intensity. However, subsequ
experiments by our group investigated the acousto-optic
fect as a function of geometric parameters of the cell, p
ticularly the angle of the incoming sound wave, the viewi
angle, and the thickness of the liquid-crystal cell@13#. These
experiments showed that the acousto-optic effect depe
sensitively on all of these geometrical parameters. The
pendence on the cell thickness was consistent with the t
retical predictions, but the dependence on the acoustic a
and the viewing angle could not be explained by the the

In this paper, we generalize the earlier theory to addr
the experimental results of Ref.@13#. For this generalization
we note that modeling the acousto-optic effect involves th
distinct theoretical issues.

~a! First, we must calculate how much of an incomin
sound wave is transmitted through the cell walls into
liquid crystal. We develop a model for the propagation

*Present address: Geo-Centers Inc., Maritime Plaza O
Suite 050, 120 M Street, SE, Washington, DC 20003.
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sound through the multilayer geometry of water/glass/liq
crystal/glass/water. This model predicts the intensity of
forward- and backward-traveling sound waves within the l
uid crystal.

~b! We must then determine how the sound intensity in
liquid-crystal layer interacts with the molecular orientatio
and realigns the molecules. For this calculation, we use
continuum elastic formalism developed in our earlier pa
@12#, but extend the theory to higher order in a perturbat
series.

~c! Finally, we must derive how the realigned liquid cry
tal changes the transmission of light through the cell.
present this optics calculation, and show how the results
pend on the viewing angle. This angular dependence was
considered in our earlier work, which considered only n
mal incidence of light.

In the following sections, we present the theoretical wo
in detail. We compare our results with the experiments
Ref. @13#, using appropriate values for the relevant geome
parameters, and find good agreement between theory
experiment. We then use this theoretical approach to simu
the images that would be seen in an acousto-optic dev
These calculations show that the viewing-angle depende
allows an optical image to be seen for realistic device dim
sions. Thus, the theory shows how an acousto-optic de
can be designed for imaging applications.

II. THEORY

As discussed in the introduction, the first problem is
determine the actual sound intensity that reaches the liq
crystal. Figure 1 shows a representation of the system
the sound waves that are present. In order to solve the p
lem we must assume some form for the sound waves pre
in each layer. In each layer there are two longitudinal aco
tic waves possible, one forward traveling from transmiss
and one backward traveling from reflection, which we a
sume travel as plane waves of the form

e,
©2004 The American Physical Society05-1
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fn
m5An

mei (6kn
l z cosun

l
1kn

l x sin un
l
2vt), ~2.1!

where m is f to represent the forward-traveling wave wi
kn

l z or is b to represent the backward-traveling wave w
2kn

l z, and n is wi ; i 51,2,3 to indicate one of the liquid
layers orgj ; j 51,2 to indicate one of the solid~glass! layers.
The z axis direction is normal to the glass surface. T
forward-traveling wave,Aw1

f , in the first liquid layer is a

known input. Also in the last liquid layer, only the forward
traveling wave,Aw3

f , may have a nonzero value,Aw3

b 50. In

the glass because it is an isotropic solid, two plane transv
waves are also present

cn
m5Bn

mei (6kn
t z cosun

t
1kn

t x sin un
t
2vt). ~2.2!

FIG. 1. ~Color online! Schematic representation of liquid-cryst
cell and how sound waves travel through it. The solid lines indic
the longitudinal sound waves which are produced as the orig
sound wave propagates forward from the bottom/first layer re
sented withf superscripts and the backward propagating so
waves created by reflection at the interfaces represented wib
superscripts. The change in direction of the waves at each l
interface are required by Snell’s law. In the solid glass layers,
dashed lines represent the transverse sound waves. There is
one in each direction for isotropic solids such as glass.
02170
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The waves present in each layer are related to each o
because certain conditions must be met at the bounda
between layers. There are four boundaries between laye
the system, two between water and glass and two betw
liquid crystal and glass. Snell’s law must be obeyed and th
other conditions must be met at each boundary: the com
nent of the displacement normal to the boundary must
continuous, the tangential stress component in the glass m
be zero assuming that the fluids are nonviscous, and the
mal stress of the solid layer must equal the over pressur
the fluid layer @14#. Assuming plane waves, those thre
boundary conditions can be written as

~fwi

f 2fwi

b !kwi

l cosuwi

l 5~fgj

f 2fgj

b !kgj

l cosugj

l

2~cgj

f 1cgj

b !kgj

t sinugj

t , ~2.3!

~fgj

f 2fgj

b !~kgj

l !2sin 2ugj

l 1~cgj

f 1cgj

b !~kgj

t !2cos 2ugj

t 50,

~2.4!

rwi
~fwi

f 1fwi

b !5rgj
~~fgj

f 1fgj

b !cos 2ugj

t

2~cgj

f 2cgj

b !sin 2ugj

t !, ~2.5!

evaluated with t50, x50, and z5zi , j the location of
the boundary for$ i , j %5$1,1%,$2,1%,$2,2%,$3,2%. These 12
equations are solved simultaneously for the 12 unkno
amplitudes.

The coupling of the acoustic wave and the local direc
of the liquid crystal is derived from continuum elastic theo
@12#. Considering thermodynamics the configuration of t
liquid crystals can be determined for different sound inten
ties by energy minimization. This requires contributions
the energy from the sound interaction, the liquid-crystal el
tic interaction, and the wall boundary liquid-crystal intera
tion. The same assumptions made in previous work reg
ing the form of these contributions were used again.
previous work, the acoustic wave liquid crystal interacti
energy was derived to be

^Vint&5 1
2 u2~Dr!2~kW•nW !2. ~2.6!

The wall boundary liquid-crystal interaction was assumed
be the infinite anchoring energy case in which the first la
of liquid-crystal molecules in contact with the wall have
fixed orientation. The derivation to determine the optimu
director profile via a free energy minimization follows th
same reasoning presented in the previous paper; howeve
results differ as both forward- and backward-traveling aco
tic waves are present in the liquid crystal rather than a sin
forward-traveling wave. So the interaction energy is

^Vint&5 1
2 u2kw2

2 @ uAw2

f u2cos2~b2u3!1uAw2

b u2cos2~b1u3!#,

~2.7!

which is dependent on two of the acoustic wave amplitu
that are determined by the acoustic calculation above.
free energy per unit area can be written as
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F5E
0

a

dzF1

2
~K1sin2b1K3cos2b!S db

dzD 2

1^Vint&G .
~2.8!

A general expression forb(z), which satisfies the boundar
conditionsb(0)5b(a)5b0, can be written as the Fourie
series plus a constant

b~z!5b01(
j 51

`

b jsin
j pz

a
. ~2.9!

This differs from the previous work which only considere
the specific case ofb050. We consider only the leadin
term b1 in the Fourier series. Combining Eqs.~2.7!–~2.9!
and integrating gives

F5
K3p2b1

2

4a
1

akw2

2 u2

4
@ uAw2

f u21uAw2

b u2

1J0~2b1!„uAw2

f u2cos~2b022uw2
!1uAw2

b u2cos~2b0

12uw2
!…2H0~2b1!„uAw2

f u2sin~2b022uw2
!

1uAw2

b u2sin~2b012uw2
!t…#, ~2.10!

whereJ0 is the Bessel function andH0 is the Struve func-
tion. This free energy can be expanded in powers ofb1 and
then minimized with respect tob1. We retain the first three
terms of the power expansion to improve the solutions. T
gives a value forb1.

The final aspect to consider is the transmission of li
through the cell. As was noted in the previous paper
important quantity is the effective birefringence which giv
the phase retardation of light passing through the liquid cr
tal. Approximated, in the previous work, for viewing norm
to the surface this was written as

Dne f f@b~z!#'Dn sin2b~z!. ~2.11!

Now it is desirable to be able to consider viewing angles t
are not normal to the glass surface. So this equation is
written to incorporate viewing angle dependence as

Dne f f@b~z!#'Dnsin2
„$@gx1b~z!#21gy

2%1/2
…,

~2.12!

wheregx andgy are the components of small viewing ang
in thex andy directions, respectively. We initially considere
the case in which only changes in the angle in thex direction
were allowed. We integrate the effective birefringence ovez
assumingb(z) andgx are small withgy50,

d5
2p

l E
0

a

Dn sin2@gx1b~z!#, ~2.13!

d5
apDn

l
$pb1

2cos@2~b01gx!#14b1sin@2~b01gx!#

12p sin2@b01gx#%. ~2.14!
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For the last aspect considered in the results section, va
tions in both thex andy directions need to be allowed. In thi
case integration of the effective birefringence yields

d5
2p

l E
0

a

Dn sin2
„$@gx1b~z!#21gy

2%1/2
…, ~2.15!

d5
apDn

l
$pb1

218b1~gx1b0!12p@~gx1b0!21gy
2#%,

~2.16!

which is only used in cases where the viewing angle is var
in both thex andy direction.

The optical intensity transmitted through crossed pola
ers can be calculated from

I opt5I min1I 0sin2S d

2D . ~2.17!

These equations describe the entire experimental system
expect any differences between theory and experimen
arise from approximations made in the theory to simplify t
calculations, such as ignoring sound attenuation.

III. RESULTS

The theory will be compared to experimental results
ready published for cells containing 5CB which range
thickness from 150 to 300mm @13#. Many of the parameters
required in the theory have values that can be obtained f
the physical system. The cells are made by sandwiching
liquid crystal between glass plates which are 900mm thick.
The frequency of the sound waves was 3.3 MHz. The exp
mentally measured birefringence wasDn'0.17, and the
wavelength of the laser light was 0.633mm. The literature
values indicate a range of densities and speeds of soun
glass. We used for the purposes of this calculation a re
sentative density of 2.6 g/cm3 and a speed of 6000 m/s fo
the longitudinal waves and 3731 m/s for the transve
waves. The speed of sound in the water and liquid cry
was assumed to be 1500 m/s. The Frank’s constantK3 was
chosen to have a value in the order of magnitude typica
found in liquid crystals, 1026 dyn. The experimental setu
briefly has a liquid-crystal cell which can rotate with respe
to an optical laser system and an acoustic transducer plac
sufficient distance from the liquid-crystal cell so that t
acoustic field is fully formed. The transducer can also
rotated with respect to the orientation of the optical syste
This effectively allows one to consider variations in th
viewing angle and variations in the angle at which the sou
waves meet the surface of the liquid-crystal cell.

Most of the physical parameters of the theory are fix
once a particular material and setup are chosen. One pa
eter,u2, which represents the coupling between the direc
and the density gradient, at present cannot be calculated
must be computed by fitting the experimental data. In Fig
experimental data for a 290mm cell with incoming acoustic
sound at217.5° off normal is plotted along with the resul
from the original and the current theory. The original theo
5-3
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agrees with the experimental data before the first maxim
but departs rapidly after that. The fit of the original theo
was only on experimental data up to this first maximum a
was not possible to obtain a reasonable fit if more data po
were included. The revised theory is able to match the o
all trend of the experiment past the first peak.

We have initially assumed that the viewing anglegx and
the molecular pretilt angleb0 match the experimentally mea
sured values of zero. Because the pretilt and viewing an
can be varied in the theory, it is possible to use one or
other as an additional fitting parameter and see how the fi
the experimental data is affected. The results in Fig. 3
plots of two fits of the data where in one the pretilt of t
molecules was used as a fitting parameter with viewing an
still fixed and in the other the viewing angle was a fittin
parameter and the pretilt remained a constant. The fi

FIG. 2. ~Color online! Optical intensity (mW) vs acoustic inten-
sity (mW/cm2) for a 290mm thick liquid-crystal cell with sound
hitting cell at 217.5°. The symbols are experimental results@13#,
the solid lines are results from the previous theory@12# and the
dashed line is from the current theory.

FIG. 3. ~Color online! Optical intensity (mW) vs acoustic inten-
sity (mW/cm2) for a 290mm thick liquid-crystal cell with sound
hitting cell at 217.5°. The symbols are experimental results,
solid lines are results from the current theory using viewing an
gx as a fitting parameter (0.56°) and the dashed line is from
current theory using molecular pretiltb0 at the glass interfaces as
fitting parameter (0.54°).
02170
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angles in either case are' half a degree which is within the
uncertainty of the experimental values. This data shows
very good agreement can be obtained with the experime
results with less than a degree change in either one ang
the other. The results for varying either angle are indist
guishable from each other at low acoustic intensities for s
small angles.

The theory shows that the performance of the system
pends on many physical parameters, some geometrical~cell
characteristics! and some associated with the materia
~liquid-crystal characteristics!. Table I shows the fits for a
variety of cells filled with 5CB. The obtained fitting param
eters agree with each other fairly well. Since the mate
remains the same, purely geometrical considerations sh
account for the differences in the cells’ performances and
is confirmed for the theory. Reproducing the exact physi
construction of cells for different cells is difficult so to bett
judge between the performance of different materials co
paring the requiredu2 for the theory to fit different experi-
mental materials will remove the geometrical consideratio

Apart from the dependence on acoustic intensity, we m
also consider the dependence on the angle of the incom
sound wave. The experiments show multiple peaks in
response of the liquid crystal to acoustic intensity as
angle of the incoming sound wave varies. Some of th
peaks are quite narrow. This can be understood becaus
systems with more than two layers reflected waves are p
sible which allows for the possibility of resonance effec
Depending on materials and geometry of the system ne
all the sound may be transmitted through at different ang
In addition, sound can travel simultaneously as a longitudi
wave and a transverse wave in solids. This means th
non-negilible sound intensity may be present at angles la
than the critical angle for the longitudinal sound waves.
deed for experiments on a liquid-crystal cell that is 300mm
thick the best response is seen at an angle of217.5°.

In Fig. 4, the optical response observed for a fixed aco
tic intensity is plotted versus the angle of the sound wave
both experimental results and predictions of the theory. T
two parameters,u2 andb0, used in the theory are based on
fit of the experimental data for a 290mm cell of 5CB at its
optimum angle of217.5°. Note that there is no further fit t
the angular dependence. The theory predicts the bes
sponse in the same angle range as the experiment and
predicts that the peak will have a narrow shape. In addit
both theory and experiment show a broader weaker p
around 8° –10°. The theory has an additional peak predic
at 12.5° that is absent in the experimental data. In Fig

TABLE I. Fitting parameteru2 for cells.

Thickness
(mm) uacoustic ~deg! u2 (cm7 g21 s22) gx ~deg! b0 ~deg!

290 217.5 1.303103 0.56 0.0
290 217.5 1.33103 0.0 0.54
294 219.0 2.513103 20.40 0.0
295 218.0 1.643103 0.13 0.0
258 217.75 4.303103 0.25 0.0

e
e
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results are shown for a cell that is 150mm thick. In this case
the sharp peak has shifted to a lower angle in the experim
tal data and the broad peak at lower angle has becom
much weaker that it is barely distinguishable from the d
state. The theory also predicts that the peak shifts to lo
angles and that the broader peak at lower angles is m
weaker. The shifted peak in the theory has also become m
sharper than the experimental result. Overall the theory
dicts the behavior as the sound angle changes as well as
these changes depend on thickness. The peak at 1
present in the theory for the thicker cell is also present at
cell thickness. The extra peak in the theory represents a r
nance condition which is dependent on the dimensions
geometry of the cell present in the theory that is not me
the real experimental system. This is possible as the the
assumes infinite dimensions for the size of the cell while
real system has finite boundaries.

In addition to the dependence of optimal acoustic an
on thickness, the optical response to a low acoustic inten
also depends on the liquid-crystal thickness in the cell. T
original theory predicted that the optical phase retarda
scales asa5, wherea is the liquid-crystal thickness in th
cell, provided that the acoustic angle is held constant. In
current theory, which considers acoustic transmission and
flection in detail, we see that the thickness dependence
be more complex for two reasons. First, changing the th
ness changes the acoustic resonance conditions, w
changes the acoustic intensity in the liquid crystal. Seco
as we have already seen, changing the thickness change
optimal acoustic angle. The experimental measurem
were not made at a constant acoustic angle, but at the
mal angle for each cell thickness.

To see this more clearly for a given set of fitting para
eters the optical intensity at a sound intensity of 1 mW/c2

was tracked as a function of both the angle of the incom
acoustic wave and the thickness of the liquid crystal. In F
6, the results are shown as a density plot as a function
acoustic angle and cell thickness. The grayscale color cha
from white to black corresponds to increasing optical inte
sities. The plot shows that certain acoustic angles are opt

FIG. 4. ~Color online! Optical intensity (mW) vs angle of in-
coming sound wave for a 290mm thick liquid-crystal cell. The
symbols are experimental results, and the solid line is the re
from the current theory.
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and these angles change gradually as the cell thickn
changes. Similar trends are seen at a higher acoustic inte
of 2 mW/cm2 in Fig. 7. The regions that had the greate
response at the lower intensity have had the largest incre
in their intensity. This follows from the shape the theo
predicts at a particular thickness and acoustic angle as
in Fig. 3. It is difficult to analytically extract the thicknes
dependence of the acoustics problem as the solution of
12 equation system has many terms present. The depend
on thickness predicted by the current theory is consis
with the experimental measurements@13# even though it is
not exactlya5.

The optical response observed is dependent on the v

lt

FIG. 5. ~Color online! Optical intensity (mW) vs angle of in-
coming sound wave for a 150mm thick liquid-crystal cell. The
symbols are experimental results, and the solid line is the re
from the current theory.

FIG. 6. The optical intensity is denoted by grayscale color a
function of angle of incoming sound wave~deg! and cell thickness
(mm). Grayscale color changes from white to black denotes
creasing intensity. The incoming sound wave has an intensity
1 mW/cm2.
5-5
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ing angle. In Figs. 8 and 9, the behavior observed in
experimental system and predicted by the theory for
viewing angles from 0° to 4° are shown for the optical r
sponse versus acoustic intensity. Note that the location of
first maximum is shifted from higher acoustic intensities
lower values as the viewing angle increases. Also at
larger deviations from normal viewing the optical intens
observed at zero acoustic intensity becomes significant.
amount of shifting per degree of change in viewing angle
similar between the theory and experimental results for
smallest deviations. At the larger deviations the trend is c
rectly predicted by the theory but the theory shows a sligh

FIG. 7. The optical intensity is denoted by grayscale color a
function of angle of incoming sound wave~deg! and cell thickness
(mm). Grayscale color from white to black denotes increasing
tensity. The incoming sound wave has an intensity of 2 mW/cm2.

FIG. 8. ~Color online! Optical intensity (mW) vs acoustic inten-
sity (mW/cm2) from experimental data for a 290mm thick liquid-
crystal cell with sound hitting the cell at212.5°. The viewing
angle is varied 0~black,—!, 1~purple, - —!, 2~red,--!, 3~blue,— •

—!, 4~green,— —!.
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larger shift than that seen in the experiment. The experim
tal results also show a dependence of the maximum op
intensity observed as the viewing angle varies. The theor
derived does not predict such a trend.

The theory has given good agreement with the experim
tal results, and we now want to turn our attention to con
tions not yet seen in the experimental system. This is
practical value of the theory in that new cases can quickly
evaluated, and the best cases can be selected for experi
tal study. From considerations of the original theory havi
the liquid crystals oriented at 45° to the incoming sou
wave is a potentially more responsive condition. So in F
10, we consider a cell that has a molecular pretilt of 45° a
the sound being transmitted normal to the glass surf
viewed at 45° and 44.5° compared to results for a sys
with no molecular pretilt~homeotropic! but the sound trans

a

-

FIG. 9. ~Color online! Optical intensity (mW) vs acoustic inten-
sity (mW/cm2) from theory for a 290mm thick liquid-crystal cell
with sound hitting the cell at212.5°. The viewing angle is varied
0~black,—!, 1~purple,¯—!, 2~red,--!, 3~blue,— • —!, 4~green,—
—!.

FIG. 10. ~Color online! Optical intensity (mW) vs acoustic in-
tensity (mW/cm2) for a 290mm thick liquid-crystal cell. The solid
~black! line is for the theory with no molecular pretilt, 0.56° view
ing, and sound hitting the cell at217.5°. The dashed~green! line is
for the theory with 45° molecular pretilt, 45° viewing, and sou
hitting normal to the cell surface. The dot-dash~red! line is for the
theory with 45° molecular pretilt, 44.44° viewing, and sound h
ting normal to the cell surface.
5-6
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THEORY OF THE ACOUSTIC REALIGNMENT OF . . . PHYSICAL REVIEW E 69, 021705 ~2004!
mitted at 17.5° viewed at 0.56°. With no sound transmiss
a cell with no pretilt and some specified pretilt do not ha
the same response at a given viewing angle; however,
behaviors can be mapped onto each other. When the mo
lar pretilt is increased to 45°, the viewing angle that cor
sponds to normal viewing for a system with no pretilt shi
to '45°. The benefit of a pretilt is that the acoustic res
nance conditions are not affected for changes in pretilt an
different pretilt may allow a resonance condition to be e
ploited. The overall shape of the curve has changed altho
the value of the acoustic intensity at the first maxima
optical intensity has not changed significantly. The broa
shape of the curve with molecular pretilt shows that the s
tem is sensitive over a large range of acoustic intensit
This is a desired property for a real device. So the new c
could be considered the better of the two, based not on w
requires the smallest acoustic intensity to reach its maxim
optical response but on this other requirement for appl
tions. The small change in viewing angle from 45° to 44.4
shows how sensitive the system remains to viewing an
Consideration of this case emphasizes that there are se
important factors guiding the optimization of parameters
a real application.

For a real portable device, the acoustic intensity requi
to reach an optical peak is one useful criterion in ranking
performance of cases. Another criterion is that the sys
shows roughly equal sensitivity at all sound intensities up
the sound intensity when the optical response first reache
maximum value. This means that variations of sound int
sities will have an easily interpretable meaning when view
The first criterion is dependent on the thickness of the liqu
crystal cell and viewing angle or molecular pretilt. In add
tion it is dependent on the coupling constant,u2, which de-
pends on the material. From the predictions of the the
any material could be made to give a desired level of
sponse by simply making the cell thicker. In practice t
maximum possible thickness is limited by the difficulty
achieving good alignment in thick cells. The cell alignme
is critical for giving a good dark state and large intens
range. In addition other desirable properties such as
speed of response, not covered in this theory, degrade
increasing thickness. So for the real system an optimal th
ness that has the best tradeoff of response versus spee
have to be chosen. The second criterion can be manipul
regardless of the material via changes in the geometrical
rameters of the cell and its orientation with respect to
sound waves. However, it is also dependent on the view
angle. In a real device visual information from different r
gions of a two-dimensional image is viewed by the eye o
camera at different angles. This angle dependence is diffi
to remove in practice. This viewing angle dependence me
that for a real device having the optimal performance at
viewing angle may not be important as having accepta
performance over a wider range of viewing angles. Inde
the strong viewing angle dependence might lead one to q
tion whether a usable device is even possible. Thus, i
worthwhile to use this theory to explore what the final ima
from a device may look like.

The process of viewing a real image was modeled us
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the theory developed in this paper. For this calculation
viewing plate 535 cm was subdivided into 1153115 equal
sized pixels. The individual regions of the liquid crystal we
assumed to reorient independent of each other. The so
intensity that reaches a particular liquid-crystal pixel w
proportional to the gray scale intensity of the sample ima
in Fig. 11~a!. A white pixel corresponds to full sound inten
sity and black to no sound intensity. The monocular view
~eye or camera! is 30 cm distant from the liquid-crystal ce
and at a location such that the lower left corner of the ima
is being viewed at 2° from the normal in both direction
This was chosen so that the cross pattern produced by li
cross polarizers would not obstruct the view produced by
sound waves. The viewing angle for each pixel can now
computed from the geometry and used in the solution of
theory in each pixel. Figure 11 shows the results for a f
different sound intensities. Figure 11~b! shows that without
any sound intensity reaching the liquid crystal a pattern
bright and dark fringes would be seen. As the sound inten
increases the image appears superimposed on the fring
is first visible at about 1 –1.1 mW/cm2, Fig. 11~c! shows the
value at 1.1 mW/cm2 and is easily identified at 5 mW/cm2

in Fig. 11~d!. The most sensitive parts of the image are t
regions that were between the brightest and darkest strip
Fig. 11~a!. Some parts of the image are not viewable, b
clearly sufficient information is present to discern the ima

IV. DISCUSSION

We have considered improvements to a promising c
tinuum theory to model the coupling of acoustic waves w

FIG. 11. Incoming sound intensity proportional to brightness
~a! test image. Calculated response of 535 cm2 liquid-crystal cell
that is 290mm viewed from 30 cm away~b! for no base sound
intensity,~c! for 1.1 mW/cm2, and~d! for 5 mW/cm2.
5-7
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liquid-crystal behavior. The previous work for the origin
theory confirmed the important influence choice of mate
has on the performance and response of liquid crystal
ultrasonic waves. There were however several feature
recent experimental results that the original theory could
predict. We incorporated more details of the acoustics of
physical system which resulted in a theory that predicts al
the trends observed in the experimental system. The th
makes a prediction of the optical intensity versus acou
intensity that is consistent with experimental results. T
presence of optimal~resonant! acoustic angles for the liquid
crystal cell is confirmed in the theory and its predictio
compare favorably with the experiments. The change in
optimal acoustic angle as liquid-crystal thickness varies
also correctly captured.

The results considered in the current paper have focu
on variations in geometrical considerations of cell constr
tion and orientation of the cell. These results demonstrate
importance of choosing the appropriate cell geometry as w
as the best material to provide the best response for prac
applications. As the theory is so consistent with the exp
s
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mental results it now provides a tool to rapidly consider fu
ther alterations to the physical geometry to alter the per
mance of the liquid-crystal cell. Finally, we have consider
in the theory how the strong angle dependence of the liqu
crystal cell impacts on their usability for real application
Using dimensions that might be seen in a real device
theory predicts bright and dark fringes that mask parts o
real image. The spacing between the fringes is sufficien
allow enough of the image to show that it can be discern
It should be possible to further improve these results by p
processing of the image or small changes in the view
angle so that every region of the cell is periodically view
at an optimal angle.
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