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ABSTRACT

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 Vil 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 Vi and E in the HALC
channel, the horizontal flow v = ui may be excited. The results of calculations
revealed that the dependence of the maximum value of stationary velocity distri-
bution | Uy (E/E:)| across the LC channel vs electric field E/Ey, is charac-
terized by maximum value at E /E;;, = 2.0. When the electric field E > Ey, the
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 fi 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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AHHOTALUSA

B npencraBieHHO# paboTe 3KCIEPUMEHTAIBHO W aHATUTHUECKH HCCIIEIOBAHbI
PEKUMBI KMHK-OOpa3HBIX BO3MYILIECHHH, BBHI3BAHHBIX DJIEKTPHUECKUM IOJIEM B
KHUJIKOKPUCTAIIINYECKOM KaHajle MUKpopa3MepoB. KMHK-00pa3HbIe BOIHBI HCKa-
JKEHHS BO30YXKIaIrch B3auMoJIeHCTBHEM aiekTpudeckoro nois E u rpaauenta
Vil nons 1upexTopa B OXHOPOIHO OPHEHTHPOBAHHOM KHUAKOKPUCTAITTHIECKOM
(OOXK) kanane. Pacdersl, o0cHOBaHHBIC HA HETUHESHHOM PAaCIIUPEHUH KIIACCH-
4ecKoi Teopun DpukceHa—Jlecin, moKas3pIBaloT, 4To U3-3a CBsi3u Mexay VA u E
B OOXK kaHane MOXKeT BO30YKIaThCsl TOPU3OHTAIBHBIN MOTOK V = ui. Pe3yb-
TaThl PacYETOB AEMOHCTPUPYIOT, YTO 3aBHCUMOCTb MAaKCHMAJIBHOTO 3HAYCHHUS
CTaI[MOHAPHOTO PACTIPEAETIEHUS CKOPOCTH | U ax (E /E¢)| 1o XKK-kanany B 3a-
BUCHMOCTHU OT 3JyieKTpuueckoro moins E/E., xapakTepu3yercs MaKCUMalbHBIM
3HadeHueM npu E/E., = 2.0. B cnyuae, korga snekrpudeckoe mone E >> Eyp,
ropuzoHTaibHOE TeueHne JKK-marepuana mosHOCTBIO MPEKpaIaeTCesS U MOXKET
BO3HHMKATh HOBBI MEXaHW3M MpeoOpa3oBaHMs INEKTPUUYECCKOTO TONS B BHIE
KUHK-00pa3Hoi BOJHOBOH mepeopreHTanuu nois nupekropa fi B XKK-kanane. B
9KCTIIEPHUMEHTAIILHOM YacTu pabOTHI IIPEACTABICHBI Pe3yIbTaThl IO HAOIIOACHHIO
KMHK-00pa3HO BOJIHBI IIJIOCKOM KalUIsIpe.
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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 lig-
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 V 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 fi 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 > Eq,
where a critical threshold field E, is given by:

m | K;
Ey == / , 1
th = 4q €0€q M

where d is the thickness of the microsized LC layer, K;
is the splay elastic constant, g, is the absolute dielectric
permittivity of free space, €, 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 E < Egp,.
When the electric field is switched on with a magnitude
E greater than Eg, the director 1, 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 Vi
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 E = Ek can be derived from the torque and
linear momentum equations for such LC system. Here
k is a unit vector directed normal to the horizontal sur-
faces, while a unit vector 1 directed parallel to the hori-
zontal surfaces.

We consider a homogeneously aligned nematic
liquid crystal with the &, > 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 fi =n,i+n,k =sinb(z )i+
cos0(z, t)k is maintained within xz-plane defined by the
electric field and the unit vector 1. Taking into account
that the length of the channel / is much bigger than the
thickness d, we suppose that the component of the direc-
tor 1l as well as the rest of the physical quantities depend
only on z-coordinate and time ¢. Here, 6 denotes the angle
between the director and the unit vector k.

Our main aim was to investigate the influence the
external electric field E on the process of director fi re-
orientation and electrically driven nematic flow v in the
microfluidic HALC channel. We consider a regime,
when the director fi is strongly anchored to both solid
surfaces with planar boundary orientations, where
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Here, Z=2z/d is the dimensionless distance
away from the lower solid surface. The incompressibil-
ity condition V - v = 0 assumes that only one nonzero
component of the vector v exists, vis. v(z,1) =

u(z, 7)i, where, T = (go8,E? /Y1)t is the dimensionless
Y1
degeqE?

time, U = (. Ju is the dimensionless velocity.

e,‘r = A(e)u,z +A (G(e)ez),z

where:  A(6) = (1 — Y2,c0526),
G(8) = sin?0 + K3, cos20,
G 9(0) is the derivative of G(80)
with respect to 0,

0, = 80(z,1)/0z, A= (’i’l)2

TE
Y21 = Y2/Y1, Y2 and y; are the rotational viscosity co-
efficients (RVCs),
K31 = K3/K;, and K; and K3 are the splay and bend
elastic constants of the LC phase.
In the case of incompressible fluid, the dimen-
sionless Navier-Stokes equation reduces to:

8120 = [R(O)u, —A(0)6,] . (4)

where
h(8) = a;sin?Bcos?0 — A(0) + %a4 + g(0),
A(8) = v,4(8),
g(®) = %(aésinze + ascos?0), u, = du(z,t)/0z,
0, =00(z1t)/0z
and 8; = pK;/y? is a parameter of the system, while
a; (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:

u(z)z=0 =0, u(z)z=1 =0, 4)

1
—3 Go(0)0% | —

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 11 (or the polar angle 6(z, 1)) to its stationary
orientation g (z), and exciting the velocity field
u(z, t) 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:

sin20, (3)

E*(2)
2

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

T

0(z,t=0) ==, (6)
and then allowed to relax to its stationary distribution
05 (2) across the microsized HALC channel.

Numerical results for the relaxation regimes
in HALC channel

In our case, the electric field E = Ek, applied
normally to the initial director orientation, tends to re-
orient the director field fi, parallel to E. Thus, in the in-
itially homogeneously aligned LC volume, the hybrid-
aligned microsized domain with nonzero gradient of the
director field V 1l may arise.

Case E > Ep,

In the case when the electric field is equal to
E/E., = 2.0, the evolution of the director field fi to its
stationary orientation fig; in the microsized HALC
channel is shown in Fig. 1, a. It was described by the

polar angle 6(z, 7), at different times 1, = At(k — 1)

(k=1,..,11). Here, At=0.05 and T4 (Ei =
th

2.0) = 0.5 (~2.25 ms).
The evolution of the dimensionless velocity field

u(z, 1) = ( Vi

degeqE?

)vx(z, T) to its stationary distri-
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bution u(z, t,,) across the microsized HALC channel,
at different times t, (k = 1, ..., 11) under the effect of
the electric field E /E;, = 2.0 is shownin Fig. 1, . The

16 . ‘ ) ' i

0.0

00 02 04 06 08 1.0

a

highest velocity value |Umax (E/Eep, =
2.0)| ~ 2.92 (~3.24 x 1073m/s) is reached near the
upper (z = 0.8) restricted surface.

00 02 04 06 08 10

-
“

b

Fig. 1: a—Plot of evolution of the polar angle 8(z, t;) to its stationary distribution across the HALC microfluidic
channel, under the effect of the electric field E /E,;, = 2.0, at different times 7, = At(k — 1) (k = 1, ..., 11), respectively;
b — The same as in (@), but for the evolution of the dimensionless velocity u(z, t;) to its stationary
distribution across the HALC channel

Case E >> Ep,

In the case when the electric field £ is much
greater than E;p, the evolution of the velocity field
u(z,1) in the microsized HALC channel is described
by the reduced dimensionless Navier-Stokes equation
(4), which can be written as:

1
Jim 2820,(2,7) > o, ™

where 1/A= (;—E)Z. In this case, when lim % — o0, one
th

can get u(z,t) = 0, taking into accounting the no-slip
boundary condition (see Eq. (5)). As a result, when
E — oo, the dimensionless torque balance equation (3)
is reduced to equation:

2
0.(z,1) = —E 2(2)

sin20(z, 1). )]
There is exact solution of Eq. (8):

0(z,B) = tan"[sinh Y (W — z + z;)], ©9)

where B = E2t, z, is a constant, and w is the solitary
wave velocity along the z axis, which can be written in
dimensional form as:

E?E(z)degey, 1 K; _
w(z,t) _T_Zd_ylE(Z)' (10)

where E(z) = E(2)/E, E = U/d, and U is the voltage
applied across the LC channel.

Physically, it means that the director disturbance,
induced by electric field E > Ey, in the vicinity of one
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 a frame rate of 20,000
frames per second was used) and high voltage AC
generator.



JKuoxue kpucmaniwvt u ux npakmuveckoe ucnoavzoganue. 2023. T. 23, No 3. C. 46-53

51

Liquid Crystals and their Application. 2023. Vol. 23, Ne 3. P. 4653

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 °C for 1 hour. Such preparation provides a homeo-
tropic boundary orientation.

Microscope optical system and
high speed camera

1

Electrodes

Chromolane . :
layers .

SD-1
azo dye layers

| Light source | X

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 um with polished

0.10 4

b (a.u.)

1(t)—

f=0,05ms

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 °C
for a 1 hour and then were treated by ultraviolet (UV)
linear polarized irradiation (A = 345 nm) of exposure
dose D =0.45 W/cm’. The distance between spacers
(d in Fig. 2) was 270 pm.

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 5SCB
(4-cyano-4'-pentylbiphenyl) in isotropic phase and then
cooled. The experiments were carried out at room tem-
perature (7=26 = 0.5 °C).

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.

[1=0,10 ms |

t=0,20 ms .

Q 5 10 15 20 -3 0 35 0 [} 5 0

L(pum)

o (a.u.)

1(t)-
Iy
8

15

L{um)

T T T T 1 T T T T T T T :]
ol 25 0 35 40 a 5 10 1% 20 % 20 £ 40

Lipum)

(a.u.)

Iy

1)1y

1=0,30 ms ‘ t=0,40 ms ‘
0.30 4 0304 ]
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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).

154 | |
104
z T T T T T T !—
03 04 0,5 06 07
t (ms)

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
d =Ly + L, where L is the distance at which the LC
molecules have already reoriented in the direction of
the electric field, and L is the distance, on which the
LC molecules have not yet reoriented.

E

€l €

—11111

11111

11111

Ly Ly L
y g g
X Z

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:

U=Ey*Lj+E *L), (11)

Ey»g=Ey *¢,. (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 L <<L) and
therefore:

E:EL%

<

) (13)

E(z) =E|~E x =L (14)

g|
Using the material parameters of SCB 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 SCB LC

Peak value of voltage (U, V) 250
Distance between electrodes (L, pm) 270
Anisotropy of dielectric constant (g,) 11,5
The dielectric constant g 18,5
The dielectric constant € 7
Rotational viscosity (yi, 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 Vi and E in the HALC microflu-
idic channel, the horizontal flow v = v,1 = ui may be
excited. The calculation results showed that the depen-
dence of maximum value of stationary velocity distri-
bution |uy, ¢ (E/E¢)| across the LC channel vs electric
field E/E;, is characterized by maximum value at
E/Ey = 2.0. In the case when the electric field
E >> Ey, the horizontal flow of the LC material com-
pletely stops and a novel mechanism of converting the
electric field in the form of kink-like wave reorientation
of the director field 1l can be excited in LC channel.

Physically, this means that in the case E >> Eyy,
directed across the HALC channel, the director field il
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 fi in the form of a kink-like wave
08(z, 1), 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 E =
100E,;, the estimation of king-like wave velocity gives
the value of w~ 2.87m/s for NLC 5CB in 5 pm
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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