
Academic Editor: Ana Almeida

Received: 15 June 2026

Revised: 2 July 2026

Accepted: 7 July 2026

Published: 13 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Laser-Driven Vortex Flow in a Nematic Droplet: Experimental
and Numerical Results
Dmitrii P. Shcherbinin 1,2 , Semyon S. Rudyi 1,2 , Denis A. Glukharev 1,2 , Izabela S̀liwa 3,
Pavel V. Maslennikov 4 and Alex V. Zakharov 2,*

1 International Research and Educational Centre for Physics of Nanostructures, ITMO University, Kronverksky
Prospekt 49, Bldg. A, St. Petersburg 197101, Russia

2 Institute for Problems in Mechanical Engineering, Russian Academy of Science (IPME RAS), Bolshoy pr. V.O.,
61, St-Petersburg 199178, Russia

3 Department of Operations Research and Mathematical Economics, Poznan University of Economics and
Business, Al. Niepodleglosci 10, 61-875 Poznan, Poland; izabela.sliwa@ue.poznan.pl

4 Institute of Living Systems, Kant Baltic Federal University, Str. Universitetskaya 2, Kaliningrad 236040, Russia
* Correspondence: alexandre.zakharov388@gmail.com

Abstract

The dynamic evolution of an optically induced vortex flow in nematic microliter droplets
caused by exposure to a focused laser beam has been studied both experimentally using
polarized optical microscopy and numerically within the framework of a corresponding
nonlinear extension of the Ericksen–Leslie theory supplemented by thermomechanical
correction of the stress tensor and the entropy balance equation. The vortex flow in
nematic droplets consisting of 4-pentyl-4′-cyanobiphenyl molecules spreading over the
functionalized surface was visualized in microliter droplets doped with monodisperse
polystyrene tracers, under exposure to a laser beam with an optical power equal to 8.0 mW.
Using the computer vision detection algorithm, we have identified radial symmetry in the
tracers motion, where comet-like tracks are aligned along the rays emanating from the
center of the resulting structure. At the same time, some of the “comets” are flying towards
the center, while others are moving away from it. This allowed us to estimated the average
value of tracer flows, which is of 17 µm/s. All these observations indicate that vortex
currents are excited in the droplet under the action of the focused laser beam. The nature of
thermally excited vortex flows in the microliter hybrid aligned nematic droplet with a free
upper LC/air interface and spreading over the solid surface under the influence of the heat
flux directed through the lower bounding surface is also numerically investigated. It was
shown that due to the interaction between ∇T and the gradient of the director field ∇n̂,
the thermally driven bi-vortical flow is maintained in nematic microvolume.

Keywords: nematic liquid crystals; vortex flow; thermomechanical force

PACS: 61.30.Cz; 64.70.Md

1. Introduction
In recent decades, nano-medicine has become a revolutionary technology that has

revolutionized the diagnosis and therapy of a wide range of diseases [1–3]. For instance,
the micro-fluidic-based delivery systems have significantly improved the results of ther-
apeutic diagnostics [3,4]. This increased efficiency can be explained by the advantages
inherent in devices based on micro-fluidic technology, including improved drug delivery,
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improved permeability through biological barriers, and increased cell internalization [5].
The development of micro-fluidics-based technologies and applications requires a funda-
mental understanding of how the manipulation of tiny amounts of molecular fluids and
liquid crystals (LCs) in channels ranging in size from tens to hundreds of micro-liters makes
it possible to quickly and cost-effectively simulate the development of new and potentially
improved devices for biotechnology and nano-medicine. The manipulation of molecular
liquids in micro-liters has become a separate field called microfluidics [6–8]. Microfluidics
has become a paradigm in various fields, from chemical synthesis and biological analysis
to optics and information technology [9–11]. Complex fluids such as LCs [10] or systems
with biological materials [11] are characterized by a non-trivial coupling between fluid flow
and structural deformations. Decreasing of channel sizes down to the nanoscale provides a
close connection between the nematic and biological fluids [12]. Traditionally, an external
electric field is used to control the motion of a liquid and liquid crystals [13]. On the other
hand, with a significant reduction of LC volume, a number of other factors affects the flow
dynamics. Among these factors, the temperature gradient ∇T, caused by focused laser radi-
ation is beginning to play an important role and may affect the nature of the hydrodynamic
flow v in micro- or nanosized LC channels [14–18]. One of the nonmechanical method to
excite a flow in a nematic microfluidic channel is based on the coupling between the tem-
perature ∇T and the director field ∇n̂ gradients [19,20], the other is based on the coupling
between ∇T and the surface tension ∇γ gradient [21,22]. The problem of displacement
associated with ultra-small (several microliters) isotropic and liquid crystal droplets under
the influence of a temperature gradient caused by a laser beam has attracted considerable
attention, and the possibility of using a laser as a heat source has been considered by sev-
eral groups of researchers [14,15,17,18]. Lasers provide the ability to fine-tune the spatial
and temporal characteristics of optical radiation, providing controlled heating of the LC
system [23]. Understanding how LC materials can be manipulated under the influence of
the temperature gradient is also of great fundamental interest and is an integral part of
knowledge in the field of soft materials science. Despite the fact that certain qualitative and
quantitative advances in a hydrodynamic description of the relaxation processes in the LC
phase under the influence of the temperature gradient have been achieved, it is still too
early to talk about understanding the dissipation processes in confined LC phase caused
by focusing laser heating. This problem of visualization and formation of vortex flows
in microliter nematic droplets doped with tracers on a functionalized substrate under the
influence of a focused laser beam will be studied using the polarized optical microscopy
(POM) technique. In addition, the nature of thermally excited vortex flows in the microliter
hybrid-aligned nematic droplet with a free upper LC/air interface and spreading over the
functionalized surface caused by the heat flux directed across the bounding surface will be
also numerically studied.

The outline of this paper is as follows: materials, methods, and details of the experi-
ment are given in Section 2. The results for typical textures and flow regimes are given in
Section 3. A description of the numerical procedure and the results are given in Section 4.
Conclusions are summarized in Section 5.

2. Materials, Methods, and Some Details of the Experiment
As a model system for LC micro-volume with the free upper LC/air interface we

used a 1 µL droplet of 5CB (4-pentyl-4-cyanobiphenyl) (Sigma-Aldrich, Merck Life Science
LLC, Moscow, Russia) on the glass substrate functionalized with CTAB (cetyl-tri-methyl-
ammonium bromide, Sigma-Aldrich) and ITO (indium tin oxide) layers. The ITO film
serves as partially-absorbing light film and provides an opportunity to create the tempera-
ture gradient using the focused laser beam. ITO layer was deposited on the substrate using
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the magnetron sputtering with procedure fully described in [24]. The CTAB layer deter-
mines predominant vertical orientation of LC molecules on the interface with the substrate.
To obtain the CTAB layer, the 1 mg/mL CTAB solution was prepared in deionized water
with following heating up to 50 ◦C and mixed using a vortex mixer up to total dissolva-
tion. The glass substrates with an ITO layer immersed in the prepared solution for 24 h.
After extraction from the solution, the substrates were dried at 70 ◦C. For the observation
of the induced vortex flow we used the microscopic set-up developed in Ref. [23]. Shortly,
the setup is an advanced polarized microscopic scheme with an additional laser beam
with a wavelength of 1064 nm (VENUS, Connet Laser Technology, Emden, Germany) in
continuous mode. The polarized microscopic branch can be described as follows. The white
light from the LED source passes through the polarizer, and the linearly polarized light
is focused on the LC sample using a lens. To observe the droplet, we used the objective
with a magnification of ×50 and a relatively large working distance of 6 mm. Such a setup
allows us to obtain the top views of LC droplets. The images were collected using the
objective and a CCD camera (Greateyes GmbH, Berlin, Germany) located after the color
filter and the crossed analyzer. A CCD camera with a frame rate of 50 fps and a resolution
of 640 × 480 pixels was used. The laser beam was focused onto the ITO surface using
the same objective and dichroic mirror that passes the light in visible spectrum range,
and reflects the near infra red light. The laser spot in the plane of focus (xy-plane) was
approximately 20 µm. In this work, we conducted the study using laser irradiation at an
output power of 8 mW.

To visualize the vortex flow we use 30 µm polystyrene micro-spheres as tracers. The big
size of microparticles allows us to optically detect them, even if it gets out of focus. Indeed,
after they get out of the focus plane of objective, they become rather blurred, but do not
disappear as point-like tracers. Thus big particles open up an opportunity to detect all the
depth of the drop even with one position of the focal plane. To prepare the suspensions,
1 mg of dry micro-spheres was added to 250 µL of 5CB, followed by sonication in an
ultrasonic bath for 30 min at 40 ◦C. Then, 1 µL of the obtained suspension was dropped
onto a functionalized substrate using a micropipette. The droplet contact angle in our
experiments was close to 43 degree, the base radius of the droplet was close to 1.12 mm,
the maximal height is 480 µm.

The main idea of the experimental demonstration is as follows. After starting video
recording, the laser is switched on. The ITO layer partially absorbs laser irradiation and
provides the gradient of the temperature. As a result of the temperature gradient action,
the vortex flow is excited. The video recording was performed for 3 min. Since in this work
we only discuss the phenomena qualitatively, we performed the same procedure several
times on different droplets to be sure of the qualitative reproducibility of results.

After the experimental routines we performed, the images were post processed using
computer vision techniques. To detect the displacement of tracer particles, the following
computer vision pipeline was applied to the experimental data. First, the raw video frames
were split into their Red–Green–Blue color channels. Next, the Canny edge detection
algorithm [25] was applied to the negative green channel to extract the contours on the
image. Finally, the morphological post-processing steps, including dilation and hole-filling,
were performed to visualize tracers positions. We also extract particle trajectories from
the video by applying background subtraction frame-by-frame followed by an averaging
procedure (“tracking method”). The background reference was computed as the pixel-wise
median intensity over a 150-s acquisition sequence.
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3. Tracers Visualization Results
POM images and the results of their post-processing representing vortex flow excited

by the focused laser beam with the optical power of 8 mW in the LC microvolume is shown
in Figure 1a–d. Examples of two POM frames separated by an interval of 1 s are shown
in Figure 1a and Figure 1b, respectively. The images of some tracers are well focused,
while others are out of focus, which means that their instantaneous position at the moment
corresponds to the capture of the corresponding frame, characterized by varying depths.
To show the particle displacement after 1 s, we applied the computer vision detection
algorithm according to the procedure described in the Section 2. The processed results for
the given two frames are shown in Figure 1c, where the contours recognized by the first
frame are indicated in blue (see Figure 1a), and the contours after 1 s are highlighted in
red. The algorithm fills in the closed counters, and we can define this as the position of the
particles. Along with the particles, the algorithm detected and highlighted some contours
corresponding to the texture of a LC drop, while some tracers were lost. But despite this, it
is clear that the position of the particles is changing, and while some particles are shifting
towards the observed region, others are moving away from it. However, two frames are not
enough to say anything even at a qualitative level. That is why, using the tracking method
described in the Section 2, we reconstructed the trajectories of the particles within a 7 s on
a single image, as shown in Figure 1d. As is seen, the image has a radially symmetrical
structure, where comet-like tracks are aligned along the rays emanating from the center of
the structure. At the same time, some of the “comets” are flying towards the center, while
others are moving away from it. We also estimated the average value of tracer flows, which
is 17 µm/s. All these observations indicate that vortex currents are excited in the droplet
under the action of the focused laser beam. In this flow, the particles move in the plane
of the substrate towards the center of the structure corresponding to the laser spot. After
reaching the center, they change the depth of their displacement and the direction of their
intra-plane displacement. Thus, we have shown the formation of a vortex flow only on the
qualitative level. In the following section we numerically investigate this phenomena and
try to explain it using the formalism of thermomechanical force.

(a) (b)

(c) (d)

Figure 1. POM images and the results of their post-processing representing vortex flow excited by the
focused laser beam with the optical power of 8 mW in the LC micro-volume: (a,b)—two frame with
time delay of 1 s, (c)—the results of Canny algorithm with morphological post-processing application,
(d)—superposition of 7 s. tracers motion in the vortex flow.
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4. Description of Numerical Procedure and Results
We will consider the microliter droplet delimited by one lower horizontal solid surface,

located at z = −d, one upper free flat LC/air interface, initially located at z = d, and two
lateral solid surfaces at distance 2L (L ≫ d) on scale on the order of micrometers. Now
our main goal is to show how the vortex flow can be excited in the LC channel with a
free upper LC/air interface under the influence of the heat flux caused by focused laser
radiation. This will be done using the thermomechanical coupling mechanism, which is
based on the coupling between the temperature ∇T and the director ∇n̂ gradients [19,20].

It should be noted that the size of the nematic channel is several hundred micrometers,
and in this case the driving Rayleigh–Benard force is weak enough to excite the motion
of the LC materal [26]. The control parameter responsible for the occurrence of motion
by the Rayleigh–Benard mechanism is the Rayleigh number R, and the motion occurs
at the value R = Rc ∼ 1708, independent of the fluid under consideration. In our case
R ≪ Rc, and the driving force is weak enough to excite the motion of the LC material via
the Rayleigh–Benard mechanism.

We will consider the nature of a thermally excited vortex flow v = uî + wk̂ in the
microliter nematic droplet with a free upper LC/air interface and spreading over the
solid surface under the influence of the heat flux q directed through the lower bound-
ing surface [27]. The coordinate system defined by our task assumes that the director
n̂ = (nx, 0, nz) = sin θî + cos θk̂ is in the XZ plane, where î is the unit vector directed
parallel to the lower restricted surface, whereas the unit vector k̂ is directed normal to
the lower restricted surface, which coincides with the homeotropic director orientation on
the lower boundary (k̂ ∥ n̂z=−d) and two director orientation on the lateral boundaries
(î ∥ n̂x=±L), respectively. Here θ ≡ θ(x, z, t) denotes the polar angle, i.e., the angle between
the direction of the director n̂ and the unit vector k̂, and ĵ = k̂ × î. Moreover, we will work
with the dimensionless space variables x = x

d and z = z
d , and in the following equations

the overbars will be eliminated.
This problem will be treated in the framework of the appropriate nonlinear extension

of the Ericksen–Leslie theory [28,29], supplemented by the thermomechanical correction of
shear stress [19,20], and the entropy balance equation [30]. This 2D hydrodynamic model
is based on the interaction effect of the director n̂ and temperature T gradients with the
velocity v field, the magnitude of which is proportional to v ∼ d

η σtm
zx , where σtm

zx is the
tangential component of the thermomechanical stress tensor (ST), η is the viscosity of the
nematic phase, and d is the thickness of the microliter nematic drop spreading over the solid
surface. It will be shown below that the tangential component of the thermomechanical ST
plays a crucial role in the formation of the thermally excited vortical flow in the nematic
droplet with the free upper surface. In this case the temperature gradient ∇T is formed by
the laser beam focused on the nematic/solid interface.

Therefore, the nematic phase contains a gradient of ∇n̂ from homeotropic orientation
on the lower and planar on both lateral surfaces to homeotropic orientation on the upper
free LC/air interface Γ, i.e.,

(nx)x=±L,−1<z<1 = 1, (nx)−L<x<L,z=−1 = 0,

(⃗n · ν⃗)Γ = −1. (1)

Here ν⃗ =

[
− H,x√

H2
,x+1

, 1
]

is the normal to the free LC/air interface Γ at any time and is

directed from the nematic phase into air, H(x, t) is the height of the LC film on the top
of the smooth surface, and H,x = ∂H

∂x . We will work with the dimensionless size L = L
d ,
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and the overbar has been and will be eliminated. We consider the temperature regime
without the heat flux q⃗ across the free LC/air interface Γ

(⃗q · ν⃗)Γ = 0, (2)

and with a constant temperature at the lateral and part of the lower boundaries

T−L<x<−ffi,z=−1 = Tffi<x<L,z=−1 = Tx=±L,−1<z<1 = T0, (3)

while across the lower bounding surface we are dealing with the heat flux

(T,z)−ffi≤x≤ffi,z=−1 = q, (4)

caused by exposure to the focused laser beam. The heat flux q across the lover bounding

surface is q = O(x, z) = O0 exp
[
−2 (x−x0)

2+(z−z0)
2

δ2

]
H(tin − t), where H(tin − t) is the

Heaviside step function, O0 = 2
π

αV
δ2 is the heat flux coefficient, α is the coefficient of

absorption, V is the laser beam power, δ is the Gaussian dimensionless spot size, and tin

is the duration of the energy injection into the LC droplet, respectively. We will assume
the no-slip boundary conditions for the nematogenic molecules on these solid bounding
surfaces, i.e.,

v−L<x<L,z=−1 = vx=±L,−1<z<1 = 0, (5)

where v = uî + wk̂ is the velocity vector with the horizontal u ≡ vx(x, z, t) and vertical
w ≡ vz(x, z, t) components. The bounding condition for the velocity on the upper free
LC/air interface Γ can be obtained from the linear balance equation transmitted to the
surface Γ. In our case that balance leads to the tangential[⃗

ν · σ · l⃗
]

Γ
= 0, (6)

and normal

[⃗ν · σ · ν⃗]Γ = 2γκ, (7)

force balances, where l⃗ =
[

1, H,x√
H2

,x+1

]
is an additional unit tangent vector, γ is the LC/air

surface tension, κ = H,xx√
1+H2

,x
is the curvature of free LC/air interface Γ at any time, and σ

is the full stress tensor (ST). Taking into account the microsized nematic volume, one can
assume the mass density ρ to be constant across the microliter droplet, and thus deal with
an incompressible fluid. The incompressibility condition ∇ · v = 0 assumes that

u,x + w,z = 0, (8)

where u,x = ∂u
∂x , and w,z = ∂w

∂z .
The hydrodynamic equations describing the reorientation of the LC phase in 2D case,

when the system is subjected to a temperature gradient ∇T, due to uniform heat flux q,
can be derived from the torque balance equation (see Equation (5), Ref. [20]), the linear
momentum equation for the velocity field v (see Equation (6), Ref. [26]), and the heat
conduction equation (see Equation (7), Ref. [26]), respectively.
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The dynamics of the height H(x, t) of the LC/air interface under the influence of the
temperature gradient can be obtained by solving the equation (see Ref. [15])

∂H
∂t

= wΓ − uΓ H,x, (9)

where uΓ and wΓ are the horizontal and vertical components of the velocity v on the LC/air
interface Γ, respectively.

In our case, the understanding of how the temperature gradient ∇T, caused due to
the heat flux q, can excite the vortical flow in the interior of the microsized HAN volume
with the free nematic/air interface can be provided by solution of the dimensionless torque
balance equation (see Equation (8), [27]), the dimensionless linear momentum balance
equation (see Equation (9), [27]), and the entropy balance equation (see Equation (10), [27]),
respectively. Below, a set of dimensionless variables is used, where τ = t

tT
is the dimension-

less time, tT =
ρCpd2

λ⊥
, ψ̄ = tT

d2 ψ is the scaled analog of the stream function ψ for the velocity

field v = uî + wk̂ = −∇× ĵψ (for details, see Ref. [27]), χ(x, z, τ) = T(x, z, τ)/TNI is the
dimensionless temperature, TNI is the temperature of the nematic-isotropic phase transition.
Notice that the overbars in the stream function ψ have been (and will be) eliminated in the
last as well as in the following equations.

The reorientation of the director in the nematic microvolume confined between one
solid and one free LC/air surfaces and two lateral solid surfaces, when the relaxation
regime is produced by the tightly focused infrared laser heating, can be obtained by solving
the system of abovementioned nonlinear partial differential equations with the appropriate
dimensionless boundary and initial conditions. The later were written in the form of
Equations (11) and (12), in Ref. [27].

The calculations have been carried out by using both the relaxation [31] and the
sweep [32] methods. The initial distribution of the director field n̂el(x, z) has been obtained
by means of the relaxation method with (ψ),x = (ψ),z = (χ),x = (χ),z = 0, and with the
boundary (nx)x=±10,−1≤z≤1 = (nx)z=1,−10≤x≤10 = 0, (nx)z=−1,−10≤x≤10 = 1, and initial
nx = 1−z

2 , for −10 < x < 10, and nx = 0, for x = ±10, conditions. Having obtained the
initial distribution of the director field n̂el(x, z), the initial distribution of the temperature
field χ(x, z, ∆τ), corresponding to the first time step ∆τ, has been obtained by means of the
relaxation method with (ψ),x = (ψ),z = 0 and with the boundary and initial conditions,
for the case of the flat interface. Having obtained the initial distributions of the director
and the temperature fields, one can calculate the initial distribution of the stream function
ψ(x, z, ∆τ), corresponding to the first time step ∆τ. The next time step ∆τ for the velocity
and temperature fields, as well as for the director′s distribution across the LC sample
with the free flexible upper boundary is initiated by the sweep method. The stability

of the numerical procedure was defined by the conditions [31]: ∆τ
δ3

(
1

(∆x)2 +
1

(∆z)2

)
≤ 1

2 ,

3a5
(∆x)4 − 2a1

(∆z)4 > 0, where ∆x and ∆z are the space steps in the x and z directions, and a1

and a5 are the coefficients defined in Ref. [32]. In the calculations, the relaxation criterion
ϵ = |(χ(m+1)(x, z, ø)− χ(m)(x, z, ø))/χ(m)(x, z, ø)| was chosen to be equal to 10−4, and the
numerical procedure was then carried out until a prescribed accuracy has been achieved.
Here, m is the iteration number.

Our experimental results showed that under the effect of the focused laser beam,
the vortex flow is excited, which was visualized using micro-particles doped in the nematic
micro-volume. The LC texture is formed under the action of the laser beam with the optical
power of 8 mW, and analysis of these POM images showed that the images have a radially
symmetrical structure, where comet-like tracks are aligned along the rays emanating from
the center of the structure. At the same time, some of the “comets” are flying towards
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the center, while others are moving away from it. Thus, these POM images demonstrate
the simple and illustrative example of the vortex flow in the microliter nematic droplet
spreading over the functionalized substrate under the effect of the focused laser beam. Now
our primary task is to show how, in the framework of the corresponding Ericksen–Leslie
theory supplemented by the entropy balance equation, the excitation of the vortical flows
can be described.

The evolution of w − u diagram in micro-sized nematic droplet during the heating
regime, at different times, from τ1 = 0.001 to τ10 = τin = 0.01, respectively, is shown in
Figure 2a. This behavior is characterized by a monotonic decrease in the absolute values
of both velocity components u and w, with the horizontal component of the velocity di-
rected in the negative sense, while the vertical component is oscillated with respect to
the x axis. It should be noted that the value of u is, on average, an order of magnitude
higher than w. According to our calculations, the evolution of the dimensionless height
h(x, τi)(i = 1, . . . , 10) = H(x, τi)/d(i = 1, . . . , 10) of the nematic/air interface is character-
ized by the wavelike profile along the x-axis (−0.5 < x < 0.5) (see Figure 2b). At the final
stage of the evolution process, for τ = τ10 = τin, the highest value of |h| ∼ 2 × 10−8 is
reached in the vicinity of points x ∼ ±0.125, whereas the evolution of the temperature χ is
characterized by symmetric profile of χ(x, τi)x∈Γ(i = 1, . . . , 10) with respect to the middle
point (x = 0.0) of the LC/air interface Γ (see Figure 2c). In that case, during the heat step
(τ ∼ τin ∼ 0.01 (∼2 [µs])) the evolution of the temperature profile χ(x, τ)x∈Γ is charac-
terized by its strong growth in the vicinity of the middle point x = 0.0, up to the highest
value of 0.987 (∼307 K), whereas the evolution of the dimensionless height h of the LC/air
interface is characterized by two combs with the highest value of |h| ∼ 2× 10−8 (∼0.1 [nm]),
which are directed in the opposite sense with respect to their centre x = 0.0 (see Figure 2b).
The thermally excited flow in this heating regime is characterized by the maintenance of
two vortices, as shown in Figure 3.
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Figure 2. Evolution of w − u diagram (a) in microsized nematic droplet, the height h(x, τi) (b) and
the dimensionless temperature χ(x, τi) (c) on the free nematic/air interface Γ, during the heating
regime, at different times, from τ1 = 0.001 to τ10 = τin = 0.01, respectively.
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Figure 3. Velocity field distribution v = uî + wk̂ = −∇× ĵψ near the nematic-air interface of the
microliter nematic droplet initiated by exposure to the laser beam with the power of 8 mW. In this
case 1 mm of the arrow length is equal to 3.0 µm/s.

According to our calculations, in this heating regime, the thermally driven bi-vortical
flow is maintained on the left-hand side of the LC sample (see Figure 3). Notice that the
focuses of both vortices are shifted to the left- hand side of the LC sample due to strong,
up to ∼4 × 10−4 (∼17.7 [µm/s]), horizontal flow directed in the negative sense. Thus, it
was numerically shown that, within the framework of the corresponding hydrodynamic
approach, supplemented by thermomechanical correction of the stress tensor and the
entropy balance equation, it is possible to describe the excitation of a vortex flow.

5. Conclusions
Using the polarized optical microscopy technique (POM), the formation of vortex

flows in microliter nematic droplets on the functionalized substrate under the effect of
focused laser heating was investigated. That vortex flow was visualized in 5CB mircoliter
droplet doped with monodispere polystyrene spheres with a diameter of 30 µm, under the
effect of a laser beam with the optical power equal to 8 mW. The images of some tracers
give us the opportunity to show the movement of particles after a while. Using the
computer vision detection algorithm, the closed counters of the motion of these particles
were restored. It was shown that the images of the flow excitation in the LC micro-volume
have a radially symmetrical structure, where comet-like tracks are aligned along the rays
emanating from the center of the structure. At the same time, some of the “comets” are
flying towards the center, while others are moving away from it. This allowed us to
estimated the average value of tracer flows, which is 17 µm/s. All these observations
indicate that vortex currents are excited in the droplet under the action of the focused laser
beam. In this flow, the particles move in the plane of the substrate towards the center of the
structure corresponding to the laser spot. After reaching the center, they change the depth
of their displacement and the direction of their intra-plane displacement.

In addition, we have numerically investigated the reorientational dynamics in micro-
liter nematic droplet spreading over the functionalized surface under the influence of the
temperature gradient ∇T, caused by a laser beam focused on the nematic/solid interface.
It was shown that due to the interaction between ∇T and the gradient of the director field
∇n̂, the thermally driven bi-vortical flow is maintained in nematic micro-volume.

We believe that the present study may shed some light on the problem of the micro-
fluids dynamics in a micro-sized nematic volume under the heating effect of a focusing
laser beam and such studies will leads to the appearance of new micro-fluidic and micro-
cargo devices.

Author Contributions: D.P.S.: Writing, review and editing; Validation; Methodology; Investigation;
Formal analysis; Conceptualization. S.S.R.: Writing, review and editing; Visualization; Software;
Methodology; Investigation. D.A.G.: Investigation. I.S̀.: Conceptualization; Writing, review and

https://doi.org/10.3390/cryst16070453

https://doi.org/10.3390/cryst16070453


Crystals 2026, 16, 453 10 of 11

editing. P.V.M.: Investigation. A.V.Z.: Conceptualization; Supervision; Writing, review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: D.P.S., S.S.R., D.A.G., and A.V.Z. acknowledge financial support of the Russian Science
Foundation (Grant Number 25-22-00520).

Data Availability Statement: No data was used for the research described in the article; further
inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Jia, Y.; Jiang, Y.; He, Y.; Zhang, W.; Zou, J.; Magar K.T.; Boucetta H.; Teng, C.; Jia, W.H. Approved Nanomedicine against Diseases.

Pharmaceutics 2023, 15, 774.
2. Zheng, K.; Song, R.; Li, R.; Liu, M.; Ba, Y.; Jiang, W.; Fan, K. Nanomaterials for refining tumor microenvironment and enhancing

therapy in head and neck squamous cell carcinoma: A review. Oncol. Transl. Med. 2024, 10, 151–161.
3. Rubicondo, M.; Ciardelli, G.; Mattu, C.; Tuszynskiet, J.A. Recent advancements in colchicine derivatives: Exploring synthesis,

activities, and nanoformulations for enhanced therapeutic efficacy. Drug Discov. Today 2025, 30, 104312.
4. Wang, A.; Santos, A.; Evdokiou, A.; Losic, D.J. An overview of nanotoxicity and nanomedicine research: Principles, progress and

implications for cancer therapy. Mater. Chem. 2015, B3, 7153–7172.
5. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for

drug delivery. Nat. Rev. Drug Discov. 2020, 20, 101–124.
6. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373.
7. Whitby, M.; Quirke, N. Fluid flow in carbon nanotubes and nanopipes. Nat. Nanotechnol. 2007, 2, 87–94.
8. Schoch, R.B.; Han, J.; Renaud, P. Transport phenomena in nanofluidics. Rev. Mod. Phys. 2008, 80, 839–883.
9. Cuennet, J.G.; Vasdekis, A.E.; De Sio, L.; Psalis, D. Optofluidic modulator based on peristaltic nematogen microflows. Nat.

Photonics 2011, 5, 234–238.
10. Squires T.M.; Quake, S.R. Microfluidics: Fluid physics at the nanoliter scale. Rev. Mod. Phys. 2005, 77, 977–1026.
11. Woltman, S.J.; Jay, G.D.; Crawford, G.P. Liquid-crystal materials find a new order in biomedical applications. Nature Mat. 2007, 6,

929–938.
12. Rey, A.D. Liquid crystal models of biological materials and processes. Soft Matter 2010, 6, 3402–3429.
13. de Gennes, P.G.; Prost, J. The Physics of Liquid Crystals, 2nd ed.; Oxford University Press: Oxford, UK, 1995.
14. Varneuil, E.; Cordero, M.L.; Gallaire, F.; Baroud, C. Laser-Induced Force on a Microfluidic Drop: Origin and Magnitude. Langmuir

2009, 25, 5127–5134.
15. S̀liwa, I.; Zakharov, A.V. Heat driven flows in microsized nematic volumes: Computational studies and analysis. Symmetry 2021,

13, 459.
16. Choi, H.; Takezoe, H. Circular flow formation triggered by Marangoni convection in nematic liquid crystal films with a free

surface. Soft Matter 2016, 12, 481–485.
17. Zakharov, A.V.; Vakulenko, A.A. Temperature-driven motion of liquid crystals confined in a microvolume. Phys. Fluids 2013,

25, 113101.
18. S̀liwa, I.; Maslennikov, P.V.; Zakharov, A.V. Vortex Dynamics in a Hybrid Aligned Nematic Microvolume with an Orientational

Defect. Symmetry 2023, 15, 324.
19. Akopyan, R.S.; Zeldovich, B.Y. Thermomechanical effects in deformed nematics. Sov. Phys. JETP 1984, 60, 953–958.
20. Zakharov, A.V.; Vakulenko, A.A. Influence of the flow on the orientational dynamics induced by temperature gradient in nematic

hybrid-oriented cells. J. Chem. Phys. 2007, 127, 084907.
21. Bikerman, J.J. Surface Chemistry, 2nd ed.; Academic Press: New York, NY, USA, 1958.
22. Oswald, P.; Ignes-Mullol, J.; Dequit, A. Lehmann rotation of cholesteric droplets driven by Marangoni convection. Soft Matter

2019, 15, 2591–2604.
23. Shcherbinin, D.P.; Glukharev, D.A.; Rudyi, S.S.; Piven, A.; Orlova, T.; S̀liwa, I.; Zakharov, A.V. Light-Induced Heating of

Microsized Nematic Volumes. Crystals 2025, 15, 822.
24. Shcherbinin, D.P.; Rudyi, S.S.; Rybin, V.V.; Bulyga, D.V.; Saraeva, I.N.; Ivanov, A.V. ITO electrodes for levitodynamics. Phys.

Condens. Matter 2026, 721, 418045.
25. Ding, L.; Goshtasby, A. On the Canny edge detector. Pattern Recognit. 2001, 34, 721–725.
26. Cross, M.C.; Hohenberg, P.C. Pattern formation outside of equilibrium. Rev. Mod. Phys. 1993, 65, 851–1111.
27. S̀liwa, I.; Maslennikov, P.V.; Shcherbinin, D.P.; Zakharov, A.V. Laser driven nematic flow in microfluidic devices. Phys. Rev. 2024,

E110, 064702.

https://doi.org/10.3390/cryst16070453

https://doi.org/10.3390/cryst16070453


Crystals 2026, 16, 453 11 of 11

28. Ericksen, J.L. Anisotropic Fluids. Arch. Ration. Mech. Anal. 1960, 4, 231–237.
29. Leslie, F.M. Some constitutive equations for liquid crystals. Arch. Ration. Mech. Anal. 1968, 28, 265–283.
30. Landau, L.D.; Lifshitz, E.M. Fluid Mechanics; Pergamon: Oxford, UK, 1987.
31. Berezin, I.S.; Zhidkov, N.P. Computing Methods, 4th ed.; Pergamon Press: Oxford, UK, 1965.
32. Samarskij, A.A.; Nikolaev, E.S. Numerical Method for Grid Equations; Birkhauser: Basel, Switzerland, 1988; 284p.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cryst16070453

https://doi.org/10.3390/cryst16070453

	Introduction
	Materials, Methods, and Some Details of the Experiment 
	Tracers Visualization Results
	Description of Numerical Procedure and Results
	Conclusions
	References

