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Flows in parallelepiped cells of nematic liquid crystals
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We identified three types of flow in a nematic liquid crystal parallelepiped cell subjected to an ac electric
field at low frequency. Our observations show the existence of translational flow, backflow, and convection flow
in parallelepiped cells. We measured the backflow velocity by introducing microparticles into the sample. The
backflow velocity at the normalized voltage ¢ = 0.05 is approximately 0.1 wm/s. It has the same order as the
translational flow velocity at ¢ = 0.05. Furthermore, convection flow occurs earlier than translational flow.
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I. INTRODUCTION

The effect of an electric field applied to a nematic lig-
uid crystal (NLC) has attracted increasing attention [1-6]. It
has been studied specifically in electrohydrodynamic (EHD)
instability to understand pattern formation in materials with
anisotropic properties [7-11]. One of the most popular pat-
terns is the Williams domain (WD) [1], the stationary bright
and dark pattern that appears when an NLC is given an electric
field at a certain voltage. WD formation can be explained
by the Carr-Helfrich mechanism [4,5,12]. In principle, the
Coulomb force resulting from the interaction of the elec-
tric field and the fluctuation of the director will overcome
the viscoelastic force at the critical voltage (V¢), resulting
in EHD instability [13,14]. EHD instability has two differ-
ent frequency regimes [13], separated by a cutoff frequency
(fc). These are low-frequency (conduction) (f < f¢) and
high-frequency (dielectric) (f > f¢) regimes [13]. In the con-
duction regime, normal or oblique rolls with the wavelength A,
of the order of the sample thickness d, are observed (e.g., WD
pattern). In the dielectric regime, the dielectric roll pattern (A
< d) is observed.

Studies [15,16] observed that the WD pattern is not static
but moves slowly. This pattern is known as traveling waves
(TWs) [15-19]. The mechanism of this pattern is explained
by the weak-electrolyte model (WEM) [20-23]. The WEM
mechanism incorporates the dissociation-recombination reac-
tion of an ionic dopant and its effect on conductivity [24,25].
In WEM, the electric current is assumed to be carried by
positive and negative ionic charge carriers with constant mo-
bility coupled with a dissociation-recombination reaction. The
conductivity, which is proportional to the sum of the densi-
ties of the two ions as measured by the mobility, becomes a
new dynamic variable (charge carrier model) [22]. The local
deviation of the coupled conductivity with the director field
will stabilize the main destabilizing effect in the Carr-Helfrich
model. The competition between the two effects, which cancel
each other out, will result in oscillating convection (TWs)
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[20]. The observation of TWSs requires a huge generator volt-
age; for example, the value of Vo =47.8V (f = 600 Hz)
[16].

A TW-like pattern at low frequency can be observed by
cell modification [26]. Planar cells are modified by adding
a nonconvective site and are called parallelepiped cells.
The cells have a horizontal electric field component due to
the parallelepiped cell geometry. Ion accumulation occurs in
the nonconvective part of the cell so that the conductivity
perpendicular to the electric field is no longer homogeneous,
and the WEM mechanism applies. The observed pattern is a
WD pattern that moves slowly like a TW pattern. This pat-
tern is known as translational flow. However, the translational
flow has different characteristics from the TW pattern. The
TW pattern moves randomly parallel to the director, whereas
the translational flow moves uniformly from the edges to the
center of the cell. The pattern velocity of translational flow de-
creases as the applied voltage and frequency increase, whereas
the TW pattern is the opposite. However, the research [26]
raises questions regarding backflow, how mass flow occurs
in translational flow, and how flow occurs under threshold
voltage. In this study, we focused on investigating the back-
flow and mass flow of NLCs related to translational flow to
complement the information from the previous study [26].
In addition, we investigated the presence or absence of flow
below the threshold voltage and in the nonconvection part of
the cell. For this reason, in this study, we used microparticles
that were inserted into the sample.

II. EXPERIMENT

We used 2 cm x 2.5 cm indium tin oxide glass. The glass
was then etched, and the area to be exposed to the electric field
was 1 cm x 1 cm. Two pieces of glass were then coated
with polyvinyl alcohol and rubbed. We made planar [27-29]
cells using two glasses arranged in parallel and separated by
two Mylar spacers with a thickness of 50 um. We made an
indented area of planar sandwich cells (Al) [Fig. 5]. This sam-
ple was named parallelepiped cells [26] and divided into seven
segments on the x axis as described in Fig. 5. The length of
each segment is 1200 um. In this study, our observations were
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FIG. 1. (a) The pattern motion (translational flow) in a parallelepiped cell on X = 7 (the right end of the cell) with Al =1 mm at
f =100 Hz and ¢ = 0.10. The black dashed line is the reference point. The white lines and arrows indicate the movement of the pattern.

(b) Dependence of pattern velocity (v,) on &.

made on segment X = 7 (the right end of the cell). We made
samples with A/ of 1 and 2 mm. The cells were filled with
4-methoxybenzylidene-4-butylaniline (MBBA) NLCs doped
with 0.02% tetra-n-butylammonium bromide (TBAB). To ob-
serve the flow, we added a small amount of microparticle
(Micropearl, Sekisui Chemical Co., L.td.) 3.75 um in diame-
ter to the mixture of MBBA and TBAB. This method is quite
adequate, as has been done in several studies [30-34].

Ac voltage was applied to samples using a function synthe-
sizer (WF1974, NF Corporation) and an amplifier (FI0AD,
FLC Electronics). The voltage was varied in the form of
normalized voltage ¢ = (%)2 — 1, where V, is the threshold
voltage for the WD pattern. The frequency was set at a value
of 100 Hz. Observations were made by recording images for
60 min using a charge coupled device camera (KPF30PLC,
Hitachi Ltd.) mounted on a microscope (CST-15, Carton Op-
tical Industry, Ltd.). At each voltage variation, the sample was
given a relaxation time of 10 min. The sample temperature
was maintained at 30 °C using a controller (DB500, CHINO
Works America, Inc.). All sample images were analyzed using
IMAGE-J software to obtain information on pattern velocity
(vp), microparticle velocity (v,,), and backflow in translational
flow.

III. RESULTS

We measured the pattern velocity on the segment of X = 7
(the right end of the cell) [Fig. 5]. Figure 1(a) shows the
motion of the pattern with a normalized voltage of ¢ = 0.10
and a frequency of 100 Hz. The motion is shown by a white
line that slowly moves to the left side against the reference

(dashed black line). The pattern velocity was measured from
a sample of Al = 1 mm and Al =2 mm against &. The re-
sults are shown in Fig. 1(b), which shows that the pattern
velocity decreases with increasing voltage, as obtained in [26].
The pattern velocity at ¢ slightly above zero has the largest
value, (100.540.7) x 1073 um/s for sample Al =1 mm
and (154 £ 1) x 1073 wm/s for sample Al = 2 mm. Overall,
Fig. 1(b) shows that the pattern velocity at Al =2 mm is
greater than that of the sample A/ = 1 mm. In this study, the
variation of epsilon was limited to 0.15. This is because, at
epsilon >0.15, the translational flow will be mixed with the
movement of the fluctuating Williams domain. This occurs
when a branching appears in the WD pattern, and the trans-
lational flow cannot be observed properly.

Figure 2(a) shows the oscillating motion of the microparti-
cle (marked with a white circle). This motion can be seen from
the reference point (dashed black line). First, at t = 10 s, the
microparticle is near the dashed black line; then the micropar-
ticle moves slowly to the right until it reaches its maximum
point at = 30 s. At t = 50 s, the particle moves to the left
until it arrives near its initial position. The microparticle ap-
pears to move in and out of focus. This result shows that
the particle’s orbit is circular [30], which indicates convection
flow. Our experiments showed that the microparticles do not
simply oscillate, but at a particular time, the microparticle
shows a displacement from one roll to another roll. This result
is discussed in Fig. 3.

Figure 2(b) shows the graph of the velocity of a
microparticle (v,) against &. At a small value of e,
the microparticle velocity for sample Al =1 mm is al-
most the same as Al =2 mm. At large & values, the
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FIG. 2. (a) The motion of a particle (microparticle) in a parallelepiped cell on X =7 with Al =1 mm, f = 100 Hz and ¢ = 0.10. The
black dashed line indicates the reference point, whereas the white circle represents particle motion. (b) Dependence of particle (microparticle)

velocity (v,,) on €.

microparticle velocity in the Al =2 mm sample is about
two to three times the microparticle velocity in the Al =
1 mm sample. For sample Al = 1 mm, the microparticle ve-
locity increased until the value of ¢ = 0.10, but decreased
at ¢ = 0.15. For the sample Al = 2 mm, microparticle ve-
locity increased until the value of ¢ = 0.05 and decreased
again at ¢ = 0.10. We also observed microparticle motion
under threshold voltage (¢ < 0). The microparticle slightly
vibrates at speeds of 7.5 x 1072 um/s (Al =1 mm) and
4.9 x 1073 um/s (Al = 2 mm) at ¢ = —0.10. The micropar-
ticle velocity at e = —0.05 is 29 x 1073 um/s (Al = 1 mm)
and 10 x 1073 um/s (Al =2 mm). This can be explained
as at ¢ < 0, convection flow begins to occur, even though

the WD pattern has not been observed. This result indicates
that convection flow occurs earlier than translational flow. At
& > 0, the microparticle velocity tends to increase because
a perfect convection flow has formed, and the velocity in-
creases coupled with the translational flow. In the sample
Al = 2 mm, the microparticle velocity reached its maximum
value at ¢ = 0.05. This can be explained by the following. At
this voltage value, the WD pattern is fully developed, and the
convection flow has reached its maximum velocity, coupled
with the presence of translational flow velocity. However, at
& = 0.10, the microparticle velocity tends to decrease again.
This occurred because, at this voltage, the convection flow
has reached a constant value, so the microparticle velocity
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FIG. 3. (a) The trajectory of the particle (microparticle) in a parallelepiped cell with Al =1 mm, f = 100 Hz, and ¢ = 0.05.
(1) Translational flow starting with convection flow, (2) the effect of backflow, (3) convection flow. (b) The position of pattern and particle

(microparticle) every 120 s (Al = 1 mm, f = 100 Hz, and ¢ = 0.05).
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FIG. 4. Microparticle motion that indicated backflow on the (a) top-left edge, (b) top-right edge, (c) bottom-left edge, and (d) bottom-right
edge in a parallelepiped cell with Al = 2 mm, f = 100 Hz, and ¢ = 0.05.

is dominated by translational flow that contrasts with the
convection flow. Similar results were also observed in the
sample A/ =1 mm. Furthermore, observations in the non-
convection area did not show any translational flow. This is
characterized by the absence of moving microparticles in the
area.

Figure 3(a) shows three kinds of particle trajectories. Path
(1) shows particle movement that initially oscillates in a cer-
tain roll, crosses another roll, and then continues its oscillating
motion. A similar motion is also observed for other particles
in the opposite direction. The details of path (1) are shown
in Fig. 3(b). Path (2) is the path of the particle moving in
opposite directions along the line on the y axis. Path (2) shows
the microparticle moving out of the convection area, which
then shows backflow motion, as described in more detail in
Figs. 4(a)-4(d). Path (3) shows the oscillating particles, indi-
cating convective flow. Two adjacent particles appear to have
opposite directions of oscillation. The three observed paths are
a different mechanism than the observations in [33]. The flow
in [33] is related to another pattern formation phenomenon
in the high-frequency regime called “prewavy.” In [33] path
(1) shows a zigzag movement. However, in translational flow,
this is not the case. Path (1) in translational flow shows the
convection rolls driven by an electric field parallel to the
director due to the accumulation of ions in the nonconvection
part of the cell. Path (2) in [33] is referred to as long circular
flow, while in translational flow it is related to backflow. This

means that after the translational flow reaches the center of
the cell, it will be pushed out of the convection area, and then
move back from the edge of the cell like its initial motion.

The following discussion focuses on path (1), which is
represented in the form of a graph in Fig. 3(b). Figure 3(b)
depicts the motion of the microparticle (black solid line) be-
tween the first roll (black dotted line), the second roll (black
dashed line), and the third roll (black dash-dotted line). The
microparticle was observed every 120 s on samples Al =
1 mm and & = 0.05. The shift of the first, second, and third
roll in Fig. 3(b) shows the existence of a translational flow.
The rolls have shifted because of the nonconvective parts of
the parallelepiped cells. Figure 3(b) also describes that, in
the beginning, the microparticle oscillates between the first
and second rolls from ¢t =0 to ¢t = 2040 s. This oscillatory
motion shows the vortex motion of liquid crystal molecules
due to the application of an electric field. This solid black line
also shows that as the microparticle oscillates, its diameter
of trajectory will decrease over time. At ¢ = 2040 s, the mi-
croparticle moves to a position between the second and third
rolls. This is represented by the position of the solid black
line that extends past the black dashed line. The microparticle
appeared to move its position while still oscillating. This is
represented by the solid black line between the black dashed
and black dash-dotted lines. This result indicates that transla-
tional flow was also accompanied by the mass flow of liquid
crystals.
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We also investigated backflow on the phenomenon of trans-
lational flow. The motion of the microparticle was observed
in four parts of the sample point, namely, at the top-left edge,
bottom-left edge, top-right edge, and bottom-right edge. Fig-
ures 4(a)—4(d) represent the results. The white line and white
arrows in Fig. 4 show the microparticle motion trajectory for
3600 s. Figure 4(a) shows the motion of a microparticle at
the top-left edge of the parallelepiped cell. The microparticle
initially moves upward, forms a circular path counterclock-
wise, and then returns to small oscillations. The microparticle
motion on the top-right edge of the cell is shown in Fig. 4(b).
Initially, a particle moves up, forms a circular path in a
clockwise direction, and then returns to small oscillations.
Figure 4(c) shows a microparticle motion on the bottom-left
edge of the cell. First, the microparticle forms a circular
path in a clockwise direction and then continues its upward
motion with tiny oscillations. The microparticle motion on
the bottom-right edge of the cell is shown in Fig. 4(d). Ini-
tially, the microparticle moves downward in a circular path
counterclockwise and finally continues its upward motion.
The calculation results show that the backflow velocity in
Figs. 4(a)-4(d) is 163 x 1073, 110 x 1073, 134 x 1073, and
141 x 10~3 um/s, respectively. This is in the same order as
the pattern velocity in the X = 7 segment. This could be due
to the uniform backflow velocity at the edge of the cell, as
mentioned above. From all these results, we propose a transla-
tional flow scheme in Fig. 5, which shows three kinds of flow
in a parallelepiped cell. These are translational flow, backflow,
and convection flow.

In conclusion, by observing the motion of the microparti-
cle, we were able to identify the flows in the parallelepiped
cells. Microparticle motion is influenced by the presence
of translational flow, backflow, and convection flow. The
microparticle trajectories show that translational flow was
also accompanied by the mass flow of liquid crystals. At
the same time, the small oscillations below the threshold

FIG. 5. Illustration of flows in a parallelepiped cell: (a) transla-
tional flow, (b) backflow, (c¢) convection flow.

voltage indicate that convection flow occurs earlier than
translational flow. The backflow observed at each edge of
the cell indicates that flow originates from the left and
right edges of the cell and moves toward the center of
the cell.
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