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 Electrically driven kink-like distortion regimes in micro sized liquid crystal chan-
nel have been investigated both experimentally and analytically. Kink-like dis-
tortion waves were excited by interaction between electric field E and the gradi-
ent ܖ׏ෝ of the director field in a homogeneously aligned liquid crystal (HALC) 
channel. Calculations, based upon the nonlinear extension of the classical Erick-
sen-Leslie theory, show that due to the coupling between ܖ׏ෝ and E in the HALC 
channel, the horizontal flow ܞ ൌ u଍̂ may be excited. The results of calculations 
revealed that the dependence of the maximum value of stationary velocity distri-
bution |	u୫ୟ୶ሺܧ/ܧ௧௛ሻ| across the LC channel vs electric field ܧ/ܧ௧௛ is charac-
terized by maximum value at ܧ/ܧ௧௛ ൌ 2.0. When the electric field ܧ ≫  ௧௛, theܧ
horizontal flow of the LC material completely stops and a novel mechanism of 
converting of electric field in the form of kink-like wave reorientation of the di-
rector field ܖෝ can be excited in the LC channel. The experimental part of the work 
presents the observation results of a kink-like wave in a plane capillary. 
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 В представленной работе экспериментально и аналитически исследованы 
режимы кинк-образных возмущений, вызванных электрическим полем в 
жидкокристаллическом канале микроразмеров. Кинк-образные волны иска-
жения возбуждались взаимодействием электрического поля E и градиента 
 ෝ поля директора в однородно ориентированном жидкокристаллическомܖ׏
(ООЖК) канале. Расчеты, основанные на нелинейном расширении класси-
ческой теории Эриксена–Лесли, показывают, что из-за связи между ܖ׏ෝ и E 
в ООЖК канале может возбуждаться горизонтальный поток ܞ ൌ u଍̂. Резуль-
таты расчетов демонстрируют, что зависимость максимального значения 
стационарного распределения скорости |	u୫ୟ୶ሺܧ/ܧ௧௛ሻ| по ЖК-каналу в за-
висимости от электрического поля ܧ/ܧ௧௛ характеризуется максимальным 
значением при ܧ/ܧ௧௛ ൌ 2.0. В случае, когда электрическое поле ܧ ≫  ,௧௛ܧ
горизонтальное течение ЖК-материала полностью прекращается и может 
возникать новый механизм преобразования электрического поля в виде 
кинк-образной волновой переориентации поля директора ܖෝ в ЖК-канале. В 
экспериментальной части работы представлены результаты по наблюдению 
кинк-образной волны плоском капилляре. 
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Introduction 

 
The current trend toward further miniaturization 

in drug delivery devices, manipulation of biomolecules 
and biosensing has brought an increasing number of in-
tegrated microdevices for chemical and biological ap-
plications [1]. Such manipulation (for instance, by 
flow) can be achieved either by forces applied macro-
scopically, e.g., at appropriate inlets or outlets, or can 
be generated locally within microfluidic channel or liq-
uid crystal (LC) cell [2–4]. Electro-osmosis, dielectro-
phoresis and electrowetting have been explored for con-
trolling microflows [1–4]. Nematic liquid crystal 
(NLC) cells of appropriate size are microdevices, 
whose molecular orientations can be manipulated by 
the presence of electric field E and the temperature gra-
dient ׏ T [5, 6]. A challenging problem in such systems 
is the precise handling of LC or anisotropic liquid mi-
crovolume, which in turn requires self-contained micro-
pumps of small package size exhibiting either a very 
small displacement volume (displacement pumps) or a 
continuous volume flow (dynamic pumps). One of the 
liquid crystal pumping principle is based on the cou-
pling between the electric E and director ܖෝ fields [5, 7]. 
In this case, the uniform textures of nematic LCs are 
produced by orienting a drop of bulk material between 
two conveniently treated bounding surfaces, which usu-
ally define a fixed orientation for the boundary mole-
cules. By applying the electric field E perpendicular to 
an uniformly (homogeneously) oriented NLC, the ini-
tial molecular orientation can be distorted at E > Eth, 
where a critical threshold field Eth is given by: 
 

௧௛ܧ ൌ
π
݀
ඨ
ଵܭ
ε଴ε௔

, (1) 

 

where d is the thickness of the microsized LC layer, K1 
is the splay elastic constant, ε0 is the absolute dielectric 
permittivity of free space, εa is the dielectric anisotropy 
of the NLC [8]. This form for the critical field is based 
upon assumption that the director remains strongly an-
chored (in our case, homogeneously) at two horizontal 
bounding surfaces and that the physical properties of 
the LC are uniform over the entire sample for ܧ ൏  .௧௛ܧ
When the electric field is switched on with a magnitude 
E greater than Eth, the director ܖෝ, in the "splay" geome-
try, reorients as a simple monodomain [5], and exciting 
of the electrically driven nematic flow in microfluidic 

channel is a question of great fundamental interest, as 
well as the essential piece of knowledge in soft material 
science [1]. 

Based on the nonlinear extension of the classical 
Ericksen-Leslie theory, the coupling effect among ܖ׏ෝ 
and E on electrically driven nematic flow in microflu-
idic LC channel will be investigated. 

 
Formulation of the balance of linear  

momentum and torque equations for microsized 
nematic fluids 

 
We are primarily concerned with the description 

of a physical mechanism responsible for the electrically 
driven nematic flow in microfluidic homogeneously 
aligned liquid crystal (HALC) channels. This descrip-
tion corresponds to the case of NLC confined by two 
parallel horizontal surfaces with symmetrical boundary 
conditions (planar in our case). As a result, we consider 
the picture, where there is a balance between the ap-
plied electric, viscous, elastic and anchoring forces, 
and, in general, the LC fluid settles down to a stationary 
flow regime in the plane of surfaces [7]. Upon assuming 
an incompressible fluid, the hydrodynamic equations 
describing the orientational dynamics induced by elec-
tric field ۳ ൌ መܓܧ  can be derived from the torque and 
linear momentum equations for such LC system. Here 
መܓ  is a unit vector directed normal to the horizontal sur-
faces, while a unit vector ଍̂ directed parallel to the hori-
zontal surfaces.  

We consider a homogeneously aligned nematic 
liquid crystal with the εa > 0, which is delimited by two 
horizontal bounding surfaces at distance d on a scale in 
the order of tens micrometers. According to this geome-
try, the director ܖෝ ൌ ݊௫଍̂ ൅ ݊௭ܓመ ൌ sinθሺݖ, ሻ଍̂ݐ ൅
cosθሺݖ, መܓሻݐ  is maintained within xz-plane defined by the 
electric field and the unit vector ଍̂. Taking into account 
that the length of the channel l is much bigger than the 
thickness d, we suppose that the component of the direc-
tor ܖෝ as well as the rest of the physical quantities depend 
only on z-coordinate and time t. Here, θ denotes the angle 
between the director and the unit vector ܓመ . 

Our main aim was to investigate the influence the 
external electric field E on the process of director ܖෝ re-
orientation and electrically driven nematic flow v in the 
microfluidic HALC channel. We consider a regime, 
when the director ܖෝ is strongly anchored to both solid 
surfaces  with  planar  boundary   orientations,   where 
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θሺݖሻ௭ୀ଴ ൌ
π
2
, θሺݖሻ௭ୀଵ ൌ

π
2
		. (2) 

 
Here, ̅ݖ ൌ  is the dimensionless distance ݀/ݖ

away from the lower solid surface. The incompressibil-
ity condition સ ൉ ܞ ൌ 0 assumes that only one nonzero 
component of the vector v exists, vis. ܞሺݖ, τሻ ൌ
,ݖሺݑ ߬ሻ଍̂, where, τ ൌ ሺε଴ε௔ܧଶ/γଵሻݐ is the dimensionless 
time, ݑത ൌ ሺ

ஓభ
ௗகబகೌாమ

ሻݑ is the dimensionless velocity.  

Notice that the overbars in the space variable and ve-
locity have been eliminated. 

To be able to observe the evolution of the direc-
tor field ܖෝ (or the polar angle θ(z, τ)) to its stationary 
orientation ܖෝୱ୲ሺݖ), and exciting the velocity field 
,ݖሺݑ τሻ caused by the external electric field, we consider 
the dimensionless analog of the torque and linear mo-
mentum balance equations [5, 7]. 

The dimensionless torque balance equation describ-
ing the reorientation of the LC phase can be written as:  

 

θ,ఛ ൌ ௭,ݑሺθሻܣ ൅ ∆ ൤ሺܩሺθሻθ௭ሻ,௭ െ
1
2
஘ሺθሻθ,௭ଶ,ܩ ൨ െ

ሻݖଶሺܧ

2
sin2θ, (3) 

 

where:   ܣሺθሻ ൌ
ଵ

ଶ
ሺ1 െ γଶଵcos2θሻ,  

ሺθሻܩ               ൌ sinଶθ ൅  ,ଷଵcosଶθܭ
  ሺθሻܩ ஘ሺθሻ is the derivative of,ܩ              
with respect to θ, 

              θ,௭ ൌ ߲θሺݖ, τሻ/߲ݖ,  ∆ൌ ቀா೟೓
஠ா
ቁ
ଶ
, 

 γଶଵ ൌ γଶ/γଵ , γଶ and γଵ are the rotational viscosity co-
efficients (RVCs), 
ଷଵܭ  ൌ  ଷ are the splay and bendܭ ଵ andܭ ଵ, andܭ/ଷܭ
elastic constants of the LC phase. 

In the case of incompressible fluid, the dimen-
sionless Navier-Stokes equation reduces to:  

 

ଵ

∆
δଵݑ,ఛሺݖ, τሻ ൌ ൣത݄ሺθሻݑ,௭ െ  ሺθሻθ,ఛ൧,௭, (4)ܣ̅

where  

݄ሺθሻ ൌ αଵsinଶθcosଶθ െ ሺθሻܣ̅ ൅
ଵ

ଶ
αସ ൅ ݃ሺθሻ, 

ሺθሻܣ̅ ൌ γଵܣሺθሻ, 

݃ሺθሻ ൌ
ଵ

ଶ
ሺα଺sinଶθ ൅ αହcosଶθሻ,	 ݑ,௭ ൌ ,ݖሺݑ߲   ,ݖ߲/ሻݐ

θ,௭ ൌ ߲θሺݖ,  ,ݖ߲/ሻݐ
and  δଵ ൌ ρܭଵ/γଵ

ଶ is a parameter of the system, while 
α௜ (i = 1,..., 6) are six Leslie coefficients [5, 7].  

 
We consider a regime when the velocity on the 

bounding surfaces has to satisfy the no-slip boundary 
condition: 

ሻ௭ୀ଴ݖሺݑ ൌ 0, ሻ௭ୀଵݖሺݑ ൌ 0, (5) 

while the initial director orientation is perturbed paral-
lel to the bounding surfaces with 

 
θሺݖ, ߬ ൌ 0ሻ ൌ

஠

ଶ
, (6) 

 
and then allowed to relax to its stationary distribution 
θ௦௧ሺݖሻ across the microsized HALC channel. 

 
Numerical results for the relaxation regimes  

in HALC channel 
 

In our case, the electric field ۳ ൌ መܓܧ , applied 
normally to the initial director orientation, tends to re-
orient the director field ܖෝ, parallel to E. Thus, in the in-
itially homogeneously aligned LC volume, the hybrid-
aligned microsized domain with nonzero gradient of the 
director field ∇ ܖෝ may arise. 

 
Case ܧ ൐  ௧௛ܧ

In the case when the electric field is equal to 
௧௛ܧ/ܧ ൌ 2.0, the evolution of the director field ܖෝ to its 
stationary orientation ܖෝ௦௧ in the microsized HALC 
channel is shown in Fig. 1, a. It was described by the 
polar angle ߠሺݖ, ߬௞ሻ, at different times τ௞ ൌ ∆τሺ݇ െ 1ሻ 

ሺ݇ ൌ 1,… , 11ሻ. Here, ∆τ ൌ 0.05 and τଵଵ ቀ
ா

ா೟೓
ൌ

2.0ቁ ൌ 0.5	ሺ~2.25	݉ݏሻ.  

The evolution of the dimensionless velocity field 

,ݖሺݑ τሻ ൌ ቀ ஓభ
ௗகబகೌாమ

ቁ ,ݖ௫ሺݒ τሻ		to   its   stationary   distri- 
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bution ݑሺݖ, ߬ଵଵሻ	across the microsized HALC channel, 
at different times τ௞ ሺ݇ ൌ 1,… , 11ሻ under the effect of 
the electric field ܧ/ܧ௧௛ ൌ 2.0 is shown in  Fig. 1, b. The 

highest velocity value |ݑ୫ୟ୶ሺܧ ⁄௧௛ܧ ൌ
2.0ሻ|	~	2.92	ሺ	~	3.24 ⨯ 10ିଷ݉/ݏሻ is reached near the 
upper (z = 0.8) restricted surface.  

 

  
a b 

 
Fig. 1: a – Plot of evolution of the polar angle θሺݖ, τ௞ሻ to its stationary distribution across the HALC microfluidic  

channel, under the effect of the electric field ܧ/ܧ௧௛ ൌ 2.0, at different times ߬௞ ൌ ∆߬ሺ݇ െ 1ሻ ሺ݇ ൌ 1,… , 11ሻ, respectively;  
b – The same as in (a), but for the evolution of the dimensionless velocity ݑሺݖ, τ௞ሻ to its stationary  

distribution across the HALC channel 
 
 
Case ܧ ൐൐  ௧௛ܧ

In the case when the electric field E is much 
greater than ܧ௧௛, the evolution of the velocity field 
,ݖሺݑ τሻ	 in the microsized HALC channel is described 
by the reduced dimensionless Navier-Stokes equation 
(4), which can be written as: 

 

lim
ா→ஶ

1
∆
δଶݑ,ఛሺݖ, τሻ → ∞	, (7) 

 

where 1/∆ൌ ሺ
஠ா

ா೟೓
ሻଶ. In this case, when lim

ா→ஶ

ଵ

∆
→ ∞, one 

can get ݑሺݖ, τሻ ൌ 0, taking into accounting the no-slip 
boundary condition (see Eq. (5)). As a result, when  
ܧ → ∞, the dimensionless torque balance equation (3) 
is reduced to equation: 

 

θ,ఛሺݖ, τሻ ൌ െ
ሻݖଶሺܧ

2
sin2θሺݖ, τሻ. (8) 

There is exact solution of Eq. (8): 
 

θതሺݖ, βሻ ൌ tanିଵሾsin݄ିଵሺݓβ െ ݖ ൅  ଴ሻሿ, (9)ݖ

where β ൌ  ଴ is a constant, and w is the solitaryݖ , ଶτܧ
wave velocity along the z axis, which can be written in 
dimensional form as: 

 

,ݖሺݓ ሻݐ ൌ
ሻ݀ε௔ε଴ݖതሺܧଶܧ

γଵ
ൌ
1
∆
ଵܭ
݀γଵ

 	,ሻݖതሺܧ
 
(10) 

 
where ܧതሺݖሻ ൌ ܧ ,ܧ/ሻݖሺܧ ൌ ܷ/݀, and U is the voltage 
applied across the LC channel.  

Physically, it means that the director disturbance, 
induced by electric field ܧ ≫  ௧௛, in the vicinity of oneܧ
of the bounding surfaces must propagate in the form of 
the solitary wave along the z axis with the velocity w. 

 
Experimental  

 
The experimental setup used for investigation of 

kink-like waves included the polarizing microscope 
(OLYMPUS BX53F2) with the high-speed camera 
(Photron FASTCAM Mini UX50 а frame rate of 20,000 
frames per second was used) and high voltage AC       
generator.  
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Fig. 2 shows a schematic representation of the 

cell. The upper and lower substrates were made of dis-
play glasses 1.1 mm thick. They were covered by a 
layer of chromium stearyl chloride (chromolane, 0.5 % 
isopropanole solution) using spin-coating technique. 
After applying chromolane, the glasses were dried at  
90 0C for 1 hour. Such preparation provides a homeo-
tropic boundary orientation. 

 

 
 

Fig. 2. Schematic representation of the cell and  
the experimental geometry 

 
The spacers acting as electrodes were made of 

glass plates of thickness H = 350 μm with polished 

edges, coated by conductive layers. To get the planar 
boundary orientation on the electrodes, they were spin- 
coated with 0,1 % solution of azo dye (SD-1) in dime-
thyl formamide (DMF) with further annealing at 90 0C 
for a 1 hour and then were treated by ultraviolet (UV) 
linear polarized irradiation (λ = 345 nm) of exposure 
dose D = 0.45 W/cm2. The distance between spacers    
(d in Fig. 2) was 270 µm. 

Thus, an uniform orientation of the liquid crystal 
director in the direction along the Y axis was realized in 
the sample. The direction of light propagation coincides 
with the orientation of the LC director.  The experi-
mental cell was filled with nematic liquid crystal 5CB 
(4-cyano-4'-pentylbiphenyl) in isotropic phase and then 
cooled. The experiments were carried out at room tem-
perature (T = 26 ± 0.5 0С). 

In order to induce the initial reorientation of the 
liquid crystal director, an alternating voltage with an 
amplitude value of 250 V and a frequency of 50 kHz 
were applied along the Z direction. 

The sample was illuminated with polarized white 
light. It should be noted that the analyzer was not used 
in the experiment to avoid the interference pictures in-
duced by birefringence. The transmission plane of the 
polarizer was co-directed with the Z axis, i.e. with the 
direction of the electric field. 

The distributions of light intensity in the near-
wall region obtained by processing of the digital images 
taken at different times are shown in Fig. 3.  

 

   
a b c 

   
d e f 

Fig. 3. Dependences of the normalized intensity on the coordinate at various times. Solid lines show the trend 
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As seen in Fig. 3, after turning on the electric 
field, there is a strong decrease in the light intensity in 
the near-boundary region. At the time of 0.3 ms, a sepa-
ration of the region with sharp intensity change is ob-
served, which subsequently moves to the center of the 
channel. The processing of the obtained data makes it 
possible to determine the dynamics of velocity change 
in that region, which can be treated as the motion of 
kink-like wave (Fig. 4). 

 

 
 

Fig. 4. Time dependence of kink-like wave velocity. The 
solid line shows the approximation by a simple 

 exponential dependence 
 
To compare the obtained results with the theore-

tical predictions, we considered that the total cell gap 
݀ ൌ ‖ܮ ൅  is the distance at which the LC ‖ܮ where ,⟘ܮ
molecules have already reoriented in the direction of 
the electric field, and ܮ⟘ is the distance, on which the 
LC molecules have not yet reoriented. 

 

 
 

Fig. 5. Model of series-connected dielectrics 

Using this model (Fig. 5), one can write the sim-
ple expressions for the total voltage drop on the cell, as 
well as for the field strength distribution: 

ܷ ൌ ‖ܧ ∗ ‖ܮ ൅ ⟘ܧ ∗  (11) ,⟘ܮ

  
‖ܧ ∗ ε‖=ܧ⟘ ∗ ε⟘. (12) 

Taking into account that at the initial moments of 
time the reorientation of the director occurs in a small 
near-wall region, it can be assumed that ‖ܮ	>>	ܮ⟘ and 
therefore:  

ܧ ൌ ⟘ܧ ൎ
௎

ௗ
, (13) 

  
ሻݖሺܧ ൌ ‖ܧ ൎ ܧ ∗

க⟘
க‖

. (14) 

Using the material parameters of 5CB NLC, the 
geometric dimensions of the cell (Table 1), as well as 
inserting Eq. (13) and (14) in (10), we calculated the 
value of wave velocity w at the initial moments of time 
(it was equal to 0.056 m/s). The maximum experimen-
tally obtained value of w was equal to 0.042 m/s. 

 
Table 1. Characteristics of the experimental cell and 
physical parameters of 5CB LC 

 

Peak value of voltage (U, V)  250 

Distance between electrodes (L, µm) 270 

Anisotropy of dielectric constant (εa) 11,5 

The dielectric constant ε‖ 18,5 

The dielectric constant ε⟘ 7 

Rotational viscosity (γ1, Pa*s) 0,077 

 
The experimentally obtained value of the velo-

city of the kink-shaped wave is close to that calculated 
theoretically within the framework of the model used. 

 
Conclusion 

 
The non-mechanical method for producing flow 

in a microfluidic homogeneously aligned liquid crystal 
(HALC) channel under the effect of the external electric 
field E has been proposed. Fluid pumping principle is 
based on the coupling between the electric and director 
fields.  
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Calculations, based upon the nonlinear extension 

of the classical Ericksen-Leslie theory, show that due to 
the coupling between સܖෝ and E in the HALC microflu-
idic channel, the horizontal flow ܞ ൌ ௫଍̂ݒ ൌ  ଍̂ may beݑ
excited. The calculation results showed that the depen-
dence of maximum value of stationary velocity distri-
bution |ݑ୫ୟ୶ሺܧ ⁄௧௛ܧ ሻ| across the LC channel vs electric 
field ܧ ⁄௧௛ܧ  is characterized by maximum value at 
ܧ ⁄௧௛ܧ ൌ 2.0. In the case when the electric field         
ܧ ൐൐ -௧௛, the horizontal flow of the LC material comܧ
pletely stops and a novel mechanism of converting the 
electric field in the form of kink-like wave reorientation 
of the director field ܖෝ can be excited in LC channel. 

Physically, this means that in the case ܧ ൐൐  ,௧௛ܧ
directed across the HALC channel, the director field ܖෝ 
has initially been disturbed, for instance, at the bottom 
of the LC channel, and the disturbance must propagate 
in the form of kink-like wave across LC channel. 

It should be noted that the relaxation behavior of 
the director field ܖෝ in the form of a kink-like wave 
θതሺݖ, τሻ, which is spreading along the z axis with the ve-
locity w, probably can be observed in polarized white 
light. Under the influence of the electric field ܧ ൌ
 ௧௛, the estimation of king-like wave velocity givesܧ100
the value of ݓ	~	2.87	ݏ/݉ for NLC 5CB in 5 μm   
channel.  

The performed investigation shows that the mac-
roscopic description of the nature of hydrodynamic 
flow of anisotropic liquid subtly senses the microscopic 
structure of LC material. 

The experimental values of the kink-like wave 
velocity were found to be close to those calculated by 
the theory using simple two-layer approximation. 
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