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Confined labyrinthine pattern in chiral liquid
crystal droplets
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*3\/. Fernandez-Gonzalez,

Systems that continuously inject and dissipate energy tend to self-organize, resulting in complex spatial
patterns. Labyrinthine patterns are characterized by an arrangement that exhibits local order while
lacking global order. We experimentally investigate the formation of confined textures in temperature-
driven chiral liquid crystal droplets. The observed textures are mainly dominated by labyrinthine patterns.
To describe the observed textures, we have theoretically examined the system near the winding/
unwinding transition. In this region, we can use a simplified description based on an amplitude equation
with inhomogeneous coefficients that account for the confinement imposed by the droplet geometry.
Numerical simulations of this model show qualitative agreement with the experimental observations.
Our findings offer a novel perspective on the confined textures under various geometric configurations.

Nature exhibits a vast diversity of self-organized patterns, from
sand dunes and animal fur to fish scales, snowflakes, and cloud
formations, that arise in systems driven far from equili-
brium.'”” These patterns, although diverse, share a common
physical origin: the continuous injection and dissipation of
energy in macroscopic systems. A general theoretical framework
for understanding their emergence relies on the spontaneous
breaking of spatial symmetry in otherwise uniform states. Close
to this transition, striped, hexagonal, square, and superlattice
patterns are observed.”® Superlattices are patterns formed by
many modes with the same wavelength.”® A unified approach
to describing the emergence and dynamics of these simple
patterns is based on the amplitude equations for the critical
modes of equilibrium that exhibit a spatial instability.>*” Patterns
are periodic structures that often exhibit defects that break their
discrete translational symmetry. As energy injection increases and
moves away from spatial instabilities, pattern-forming systems
exhibit more complex patterns, characterized by a greater number
of defects. An example of these complex patterns is the labyr-
inthine pattern,” which exhibits short-range order described by a
single mode and long-range orientational disorder. Namely, these
patterns are characterized by a powdered spatial ring spectrum
in their Fourier transform and, in turn, exhibit an averaged
windowed Fourier transform with a single spatial mode.’ These
disordered patterns have been observed in mussel beds,

“ Departamento de Fisica and Millennium Institute for Research in Optics, Facultad
de Ciencias Fisicas y Matemadticas, Universidad de Chile, Casilla 487-3, Santiago,
Chile. E-mail: martin.rubio.s@ug.uchile.cl

b Departamento de Quimica Orgdnica, Facultad de Ciencias Quimicas,

Universidad de Concepcion, Casilla 160-C, Concepcion, Chile

This journal is © The Royal Society of Chemistry 2026

cardiovascular calcification," phytomass,'* microemulsions,?
fish skin,"* fluid convection,'> Langmuir monolayers,'® mag-
netic fluids,"” chemical reactions,'® and chiral liquid crystals,"’
to mention a few. In chiral liquid crystals, labyrinthine textures
typically appear in planar cells under thermal or electric driving
near the winding/unwinding transition.'®>*

The characteristic wavelength of these textures is propor-
tional to the pitch, the helical rotation length associated with
the molecular chirality. Most previous studies have investigated
these phenomena in extended cells with uniform anchoring,
where confinement and curvature effects can be neglected.
However, when chiral liquid crystals are confined in droplets,
geometry imposes boundary constraints that modify the elastic
and chiral interactions.?® Recent experiments have shown that
temperature/driven winding/unwinding transitions in chiral
liquid crystal droplets can lead to triangular arrays of chiral
domains known as Abrikosov clusters.”®

However, the self-organization and modeling of disordered
patterns under confined conditions, such as droplets, remain
open problems.

In this work, we experimentally investigate the formation of
confined textures in thermally driven chiral liquid crystal
droplets. We characterize the discontinuous nature of the
winding/unwinding transition and show that confinement
and droplet geometry determine the morphology of the resulting
labyrinthine patterns. Theoretically describing the observed tex-
ture and dynamics using nematic hydrodynamics is a significant
challenge. Hence, we focused on the system near the winding/
unwinding transition. In this region, we can employ a simplified
description based on an amplitude equation with non-
homogeneous coefficients that account for the confinement
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imposed by the droplet geometry. Numerical simulations repro-
duce the experimental observations qualitatively, providing a
consistent framework for understanding confined labyrinthine
structures in chiral liquid crystal droplets.

Experimental setup

The experiments were conducted using chiral nematic liquid
crystals (CLCs), composed of a nematic liquid crystal E7
(Merck) host doped with the chiral molecule EOS-12 at
10 wt%.>* CLC droplets were prepared by depositing volumes
of CLC using a 0.2-2 1 micropipette onto untreated soda-lime
glass slides (EDLAB Cat. No. 7105). This procedure does not
allow for control of the size and shape of the droplets. Droplets
on the substrate anchor homeotropically; for small and large
droplets, we observe that on the surface with the air, they
anchor approximately homeotropically and orthogonally to
the surface. The liquid crystal mixture exhibits a nematic to
chiral isotropic transition at 62 °C and from isotropic liquid to
chiral nematic crystal at 61.5 °C.*’

Fig. 1a shows a schematic representation of the experi-
mental setup. The sample with chiral droplets is studied using
a polarized optical microscopy (POM; Leica DM2700P) inside a

ws i

Fig. 1 Experimental observations of labyrinthine patterns in chiral liquid
crystal droplets. (a) Schematic representation of the light path in the
polarized optical microscopy setup. White light from the source (WLS) is
linearly polarized by the polarizer (P). The polarized light interacts with a
droplet of chiral liquid crystal on a glass slide inside a thermal chamber
(TC). The transmitted light is collected by the objective (O). Then it passes
through the analyzer (A) crossed with respect to P, and is captured by the
metal—oxide-semiconductor (CMOS) camera. The light can pass through
a quarter-wave plate (QWP). The inset shows a schematic representation
of the liquid crystal droplet. (b) Comparison of optical textures under
different polarization conditions for a droplet with 10 wt% chiral dopant
concentration at 50 °C. The polarization configuration for each panel is
indicated by the symbols in the upper-left corners: crossed white arrows
denote observation between crossed polarizers (left panel), the orange
circular arrow signifies the insertion of a QWP (central panel), and white
arrows at 45° indicate polarizers oriented at a 45-degree angle to each
other (right panel). The labels [. and l4 represent the characteristic lengths
of the confined labyrinthine pattern and the total droplet, respectively.
The difference between these values illustrates the wetting region at the
droplet’'s periphery, where the thickness d(r) is too small to support the
winding/unwinding transition, keeping the liquid crystal in an unwound
homeotropic state.
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Fig. 2 Chiral pitch characterization as a function of temperature and
texture mapping of model egn (2) in the parameter space. (a) Experimental
measurement of the cholesteric pitch p using the Grandjean-Cano tech-
nique. The top panels show a schematic of the experimental setup and a
representative polarized optical microscopy snapshot of the disclination
lines. The bottom panel displays the temperature dependence of the pitch
p(T) for the E7 mixture doped with 10 wt% EOS-12; error bars correspond
to the standard error of the measurements. (b) Polarized field ¥ =
Re(A)iIm(A) obtained by numerical simulation of model eqn (2) in an
inhomogeneous parameter space. The horizontal and vertical axes repre-
sent lineal variations in the bifurcation parameter u and the chirality
parameter y, respectively, mapping the transition between different self-
organized textures supported by amplitude eqn (2). Simulation parameters:
f=1and o = 0.05.

thermal chamber (TC; Mod. LTS350E), which provided a tem-
perature control and adjustable heating and cooling rates, with
a precision of £0.005 °C min~'. White light from the micro-
scope source (WLS) was linearly polarized (P) before impinging
on the sample inside the thermal chamber. After interacting
with the sample, the transmitted light passed through the
objective (HC PL FLUOTAR 10x/0.30 POL) and then through
the analyzer (A), which was oriented orthogonally with respect
to the polarizer P. The resulting image was captured by a
complementary metal-oxide-semiconductor (CMOS) camera
(Thorlabs CS126CU) and stored on a computer. Optionally, a
quarter-wave plate (QWP) was inserted between the objective
and the analyzer to generate circularly polarized light, thereby
enabling visualization of the liquid crystal-air interface.

To establish a direct link between the material properties
and the model parameters, the bulk cholesteric pitch p of the
mixture was characterized as a function of temperature using
the Grandjean-Cano technique (see Fig. 2a). This method uses
a planoconvex lens with a radius of curvature R = 10.3 mm
(Thorlabs) to modulate the liquid crystal thickness, producing
characteristic disclination lines at thicknesses that are multi-
ples of half the rotation length of the chiral liquid crystal.

Experimental results

At sufficiently high temperatures (over 30 °C), a confined
labyrinthine pattern emerges within the droplets. Fig. 1b illus-
trates a confined labyrinthine pattern in a droplet with crossed
polarizers and the same image using an additional quarter-
wave plate. Observations were made over temperature ranges
from 19 °C to 57 °C where the chiral phase is developed. In this
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temperature range, at low temperatures, the liquid crystal pre-
sents in a winding configuration, with its molecules oriented
vertically on average. We have called this configuration the home-
otropic mesophase. As the temperature increases, the liquid
crystal can transition to an unwinding state, in which the director,
the average orientation of the molecules, begins to rotate about
the vertical axis, which corresponds to a chiral phase. This transi-
tion is commonly known as winding/unwinding instability,”® a
result of the elastic effects that depend on anchoring conditions
and thermal influences, determining the characteristic rotation
length of molecular orientation. The rotation length is called
pitch. The chiral phase is observed when the pitch approaches
the droplet thickness.” As shown in the bottom panel of Fig. 2a,
the pitch p of the E7 mixture with 10 wt% EOS-12 exhibits a
monotonic decrease as temperature increases, allowing the chiral
phase to extend into regions of smaller droplet thickness.
To study the dynamics of the phase transition in CLC droplets
and the emergence of disordered patterns, heating and cooling
cycles were performed over these temperature ranges with a
controlled ramp from 0.01 °C min ™" to 5 °C min ™. It is important
to note that temperature variations can affect both the optical
ttures.>> At room temperature (18 °C), the chiral liquid crystal
sample exists in its homeotropic mesophase. As we gradually heat
the sample, the chiral liquid crystal droplet undergoes a sudden
transition at 32.2 °C, marked by the emergence of a chiral finger
texture in the center of the droplet. As the temperature continues
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to rise, this texture begins to expand and eventually fills the entire
droplet. Indeed, given the inhomogeneity of the droplet’s thick-
ness, the pattern tends to develop first in the center, where the
thickness is most pronounced, and then expand as the
temperature-induced change in pitch occurs. This localization is
consistent with the variable-thickness profile resulting from the
wetting and spreading of the liquid crystal on the glass slide.
As shown in Fig. 1b, while the droplet extends to a total size Iy, the
labyrinthine pattern remains restricted to a central region with a
characteristic length .. In the outer region, the strong confine-
ment prevents the development of the helical phase, leaving the
material in an unwound state even when the center is fully
patterned. Even as the temperature increases further, remaining
above the winding/unwinding transition point to the chiral phase,
the texture of the chiral droplet does not undergo significant
changes. As the temperature gradually decreases, the chiral
texture within the chiral liquid crystal droplet remains stable until
it reaches 22.3 °C, at which point it abruptly disappears, leading to
the formation of a homeotropic mesophase. Hence, under crossed
polarizers, the droplets become completely black. This observa-
tion indicates that the winding/unwinding transition is subcritical
in nature, exhibiting a hysteresis of approximately 10 °C. Fig. 3
illustrates these two mesophases and their respective subcritical
transition.

Fig. 4 presents a series of snapshots that illustrate the
development of the labyrinthine pattern. From these images,
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Fig. 3 Bistability in chiral liquid crystal droplets. (a) Normalized intensity ///max, Where Imax is the maximum intensity, as a function of temperature from
experimental measurements of a droplet with 10 wt% chiral dopant concentration. (b) Normalized intensity J’J’\A\st as a function of the maximum value
Limax = Max(u(r)) control parameter from numerical simulations of the amplitude eqn (2). Simulation parameters: f =1, = 0.05, ug = —=6.7, yo = L1 s =
2130, y1 = 213, R = 22, a = 1and b = 1.2. The spatial dependence of the parameters is given by u(r) = o + 1 (1 — (F/R)/R? and (r) = 10 + 11 (1 — (r/R?)/R?,
with r = ((x/a)? + (y/b)?Y2. In both upper panels, red dots denote the forward ramp (increasing u and y in simulation, heating in experiment), blue circles
denote the reverse ramp (decreasing parameter or cooling), and the light blue shaded region indicates the bistability region. (c) Cross-sectional scheme
of a droplet indicating characteristic lengths (I, R). The upper and lower images display the chiral and homeotropic mesophases, respectively. (d) 3D
representation of the normalized droplet profile d(r). (e)—(h) Representative textures from experiment (left panels) and simulations (right panels, showing
the magnitude |A|) for different stages of the bistable transition. (e) Homeotropic mesophase. (f) Emergence of the first cholesteric finger upon heating
(or increasing time in simulations). (g) More developed and branched cholesteric fingers. (h) Final stage upon cooling (or decreasing time in simulations),
where a residual isolated point-Llike structure remains visible. The complete temporal dynamics of this bistable transition can be visualized in the SI (see
Video®!).
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we can see how the cholesteric fingers create a confined
labyrinthine structure. It is important to note that the choles-
teric fingers typically align either perpendicular or parallel to
the edges.

Theoretical description

Nematic and chiral liquid crystals are characterized by the fact
that the molecules locally have an orientation order but not a
positional one.>*?*

Thus, to account for these soft materials at fixed tempera-
ture, one introduces the director n(7,t), which represents the
average molecular orientation, where 7 and ¢ represent the
spatial coordinate and time.

For a chiral liquid crystal droplet with homeotropic anchor-
ing close to winding/unwinding transition, the director is

described by
cos(2-+0) sin[usin (%)
n= | sin(Z+0) sinfusin(5)] )
cosfon(5)

where a(x, y, t) and 0(x, y, t) are the polar and azimuthal angles
the director forms concerning the vertical direction of the
droplet. z represents the vertical coordinate. Let us consider
flattened droplets, in which d(r) = (1 — (r/R)*)(2V/nR*) denotes
the thickness of the liquid crystal droplet, where r is a radial
coordinate with origin in the droplet center, and V and R are the
volume and horizontal radius of the droplet.*® Fig. 3d illus-
trates the shape of the liquid crystal droplet by graphing d(r).
The dynamics of the director are characterized by the mini-
mization of the Frank-Oseen free energy.”>>®> Thermal effects
can be incorporated through the elastic constants, particularly

2

0

Fig. 4 Time evolution of a simulated chiral liquid crystal droplet obtained
from numerical simulation of model egn (2) compared with experiment.
The experimental droplet is composed of EOS-12 at 10 wt%. Rows
correspond to different time steps (t,, t5, tz). Columns represent different
calculated fields: the magnitude of the amplitude field A, the polarization
field ¥ = Re(A)lIm(A), and the phase field ¢ = arctan[Im(A)/Re(A)]l. The
rightmost column shows the corresponding experimental POM image for
direct comparison. Simulation parameters: uo = —5.5, yo = 1.2, u; = 3340,
y1=375 R=25anda=b=1
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by considering the variation in the pitch, which accounts for
chirality 7.>" For the liquid crystal we are studying, chirality is a
monotonic function of temperature.”” The physics of liquid
crystals confined in cells that impose controlled anchoring is
simpler than the physics of droplets, which also involves
complex effects such as surface tension, gravity, surface energy,
and roughness. All these effects determine the shape and
curvature of the droplet. To shed light on the observed confined
patterns, we will model the droplet near the winding/unwind-
ing transition, where the curvature is assumed to be large
(flattened shapes).

Close to the winding/unwinding transition, the marginal
state is the homeotropic one, n = (0, 0, 1). Taking into account
that the director is slightly deformed from the z-axis (¢ « 1),
giving rise to a chiral structure, the order parameter that
characterizes this transition is Ae”sin(nz/d),*® where the
two-dimensional complex amplitude is defined as A(x, y, t) =
a(x, y, )™ which accounts for the projection of the
director into the xy-plane. Employing the equation of the
director close to the winding/unwinding transition, using
expression (1) for small «, and through weakly nonlinear
analysis, the amplitude A satisfies the equation (dimensionless
chiral-anisotropic Ginzburg-Landau amplitude equation)*"*°

OA = u(NA + PAIA|> — AJA|* + 8,34 + 80,,A + (r)(A04 — A0,A)
(2)

where u(r) = 2(2C(r) — Kz,) is the bifurcation parameter that
characterizes the winding/unwinding transition, accounting for
both geometric confinement and elastic effects. In particular, it
reflects the competition between elastic distortions that favor a
uniform alignment of the director field and those that promote
its rotation. Here, C(r) = d(r)/p is the confinement parameter,
K3, = K3/K, and K;, = K;/K, are dimensionless parameters,
{Ky, K,, K3} are the splay, twist, and bend elastic constants.>*?

Although our mixture includes 10 wt% of the EOS-12
dopant, the elastic properties of the medium are fundamentally
determined by the nematic host, E7. The temperature dependence
of these constants for pure E7 has been characterized in ref. 30,
showing that while the absolute values of the elastic constants
decrease monotonically as temperature increases, the ratio K,;
remains remarkably constant over a wide thermal range, while K3,
exhibits a more pronounced decrease near the nematic-isotropic
transition. The coefficient f = —(3 + Ky, — 6Kz, + 6C(r))(2/5Q)"?
with Q = K3, — 0.53K;, — 2.1/K3, + 0.22K,,/K3, + 1.18 determines
the nature of the bifurcation; in our experimental mixture, § > 0,
indicating a subcritical transition. Namely, the system represents
a winding/unwinding transition with a hysteresis loop. 0 = (K, —
1)/2(K,, + 1) accounts for anisotropic coupling, arising from the

competition between the elastic constants. The parameter y(r) =

[3— 4K + Kiy + 3C(r)] / (V2T T Kn)(8/50)"* is the chiral
parameter, responsible for the breaking of mirror symmetry,
thereby favoring chiral spatial modulations. This parameter is
modulated by the confinement parameter and thus controlled by
temperature changes. 0, = 0, + i0, is a differential operator on the

This journal is © The Royal Society of Chemistry 2026
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complex plane, the Wirtinger derivative. A accounts for the
complex conjugate of A. A detailed derivation of the amplitude
eqn (2) from first principles is presented in ref. 21.

Note that p(r) and y(r) act as the primary control parameters
of the system, as both depend on the confinement ratio C = d(r)/
p. Since the pitch p decreases with temperature in our experi-
mental mixture, and the thickness d(r) varies across the droplet,
changes in temperature directly modify C and, consequently,
the local values of u(r) and y(r). In this way, these parameters
effectively couple temperature and geometry to the system
dynamics. To illustrate the robustness of this theoretical frame-
work, Fig. 2b shows a numerical texture map of the polarized
field ¥ in the (u,x) parameter space, identifying the transition
regions between homeotropic states and labyrinthine textures.

Although the nonlinear coefficient f# also depends on C, its
role is to determine the nature of the bifurcation and the
amplitude of the solution, rather than to control the onset or
qualitative structure of the patterns. The dependencies of the
coefficients of the remaining elastic constants primarily affect
quantitative characteristics, such as branch width, without
altering the underlying self-organization mechanism.

The amplitude eqn (2) shows a subcritical transition
between the homeotropic mesophase (A = 0) and the chiral
phase. Fig. 3 summarizes the type of transition observed
numerically as the bifurcation parameter increases (see video
in the SI*"). Fig. 4 illustrates the emergence of the confined
labyrinth based on model eqn (2) and shows a comparison with
experimental observations, highlighting a fair agreement
between them. To better understand the labyrinthine pattern
structure, we have studied the phase structure of the amplitude
A, observing a similar structure to that of the magnitude of A.
We have also studied the polarization field, which is identical

Fig. 5 Simulated and experimental patterns in chiral liquid crystal droplets
with different shapes. The upper and lower panels correspond to numer-
ical simulations and experimental observations, respectively. (a) Droplet
with elongated shape given by the parameters ug = —5.5, y0 = 1.2, iy =
3340, y1 = 375, R =25,a = 1and b = 1.5. (b) Small droplet with parameters
o = =55, y0 =12, iy = 1238, y3 = 135, R =15and a = b = 1. (c) Larger
droplet with a weakly elongated shape given by the parameters pg = —5.5,
70 =12, uy = 2764, y1 = 276, R = 24, a = 1 and b = 1.1. (d)-(f) Experimental
counterparts to (a)—(c), respectively, observed at 50 °C, 22 °C and 55 °C.
The chiral dopant concentration for the experimental samples (d)—(f) is
10 wt%.

This journal is © The Royal Society of Chemistry 2026
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to what is observed with crossed polarizers for nematic liquid
crystals; we observe similar textures (see Fig. 4).

The shape of a droplet on a substrate in air is determined by
the balance between surface tension, liquid-solid adhesion
energies, interfacial tension, gravity, and substrate properties.
Due to the interaction of the liquid crystals with the substrate,
we observed droplets with diverse morphologies. Fig. 5 illus-
trates different droplets with different morphologies that exhi-
bit labyrinthine patterns. We also performed numerical
simulations of the model eqn (2) with various geometries and
observed similar labyrinthine patterns.

Conclusions

In conclusion, our findings demonstrate that confined labyr-
inthine patterns in thermally induced chiral liquid crystal
droplets arise from a discontinuous winding/unwinding transi-
tion. As the temperature increases, chiral fingers appear and
invade the droplet center, generating stable confined labyr-
inthine patterns whose orientation depends on the boundary
geometry. Using an adequate Ginzburg-Landau theoretical
model, valid close to the winding/unwinding transition, we
can describe the average orientational dynamics of the mole-
cules, incorporating the effect of droplet size. Numerical simu-
lations based on this model demonstrate qualitative agreement
with the experimental results, validating the proposed theore-
tical approach and highlighting the role of confinement in the
self-organization of chiral structures. Note that the observed
phenomena are highly reproducible in their qualitative char-
acteristics. While the specific morphology of each droplet is
unique due to the roughness and inhomogeneities of the
substrate and the capillary effect, the fundamental self-
organization mechanism, specifically the emergence of the
labyrinthine pattern and the subcritical nature of the transi-
tion, is consistent across all experiments. Our results highlight
the fundamental role of confinement and geometry in the self-
organization of chiral media and establish a minimal theore-
tical framework for describing confined pattern formation in
soft matter systems.

The amplitude eqn (2) is a highly simplified theoretical
model compared to the usual descriptions based on three-
dimensional elasticity of the director. Together with the expres-
sion for the director, eqn (1), we can reconstruct the three-
dimensional structure of molecular orientation, which is not
accessible with simple experiments. Furthermore, this model
allows us to understand other phenomena, such as the emer-
gence and organization of spherolites and the transition
between different textures. Beyond providing insight into the
physics of chiral droplets, this study opens pathways for con-
trolling defect-mediated textures in microstructured optical
and responsive materials. Indeed, topological defects and
different textures are relevant elements in the generation of
light beams with topological properties.**

Systems that exhibit the coexistence of disordered patterns
and homogeneous states can present a family of localized
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labyrinthine patterns.*>** However, in our chiral liquid crystal
droplets, we did not observe this phenomenon, presumably due
to the slow variation in drop thickness.
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