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Conventional nematic liquid crystal cells are fabricated with small surface pretilt of the director induced

by rubbed polymer alignment. Depending on the orientation of the bounding surfaces, this may lead to

two slightly different untwisted director configurations, splay and parallel. This small difference leads to

remarkably different director profiles during pressure-driven flow, observed here using optical conoscopy.

Data show excellent agreement with numerical modeling from Leslie-Ericksen-Parodi theory.
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Complex fluids play an important role in many techno-
logical applications. These can range from low molar mass
liquid crystals in liquid crystal displays to liquid crystal
polymer (LCP) injection moulding and spinning of textile
fibers [1]. Quality, order, and defects in finished products
fabricated from methods such as LCP injection moulding
can often be very sensitive to the molecular orientation and
flow channel dimensions prescribed [2]. To this end, a full
understanding of the pressure-driven flow characteristics of
nematic liquid crystals in micron-sized channels is of some
significance.

The dynamic behavior of nematic liquid crystals under
varying flow conditions has been explored by many.
Dynamic reorientation of the director (a unit vector, n̂,
defining the principal axis of orientation) under the appli-
cation of an electric field has been shown to affect the
response time of displays [3,4], as well as the flow induced
transition from the V state (director aligned homeotropi-
cally at the cell center) to the H state (director aligned
planar homogeneously at the cell center) above a critical
velocity in a homeotropically aligned cell [5]. Pieranski
and Guyon [6] have examined the hydrodynamic instabil-
ity (suggested to be a hydrodynamic analogue of the
Freedericksz transition) for an initial azimuthal alignment
normal to the flow direction, where a threshold velocity
occurs. Further work has been undertaken on nematic flow
alignment in samples with colloidal dispersions and the
topological defects associated with them, as are commonly
found in foods, paint, and drugs [7]. The work presented
here follows from a previous study examining director
orientation under pressure-driven flow for a sample aligned
at an initial azimuthal angle �0 ¼ 45� to the direction of
flow [8].

Van Horn et al. [9,10] have shown for the sheared flow of
N-(4-methoxybenzylidene)-4-butylaniline (MBBA) that
surface pretilt may play an important role in the average
director distortion, depending on the magnitude of the
pretilt and the initial director alignment (rubbing direction)
relative to the flow. Here, we present a pressure-driven or
Poiseuille flow study, examining the properties of liquid

crystal cells filled with 5CB (4-Cyano-40-pentylbiphenyl)
having high (almost normal to the flow) initial azimuthal
alignment angle (�0) and small surface pretilt (�0) (from
buffed polyimide [11]) in both the splayed and parallel
aligned states (see Fig. 1).
In general, liquid crystal flow experiments have involved

shearing one boundary plate of an aligned cell relative to
the other at a constant velocity, producing a linear velocity
distribution across the depth of the cell [12–14]. Under
pressure-driven flow, a distinctly different, often symmet-
ric about the cell midplane, velocity distribution is ob-
served [15] (see Fig. 2). Similar work on the large
variation in director orientation for different (planar and
homeotropic) anchoring conditions has also been modeled
[16,17] in some depth.
In the absence of disclinations, the dynamics of nematic

fluid flow may be described by the continuum theory
proposed by Leslie [18], Ericksen [19], and Parodi [20].
Modeling flow along channels is properly a three-
dimensional problem, but provided that the channel is far
longer and broader than it is deep, much of its behavior can
be understood in terms of a one-dimensional model. Far
from the inlet pipe, the flow is assumed to be uniform along
the x axis, parallel to the channel, and to vary quadratically

FIG. 1. A schematic diagram representing the difference be-
tween the initial splayed and parallel director alignments in a
nematic flow cell. For this figure, the flow direction can be
visualized as either into or out of the page, noting that experi-
ments were carried out at �0 � 87�, i.e., initial azimuthal align-
ment distorted 3� into the page.
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in y, across the width of the channel, with a maximum at
the center. The resulting model has four variables: the
Euler angles � and � which give the director,

n̂ ¼ ðcos� cos�; cos� sin�; sin�Þ; (1)

and the x and y components of the velocity [21]. By
prescribing the pressure gradient on the right-hand side
of the Ericksen-Leslie equations, steady-state director pro-
files can be related to the flux of material at the inlet. A
more detailed description of the one-dimensional model
and the computer program written to solve it numerically is
given by Cornford [22].

Because of the birefringence exhibited by an ordered
nematic liquid crystal, conoscopy enables determination of
both the average azimuthal director angle and the mean
absolute tilt angle exhibited by a sample. Azimuthal dis-
tortion is revealed by symmetry of the conoscopic figure
without accounting for the effect of tilt distortion on total
birefringence. The conoscopic interference figure gives an
average but smaller value of the magnitude of director
distortion at the midplane of the sample, as described by
Boudreau et al. [13]. The azimuthal angle of the measured
conoscopic figure rotation is compared with figures com-
puted from the modeled director profiles by Berreman’s
4� 4 matrix method [23,24].

Liquid crystal flow cells were fabricated using two glass
(n ¼ 1:52) microscope slides, bonded together by a ther-
mally annealing plastic (Parafilm) to define channel walls.
Typical flow channel dimensions are 4 cm long, 3 mm
wide, and 70 �m thick. A homogeneous surface treatment
(AL 1254) was spin coated to a depth of� 100 nm on both
glass plates and rubbed, using a velvet cloth, at an angle
�0 � 87� to the x axis to promote bulk alignment through
the cell [25] and a surface pretilt of �0 � 2�. The two
plates were constructed in either antiparallel alignment (to
produce the parallel director profile) or parallel alignment
(to produce the splayed director profile (see Fig. 1).

The flow cells are then connected to a Perkin Elmer
syringe drive via 0.8 mm diameter stainless steel tubing (at
the cell) and polypropylene hose, with the cell ends sealed

using UV-curing glue. Cells were filled with 5CB via the
stainless steel tubing with a 250 �L syringe and left to
reach a uniformly aligned, nonflowing homogeneous state.
A conoscope was constructed, based on the design used

by Parry-Jones et al. [26]. The samples were then placed at
the convergence point of the incoming beam and the
conoscope aligned to produce an interference figure fo-
cused at the CCD. The volumetric flow rate of the syringe
drive was increased in steps of 2 �L=h over the range of 0
to � 50 �L=h. Images of the interference figure were
captured after each increment, allowing time for the system
to reach a stable state. In order to accurately measure the
angle of conoscopic interference figure rotation, a com-
puter code was written to track the mirror plane of the
interference figure. Minimizing the difference between the
two halves of the figure for a straight line at a given angle
to the figure’s x axis allows for accurate determination of
the rotation of the figure’s mirror plane as a function of
volumetric flow rate.
Figures 3 and 4 show modeled and observed conoscopic

figure rotation for a cell aligned at �0 � 87� to the direc-
tion of flow with surface pretilt, in both the parallel and the
splayed state. It is immediately apparent that there is a vast
difference in the response of the two cells.
Most strikingly, Fig. 3 shows the average azimuthal

distortion for a cell aligned at �0 � 87� to the direction
of flowwith the surface pretilt in the parallel state. It is seen
from the modeling (Fig. 5) that the director rotates azimu-
thally in opposite directions in the top and bottom halves of
the cell, with one half rotating towards � ¼ 0� and the
other rotating towards � ¼ 180�. The modeled tilt re-

FIG. 2 (color online). A schematic diagram representing the
difference in velocity profiles in a cell under sheared flow (on the
left) and under pressure-driven flow on the right, where v is the
velocity of the sheared plate, d is the cell thickness, and P1

[pressure in a given (y-z) plane] is greater than P2. A standard
coordinate system is also shown, with director orientation de-
fined by two polar angles (�;�).

FIG. 3. Measured (symbols) and modeled (solid line) angle of
conoscopic interference figure rotation for 5CB aligned with
�0 � 2� (parallel) and �0 � 87� to the direction of pressure-
driven flow. A striking optical response is seen to occur, with the
conoscopic figure distorting through an azimuthal minimum due
to asymmetric distortions about z ¼ d=2. The inset highlights
the difference in average azimuthal distortion between the par-
allel and splayed pretilt conditions.
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sponse of the director is also shown [Fig. 6(a)]. Here we see
that the response appears to be asymmetric at low flow
rates, reaching a stable symmetric state at higher flow rates,
but at a finite value ( � 10�) away from the starting tilt
distortion. This increase in the average tilt angle of the
director is observed experimentally as a lateral translation
of the conoscopic figure under flow.

Because of the surface anchoring and the small initial
azimuthal rotation away from 90� (�0 � 87�), the bulk
azimuthal distortion is asymmetric about z ¼ d=2, result-
ing in a shallow curve with a minimum to be observed in
the mean rotation of the conoscopic figure of approxi-
mately 3� at a pump rate of approximately 27 �L=h.
The director can be thought of as azimuthally distorting
in one (negative) direction in more than one half of the cell,
while the remainder of the cell distorts azimuthally in the
opposite (positive) direction by a lesser amount. This
difference creates a small but observable overall azimuthal
distortion in the negative direction (the initial dip in cono-
scopic figure rotation seen in Fig. 3). At increased flow
rates this effect is reversed, with more than half of the cell
azimuthally distorting in the positive direction and the
remainder of the cell distorting in the negative direction,
overall increasing the average azimuthal distortion and
creating the turning point and increase in the angle of
conoscopic figure rotation seen in Fig. 3. The inset of
Fig. 3 shows how dramatically the overall director profile,
and consequently the optical response of the cell, is
changed by the presence of a small surface pretilt aligned
in the parallel state compared with pretilt in the splay state
(described below).

Figure 4 shows the conoscopic figure distortion for two
flow directions (parallel to x) for the splayed cell, where
the first direction is defined to be ‘‘easy’’ with the splay
surface anchoring aligned such that boundary (and bulk)
azimuthal distortion is already twisted into the direction of
flow, and the second ‘‘hard’’ direction where the average
azimuthal distortion is initially aligned twisted against the
direction of flow. Both flow directions exhibit similar
responses (with the exception that the overall average
director rotation is in the opposite direction) with a small
difference that arises from the initial azimuthal director
alignment (�0 � 87�) relative to flow. In the case of the
easy flow direction the bulk azimuthal angle is already
aligned in the direction of flow, due to the combination

FIG. 4. Measured (symbols) and modeled (lines) angle of
conoscopic interference figure rotation for 5CB aligned with
�0 � 2� (splayed) and �0 � 87�, for flow in the easy direction
(solid line) and the hard direction (dashed line). The modulus of
the difference is also plotted (dotted line) showing the small
discrepancy in the bulk azimuthal distortion at low flow rates for
opposite flow.

FIG. 5. Modeled azimuthal director distortion as a function of
cell depth and flow velocity for a cell aligned at �0 ¼ 87� in a
parallel surface pretilt geometry. The asymmetry is shown for
the lowest flow rate with an azimuthal distortion to 67� (a shift of
20� from�0 ¼ 87�) in the lower half of the cell and a maximum
distortion to an azimuthal angle of 103� (a shift of 16� from
�0 ¼ 87�) in the upper half.

FIG. 6. Modeled director tilt profiles for both the (a) parallel
and (b) splayed starting director profiles. Both graphs show how
the director tilt angle evolves as the flow rate is increased as a
function of cell depth.

PRL 104, 248301 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
18 JUNE 2010

248301-3



of surface pretilt anchoring and rubbing direction. In the
case of the hard flow direction, the same condition creates
initial bulk azimuthal alignment opposite to the flow di-
rection. Figure 6(b) shows the modeled tilt profile for the
splayed cell flowing in the easy direction. As can be seen,
tilt distortions about z ¼ d=2 cancel exactly, creating no
net tilt in the sample under flow, and hence no lateral
translation of the conoscopic interference figure. The re-
sulting distortion appears instead, as a rotation of the
figure, which is in turn proportional to the average azimu-
thal director distortion in the cell.

In summary, we have demonstrated that for pressure-
driven flow of the nematic liquid crystal 5CB, the presence
of a small surface pretilt, which may lead to different
symmetries of the static director profile, can greatly affect
the director profile in the bulk of the sample when the
initial azimuthal alignment is not normal to the flow direc-
tion. For only a few degrees surface pretilt in the splayed
state, the magnitude of director distortion as a function of
volumetric flow rate is seen to be similar for forward and
backward flows (particularly at low flow rates), while the
same degree of pretilt in the parallel state can produce
entirely opposite azimuthal distortions of the director about
z ¼ d=2 and hence entirely different averaged optical
properties. For the splayed state, we observe no net tilting
of the director, yet a positive net azimuthal distortion,
whereas for the parallel state, we observe a net tilt dis-
tortion but no net azimuthal distortion. This difference
results in completely distinct optical conoscopic figures,
whereby one (splayed state) shows a rotation and the other
(parallel state) shows a lateral translation and small rota-
tion minimum. The conoscopic data agree well with the
theoretical figures simulated by a simplified, one-
dimensional model solving the Ericksen-Leslie equations
to produce director profiles under flow. These results high-
light the extreme sensitivity of the flowing director orien-
tation to only a few degrees of surface pretilt.

The authors would like to thank the EPSRC and HP for
funding this work, along with Nick Cole for technical
assistance.

*c.holmes@ex.ac.uk

[1] S. Chono, T. Tsuji, and M. Denn, J. Non-Newtonian Fluid
Mech. 79, 515 (1998).

[2] J. Feng and L.G. Leal, Phys. Fluids 11, 2821 (1999).
[3] S. A. Jewell and J. R. Sambles, Appl. Phys. Lett. 84, 46

(2004).
[4] S. A. Jewell and J. R. Sambles, Mol. Cryst. Liq. Cryst.

477, 57 (2007).
[5] S. A. Jewell, S. L. Cornford, F. Yang, P. S. Cann, and J. R.

Sambles, Phys. Rev. E 80, 041706 (2009).
[6] P. Pieranski and E. Guyon, Solid State Commun. 13, 435

(1973).
[7] J.-i. Fukuda, H. Stark, M. Yoneya, and H. Yokoyama,

Phys. Rev. E 69, 041706 (2004).
[8] C. J. Holmes, S. L. Cornford, and J. R. Sambles, Appl.

Phys. Lett. 95, 171114 (2009).
[9] B. L. Van Horn and H.H. Winter, Rheol. Acta 39, 294

(2000).
[10] B. L. Van Horn, D.M. Boudreau, and H.H. Winter, Rheol.

Acta 42, 585 (2003).
[11] S.-H. Paek, C. J. Durning, K.-W. Lee, and A. Lien, J. Appl.

Phys. 83, 1270 (1998).
[12] J. Quintans Carou, B. R. Duffy, N. J. Mottram, and S. K.

Wilson, Phys. Fluids 18, 027105 (2006).
[13] D.M. Boudreau, H.H. Winter, C. P. Lillya, and R. S. Stein,

Rheol. Acta 38, 503 (1999).
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