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Uros Tkalec

Understanding the dynamics of topological defects in liquid crystals is essential for optimizing their
performance in adaptive optics, responsive surfaces, and advanced display technologies. Here, we
investigate the dynamics of disclination loops enclosing an escaped structure in a nematic liquid crystal,
known as dowser domains, within microfluidic channels of various geometries. Through a combination
of experiments and numerical simulations, we demonstrate that fluid flow, dictated by the channel
geometry alone, governs the dynamics, shape, and size of these domains. We find that channel
constrictions extend the lifetime of dowser domains by accelerating their growth, while channel
expansions slow down their dynamics and shorten their lifetime. In addition, manipulating the flow paths
of dowser domains through serpentine microchannels can further influence their shape and lifespan. We
also demonstrate domain splitting in a T-junction microchannel. These findings pave the way for the
design of hierarchical networks that can manipulate dowser domains in high-throughput parallel
channel systems. Taken together, the results presented here improve our understanding of defect loop
dynamics in soft materials and advance the development of flow-based liquid crystal devices and

rsc.li/soft-matter-journal applications.

1. Introduction

Controlling fluid flow at the micron scale provides a highly
versatile approach for manipulating the structures and
dynamics of complex fluids and soft materials."” The resulting
shear forces allow precise control over arrangement, orienta-
tion, and morphology, potentially driving phase transitions and
structural transformations in polymers,® colloidal particles,”
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and liquid crystals (LCs).*** In emulsions and foams, where
distinct phases of one fluid are dispersed within another, fluid
flow and shear forces play a crucial role in determining droplet
size, shape, and distribution.'"? Similarly, in gels'* and soft
solids,"® which exhibit solid-like behavior at low stresses but
flow at higher stresses, fluid flow influences the formation of
network structures and the material’s mechanical properties.
Fluid dynamics on the micron scale is also of fundamental
importance for the design of advanced microfluidic devices and
for the enhancement of applications in biomedical research
and material science.'®"’

Nematic LCs (NLCs) are ideal candidates for studying and
harnessing the effects of fluid flow at the microscale due to
their unique combination of fluidity and crystalline proper-
ties.'®'®2° The long-range orientational order of LC molecules
results in optical and elastic anisotropy,>’** making NLCs
highly responsive to external stimuli such as shear forces and
electric fields. Under non-equilibrium conditions, these stimuli
can induce the formation of metastable structures®* that
often contain topological defects — regions where the molecular
orientation is undefined. These defects, which can appear
as points, lines, or closed loops,>® play a crucial role in the
structural and dynamical properties of the material.*®*’
Beyond their fundamental importance, topological defects have
been harnessed as templates for molecular self-assembly*® and
material transport.® The ability to create and manipulate such
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metastable structures and defects with precision can be further
enhanced by microfluidics, which provides a controlled
environment to explore the dynamics of defects and material
behavior.'830733

The fluid dynamics of NLCs has been studied for several
decades.’®**® The flow of LCs is coupled with their nematic
orientational order, resulting in significant local reorientations
of the director and the formation of topological defects. Flow-
induced reorientation of LC molecules influences the optical
and mechanical properties of LCs confined in microfluidic
environments, impacting the dynamic behavior and transport
properties of nematic colloidal suspensions,®” the rheological
response of nematic fluids,*® and the dynamics of topological
defects.*® Research has focused mainly on modulation of LC
flows by surface anchoring and hydrodynamic forces in linear
microchannels. More recently, studies have expanded to
explore LC flow dynamics in complex microfluidic geometries,
such as rectangular channels with obstacles,*° topological flow
junctions,®* and curvilinear microchannels.*’ Despite these
advances, our recent work'® has demonstrated that linear
microchannels remain effective for manipulating defect struc-
tures. We have shown that a combination of controlled fluid
flow in a linear microchannel and localized laser pulses can
generate and stabilize defect loops, known as reconfigurable
domains with polar order, or “dowser domains”."® Although
considerable progress has been made in the study of dowser
domains in simple linear geometries, there is still a gap in
our understanding of their dynamics and behavior in more
complex microchannels.

In this work, we build on previous work'® and examine
the behavior of nematic dowser domains in microchannels of
various geometries. Through a combination of experiments and
numerical simulations, we show how controlled fluid flow—
dictated solely by channel geometry, such as constriction,
expansion, and bend, allows precise manipulation of the
dynamics, shape, and size of dowser domains. Our findings
reveal that constrictions extend the lifetime of dowser domains
by accelerating their growth, whereas expansions decelerate the
domains and reduce their lifetime. Altered flow paths within
serpentine microchannels can further extend the shape and
lifespan of domains. We also observe domain splitting and
merging at T-junction microchannels. These findings contri-
bute to the development of hierarchical microfluidic networks
capable of guiding and transforming dowser domains with
high precision, opening up new opportunities for autonomous
soft matter systems and adaptive materials.

2. Methods and materials

2.1. Materials and experimental procedures

The thermotropic LC 5CB (4-cyano-4’-pentylbiphenyl, Synthon
Chemicals), which has a nematic phase between 18 and 35 °C,
is used for the experiments. 5CB is subject to Poiseuille flow
in all microfluidic channel geometries, such as linear, constriction,
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expansion, serpentine, and T-junction configurations. All channels
have a rectangular cross-section with a fixed height of 12 um
and widths from 40 to 200 pm. The microchannels are made of
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) and
bonded to a glass substrate coated with indium tin oxide (ITO)
(Xinyan Technology) after both surfaces have been exposed to
an oxygen plasma. The ITO coating serves as an absorber for
the infrared (IR) laser light and enables precise localized
heating of the 5CB. Teflon tubes are inserted at both ends of
the microfluidic channels to serve as connectors for the inflow
and outflow of the LC. The channel walls are chemically treated
with 0.2 wt% aqueous solution of silane dimethyl-octadecyl-3-
aminopropyl-trimethoxysilyl chloride (DMOAP, ABCR GmbH) to
induce strong homeotropic surface anchoring for 5CB molecules.
The microfluidic channels are filled with 5CB in the isotropic
phase and then cooled slowly to the nematic phase at room
temperature before flow experiments. All experiments are per-
formed at room temperature.

2.2. Polarized optical imaging, pressure-driven flow, and
dowser domain nucleation

The experiments are performed under an inverted polarized
optical microscope (Nikon, Eclipse Ti-U, CFI Plan 2x and 10x
objectives) in transmission mode. We use a laser tweezers setup
with an IR laser light of 1064 nm (Aresis, Tweez 200si) inte-
grated into the microscope to precisely heat the NLC locally and
to nucleate dowser domains. Nucleation is achieved by locally
heating the NLC into the isotropic phase with the laser and
then switching it off, allowing the NLC to quench back to the
nematic phase. When the NLC is quenched, the initial defect
tangle relaxes into a flow-aligned state bounded by a disclina-
tion loop, forming the dowser domain, which then evolves with
the flow. The flow in the microchannels is precisely controlled
by a pressure controller (OB1 MK3, Elveflow). All dowser domains
studied in this work are nucleated in a linear 100 um wide
channel at three different flow velocities: 35 um s, 42 um s~ *,
and 50 um s~ ', corresponding to the domains stability under the
subcritical, critical, and supercritical velocity, respectively. For
each velocity, we study the domains formed with sizes corres-
ponding to their critical radii. This is achieved by tuning the laser
power (20 to 200 mW) and optimizing the position of the laser
beam - neither too far nor too close to the geometrical channel
entrance - to ensure that the domains approach the subsequent
geometrical channels with their critical radii. After successful
formation, the domains enter microchannels with constriction,
expansion, serpentine, or T-junction geometries. All experiments
are recorded in full HD videos at 30 frames per second using
a digital camera (Canon, EOS 750D). The surface area of the
domains is analyzed with the EZC1 software (Nikon).

2.3. Numerical simulations

We use a hybrid lattice Boltzmann method (LBM) to simulate
the flowing nematic material. The microstructure and the
hydrodynamic flow of the nematic are described by a tensorial
order parameter Q and a velocity vector u, respectively. For a
uniaxial NLC, Q = S(nn — I/3), where the unit vector n

This journal is © The Royal Society of Chemistry 2025
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represents the nematic director field, S is the scalar order
parameter of the nematic, and I is the identity tensor. By
introducing the strain-rate tensor D = (Vu + (Vu)")/2 and
vorticity tensor @ = (Vu — (Vu)")/2, we define an advection
term

=(¢D+Q)- (Q%) + (Q+§) -(¢D - Q)
—25(Q+I)(QVU)

where ¢ is related to the material’s aspect ratio. As 5CB is a flow-
aligning LC, we set £ = 0.8.
The evolution of the Q-tensor is governed by the Beris—
Edwards equation:**
0
8—Q +u-VQ-S=TH, )
where I is related to the rotational viscosity of the nematic via
71 = 28,%/T" with S, the equilibrium scalar order parameter,** and
OF 1 _[OF
H is the molecular field definedas H = — (| —— — =tr that
oQ 3 \0Q
drives the system towards thermodynamic equilibrium with a
free energy functional F = [ (fLaG + fetastic)dV + [¢fsurrdS.
The first term is the short-range Landau-de Gennes free energy
density, which reads:*'

fuag =2 (1 - —) r(Q?) -

where A, and U are material constants. The second term is the
long-range elastic energy density written as:**

A01r(Q) + (@)’

1
Selastic = ELQ{/‘,inj.,k + 2q0Lei Qi Ok, 2)

where Q;; denotes 0.Q;;, € is the Levi-Civita tensor. Einstein
summation convention is assumed in the above expressions. The
nematic coherence length is given by &y = \/L/ Ay, which deter-
mines the defect core size and serves as the fundamental length
scale for our description of the nematic. The uniform surface
anchoring is typically modeled by using a Rapini-Papoular-like
surface free energy density functional:**
1/) )

fsurf = WZ(QI/

where Qj is the preferred anchoring alignment. The evolution
0Q _
at
.sur‘ I ;ur .
((5f t <5f f>)),45 where I's = I'/éy. The above equation

of the surface Q-field is governed by —I'y(—Lv-VQ—

0Q 3 0Q
is equivalent to the mixed boundary condition for steady flow
given in.*®
Using the Einstein summation rule, the Navier-Stokes equa-
tion for the NLC can be written as:
p(@, + u,;@,;)uo,_ = 61;1_[0/_[;

+ 7]8/1 [aau/; + 8/;7/11 + (1 — 38,)1)0)37147(5“/;] .

(3)
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The stress I1 is defined as:

Ha[f = - Poéocﬁ - wa (Qy[f + 3(5,ﬁ>

- CT<Q1~;

_8ﬁQs

1 1
+ gévli) Hyp + 28 <Qa/3 + g‘;a/ﬁ) Oy H,:  (4)

+ Qa, Hw,'Q“,'/fv

OoF
00,0
where # is the isotropic viscosity, and the hydrostatic pressure
P, is given by*” Py = pT — fyun. The temperature T is related to
the speed of sound ¢, by T = ¢,>. We solve the evolution
equations using the finite difference method. The Navier-
Stokes eqn (3) is solved using a lattice Boltzmann method over
a D3Q15 grid*® with a no-slip boundary condition. Our model
and implementation have been validated by comparing our
simulation results*>*® in both passive and active nematic
systems with predictions using Ericksen-Leslie-Parodi (ELP)
theory.’*>* The material constants for the simulation are the
same as in Emers$i¢ et al.'® We used mesh resolution of 10 nm,
simulatin a cell of 500 nm thickness, a smaller size than
in experiment to make the computation feasible, but with
Ericksen numbers matching the experimental range.

3. Results and discussion

3.1. Generation and stability of dowser domains in linear
microchannel

All experiments are performed with NLC 5CB flowing through
homeotropic microchannels (Fig. 1a). The channels, made of
PDMS and bonded to ITO-coated glass substrates, have a
rectangular cross-section with a depth of 12 pm and widths
ranging from 40 to 200 um. The ITO coating serves as an
absorber of IR laser light and enables precise control of the
local heating of 5CB. By inducing a local temperature quench
from the isotropic to the nematic phase in the flowing 5CB, a
metastable defect loop with a trapped flow-aligned state forms
(Fig. 1b). This oriented polar-phase domain, known as the
“dowser state” due to its Y-shaped director field resembling a
wooden dowser’s tool, exhibits a director field in the midplane
of the channel aligned horizontally with the flow. The director
undergoes a half-turn transition from the bottom to the top of
the channel (Fig. 1c), with the disclination loop’s cross section
shifting from —1/2 to +1/2 profile.

In our previous study,'® we have demonstrated that the
formation, growth rate, and shape of dowser domains in a
microfluidic channel can be precisely controlled by confinement,
flow, and laser pulses. The dynamics of such a disclination loop

with radius 7 can be described by the phenomenological model:'®
. 2nT
D =251 = 72) (ve0s § — ) = =~ )

where ¢ is the in-plane angle of the director field, T is the
disclination loop tension, y, represents the viscosity parameter
associated with the drag force on the moving defect line, y; and y,
are viscosity parameters, and v is the flow velocity (Fig. 1d and e).

Soft Matter, 2025, 21, 6679-6688 | 6681
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Fig. 1 Dowser domains in microchannels. (a) Schematic representation of a PDMS microfluidic device integrating various channel geometries and a
linear microchannel with a rectangular cross-section. Dowser domains are nucleated with an IR laser just before entering the complex geometries.
(b) Numerical simulations of a dowser domain stabilized by a half-integer disclination loop, where the entrapped director field aligns with the flow in the
midplane. (c) The director field undergoes a half-turn transition from the bottom to the top of the channel. (d) Schematic representation of the dowser
domain as described with the 2D quantitative phenomenological model (see egn (5)). (e) Flow velocity streamlines in a linear microchannel. (f) Phase
diagram showing shrinking (blue) and growing (orange) dowser domains, separated by the critical radius curve rc, in a linear microchannel with a depth of
12 um and width of 100 pm. (g)-(j) Simulated flow velocity streamlines for different microchannel geometries: (g) constriction, (h) expansion,
(i) serpentine, and (j) T-junction. (k) Schematic illustration of the forces acting on a dowser domain, where the advection and interfacial forces from

eqn (5) drive the domain propagation.

In a linear microchannel, the dowser domains achieve stability
in strong flows but become unstable in weak flows. As the
phase diagram in Fig. 1f shows, there is a critical velocity,
‘;
K

V¢ = ——, below which all the dowser domains shrink
2h(yy — 72)

and eventually annihilate (% is the channel thickness and K is
the single elastic constant). Above v, the behavior of a dowser
domain depends on its initial size. If its radius is smaller than the

-1

71— }'2(V )
inates so that the domain shrinks and disappears. If, on the other
hand, r > r., the domain grows and expands to fill the available
space in the channel. For a linear microchannel with a rectangular
cross-section, a depth of 12 um, and a width of 100 um, the critical
velocity v., based on the viscoelastic properties of 5CB, is approxi-

mately 42 pm s~ '8

The behavior of dowser domains in microchannels with
complex geometries is still unexplored. The flow profiles in these
microchannels can significantly influence the domain dynamics.
Here, we investigate constrictions, expansions, serpentines,

critical radius, r. = disclination tension dom-

6682 | Soft Matter, 2025, 21, 6679-6688

and T-junction microchannels. In constrictions, the velocity
streamlines converge, indicating an increase in fluid velocity
due to volume conservation (Fig. 1g). In the case of expansions,
on the other hand, the streamlines spread out, which indicates
a reduced flow velocity (Fig. 1h). In serpentine bends (Fig. 1i),
the separation of streamlines alone is insufficient to determine
the flow velocity; instead, a general solution is required that
reveals an asymmetric velocity profile with higher speeds near
the inner bend wall.*"*** In a T-junction bifurcated channel, a
single velocity streamline splits into two separate channels
(Fig. 1j). All dowser domains studied in these complex geometries
are first nucleated by a laser beam in a linear microchannel with
a rectangular cross-section, a depth of 12 pm, and a width of
100 pm, at three different pressure-driven flow velocities: =~
42 pm s~ (critical velocity), ~ 35 um s ' (below the critical
velocity), and ~ 50 um s~ " (above the critical velocity). At the time
of complete formation, all dowser domains have a size that
corresponds to the critical radii (see Methods and materials).
After formation, the domains transit from the 100 um wide linear
channel to one of the microchannels with a complex geometry.

This journal is © The Royal Society of Chemistry 2025
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All these cases share the inhomogeneous velocity profile.
Consequently, we expect disclination loops to be subject to two
additional effects (Fig. 1k) that are not accounted for in the
simple analysis of a circular domain. First, the advection along
the velocity field now reshapes the domains, even without
considering forces due to the disclination line tension and free
energy differences. Secondly, eqn (5) now acts locally, where r is
the local radius of curvature, and # is the induced disclination
propagation velocity that adds to the advection velocity.

As such, we now expect a generalized propagation in which
some parts of the domains can simultaneously grow while
others shrink. Fluid flowing around the inner corners of the
channels forces the disclination into a concave shape in which
the negative radius of curvature causes domain growth even
below the critical velocity v.. This consideration explains all the
observations shown in the following sections.

3.2. Dowser domains in constrictions

We design a channel with a constriction in which the linear 100
um wide channel narrows to about half of its width, which is
between 40 and 50 um (Fig. 2). The length of the constriction
region is about 150 um. As shown both in the numerical
simulations and in the experiments (Fig. 2a with Video S1
and Fig. 2b with Video S2, respectively, ESIf), the domain
undergoes considerable compression as it passes through the
constriction. As the domain approaches the constriction, its
front side gradually stretches along the flow direction, while the
back side maintains a circular shape. At the narrowest point,
the domain reaches its maximum elongation. As it emerges
from the constriction, it becomes an ellipse that is significantly
larger than its initial size. As the radius of the domain now
exceeds the critical threshold, it continues to expand along the
channel.

In experiments, variations in flow velocity within the micro-
channel are observed through changes in the birefringent
colors of the NLC.>®> When the domain passes through the
constriction, its color changes from green to light red. Simula-
tions show that the director field inside the domain remains
predominantly aligned with the flow, suggesting that the color
changes are primarily due to variations in domain velocity.
Experiments show that a domain nucleated in the linear part of
the microchannel at the critical velocity (~42 pm s ') passes
through the constriction in about 1.1 s (Fig. 2b). This time
increases to about 1.4 s for domains nucleated at a velocity
below the critical value (~35 pm s~ ', Fig. S1, ESI{). At a velocity
above the critical value (x50 um s~ '), the time decreases to
around 1.0 s. These times are measured from the moment the
central point of the domains enters the constriction until it
exits. Regardless of the initial flow velocity, adding a constric-
tion accelerates dowser domains and decreases their travel time
compared to a microchannel without a constriction.

The graph in Fig. 2c summarizes the surface area of the
dowser domains flowing in a linear microchannel with and
without constriction. Without constriction, domains flowing
below the critical velocity shrink in size (black dashed line)
and disappear about 2.2 s after their formation (Fig. S1, ESIT).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Dowser domains in a microchannel constriction. (a) Numerical
simulations predict significant changes in the shape of the domains as they
flow through the channel constriction. (b) In experiments, a domain
nucleated in a 100 pm wide linear microchannel at the critical velocity
(~42 pm s7Y) passes through the constriction of length 150 pum in about
1.1 s. The time is measured from the moment the central point of the
domain enters the constriction until it exits. The width of the constriction is
about 40 to 50 pm. The scale bar is 25 um. (c) The average surface area of
domains flowing in the linear microchannel with (solid lines) and without
(dashed lines) constriction. All domains are nucleated in a 100 pm wide
linear channel at subcritical (~35 pm s, black curves), critical (x~42 pm
s~1 blue curves), and supercritical velocities (x50 um s, green curves).
The domains accelerate significantly and grow as they flow through the
channel constriction. The shaded region indicates the length of the
constriction in the linear microchannel, d. ~ 150 pm. The surface area
is normalized to the initial size, which corresponds to the critical radii of
the domains during their formation.

By adding the constriction, the domains grow (black solid line)
and extend their lifetime to approximately 8 s (Fig. S1, ESIf).
The critical velocity in the linear microchannel has no effect on
the initial size and shape of dowser domains (blue dashed line).
However, when they enter the constriction, their surface area
increases to approximately 2.3 times their initial size (blue solid
line). If the flow velocity is increased beyond the critical value,
the domains expand even further and reach about 2.5 times
their initial surface area after passing through the constriction.
In contrast, the domains in the linear microchannel without
constriction grow more gradually and only reach about 1.4 times
their initial size when flowing at a velocity above the critical limit.

Soft Matter, 2025, 21, 6679-6688 | 6683
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As the length of the constriction increases, the surface area of the
domains increases further as they are exposed to a higher velocity
for longer periods of time (Fig. S2, ESIt).

3.3. Dowser domains in expansion

Next, we examine the behavior of dowser domains as they flow
through a square microfluidic expansion, where they experi-
ence effects opposite to those in the constriction. As shown in
Fig. 3, the shape of the domain is significantly deformed when
it enters an expansion whose width and length are twice that of
the linear microchannel. Numerical simulations (Fig. 3a and
Video S3, ESIt) reveal that the domain enlarges as it enters the
expansion, and transitions from a circular to an ellipsoidal
shape, with its long axis aligned with the flow. On its way to
the center, the domain continues to expand along the direction
of flow. Near the exit, it accelerates and continues to grow,
maintaining its elongated shape. Experiments with a micro-
channel that expands from 100 pm to 200 pm (Fig. 3b and
Video S4, ESIT) partially confirm these observations. In experi-
ments, as the domain approaches the center of the expansion,
it shrinks along the flow direction, while it expands perpendi-
cular to it. Similar behavior can be observed in simulations,
although it appears to occur earlier, immediately after entering
the expansion (see Video S3, ESIt). On exiting the expansion,
the domain accelerates and transitions from an elon-
gated shape perpendicular to the flow to a shape aligned with
the flow.

The flow velocity of the NLC decreases significantly in
expansion, as can also be seen from experimental POM images
in which changes in the birefringent colors can be observed
(Fig. 3b and Video S4, ESIt). This decrease in velocity slows
down the movement of the domain, which causes a slight
change in the birefringent color from dark red to light red.
The experimental analysis of the domains’ surface area (Fig. 3c)
and the temporal evolution of the position of the domains
(Fig. S3, ESIt) show that domains that are entering 200 pm X
200 pm expansion from a 100 um wide linear microchannel
with velocity below the critical value undergo a symmetric
reduction in size and are annihilated at the entrance. When
entering the expansion at critical velocity, the domains con-
tinue to flow, but still annihilate near the center of the expan-
sion (Fig. S3, ESIT). Only domains that enter at a velocity above
the critical velocity persist throughout the expansion. As they
flow through the expansion, these domains undergo dynamic
shape transitions (Fig. 3a and b). The experiments show that
the domains traverse the entire expansion in about 4.2 s, albeit
with a significant suppression of growth. Although they leave
the expansion smaller than when they entered it, they resume
their growth afterwards, as both their radius and velocity
remain above the critical value.

3.4. Changing the flow path of dowser domains

The shape and velocity of dowser domains can also be manipu-
lated using serpentine microchannels in which the flow path
undergoes periodic directional changes. Fig. 4a and b (Videos S5
and S6, respectively, ESIT) show numerical predictions of domain
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Fig. 3 Dowser domains in microchannel expansion. (a) Numerical simu-
lations predict that the expansion significantly slows down and deforms
dowser domains. (b) In experiments, a domain entering a 200 um wide and
200 um long expansion from a 100 um wide linear channel with a velocity
above the critical velocity takes about 4.2 s to flow through the entire
expansion. The time is measured from the point at which the central point
of the domain enters and until it leaves the expansion. The scale bar is
25 um. (c) The average surface area of domains flowing in a linear
microchannel with (solid lines) and without (dashed lines) expansion.
All domains are nucleated in a linear 100 pm wide channel at subcritical
(~35 um s~ black curves), critical (~42 pm s~2, blue curves), and super-
critical velocities (~50 um s™%, green curves). Domains flowing with the
subcritical and the critical velocities are significantly decelerated and
annihilate before they have travelled the entire length of the expansion.
Only domains with a velocity above the critical velocity flow through the
entire expansion. The shaded region indicates the position of the expan-
sion in the linear microchannel, de ~ 200 pm. The surface area is
normalized with the initial size, which corresponds to the critical radii of
the domains when they are formed.

dynamics in serpentine microchannels with straight and curved
bends, respectively. The corresponding experimental observations
in 100 pm wide microchannels with curved bends are shown in
Fig. 4c (Video S7, ESIT). Regardless of the geometry of the bend,
the laminar velocity profile in serpentine microchannels exhibits a
slight asymmetry, with the maximum velocity near the inner edge
of each bend.*"** This asymmetry affects the orientation of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Changing the path of flowing dowser domains. (a) and (b) Numerical simulations show how domains flow in serpentine microchannels with
straight and curved bends, respectively. (c) Experimental observation of domains flowing in a serpentine microchannel. The bends accelerate and
elongate the shape of the domains. (d) Experimental observation of a domain splitting into two smaller domains at the T-junction of the microchannel.

The scale bars are 50 pm.

director field and leads to a gradual shift of the birefringent color.
The velocity gradient drives the domains towards the inner part of
the bends, where they are accelerated and adopt a curved shape.
Between the bends, the domains elongate along the direction of
flow and take on an elongated, rod-like shape.

Experiments show that curved bends in microchannels
extend the lifetime of dowser domains when they transition
from a 100 um wide linear microchannel with subcritical
velocity (Fig. S4, ESIf). When domains enter the bends at
critical or supercritical velocities, they grow at two different
rates, with faster growth occurring in the second bend. When
leaving the curved regions, the domain surface increases by a
factor of about 5 and 18 at critical and supercritical velocities,
respectively. Compared to other channel geometries, the ser-
pentine channel leads to a significantly stronger growth of the
dowser domains in the case of a supercritical velocity.

Dowser domains can also split. As shown in the experiments
in Fig. 4d (video S8, ESIt), the domain can split into two
smaller parts in a bifurcated T-junction microchannel where
the LC flows from a single inlet into two symmetric side
branches. At the junction, the flow expands the domain along
the direction of the branches. If the flow is strong enough,
the domain elongates to its maximum extent and eventually
splits into two smaller daughter domains, which then enter the

This journal is © The Royal Society of Chemistry 2025

opposite branches. However, if the flow in the side branches is
not strong enough, the domains shrink and annihilate. Sym-
metrical outlet branches facilitate the formation of daughter
domains of the same size.

To achieve more precise control over domain dynamics,
different microfluidic elements can be combined to form
more complex channel architectures, as shown in Fig. 5.
Fig. 5a (Video S9, ESIt) and Fig. 5b (Video S10, ESIt) show an
example of an interconnected configuration consisting of two
T-junctions connected by bent microchannels. In this case,
upon entering the first T-junction, the dowser domain is
symmetrically split into two smaller daughter domains, which
then move separately. Despite the relatively lower flow velocity
in the branched channels, the lifetime of the domains is
extended at the channel bends so that they can reach the
second T-junction. At this junction, the two domains merge
back into a single domain. This configuration alllows con-
trolled manipulation of the dowser domains so that they can
be split at one point and later rejoined at another point, taking
into account the specific design of the microchannels.
In contrast, if the T-junction is asymmetric, i.e. one branch is
significantly shorter than the other, the splitting process is
suppressed and the domain flows intact through the longer
branch (Fig. 5¢ and Video S11, ESIY).
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Fig. 5 Microfluidic circuit based on T-junctions and bend channels. (a) Numerical simulations and (b) experiments show that two T-junctions connected
by bending channels allow symmetric splitting and merging of dowser domains. The scale bar is 100 um. (c) If the side arms of a T-junction are not equal
in length, splitting will not occur due to unequal velocities in the side arm channels. (d) T-junctions and curved channels can be connected to form a
more hierarchical network that enables a parallel channel system with high throughput.

By strategically exploiting the interplay of fluid flow and
geometry in T-junctions and curved microchannels, it is possible
to construct highly organized microfluidic networks similar to
electrical circuits (Fig. 5d and Video S12, ESI).>® These networks
enable controlled and spatially resolved distribution of fluids and

6686 | Soft Matter, 2025, 21, 6679-6688

are particularly well suited to high-throughput applications, where
a single input stream can be split into multiple branches arranged
hierarchically across a wide channel network. Within this frame-
work, dowser domains exhibit complex behaviors. An initial domain
can split into two daughter domains at the first T-junction, which

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00562k

Open Access Article. Published on 16 July 2025. Downloaded on 10/22/2025 6:46:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

can then continue downstream and undergo further splitting
at subsequent junctions. Simulations show that with each
additional T-junction, the division of the domains becomes
increasingly asymmetric and produces both smaller and larger
daughter domains. When a daughter domain becomes smaller
than a critical size and the flow in the side branch falls below
the critical value, the domain shrinks and eventually annihi-
lates. In contrast, domains that remain above this threshold
survive and continue in the network. The surviving domains are
repeatedly split, reconfigured, and finally merge with each
other. In the end, these domains merge into a single domain
that is often larger than the original domain that entered the
network.

Conclusions

In this paper, we demonstrate how microfluidic channels can
precisely control the dynamics and structures of fluid flows.
Our study shows that simply by varying the geometry of the
microchannels, the behavior and shape of disclination loops
with an escaped structure of NLC, the so-called ‘“dowser
domains”, can be effectively manipulated. Different channel
designs with their characteristic flow velocity profiles influence
the dowser domains in a predictable and shapeable way by
manipulating the local domain growth rate, which depends on
the velocity and the local boundary curvature of the domain.
All presented geometries significantly change the size and shape of
the domains. Constrictions and serpentine channels accelerate
dowser domains, leading to their enlargement. Channel expan-
sions slow down the flow velocity, causing the domains to shrink.
Other channel shapes can be easily designed to achieve the desired
shape and size effects by utilizing the known mechanism of
growth rate and disclination propagation. Furthermore, we show
that a T-junction microchannel can split a domain into
two daughter domains of equal size. By integrating T-junction
channels with serpentine bends into more complex hierarchical
networks, we can achieve programmable manipulation of dowser
domains. The results presented here open avenues for the devel-
opment of autonomous and automated flow control systems
that could find applications in optofluidic technologies and other
flow-based LC devices.
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