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In this paper we describe the first experimental realization of the previously proposed optofluidic liquid
crystal device based on electro-osmotic flows arising in the porous polymer (PET) film filled with a nematic liquid
crystal (NLC). These flows induced Poiseuille’s shear flow of NLC through the plane channels with a hometropic
orientation, which resulted in the flow induced modulation of the intensity of light, passed through the channels.
The additional application of magnetic field provided the stabilization of the homeotropic orientation. The results
of numerical calculations of hydrodynamic and optical characteristics of the device were compared with the ex-
perimental data.
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Introduction

The wide application of liquid crystals (LC) in
display industry is based on electro-optical effects,
which originate due to changes of the initial orienta-
tion of a local optical axis (director) under action of
electric field. For the last decades, many ideas and
technical solutions concerning possible applications of
liquid crystals in different photonic devices and sen-
sors were proposed [1, 2, 3]. Electric fields for the
control of optical properties of LC in some types of
such devices meet the serious problems, which can be
overcome by usage of new methods of manipulation
with liquid crystal properties. One of the basic proper-
ty of liquid crystals is change of the initial orientation
under action of shear flows [1]. The investigations of
mechano-optical properties of liquid crystals has a
long history [1, 5], but only nowadays they were real-
ized on the base of a microfluidic chip, which made
possible to announce about the new class of LC devic-
es — optofluidic devices [6]. Such devices can be used
as light modulators for different ranges of optical irra-
diation — visible and near infrared, for example. Re-
cently, it was pointed out that application of mechano-
optical phenomena attracts a special interest for elabo-
ration of LC devices operating in THz range — teraflu-
idic LC modulators [7]. The standard schema for an
electric control, used in LC displays, fails for THz
range, in particular due to big energy losses in ITO
electrodes. So, alternative variants to control the THz

irradiation via LC elements, for example with the help
of magnetic fields [8, 9] were proposed. In the latter
case, the initial orientation of LC layer was changed
due to magnet rotation respectively to the LC cell,
which resulted in modulation of the intensity of THz
wave, propagating through the liquid crystalline layer.
Usage of shear flows instead of (or additionally to)
magnetic fields can be considered as promising ap-
proach to elaboration of LC modulators operating in
THz range. Recently, it was shown [10], that applica-
tion of relatively low DC electric voltage (5...30 V) to
the thin (23 pm of thickness) polymer (PET) porous
films induced rather intensive electro-osmothic flows.
It made possible to propose a new type of opto-fluidic
LC modulator, which includes electro-hydrodynamic
(EHD) pump producing electro-osmothic flows, and a
number of the plane channels with the given initial
orientation [4]. The technical characteristics of the
modulator were estimated taking into account the pre-
viously obtained experimental data on electro-kinetic
phenomena in polymer porous films filled with LC
[10]. In this paper, we describe the first prototype of
such device and present the experimental results,
which are compared with the theoretical predictions.

Experimental
The design and operating principles of the opto-

fluidic device, realized in this work is illustrated by
Fig. 1, a.
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Fig. 1. a— Design and operating principle of optofluidic cell; b — profiles of velocity v and orientation 6;
planar polar (PP) (¢), and escaped radial (ER) (d) director configurations formed inside a pore
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The device consists of two EHD pumps located
at the terminal parts of LC cell and two plane capillar-
ies formed in the central part of the cell. Each EHD
pump includes a sample of porous PET film (of thick-
ness d; = 23 um and area S = 1.5 cm?) with a large
number N = NoS (No = 8.107 cm ™ — the pores’ density)
of identical submicron open pores of diameter D = 2R
= 0.5 pm, oriented along the normal to the film plane.
The film is located between two ITO electrodes need-
ed to create an electric field after application of DC or
low frequency AC voltage. The total distance between
electrodes d is about 300 um. The samples of the films
are connected by glue with the central glass substrate
(180 um of thickness). Usage of cylindrical spacers
makes it possible to form two plane capillaries with
fixed gap £ = 52 pum, length L = 1 cm and width 4 =
1.5 cm. The inner surfaces of the substrates were pre-
liminary coated by a thin layer of chromium stearyl
chloride (chromolane) to provide a homeotropic sur-
face orientation of LC. Afterwards, the cell was vacu-
umed and filled with a nematic liquid crystal (NLC)
5CB (4-cyano-4'-pentylbiphenyl). The cell was fixed
between two permanent neodymium ring-like magnets
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creating magnetic field of the induction B equal to
0.21 £ 0.05 T in the central region of a diameter 2mm
illuminated by the laser beam (A = 650 nm). After-
wards the cell was mounted on the optical bench and
placed between crossed polarizers oriented at the angle
45° relatively the direction of LC flow through the
plane channels. The application of DC electric voltage
U to the EHD pumps induced Poiseuille’s shear flow
of NLC through the plane channels with the profile
v(z), shown in Fig. 1, b. As a result, the initial homeo-
tropic orientation was distorted by the flow. The corre-
sponding profile of a polar angle 6(z) is shown in Fig.
1, b. In turn, it induced birefringence and correspond-
ing changes of the light intensity /, which were regis-
tered by a photodiode and passed to PC via AD con-
vertor. The processing of the signal passed to PC was
performed with the help of special software.

Results and discussion

The time dependences of the light intensity /(¢)
at different DC voltages are shown in Fig. 2.
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Fig. 2. Dependences of the light intensity / on time at different voltages U:a -3V, b -5V, c-10V,d-15V
(1 — turning on electric field; 2 — turning off electric field)
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The monotonic increasing of this parameter, ob-
served after application of a relatively low voltage
(Fig. 2, a), was transformed to more complicated form
with a number of deep local minima and maxima
(Fig. 2, b, 2, c). Previously, the similar oscillations
were observed for the optical response of homeotropic
LC layer on the applied quasi stationary decay flow of
a low intensity which induced the director’s reorienta-
tion in the plane of the flow [1]. The further increasing
of the applied voltage (Fig. 2, d) resulted in smoothing
the oscillations, which could be assigned to the first
hydrodynamic instability — the escape of a director
from the flow plane [1]. At higher voltages the sec-
ondary hydrodynamic instabilities were induced and
visualized as the long living areas of quasi planar ori-
entation, similar to those observed in a decay flow [1].

For comparison of the experimental results with
the theoretical predictions, we used previously pub-
lished [4] hydrodynamic model of EHD liquid crystal
pump which induced Poiseuille’s shear flows in a
number of the plane channels, connected with the
pump to create a circular motion of a liquid. The
equivalent scheme, correspondent to the modified var-
iant of this model, includes internal part (consisting of
the two EHD pumps) with the internal hydrodynamic
resistance Z;, and the external part (consisting of the
two plane channels) with the external hydrodynamic
resistance Z.. The values of Z; and Z, are expressed as:

8d.n
Zi_NO*S*n*R‘* M
12L
Ze =g @

where 7 and #; — are the shear viscosities of LC inside
pores and flat channels, correspondingly.

In the original version of the model, we consid-
ered the case when the external hydrodynamic re-
sistance is essentially smaller than the internal one
(Z:<<Z)). In this case, the total flow rate Qo through
the plane channels depended only on the pump para-
meters. Nevertheless, our estimation of the LC cell
parameters presented above with usage of material
coefficients of SCB [12] showed that this strict ine-
quality does not hold. Therefore, the modification of
the model was performed to made calculations for ar-
bitrary values of the ratio » = Z/Z;. In this case, the
total flow rate O depends on the ratio 7:

Qo
Q= T+ (3)

where Qo= O(r = 0) — the flow rate for Z.<<Z;, which
can be calculated using the expression [10]:

Qo = NoSQ; 4)

In equation (4) Qi is the flow rate through each
pore, which is defined for a plug like velocity profile
as:

T * R?
Qi=—(€o*3*f)< 7 >*E' (5)

where ¢ is the dielectric permittivity, ( is the zeta po-
tential.

So, the volume flow rate and other parameters
of the flow through the plane channels depend both on
external and internal parts of the model. One has to
make some assumptions to apply the theoretical ex-
pressions presented above for analysis of experimental
data. In particular, the strength of electric field may be
different inside PET film pores and liquid crystal lay-
ers formed between porous film and glass substrates.
This difference can be estimated by considering the
capacitor model consisting of two dielectric layers (1
and 2) of different thickness (d; and d>) with the dif-
ferent effective values (g1 and &) of a dielectric per-
mittivity €. In the framework of this model, the ex-
pression for the electric field strength E; inside the
film reads as:

U
E, = = akE,,
Cap+za-p] (©)
where
U
Ey = E (7

the electric field strength in the case of homogeneous
media between the electrodes,

dq (®)

In expression (8), d — the distance between ITO
electrodes, di — the thickness of the porous film, d» —
the total thickness of two LC layers between the film
and electrodes. In our case, the calculation results of
E) depend on the LC orientational structures inside
and outside porous film.
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It is well known that different types of director
distribution can be realized inside cylindrical cavities
depending on the LC material parameters, boundary
conditions and cavity diameter. Previously, we con-
sidered two types of orientational configurations
formed inside a pore (Fig. 1, ¢ and d) at homeotropic
surface orientation. For the planar polar (PP) configu-
ration, shown in Fig. 1, ¢ the director’s field lies in the
plane of the film. In this case, the value of the dielec-
tric permittivity ¢ of LC inside a pore is independent
on space coordinates, and equals to the main value
g, =7 for 5CB. The theoretical expression (5) is valid
for an isotropic polar liquid with a constant value of
the dielectric permittivity, which is similar to the case
of PP configuration and it makes possible to use the
mentioned above value of € for calculations presented
below. The value of the dielectric permittivity & of
composite media PET — LC can be estimated in ac-
cordance with an additive schema [9] as:

& =¢,c* P+ eppr * (1 —P). )

The estimation for g.¢c = 7, epgr = 3.1 and P =
0.16 gives the value & =3.72.

The dielectric permittivity effective value ¢, for
the liquid crystal layers between porous film and elec-
trodes depends on the LC orientation in these layers.
One can expect a number of defects in the absence of
electric field due to inhomogeneity of the planar orien-
tation on PET surface and relatively large (about 150
um) thickness of each LC layer. Application of elec-
tric field results in stabilization of a homeotropic ori-
entation imposed by coatings of electrodes, except for
the surface layers near PET film of thickness close to
the electric coherence length &g, which is defined as:

’Kn 1
= —_ 10
S goAe Ey (10)

where Ki; — the Frank’s elastic module, de = ¢ —
£, — the dielectric permittivity anisotropy equal to 11
for 5CB. The estimate made in accordance with (8) at
voltage U = 10 V gives the value & = 8 um, which is
essentially smaller than the total thickness of LC layer
(150 pum). It makes possible to use the value of a die-
lectric permittivity €, = en = 18 to estimate, according-
ly to the equation (6), the corresponding parameter o =
3.75 (the close value a = 3.6 was found at the direct
simulation of the problem using Comsol Multiphysics
software).

The second escaped radial (ER) configuration
shown in Fig. 1, d is characterized by the inhomoge-
neous declination of the director from the plane of the
film, which results in the dependence of ¢ on the radial
coordinate. It was shown [13], that for typical value of
the anchoring strength about 3,5 J/m? and the submi-
cron values of the pore’s diameter, the weak anchoring
effects played the essential role resulting in declination
of the polar angle at boundary 0z from the value n/2
(homeotropic boundary orientation) to the value 08z ~
55°. The estimation of the corresponding parameter &,
defined as:

€18

€= (11

€] cos%0g + gsin?6y

gives the value ¢ = 9,5, which can be used for calcula-
tion of the flow rate (expression (5)). In accordance
with the expressions (7) and (6), it results in the values
e1=4.12 and o = 3.43.
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Fig. 3. The flow rate Q as function of the
electric field strength E for different values
of the shear viscosity #

The calculation results of the flow rate Q as a
function of the electric field strength £ are shown in
Fig. 3 at different values of shear viscosity n inside a
pore with PP configuration. As the effective shear vis-
cosity of LC flowing through the plane capillary, the
maximal value of the shear viscosity coefficient of
5CB 1= 0.105 Pa*s [12] was used. It is valid for the
small flow induced distortions of the initial homeo-
tropic orientation.
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Usage of the data, presented in Fig. 3 makes
possible to estimate the flow induced orientation
changes and corresponding birefringence in the plane
layers of LC. For this aim, we apply the previously
proposed model for a linear response of a homeotropic
layer of LC on the low frequency oscillations of a
pressure gradient G in the presence of electric field
[1]. In the case of the quasi-stationary shear flow real-
ized in our experiments, the director follows the pres-
sure gradient without phase lag and the flow-induced
distortion of the polar angle 6 is described by the fol-
lowing simplified expression:

_ —G*h %
N*Wp

e k1 (2_%) +e _kl(z_%)

2ek1+2¢-k1—4 (12)

0(2)

(Z +

ek1(2+%) +e—k1(2+%)

2ek142e k14

>

where Z = z/h, G — pressure gradient, which can be
derived using equation:

Z.Q

: (13)

m — Miesowicz coefficient, which defines the shear

viscosity corresponding to the hometropic orientation

of LC, ki — the wave number defined by the expres-
sion:

G =

—1*A *BZ*hZ
k1=J“° X , (14)

K33

K33 — Frank's elastic modulus, Ay — anisotropy of
magnetic susceptibility, o, — the frequency of the di-
rector’s motion in the presence of a strong magnetic
field, expressed as:

-1 *A * BZ
wp :u, (15)
)41

where y; — rotational viscosity.

The calculations results of the polar angle 6(z)
made in accordance with (12) have shown that the
value of this parameter does not exceed n/4 throughout
the layer. It means that the mentioned above linear
approximation holds in the range of parameters used
in calculations.

The obtained distribution of the polar angle 6(z)
can be used to calculate the flow induced phase delay
0 between the extraordinary ray (refractive index n. =
1.73) and the ordinary one (refractive index n, = 1.54)
propagating through two plane layers of LC in accord-
ance with the expression:

4xmxh nyg(n?-—nd)
= *
A 2n?

where the averaged value of the squared angle 6(z) is
defined as:

* (92), (16)

:
© = [ (a7 (7
2
The calculated dependences of the phase delay
on the electric field’s strength £ for the PP configura-
tion at different values of # are shown in Fig. 4.
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Fig. 4. The phase delay 6 as function of the electric
field strength E at different shear viscosities:
a—mn=0.10 Pa*s, b —n = 0.09 Pa*s, c — n=0.08 Pa*s,
d —n=0.07 Pa*s

It is possible to compare the calculation results
of the phase delay & with the experimental data taking
into account the equations (6) and (7). The time de-
pendences of the light intensity /(¢), shown in Fig. 2,
a-c were processed to determine the stationary values
of the flow induced phase delay d. in accordance with
the next expression:

1)
I = Iysin? 76, (18)

where /) — the maximal intensity of light, taking place
at 0. = mn.

The result of the comparison of the theoretical
and experimental dependences of the phase delay on
electric voltage is shown in Fig. 5.
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a — planar polar configuration; b — escaped radial configuration

The best agreement between theory and experi-
ment for PP configuration takes place at the value # =
0.08 Pa*s. It seems to be reasonable according to the
flow geometry for this configuration. Indeed, the value
of the effective shear viscosity may be in the range
73 = 0.032 Pa.s < 57 <71 = 0.105 Pa*s., where 73 — the
third Miesowicz coefficient corresponding to the nor-
mal orientation of a director relatively to the flow
plane. At the same time, the direct measurements of
the effective shear viscosity in the same system made
via Poiseuille’s flow technique [13—15] gave the value
about 0.04 Pa*s. The difference between two values of
n may be partially explained by the principal differ-
ence between Poiseuille’s flow with a parabolic veloc-
ity profile and electroosmotic flow with a plug-like
profile. The results of similar calculations for ER con-
figuration is shown in Fig. 5, b. The best agreement
between theory and experiment takes place at n =
0.10 Pa*s. This value seems to be too high taking into
account the mentioned above declination of polar an-
gle from m/2. The estimations for the escaped radial
configuration with point defects (ERPD), which may
improve the agreement, are out of scope of this paper.

Conclusion

The first results of experimental investigation
and computer modeling of optofluidic liquid crystal
device are presented. The device is based on integrated
liquid crystal cell composed of two electro-
hydrodynamic pumps, which provide a shear flow of a
liquid crystal through two plane capillaries playing the

role of the flow controlled light modulator. The optical
response of LC on shear flow in the presence of mag-
netic field at different controlled voltages was regis-
tered and analyzed in the framework of proposed
model. The satisfactory agreement of the experimental
data and results of numerical calculations was estab-
lished. It makes possible to predict the operation of
such devices as modulators of electromagnetic waves
of different frequencies, including IR a THz ranges.
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