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 The work is devoted to the use of electrokinetic phenomena in liquid crystals to 
create a new class of microfluidics devices – optofluidics, designed to control 
electromagnetic radiation, including the THz frequency range. To achieve the 
goal, an optical method is used to study changes in the orientational structure in 
LC layers caused by a shear flow generated by electroosmotic pumps. Simula-
tion of LC behaviour in an experimental cell containing electroosmotic pumps 
and flat layers of a nematic liquid crystal is fulfilled. The experimental depend-
ences of the intensity of polarized radiation passing through flat LC layers on 
the control voltage applied to the electroosmotic pump and the results of calcu-
lations of the hydrodynamic and mechano-optical characteristics of the experi-
mental LC cell are presented. The propagation of THz irradiation across the 
multilayer structure of the optofluidic cell is considered taking into account the 
minimum number of re-reflections of waves from different layers and the ab-
sorption of THz irradiation in a propylene and a liquid crystal.  
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 Работа посвящена использованию электрокинетических явлений в жидких 
кристаллах для создания нового класса микрофлюидных устройств – опто-
флюидики, предназначенных для управления электромагнитным излуче-
нием, в том числе терагерцового диапазона частот. Для достижения цели 
оптическим методом исследуются изменения ориентационной структуры в 
слоях ЖК, вызванные сдвиговым течением, генерируемым электроосмоти-
ческими насосами. Проведено моделирование поведения ЖК в эксперимен-
тальной ячейке, содержащей электроосмотические насосы и плоские слои 
нематического жидкого кристалла. Представлены экспериментальные за-
висимости интенсивности поляризованного излучения, проходящего через 
плоские слои ЖК, от управляющего напряжения, подаваемого на электро-
осмотический насос, и результаты расчетов гидродинамических и механо-
оптических характеристик экспериментальной ЖК-ячейки. Рассмотрено 
распространение ТГц излучения по многослойной структуре оптофлюид-
ной ячейки с учетом минимального числа переотражений волн от разных 
слоев и поглощения ТГц излучения в пропилене и жидком кристалле. 
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Introduction 

 
In spite of the outstanding success achieved via 

usage of liquid crystals in the display industry, the 
unique properties of such materials attract also a gro-
wing interest for additional areas of practical applica-
tions [1]. In particular, it is well known that not only 
magnetic and electric fields, but also shear flows can 
induce the changes in the initial orientation of the local 
optical axis (director) initially stabilized by surfaces. 
Such changes result in corresponding variations of op-
tic properties of LC layers-mechano-optical effects, 
which are interesting for elaboration of LC sensors of 
mechanical stress, pressure gradient and acceleration 
[2]. The orientation action of shear flows can be also 
considered as an alternative (respectively to usage of 
electric fields) way to control the light, propagating 
through LC layers. Such possibility was confirmed ex-
perimentally at optical investigations of steady and os-
cillating shear flows of LC. Recently the modulation of 
light via oscillating flow of LC, was realized on the base 
of a microfluidic chip, which was announced as an ex-
ample of a new class of optofluidic devices. The usage 
of such devices for modulation of THz irradiation is of 
a special interest, as high energy losses in the ITO elec-
trodes prevent the application of traditional electrical 
control in this frequency range and alternative control 
via usage of magnetic field [3] is too slow.  

Recently, the general hydrodynamic schema of 
integrated LC optofluidic cell, which included elec-
troosmotic pumps and plane channels was proposed and 
analyzed [4]. The results of the preliminary experi-
mental investigation and computer modelling of the cell 
with electroosmotic pumps based on the usage of poly-
mer porous films confirmed the general theoretical ap-
proach. 

In this paper, we present the results of experi-
mental investigation of a similar LC cell that can be 
used both in visible and in THz frequency ranges due to 
the usage of polymer substrates, which show, contrary 
to the previously used glass substrates, low absorption 
of the THz irradiation. So, such cell can be considered 
as a real prototype of the modulator for this frequency 
range. We also performed the computer simulation for 
THz irradiation when the wavelength was comparable 
with the thickness of different layers, passed by the 
wave. The obtained frequency dependencies of the total 
reflection coefficient can be used for optimization of 
LC optofluidic modulators operating in THz range. 
modulators of the THz frequency range [5, 6]. This 
made it possible to propose a new type of optofluidic 
liquid crystal modulator, which includes an electroos-
motic pump that produces electroosmotic flows, as well 
as a number of flat channels with a given initial orien-
tation. 
 

Materials, design and principle of operation  
of an optofluidic cell 

 
In this work, a nematic liquid-crystal mixture E7 

(Fig. 1) [7] was chosen as an object of an investigation. 
This mixture has a wide temperature range (15–50 oC) 
of the nematic phase in the comparison with a nematic 
range (19–34 oC) of a liquid crystal 5CB, previously 
used in the similar investigation [5]. It is an important 
advantage for usage of such LC material in the proto-
types of technical devices. In addition, there is abundant 
literature information on the physical properties of this 
mixture (including the refractive index and absorption 
coefficient in the THz range), which makes it possible 
to carry out mathematical modelling of the phenomena 
under consideration. 

 

 
 

Fig. 1. Composition of LC E7 and molecular structure of the components  
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Note that E7 is characterized by a relatively large 

refractive index anisotropy in the THz frequency range 
(Δn = (ne − no) = 0.13) [8], which is important for an 
effective phase modulation of electromagnetic radia-
tion. Material parameters of E7, used in the modelling 
are presented in Table 1. 

 
Table 1. Material parameters of LC E7 
 

Material parameters Value 
Mesovich coefficient, 1ߟ [Pas] 0.264 
Rotational viscosity, γ1 [Pas] 0.224 
Frank modulus, K33 [N] 17.510–12 
Principal values of the permittivity tensor, ߝ/ 
 ||ߝ

2.61 / 
3.03 

Refractive index of the extraordinary wave 
(for 1 THz), ne 

1.73 

Refractive index of an ordinary wave  
(for 1 THz), no 

1.6 

Absorption coefficient (for 1 THz), α [sm–1] 18  

 
Previously, in similar experiments [5], glass sub-

strates were used, which have low absorption in the vis-
ible wavelength range. However, this material is not 
suitable for use in the THz frequency range due to the 
high absorption coefficient. In this regard, in the design 
of the LC cell described below, polymer substrates (pol-
ypropylene) were used. This material is characterized 
by a relatively low absorption in the THz frequency 
range (α = 0.58 cm–1 at 1 THz) [9]. 

The optofluidic cell (Fig. 2) consists of two elec-
troosmotic pumps, located in the terminal parts of the 
cell, and two plane capillaries, formed in the central part 
of the cell. Each pump includes a sample of a porous 
polyethylene teraftalate (PET) film with a thickness of 
23 μm and an area of S = 0.6 cm2 with a large number 

of identical submicron open-end pores with a diameter 
of d = 0.5 μm, oriented along the normal (z axis) to the 
film plane. The film is located between two electrodes 
made of thin copper foil with a thickness of 40 μm. Ap-
plication of DC voltage U to the electrodes results in 
arising of an electric field Ei, directed along the pores, 
which induces electroosmotic flows inside the pores. 

In turn, this leads to arising of Poiseuille flows 
with parabolic velocity profiles v(z) in two plane chan-
nels, each of a gap h = 52 μm, with an initial homeo-
tropic orientation, formed by the polymer (polypropyl-
ene) substrates of a thickness of 400 μm and the central 
polypropylene substrate of a thickness of     120 μm. All 
substrates and PET films were pre-treated with 5 % so-
lution of chromolane in isopropanole to obtain a home-
otropic surface orientation. 

 

 
 

Fig. 2. Optofluidic cell scheme: 
1 – modulated radiation, 2 – PP substrate, 3 – electrodes (+), 
4 – electrodes (-), 5 – spacers, 6 – LC flow, 7 – PP partition, 

8 – porous PET film  
 

 
 

Fig. 3. Scheme of the experimental setup with a LC cell: 
1 – laser radiation source, 2 – polarizers, 3 – LC cell, 4 – photodetector, 5 – ADC unit (L-card),  

6 – personal computer, 7 – power supply 
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The experimental setup, shown in Fig. 3, was 

mounted on the optical bench. The cell was placed be-
tween two crossed polarizers oriented at an azimuthal 
angle of 45о relative to the direction of the LC flow 
through the plane channels. 

The Poiseuille flows into plane channels, arising 
due to the action of electroosmotic pumps, led to a de-
viation of the orientation from initial homeotropic 
structure and the corresponding changes in the intensity 
of light with a wavelength of 650 nm. These changes 
were registered by a photodiode and, after being con-
verted into a digital signal, entered the computer for 
storing and processing information using the L-CARD 
program.  

The key effect responsible for the changes in 
light intensity is the flow induced birefringence which 
results in the phase delay δ between the ordinary and 
extraordinary beams due to an anisotropy of the refrac-
tive index. The arising of phase delay induces the 
changes ΔI in the intensity I of light, passed through 
homeotropic layers of LC cell, placed between crossed 
polarizers, described by the well-known expression (1): 

ܫ∆ ൌ ଴sinଶܫ ൬
ߜ
2
൰, (1) 

where I0 – the input intensity of polarized light, ΔI = I 
– for perfect initial homeotropic orientation, δ = 2δ1 – 
the phase delay in light wave arising at passing each LC 
layer, which is expressed as (2): 

ߜ ൌ
ߨ2

ߣ
න ሺ݊݁ሺݖሻ െ ݖሻ݀݋݊

݀

0

ൌ
〈nሺzሻ∆〉݀ߨ2

ߣ
, (2) 

where no – refractive index of an ordinary ray which 
will remain unchanged, ne(z) – the refractive index of 
the extraordinary ray that depends on the angle θ(z) be-
tween the director and z axis (3): 

݊௘ሺݖሻ ൌ
݊௢݊௘

ඥ݊௢ଶ݊݅ݏଶߠሺݖሻ ൅ ݊௘ଶܿݏ݋ଶߠሺݖሻ
. (3) 

 
Experimental results 

 
Fig. 4 shows the time dependences of light inten-

sity on time, obtained when the control voltage U is 
turned on and off. 

 

 
 

Fig. 4. Dependences of intensity on time I(t) at various voltages: 
(a) ܷ = 6 V, (b) ܷ = 10 V, (c) ܷ = 14 V 
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During the experiment, a constant voltage up to 

20 V was applied to the cell. The main condition for 
choosing the experimental dependences corresponding 
to the director linear motion in the flow plane was the 
absence of distortion of the intensity oscillations. Such 
distortions took place both after turning on and off the 
voltage on the director return to original orientation. In 
our experiments, the linear regime was observed in the 
voltage range 6…10 V. At higher voltages, distortions 
of the time dependences took place, which can be ex-
plained by the escape of a director from the flow plane 
and the appearance of long-lived hydrodynamic insta-
bilities [1]. 

The processing of the primary dependences I(t) 
made it possible to determine the time dependences 
(Fig. 5) of the phase difference δ(t) between the ordi-
nary and extraordinary beams according to formula (4): 

ሻݐሺܫ ൌ ଴ܫ ∗ ଶ2φ݊݅ݏ ∗ ଶ݊݅ݏ
δሺݐሻ

2
, (4) 

 where ݊݅ݏଶ2φ ൌ 1. 
 

 
 

Fig. 5. Dependence of the phase delay δ(t) on time after 
application of the control voltage U = 10 V; 
Discontinuous black curves and green dots/marks are 
obtained by processing of I(t) dependences by expression 
(4) taking into account the time positions of maximum 
and minimum values of I(t). Red solid curve corresponds 
to approximation of experimental data by formula (5) 

 
The experimental dependence is well described 

by the exponential law (5), which corresponds to the 
solid line in Fig. 5: 

δሺݐሻ ൌ δ௠௔௫	 ൬1 െ ݁ି
௧
ఛ൰. (5) 

The obtained characteristic time τ = 3.31 s is 
close to the theoretical value (τn = 3.46 s) of the director 
relaxation time to the initial state without taking into 
account the back flow (6): 

߬௡ ൌ
ଵߛ ∗ ݄ଶ

ଶߨ ∗ ଷଷܭ
. (6) 

 
Simulation results of optofluidic cell operation 

 
The simulation was carried out on the basis of the 

previously proposed hydrodynamic model [5], which 
includes internal Zi and external Ze hydrodynamic re-
sistances connected in series. 

The volume flow ܳ ݅ generated in each pore of the 
electroosmotic pump is proportional to the axial com-
ponent ݖܧ of the electric field strength and can be ex-
pressed as: 

ܳ௜ ൌ െሺߝ଴ ∗ ߝ ∗ ሻߦ ቆ
ߨ ∗ ܴଶ

ߟ
ቇ ∗  ௭, (7)ܧ

where R/lD >>1, ߟ is the shear viscosity of the fluid in 
the pore, ߦ – the zeta potential, ld – the Debye length 
which characterizes the thickness of the near-surface 
layer with an inhomogeneous distribution of ions. 

The total volumetric flow rate ܳ of the LC flow 
is expressed as: 

ܳ ൌ
ܳ௜ ଴ܰS 

ሺ1 ൅ ሻݎ
, (8) 

where r = Ze/Zi, N0 – the surface density of pores in 
films, S – the area of porous film used in a pump. 
The flow induced angle Ѳ(z) of director deviation from 
the initial homeotropic orientation (see Fig. 2) in each 
plane channel can be written as: 

Ѳሺ̃ݖሻ ൌ
ଶߙ ∗ ܩ

ଷଷܭ6 ∗ ଵߟ
∗ ݖ ∗ ቆݖଶ െ

݄ଶ

4
ቇ, (9) 

where in the case of small value of the flow induced 
angle Ѳ(z), ߙଶ ൎ γଵ	ሺηଶ ൎ 	ηଵ െ γଵሻ	,  η2 – minimal 
Mesovich coefficient.  
The pressure gradient G, which provides the Poiseuille 
flows in the plane channel, is given by: 

ܩ ൌ
ܳ ∗ ଵߟ12
݄ଷ ∗ ܣ

, (10) 

where h and A – the channel’s gap and width. 
The phase difference ߜ	 at passing the light 

through two LC layers is expressed as:  
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ߜ ൌ
2 ∗ ߨ ∗ 2݄

ߣ
∗
݊଴ሺ݊௘ଶ െ ݊଴

ଶሻ

2݊௘ଶ
∗ 〈Ѳଶ〉, (11) 

where no and ne are the refractive indexes of the ordi-
nary and extraordinary waves; <Ѳ2> is the averaged 
square of the angle Ѳ of the director deviation from the 

initial homeotropic orientation; λ is the wavelength of 
the light passing through the cell. 

Fig. 6 shows the dependencies of calculated pa-
rameters on the electric field strength at variation of the 
LC’s viscosity η inside a pore.  

 

 
 

Fig. 6. Dependences of the parameters of the model on the electric field strength Ez in the pore:  
(a) volumetric flow rate; (b) the flow induced angle Ѳ of the LC director in the plane channel at z = h/4;  

(c) the phase difference δ between ordinary and extraordinary rays 
 
 
Calculated dependences of the maximal value of 

the phase difference δmax on electric field strength are 
shown in Fig. 7. These dependences are in agreement 
with the experimental data at values of the shear viscos-
ity about 0.1 Pa*s inside pores. These values are in the 
range between minimal (0.04 Pa*s) and maximal 
(0.264 Pa*s) Mesovich coefficients [10]. So, the ob-
tained value 0.1 Pa*s corresponds to non-homogeneous 
orientation of LC like radial escaped configuration [11]. 

 

 
Fig. 7. Comparison of experimental data (squares) and 

theoretical dependences (solid lines) of the stationary phase 
difference δ on the field strength Ez at different values of the 

shear viscosity η of LC inside a pore 

This makes it possible to propose the usage of such type 
of optofluidic device for modulation of electromagnetic 
waves in different frequency ranges including THz ir-
radiation. 

In the latter case, the wavelength can be compa-
rable with the thickness of polymer substrates and LC 
layers. It makes calculation of the THz wave propaga-
tion through the multilayer structure (layers E7 and PP) 
more complicated than for the case of visible light. In 
particular, it is important to estimate effects of multiple 
reflections and absorption taking place in the opto-
fluidic cell. The solution to this problem was based on 
the approach [12] proposed for calculation of light re-
flection from multilayer structures consisting of dielec-
tric layers of different thickness and reflection indexes.  

The main physical idea is to take into account the 
minimum number of re-reflections within the multi-
layer system. This is explained by the fact that the Fres-
nel reflection coefficients rj, j+1 at the boundaries of two 
different media must satisfy the condition |rj, j+1| < 1. 
This is precisely due to partial waves arising at re-ref-
lections inside a layered system, which contribute to the 
sum of reflection coefficients.  
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The first approximation proposed in [12] results 

in the next expression for the total reflection coefficient 
ܴ௠
ሺଵሻ of multilayer structure: 

ܴ௠
ሺଵሻ ൌ෍ቌݎ௝,௝ାଵෑ݁݌ݔ	ሺ2݅݇௧௭݀௧

௝

௧ୀ଴

ሻቍ

௠

௝ୀ଴

, (12) 

where m – the number of layers, ݎ௝,௝ାଵ ൌ 	
௡ೕି௡ೕశభ
௡ೕା௡ೕశభ

  – re-

flection coefficient on the boundary between two adja-

cent media, ݇௧௭ ൌ
ଶగ∗௙∗௡ೣ

஼బ
 – incident wave vector. 

The wave vector k for each layer is the sum of the 
real part describing the wave propagation velocity and 
the imaginary part equal to the absorption coefficient α 
of the material in this layer. The results of calculation 
of the energy reflection coefficients for ordinary and 
extraordinary rays propagating through the five-layer 
structure of the optofluidic cell without account of ab-
sorption are shown in Fig. 8. 

 

 

Fig. 8. Dependences of the reflection coefficient on the fre-
quency of THz radiation for two values of refractions index 
corresponding to ordinary (no) and extraordinary (ne) waves 

 
It is worthwhile to notice that the maximal value 

of the flow induced variations of the polar angle Ѳ in a 
linear regime (typically of order π/4) is smaller than the 
value π/2, used at the presented above calculations. It 
results in decreasing the modulation of reflective light 
intensity.  

The results of a simulation, which demonstrate 
the influence of absorption on the total reflection coef-
ficients Ro and Re of ordinary and extraordinary rays are 
presented in Table 2.  

For the calculation, we used the data of previ-
ously reviewed works, where the absorption coeffi-
cients were studied in detail at different THz ranges of 
polypropylene and LC E7 [7, 8]. 

Table 2. Comparison of the energy reflection coefficients 
in the presence and absence of absorption 

 
Value 
THz 

Ro 
Ro with 

abs. 
Re 

Re with 
abs. 

1 0.14 0.098 0.246 0.194 
1.25 0.039 0.036 0.01 0.021 
1.5 0.17 0.102 0.167 0.115 

1.75 0.001 0.012 0.064 0.047 
2 0.148 0.083 0.051 0.049 

 
The presented results show decreasing in the en-

ergy reflection coefficient in both cases, which is due to 
the energy losses in polypropylene and LC E7. In spite 
of the relatively small thickness of LC layers, they in-
troduce an essential contribution in the reflection coef-
ficient because of the higher values of absorption coef-
ficient α in the comparison with the corresponding val-
ues of α for polypropylene.  

 
Conclusion 

 
The first experimental data on light modulation 

with the help of optofluidic LC cell including electroos-
motic pumps and plane channels with polymer sub-
strates are presented. These data are analyzed taking 
into account the electroosmotic flow, which results in 
changes of the initial homeotropic orientation of LC in 
plane channels.  

Such changes induce the phase delay between or-
dinary and extraordinary rays, propagating through the 
cell, and lead to the variation of light intensity. The 
analysis of experimental data shows satisfactory agree-
ment with the theoretical predictions.  

The presented results indicate the possibility of 
elaboration of various terahertz devices (modulators, 
filters, etc.) based on optofluidic cells of the proposed 
type due to the difference of reflection coefficients for 
ordinary and extraordinary rays. 
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