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This paper proposes and illustrates the concept of liquid crystal based tunable optofluidic polar-
izer. The tunability in the polarization is achieved by allowing the liquid crystal to flow through a
rectangular channel at a suitable flow rate for a particular period of time. It is demonstrated that
pressure driven flow perpendicular to the director n can induce a reconstruction of the molecular
alignment from vertical (V) to horizontal (H) state through several intermediate states and hence
the polarization state of the transmitted beam can be changed. Further, the topological changes in
nematic liquid crystal molecules under Poiseuille flow are analyzed in detail, employing conoscopy
and optical transmittance studies.
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1. INTRODUCTION
Optofluidics, first coined in 2003, refers to the inte-
gration of optics and microfluidics for lab-on-a-chip
applications.1�2 The main advantages of this technology
are reconfigurability, easy fabrication process (compared to
solid-state counterpart/conventional bulk optical systems),
low cost and adaptability. Recently, there has been a grow-
ing interest towards the design and fabrication of tunable
optical devices due to its potential applications in biotech-
nology, communication, and medical field. In particular,
advanced optical networks require dynamically tunable
optical devices that can be easily reconfigured. With the
development of microfluidics and nano-fluidics during the
early 90’s, researchers across the globe started developing
fluidic based optical devices. Successful invention of such
devices resulted in the development of the new research
field of micro optofluidics.3�4 The major advantage of scal-
ing down the dimension is that the liquid flow is more
controllable in the micro scale as compared to the macro
scale.
Nematic liquid crystal (NLC) is one of the simplest

anisotropic fluids which possess high molecular order
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even in the fluidic state and usually consists of organic
molecules of rod-like shape, about 10−15 A0 in length. The
average direction of orientation of molecules is character-
ized by a unit vector, director n (which is considered as the
optic axis) and is possible to generate deformations in the
molecular alignment by applying external perturbations.5–7

Polarization tuning based on an optofluidic platform has
not been much explored and the incorporation of nematic
liquid crystal can provide a better way to design a tunable
optofluidic polarizer.
A polarizer is an optical element that changes the state

of polarization (SOP) of the incident optical beam. In
this study we have observed that the nematic liquid crys-
tal (NLC) cell can act as a tunable polarizer in which
the required polarization is achieved by flowing NLC in
a rectangular channel with suitable flow rate. Here the
SOP can be controlled by changing the phase of the inci-
dent optical beam, utilizing the birefringence property of
nematic liquid crystal and thus it can also function as a
phase modulator (phase shifter). Also when this NLC cell
is placed between crossed polarizers, transmittance can
be controlled by varying the phase shift and thus it can
further function as optical intensity modulator, variable
optical attenuator and tunable filter. Therefore a polarizer
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Figure 1. (a) Schematic representation of liquid crystal molecular arrangement inside the channel (b) Different nematic textures in the stable vertical
state (V) and under flow horizontal state (H).

with phase shift tuned by an external perturbation can
act as numerous optical components with applications in
polarimetric imaging, phase shift interferometry, fluores-
cence and hyper spectral imaging.
In this context, this paper proposes and demonstrates the

flow dependent phase shift in a rectangular channel filled
with nematic liquid crystal to act as a tunable optoflu-
idic polarizer. The main advantage of the proposed design
from existing LC based polarization components is that
there is no need of electric or magnetic field to control the
polarization. Further, the topological changes occurring in
the flow cell, in the presence of pressure driven flow have
been verified by employing the interferometric technique,
conoscopy8–10 and birefringence studies.

2. CONCEPT
Consider the NLC flow cell sandwiched between a pair
of crossed polarizers. In the static case, NLC molecules
were oriented perpendicular to the cell wall (along the z
axis), due to the surface anchoring. In the presence of
flow F⊥n, the total energy of the system is given as
in Eq. (1), where Fp is the external director body force
due to the Poiseuille flow, K11, K33 are splay and bend
elastic coefficients respectively. When an external force
is applied, normal to homeotropically aligned nematic
sample, there can be combination of splay and bend
deformations.11

2Fd = K11�� ·n�2+K33�n×� ×n�2+Fp (1)

The director n can be represented as n = �sin ��0� cos��,
assuming the twist angle to be zero. The boundary condi-
tions imposed by the cell wall, causes the molecules in the
vicinity and away from it, to align differently with respect
to the flow. Thus when the flow is switched on, inside the
channel there are two alignment regions; near the walls
there is a transition layer of thickness e1 =

√
Kwd2/6�Q

at which the molecules tend to align with the flow at an
angle �L, known as Leslie angle and in the central region
of the channel, where �L � 0, the layer thickness is given
as e2 = d1/3e

2/3
1 K being the elastic coefficient, � the vis-

cosity, d is the distance between cell walls and Q the flow

rate. Therefore at high flow rates, the molecules are pre-
ferred to be aligned along the flow direction in the middle
of the channel.11

As stated above, nematic liquid crystal is an anisotropic
material in which the optical properties depend on the
direction of propagation and polarization of the light
waves. When a plane polarized light with amplitude E
incident on an anisotropic medium, at an angle � with the
optic axis, each ray is divided into e (extraordinary) and o
(ordinary) rays with different indices of refraction, vibrat-
ing in mutually orthogonal directions. After emerging from
the flow cell, these rays travel with a phase difference of
� and can bring to interfere if an analyzer is kept behind
the flow cell. The phase difference � between the two rays
is given in Eq. (2).12

�= 2�d
	

(
neno√

n2
e cos2 �+n2

o sin
2 �

−n0

)
(2)

Where ne (slow axis), no (fast axis) are the extraordinary
and ordinary refractive indices of the two rays respectively
and d is the thickness of the flow cell. Since the rotation
of molecular orientation influences the optical polarization,
the above mentioned reconstruction in the nematic texture
results in a change of polarization of the transmitted beam.
Figure 1 demonstrates the alignment of NLC molecules in
the cell and how the orientation of molecules is affected
by the flow, along the channel depth.

3. EXPERIMENTAL DETAILS
A flow cell of 30 mm long, 1 mm wide and 50 
m deep
was fabricated using microscopic glass slides of refractive
index 1.52. The sides of the cell were defined by placing
a strip (double sided tape) of 50 
m thick, between the
upper and lower glass slides. The glass substrates were
treated with octadecyltrimethoxysilane (OTMS, Sigma
Aldrich Co) to induce homeotropic alignment. The flow
cell was filled with nematic liquid crystal 5CB (4-n-pentyl-
4-cyanobiphenyl, Sigma Aldrich Co) using a syringe pump
and silicone tubing of outer diameter of 0.3 cm and inner
diameter of 0.2 cm. The cell was kept undisturbed for
some time to reach its steady state condition.
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Figure 2. Experimental set up of optical conoscope.

The conoscopic technique is illustrated in Figure 2.
Diode laser of wavelength 405 nm was used as the light
source. The flow cell was kept between crossed polar-
izers and the resulting interference pattern was captured
using a charge-coupled device (CCD-Pixelink BL471U).
The experimental setup for observing the flow dependent
optical transmittance is similar to Figure 2, except that the
flow cell was placed in a path of parallel optical beam and
CCD was replaced by a power meter.

4. RESULTS AND DISCUSSION
A highly convergent beam traversed through the NLC
flow cell, kept between crossed polarizers, results in inter-
ference fringes which consist of melatope, isogyre and
isochrome as shown in Figure 3. Figures 4(a)–(l) shows
the recorded interference pattern obtained when a con-
vergent beam is transmitted through the NLC flow cell
for different flow conditions. In the stable state (in the
absence of flow), a dark cross superimposed with a cir-
cular fringe was obtained [Fig. 4(a)]. Once the flow
F⊥n is switched on, the change in the fringe pattern
[Figs. 4(b)–(l)] can be observed which shows that there
is a fluctuation in the molecular arrangement induced
by the flow. Isochrome evolves from circle to hyper-
bola; isogyre get splits and gradually became two sym-
metrical hyperbolas which escape from the field of view
[Figs. 4(b)–(d)].
For crystals with uniaxial symmetry, change in the

shape of isochrome occurs when the angle between optic
axis (OA) and optical beam path varies as well docu-
mented in the literature, though the isogyre will remain
crossed.13 The splitting of isogyre is a characteristic fea-
ture of biaxial crystals and therefore it is presumed that

Figure 3. Schematic of convergent light propagation through the NLC flow cell.

a transient biaxiality is exhibited by the medium during
the reconstruction of NLC molecules from V to H state.
The NLC used in this investigation, is considered to be
uniaxial with symmetry group denoted by the symbol
D�h (Schoenflies notation). Recent literatures reported that
the application of strong external forces such as electric
field14–16 and mechanical stress17 can create biaxiality in
other wise uniaxial medium. When a uniformly oriented
nematic texture undergoes a strong distortion, the nematic
tensor order parameter Q changes, resulting in eigen value
exchange problem. Here we are not discussing the details
of observed biaxiality since it is well explained using
Landau–de Gennes theory by many researchers.14–16 We
remark that the biaxiality generated in this way is quite
different from the intrinsic biaxiality, first observed by
Freiser.18

Figure 4(g) shows a fuzzy black cross known as flash
figure. Uniaxial flash figure is formed when the OA is
nearly parallel to either polarizer or analyzer.19 Figure 4(h)
consist of a set of dark hyperbolic fringes (upper and
lower) which is usually obtained when the OA lies par-
allel to the substrate surface (H state).12 The images
[Figs. 4(a)–(l)] show that, as time proceeds in the pres-
ence of flow F, molecules continue to change the align-
ment and then finally attaining a saturation level at
H state.
Therefore, flow induces a change in the molecular align-

ment form V to H state through several intermediate stages
as shown by the recorded images. After switching off the
flow rate, molecules tend to relax to the initial position
(V state) gradually. At a very low flow rate, the molecular
reconstruction is found to be very slow.
We have also investigated the transmission properties of

the flow cell for different flow rates. Using Jones matrix
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Figure 4. Recorded CCD images of the flow cell at a flow rate, F = 20 ml/hr for a particular period of time.

evaluation transmitted intensity can be obtained as

J = JAJMJP =
1
2

(
1 −1
−1 1

)

×

⎛
⎜⎜⎜⎜⎝
e−i��/2�cos2� −isin��/2�sin2�

+ei��/2�sin2�

−isin��/2�sin2� e−i��/2�sin2�
+ei��/2�cos2�

⎞
⎟⎟⎟⎟⎠

×
(
1 1
1 1

)
(3)

Where JA, JM , JP are the Jones matrices of analyzer, bire-
fringent medium and polarizer respectively. � is the angle
between slow axis (ne) and x axis.
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Figure 5. (a) Variation of transmitted intensity at F = 20 
l/hr. (b) Phase shift variation as a function of time for four different flow rates, F = 20,
40, 60 and 80 
l/hr.

Transmitted intensity can be written as

T = 2 sin2 �/2 cos2 2� (4)

Maximum occurs at or

�= ��3��5�    or

�ne−n0�d = 	/2�3	/2�5	/2   
(5)

The homeotropic NLC flow cell behaves like an
isotropic medium, in the absence of flow due to zero
birefringence (ne − n0 = 0�. As the flow is switched on,
molecules start reorientation, which results in the rise of
transmitted intensity due to increase in the birefringence.
Fluctuation in the intensity can be observed after the ini-
tial rise which is mainly due to the transient biaxiality.
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In Figure 5(a), two peaks were monitored at which the
molecular alignment results in maximum birefringence
(H state), which supports the CCD images [Figs. 4(h)
and (j)]. After sometime, the majority of the molecules get
reoriented by the flow so that the director n (OA) became
parallel to the flow direction. Increment in the flow rate,
stimulate the rotation of NLC molecules and reaches the
saturation position (H state) at a faster rate. As evident
from figures [Figs. 5(a) and (b)], phase shift can be well
controlled using the flow rate for a particular period of
time. Thus it is possible to achieve the required phase shift
by the Poiseuille flow of liquid crystal, which is a simple
method to implement.

5. CONCLUSION
This paper demonstrates the working principle, fabrication
and characterization of a novel optofluidic tunable polar-
izer suitable for lab-on-a-chip applications. A study on
the flow induced reconstruction of nematic liquid crystal
molecules has been carried out using conoscopy and bire-
fringence observations. A phase shift of 3� was observed,
in the presence of flow at a wavelength of 405 nm which
critically depends on the flow duration. The performance
of the illustrated liquid crystal based tunable optoflu-
idic polarizer can be further improved by enhancing the
response speed, optimizing parameters such as channel
depth, and wavelength. The concept and developed probe
can find potential optics and lab-on-a chip applications.
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