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Abstract: This work characterizes the orientation behavior of nematic liquid crystals in pressure-
driven flows of microfluidic channels at interfaces between the flow and microchannel walls. The im-
pact of flow velocity and microchannel geometry on the orientation of liquid crystals in single-phase
and two-phase flows is discussed. Polarizing optical microscopy images revealed the homeotropic
orientation of liquid crystal molecules at microchannel walls at zero flow velocities, which gradually
transitioned into planar alignment along the microchannel axis when the flow velocity increased in
the 50 µm/s to 5 mm/s range. Liquid crystal droplets demonstrated homeotropic or planar alignment
depending on the sizes of droplets and flow velocities. The polarized light pattern from homeotropi-
cally aligned droplets deposited on microchannel walls was found to be logarithmically proportional
to the flow velocity in the 2 to 40 mm/s range. The revealed behavior of nematic liquid crystals at
microchannel wall surfaces in dynamic flow conditions offers new tools for on-demand control of
the optical properties of microfluidic devices and can contribute to the development of analytical
lab-on-chip tools with internal continuous or discrete liquid crystal layers for flow characterization in
microchannel confinement.
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1. Introduction

Liquid crystal (LC) systems have attracted a sustainable fundamental and applied re-
search interest as supramolecular materials with smart stimuli-responsive capabilities [1–3].
They are in constant demand for use in emerging applications in photonics [4–6], shape-
memory materials [3], sensors and actuators [2,7,8], security labeling [9,10], and in the
fabrication of composites with polymers [11,12] and quantum dots [13,14] for molecular
electronics and medicine. Important applications of LCs as smart materials involve liquid
crystal [5,15] or composite [4,16] coatings and films for smart windows [17], haptics [18], or
electro-optical devices [16]. Orientation behavior is a key characteristic of liquid crystals
that is responsible for their optical properties and for applications as functional supramolec-
ular materials such as individual LC systems or their composites with polymers or quantum
dots [11–13,17,19].

Microfluidics is a promising area of science and technology that expands the modifica-
tion [6,8,20] and application [7,21,22] horizons for liquid crystal systems. Non-equilibrium
microfluidic confinement brings new options for the precise control of supramolecular
materials [23–25] by performing their fabrication and modification in confined single-phase
or multiphase flows [24,26–28]. An important focus of current research is modifying the
internal surfaces of microchannels with supramolecular materials [29–31] or biological
species [32–35] and creating functional coatings for nanotechnology and medicine.

Liquid crystal molecules exhibit various orientation states with respect to microchannel
walls depending on flow conditions [36–40] or the presence of an immiscible liquid [41–44].
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The stimuli-responsive orientation behavior of liquid crystal layers provides them with
intrinsic sensing capabilities in microfluidic confinement with its high surface-to-volume
ratio [45,46]. Microfluidic liquid crystal layers manipulate liquid mobility [47], gener-
ate luminescence readout [48], and perform biosensing by changing their orientation
states [49,50].

Liquid crystal microdroplets, in their turn, are used for a variety of sensing appli-
cations: biosensors for the detection of metabolic acids [51], the on-chip detection of
antimicrobial peptides [52], and the determination of pH [53]. Microfluidic devices are
convenient platforms for producing liquid crystal droplets [54] and coating them with
polymers or other agents [52,54–56] to obtain microcapsules for sensing or biomedical ap-
plications. Flow conditions are expected to exert a considerable influence on the orientation
behavior of LC molecules at the LC-flow interface.

Although the orientation behavior of LC systems in dynamic conditions of microfluidic
interfaces is important for their sensing applications, current studies focus mostly on the
characterization of liquid crystal flows in the body of microchannels of various geometry.
Major attention has been given to either flow-induced transitions in single-phase LC flows
or the generation of LC droplets without an integrated discussion of orientation phenomena
at liquid-wall or liquid-liquid interfaces. A comparative and integrated study of LC orienta-
tion at microchannel walls and immiscible fluid interfaces in dynamic flow conditions may
bring useful insights into the modification of microchannels using functional LC coatings
and provide them with additional sensing and optical activity properties.

The goal of this work is to characterize the orientation behavior of a nematic liquid
crystal at the walls of microfluidic channels in dynamic conditions of single-phase and two-
phase flows. The orientation of LC molecules near microchannel walls and at interfaces
between LC flow and aqueous media in two-phase droplets and threads was studied.
Quantitative correlations between the orientation states of liquid crystal molecules at
these interfaces and the microchip operation parameters in a broad range of flow rates
were found. Additional flow sensing capabilities can be provided for microchannels with
deposited continuous or dispersed layers of liquid crystal materials.

2. Materials and Methods
2.1. Materials

Microfluidic devices were fabricated from polydimethylsiloxane (PDMS) SylgardTM

184 silicone elastomer. PDMS was purchased from Dow Corning (Midland, MI, USA)
and used as received. It came as a two-part elastomer kit (the pre-polymer and curing
agent). SU-8 3050 photoresist (Microchem Corp., Westborough, MA, USA) and was used to
produce a mold for microfluidic chips.

For the liquid crystal phase, the nematic liquid crystal ZhK-1282 was used. It was
purchased from NIOPIK, Moscow, Russia, and used as received. It exhibits liquid crystal
properties in a broad temperature range, including room temperature. Liquid crystal
properties and the phase behavior of this LC material were characterized in our previous
work [19].

For the aqueous phase, a solution of sodium dodecyl sulfate (SDS) in water was
used. SDS was purchased from BDH Limited, Poole, England, and used as received. SDS
was sold as a powder. Bulk samples of pre-micellar 5 × 10−3 mol/L SDS were produced
by dissolving dry surfactant in water. The critical micellization concentration of SDS is
8.4 × 10−3 mol/L [57]. Deionized water (18.2 MΩ-cm) was used for all solutions. Before
performing microfluidic experiments, the solvent was passed through 0.45 µm Millipore
polytetrafluoroethylene (PTFE) filters, by Merck, Darmstadt, Germany.

2.2. Methods

Initial analysis of two-phase LC-aqueous flows and the flow conditions that corre-
spond to the formation of liquid crystal droplets and threads of liquid crystals were ana-
lyzed by digital optical microscopy using a Levenhuk D320 optical microscope (Levenhuk,
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Tampa, FL, USA). Microchannels and LC-aqueous media were imaged at 100× magnifica-
tion using a Levenhuk M1400 Plus camera (Levenhuk, Tampa, FL, USA).

Orientation behavior of the liquid crystal in microfluidic flows was studied by polarized
optical microscopy (POM) using an Olympus BX51 microscope (Olympus, Tokyo, Japan)
equipped with a high-precision Linkam heating system. Single-phase and multiphase LC
media were imaged at 100× and 500× magnification using the built-in Olympus digital
microscope camera (Olympus, Tokyo, Japan).

Droplet sizes and angles between droplet orientation patterns in polarized light were
measured by Levenhuk ToupView software (version 3.7.6273). LC droplet diameters were
measured using the width of microchannel as the reference distance. Angle measure-
ment experiments were repeated at least three times for each droplet size and flow rate.
Evaluation of experimental errors was performed by Matlab 2021 software.

The LC and aqueous phases were infused into microfluidic devices using Shenchen
ISPLab01 syringe pumps (Baoding Shenchen Precision Pump Co., Ltd., Baoding, China),
which provide a minimal flow rate of 0.001 µL/min. In this work, the flow rates of LC
and aqueous phases were varied in the range from 0.1 to 50 µL/min. To provide the same
hydraulic path of fluids to all the inlets, PTFE tubes of identical lengths (10 cm) and internal
diameters that fit the same needle tips inserted into microchip outputs (20 G-type needles,
0.9 mm diameter) were used. These tubes were connected to identical 1 mL syringes with
LC and aqueous phases installed into syringe pumps.

Microfluidic devices were fabricated using standard photolithography techniques [58].
The chips with rectangular microchannels were produced by this technology. The length,
width, and height of all the chips were 16 mm, 200 µm, and 100 µm, respectively. SU-8
photoresist and a transparent photomask with a negative image of a microchip were used
to produce a 100 µm thick mold of microfluidic chips on top of a 3-inch silicon wafer. PDMS
pre-polymer was mixed with a curing agent, poured over the mold, and allowed to cure for
4 h in a 60 ◦C oven. Once cured, PDMS was peeled off the mold and bonded to a flat PDMS
slab via 1 min plasma treatment by Harrick Plasma Cleaner PDC-23G, Ithaca, NY, USA.
The PDMS device was then heated in an oven at 180 ◦C for 1 h to complete the bonding of
the two polymer layers.

3. Results
3.1. Selection of Flow Modes for Generating Microfluidic Liquid Crystal Systems

At the first stage of the work, microchip operation modes suitable for generating
single-phase and two-phase LC flows were identified. Figure 1 demonstrates the design of
the microfluidic devices we used for experiments and the resulting two-phase flows.
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Figure 1. Design of microfluidic device for generating liquid crystal flows (a) and optical microscopy
images of LC-water droplets and threads in microchannels (b).

Single-phase flows can be generated by setting the flow rate of the aqueous phase to
zero. The orientation behavior of single-phase LC flows in the microchannel was controlled
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by varying the infusion flow rate through the LC inlet shown in Figure 1a and stopping the
infusion through the aqueous phase inlet.

Multiphase microfluidic LC systems are more complex as compared to single-phase
LC flows and can be represented by various size droplets or threads of immiscible liquids
depending on flow conditions. The formation of such systems and transitions between
them in a microchannel can be controlled by chip geometry and the properties of contacting
fluids [59–61].

Two parameters conveniently characterize transitions between droplets and fluid
threads in microchannels [62]. The first parameter is the capillary number:

Ca =
µU
γ

(1)

where µ is the viscosity of a continuous phase, U is the flow velocity in the main channel,
and γ is the interfacial tension between two immiscible liquids.

The second parameter is the ratio of liquid crystal and aqueous phase flow rates:

ϕ =
QLC
QAq

(2)

where QLC is the liquid crystal phase flow rate and QAq is the aqueous phase flow rate.
At lower capillary numbers (Ca < 0.01), the chip is in a droplet generation mode, while

at higher capillary numbers (Ca > 0.1), coflowing threads form. At intermediate capillary
numbers, coflowing fluid threads form immediately after the junction of inlets and then
break up into droplets (Figure 1b).

It should be noted, however, that nematic liquid crystals are non-Newtonian liq-
uids [63]. Their viscosities depend non-linearly on the flow velocity. Therefore, it may
be difficult to calculate accurate values of Ca for the LC flows. The capillary number is,
however, still useful for confined multiphase LC systems because it offers parameters,
which can be varied to generate droplets and threads with an approximate predictive
power. For two-phase liquid crystal and water flows in our experiments, droplets were
formed by decreasing the flow velocity (below ≈ 2 mm/s). Stable threads were produced
at higher (above ≈ 20 mm/s) flow velocities. By reducing interfacial tension with an added
surfactant, the droplet-thread transition zone was moved to the lower flow velocity range of
0.5 to 5 mm/s. Finally, by varying the ratio of flow rates, LC droplets in the aqueous phase
(ϕ ≈ 0.1–0.2), aqueous droplets in the LC phase (ϕ ≈ 8–10), and stable coflowing threads
of various widths (ϕ ≈ 0.5–2) were generated in the above-given flow velocity range.

These microchip operation modes (flow velocities and ratios of flow rates) were used
to control the generation of multiphase microfluidic systems in further experiments.

3.2. Orientation Behavior of Microfluidic Liquid Crystal Systems at Liquid-Wall Interfaces

The next step of this work focused on characterizing the orientation behavior of
LC molecules at the liquid-wall interface inside microchannels using polarized optical
microscopy. The initial experiments were made with single-phase LC flows and proceeded
to two-phase LC-aqueous systems.

3.2.1. Single-Phase Flows

Polarized optical microscopy images of single-phase LC flows at various flow velocities
are shown in Figure 2. The images were taken with crossed polarizers.

According to Figure 2a, immobile LC systems demonstrate a dark field in the central
part of the channel. Such behavior indicates a homeotropic alignment of the LC molecules,
which are oriented perpendicular to the microchannel’s top and bottom walls (Figure 2d).

The lines near microchannel walls represent 20–30 µm wide LC domains with molecules
aligned perpendicular to microchannel side walls (Figure 2d). These lines are bright because
we observe them from the top of the channel in cross-polarized light.
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The orientation state shown in Figure 2a was observed to be sensitive to both very
low initiated and residual flows. Instabilities started to appear at very low flow velocities
of ≈40–50 µm/s and developed with increasing flow velocities up to ≈0.5 mm/s. In this
velocity range, POM images showed alternating bright and dark areas in the microchan-
nel (Figure 2b), which can be associated with a random orientation of the LC domains
(Figure 2e).

Further increasing of the flow velocity in the range of 1 to 5 mm/s initiated a transition
of the LC system to a bright-field flow (Figure 2c) of LC domains oriented along the flow
axis. Such a flow represents a planar alignment of the LC molecules (Figure 2f).

The results obtained for single-phase flows agree with literature data on the microflu-
idic orientation behavior of other nematic LCs [36,37,64] with respect to the PDMS interface.

Therefore, in immobile single-phase microfluidic LC systems, a layer of microscale
homeotropic LC domains forms at the liquid-wall interface. This layer is sensitive to slow
flows starting from 40–50 µm/s. At higher flow velocities, transitions to random and planar
alignment states occur in the entire body of the microchannel in a range of flow velocities
up to 5 mm/s.

3.2.2. Two-Phase Flows

The injection of the aqueous phase flow to the microchip shown in Figure 1 led to the
formation of two-phase LC-water systems in the main channel. Figure 3 summarizes POM
images of two-phase LC-water systems generated in microchannels.

Depending on the flow velocity and the ratio of flow rates, the dispersion of water in
the LC phase (Figure 3a–c), the dispersion of the LC phase in water (Figure 3d), or parallel
LC-water threads (Figure 3e) can be obtained.

In two-phase experiments, a uniform homeotropic alignment of the mesophase
molecules was not achieved in the majority of immobile LC-water systems within 15–20 min
after turning off the syringe pumps. The pattern shown in Figure 3a may be associated with
residual flows in two-phase systems. The observed instabilities were typical for the ones
initiated by shear stresses at very low flow velocities of 50–100 µm/s [37]. The top parts of
the microchannel were observed in POM images. Instabilities shown in Figure 3a emerge,
therefore, in the top central part of the channel. This agrees with our previous modeling
of shear stresses [65], which demonstrates that the highest shear rate develops at central
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areas of rectangular microchannel walls and initiates deviations from the homeotropic
orientation of LC molecules in the respective areas of the LC-wall interface. This effect also
confirms a trend for a continuous immobile LC layer to form at slow flows.
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At low flow velocities (0.05 mm/s), the continuous LC phase shows a bright field
(Figure 3b). The rotation of polarizers changes the color of this field. Such a bright field
may represent a deformed homeotropic orientation of the LC molecules, which are slightly
bent along the flow. Such an effect was reported in the literature for single-phase flows
of similar nematic LCs [37]. It should be noted that this state was not steadily observed
in the single-phase LC flows shown in Figure 2. The immobile single-phase LC system
underwent a transition to the state shown in Figure 2b in the range of flow rates from 0.05
to 0.5 mm/s by forming instabilities. This system relaxed to the state shown in Figure 2a
when the flow was stopped.

At the higher flow velocity of 0.5 mm/s, the continuous LC phase exhibits a random
orientation of domains (Figure 3c), which is similar to the single-phase LC system under
the same conditions.

LC droplets demonstrate a different orientation behavior as compared with a continu-
ous LC phase in a two-phase LC-water system. After droplet break-up at the junction of
the inlets, a chaotic dynamic structure of domains develops in droplets (Figure 3d). This
pattern is sustainable for a broad range of flow velocities until the droplets transform into
two-phase threads. Such a behavior agrees with literature data [66] and can be associated
with intensive convection inside channel-wide droplets.

Finally, we observed a transition from LC-water disperse systems of both types to
parallel threads of the LC and aqueous phases (Figure 3e). In the LC threads, we generally
observe a similar planar orientation of the mesophase molecules, corresponding to that
shown in Figure 2d for single-phase LC systems under similar flow conditions.

Therefore, in the continuous LC phase of the confined LC-water system, LC layers
demonstrate deviations from the homeotropic orientation at the liquid-wall interfaces for
low residual or initiated flow velocities. The orientation of the LC domains in LC droplets
is dynamic and chaotic for the entire droplet body. A planar orientation is more typical for
LC threads.

At the next stage of this work, the orientation behavior of mesophase molecules at
LC-water interfaces in two-phase microflows was characterized.

3.3. Orientation Behavior of Microfluidic Liquid Crystal Systems at Liquid-Liquid Interfaces
3.3.1. Comparative Analysis of Mesophase Orientation in Droplets and Threads

To analyze the orientation behavior of liquid crystal molecules at LC-water inter-
faces in dynamic microfluidic conditions, polarized optical microscopy images at higher
magnification (500×) were obtained and analyzed. Such images provided more detailed
information about the properties of the mesophase at the boundary layers of LC droplets
and threads. Figure 4 demonstrates examples of such interfacial boundaries.



Coatings 2023, 13, 169 7 of 12

Coatings 2023, 13, x FOR PEER REVIEW 7 of 12 
 

 

At the next stage of this work, the orientation behavior of mesophase molecules at 
LC-water interfaces in two-phase microflows was characterized. 

3.3. Orientation Behavior of Microfluidic Liquid Crystal Systems at Liquid-Liquid Interfaces 
3.3.1. Comparative Analysis of Mesophase Orientation in Droplets and Threads 

To analyze the orientation behavior of liquid crystal molecules at LC-water interfaces 
in dynamic microfluidic conditions, polarized optical microscopy images at higher mag-
nification (500×) were obtained and analyzed. Such images provided more detailed infor-
mation about the properties of the mesophase at the boundary layers of LC droplets and 
threads. Figure 4 demonstrates examples of such interfacial boundaries. 

 
Figure 4. Interfacial boundaries between LC and aqueous phases: microchannel-wide droplets, U = 
0.1 mm/s (a); smaller droplets immobilized on the bottom wall of the microchannel, U = 0.1 mm/s 
(b); and LC-water thread, U = 2 mm/s (c). Red arrows demonstrate coordinate axes with respect to 
Figure 1. Crossed white arrows indicate positions of polarizers. 

As Figure 4a shows, the interface between the aqueous droplet and the continuous 
LC phase demonstrates no peculiar orientations of mesophase molecules, at least from the 
observation direction in these experiments. Channel-wide LC droplets demonstrate cha-
otic convective motion and orientation of the mesophase domain in a broad range of flow 
rates, so they were not studied at a higher magnification. 

Smaller LC droplets (Figure 4b) showed a considerably different orientation pattern 
in polarized light (Figure 4b). They exhibited a “Maltese Cross” texture [44], which rotated 
with the respective rotation of polarizers. In our experiments, such a texture was demon-
strated by mobile droplets with diameters less than the microchannel width and also by 
droplets immobilized at the bottom of the microchannel. Such a texture indicated that the 
mesophase molecules are oriented perpendicular to the LC-water boundary. 

In LC-water threads, we observed a distinct bright “stripe” at the boundary between 
two phases (Figure 4c) at 500× magnification. It resembles the homeotropic orientation of 
the LC molecules at the microchannel side walls in immobile single-phase LC systems 
shown in Figure 2a. Such a “stripe” emerges at relatively low velocities of 1–2 mm/s. It 
disappears at higher velocities of ≈5 mm/s, so the LC thread becomes identical to the pla-
nar single-phase flow shown in Figure 2c. 

Numerical modeling publications on the multiphase flows of Newtonian and non-
Newtonian liquids [67–69] report that the velocity gradient may be small at the contact 
line between two threads at low flow rates. The observed effect may be associated with 
the resulting small shear stresses at the boundary between the two immiscible liquids. 
Therefore, the homeotropic orientation of LC molecules was observed at the mobile inter-
face boundary between the coflowing threads. 

3.3.2. Orientation Patterns of Immobilized LC Droplets in Aqueous Flows 
The final stage of this work focused on characterizing the orientation behavior of im-

mobilized small LC droplets (with diameters less than the microchannel width) under 
varying flow conditions. Such droplets were generated by lowering the flow rate ratio to 
φ = 0.1. The resulting unstable LC flows created small droplets, which were deposited on 

Figure 4. Interfacial boundaries between LC and aqueous phases: microchannel-wide droplets,
U = 0.1 mm/s (a); smaller droplets immobilized on the bottom wall of the microchannel,
U = 0.1 mm/s (b); and LC-water thread, U = 2 mm/s (c). Red arrows demonstrate coordinate
axes with respect to Figure 1. Crossed white arrows indicate positions of polarizers.

As Figure 4a shows, the interface between the aqueous droplet and the continuous
LC phase demonstrates no peculiar orientations of mesophase molecules, at least from the
observation direction in these experiments. Channel-wide LC droplets demonstrate chaotic
convective motion and orientation of the mesophase domain in a broad range of flow rates,
so they were not studied at a higher magnification.

Smaller LC droplets (Figure 4b) showed a considerably different orientation pattern in
polarized light (Figure 4b). They exhibited a “Maltese Cross” texture [44], which rotated
with the respective rotation of polarizers. In our experiments, such a texture was demon-
strated by mobile droplets with diameters less than the microchannel width and also by
droplets immobilized at the bottom of the microchannel. Such a texture indicated that the
mesophase molecules are oriented perpendicular to the LC-water boundary.

In LC-water threads, we observed a distinct bright “stripe” at the boundary between
two phases (Figure 4c) at 500× magnification. It resembles the homeotropic orientation
of the LC molecules at the microchannel side walls in immobile single-phase LC systems
shown in Figure 2a. Such a “stripe” emerges at relatively low velocities of 1–2 mm/s. It
disappears at higher velocities of ≈5 mm/s, so the LC thread becomes identical to the
planar single-phase flow shown in Figure 2c.

Numerical modeling publications on the multiphase flows of Newtonian and non-
Newtonian liquids [67–69] report that the velocity gradient may be small at the contact
line between two threads at low flow rates. The observed effect may be associated with
the resulting small shear stresses at the boundary between the two immiscible liquids.
Therefore, the homeotropic orientation of LC molecules was observed at the mobile interface
boundary between the coflowing threads.

3.3.2. Orientation Patterns of Immobilized LC Droplets in Aqueous Flows

The final stage of this work focused on characterizing the orientation behavior of
immobilized small LC droplets (with diameters less than the microchannel width) under
varying flow conditions. Such droplets were generated by lowering the flow rate ratio to
ϕ = 0.1. The resulting unstable LC flows created small droplets, which were deposited on
the microchannel walls. Figure 5 shows such microdroplets under stationary and mobile
aqueous media conditions.

Under the stationary aqueous phase condition (Figure 5a), the cross texture is sym-
metrical and corresponds to the positions of polarizers. Figure 5b shows the respective
assumed orientation of the mesophase molecules at the LC-water interface. Initiation of
the aqueous phase flow leads to a deformed cross texture (Figure 5c). While the axial part
of the cross remains virtually linear, its vertical part bends symmetrically along the flow.
Figure 5d depicts such a deformed texture to the orientation of the mesophase molecules.

At flow velocities below ≈1–2 mm/s, microscopy images revealed no distinct defor-
mation of the texture. A reliable and reproducible detection of the cross deformation was
achieved at higher flow rates. The deformation angle β increased with the flow velocity
and reduced with the droplet size. The angular deformation of the pattern and the sizes of
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droplets remained consistent at flowrates up to 40–50 mm/s. At higher flowrates, the cross
texture transformed into a chaotic pattern, or a break-off of droplets occurred.
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To obtain a quantitative correlation between the cross pattern deformation angle
and flow velocities, we processed POM images of various-sized droplets in the range of
flow rates up to 40 mm/s. Figure 6 summarizes the impact of the flow velocity on the
deformation angle β for droplets with a diameter in the range of 20 to 60 µm.
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Figure 6. The impact of the flow velocity on the deformation angle β. Approximate droplet diameters:
60 µm (1), 30 µm (2), and 20 µm (3).

Figure 6 shows that the deformation angle increases with the flow velocity for all the
studied droplet sizes and decreases with the droplet diameter. The curves were successfully
approximated by a logarithmic fitting with correlation coefficients of 0.96–0.99 (higher for
larger droplets). The respective logarithmic functions can be summarized into the equation,
which predicts the deformation angle values at different flow velocities:

β = kln
U
U0

(3)

where β is the deformation angle, k is the coefficient, which depends on the droplet size,
U is the flow velocity, and U0 is the threshold flow velocity that initiates the deformation
of the cross texture. For all the studied droplet sizes, U0 ≈ 1–1.5 mm/s. The coefficient k
decreased with the droplet size.

Equation (3) characterizes the flow velocity in the microchannel in the range of dozens
of mm/s by the deformation angle of the immobilized liquid crystal droplet texture
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in polarized light. It utilizes the behavior of the dispersed LC phase on the surface of
a microchannel.

4. Discussion

The flows of nematic liquid crystals studied in this work are typical examples of smart
materials. They respond to an applied stimulus (varying flow velocity) by changing their
ordering behavior and the resulting transmission of polarized light through a microchannel.
The optical properties of microchannels depend, therefore, on the behavior of a microscale
layer of a continuous or dispersed LC phase on microchannel internal surfaces.

The main advantage of microfluidics over processing liquid crystal phases in macro-
scopic conditions is that microchannels allow for the generation of ordered single-phase
or multiple-phase flows of liquid crystals by controlling only the parameters of infusion.
Microchannels with high surface-to-volume ratios make interfacial effects predominant in
determining the properties of confined liquid crystal systems. The size ranges of microscale
liquid crystal phase domains are comparable to the characteristic sizes of microfluidic
channels. In microfluidic confinement, therefore, stable and ordered domains of oriented
mesophase can emerge near microchannel walls or at liquid-liquid interfaces.

Homeotropic alignment of the liquid crystal molecules near microchannel walls can
create a microscale “coating” of mesophase. This microlayer turns out to be extremely
sensitive to flow velocities starting from several µm/s, so even the smallest flow in such
microchips is detectable. Further transitions from homeotropic to planar states allow
us to characterize flow velocities in the range of hundreds of µm/s. Finally, droplets of
mesophase deposited on the microchannel’s bottom surface offer a quantitative detection of
flow velocities up to dozens of mm/s. Altogether, these effects show potential for designing
microfluidic sensors suitable for flow characterization in low- or high-velocity ranges by
using a simple polarized optical microscopy method without additional analytical tools.

Such a simple flow characterization can be useful for developing microfluidic devices
with LC droplets immobilized in microfluidic traps on microchannel surfaces. Microtraps
are successfully used to immobilize microscale objects such as living cells on surfaces
of microchannels [70,71]. Another applied approach is to incorporate LC droplets into
polymer shells. Flow-focusing microfluidics is a convenient tool to create such shells around
droplets [56]. LC droplets in traps or polymer shells are potentially more convenient for
flow sensing. Angular deformation of the “Maltese Cross” pattern from such small droplets
can be used for a simple flow velocity characterization to track the performance of lab-on-
chip tools, microfluidic logic devices, or organ-on-chip prototypes.

In this work, however, the focus was on a fundamental analysis of the revealed
liquid crystal orientation behavior in microfluidic confinement. Future research can be
highlighted in this respect. It is planned to perform more application-oriented studies
concerning the immobilization of droplets in PDMS traps on microchannel surfaces to
turn them into more stable velocity sensors. Future research shall include studying the
impact of temperature on the orientation behavior of continuous and dispersed LC phases
in confinement, characterizing the orientation behavior of LC droplets’ microfluidic traps,
and additional numerical simulations of two-phase LC-water flows.

5. Conclusions

Microfluidic flows of liquid crystals demonstrate flow rate-controlled orientation be-
havior at liquid-wall and liquid-liquid interfaces. A reversible transition from a homeotropic
alignment to a planar alignment can be set at flow velocities from approximately 50 µm/s
to 5 mm/s at microfluidic LC-wall and LC-water interfaces in continuous phases, or two-
phase threads. In channel-wide liquid crystal droplets, a chaotic convective pattern of
domains developed after droplet break-up. Smaller droplets demonstrate a “Maltese Cross”
alignment pattern at the interface between liquid crystal and aqueous medium. A quantita-
tive correlation was found between the geometry of this pattern and the flow velocity up to
40 mm/s.
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The studied single-phase and two-phase LC systems on surfaces of microchannels
offer the potential for the quantitative characterization of flow velocities in a broad range
of operation models of microfluidic devices. Such confined layers and droplets of nematic
liquid crystals can be components of flow-sensitive coatings for future applications in
laboratory-on-chip analytical tools.
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