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The fabrication of assembled structures of topological defects in liquid crystals (LCs) has attracted much

attention during the last decade, stemming from their potential applications in modern technologies,

including photonic devices, tunable optical elements, and soft actuators. A range of techniques can be

employed to create large areas of engineered defects in LCs, including mechanical shearing, chemical

surface treatment, external fields, or geometric confinement. 3D printing has recently emerged as a

powerful technique for fabricating novel patterning topographies, particularly enabling the confinement

of LCs in geometries with curved surfaces that are challenging to achieve with conventional microfabrica-

tion methods. In this work, we show the advantages of using 3D-printed curved surfaces and controlled

anchoring properties to confine LCs and engineer new structures of topological defects, whose structure

we elucidate by comparison with a novel application of Landau-de Gennes free energy minimization to

the smectic A-nematic phase transition. We also demonstrate the ability of these defects to act as a

scaffold for assembling gold (Au) nanoparticles (NPs) into reconfigurable 3D structures. We discuss the

characteristics of this templated self-assembly (TSA) approach and explain the relationship between NP

concentrations and defect structures, with insights gained from numerical modeling. This work paves the

way for a versatile platform for LC defect-templated assembly of functional nanomaterials, with potential

applications in energy technology, including next-generation solar cells, tunable metamaterials, and

energy-efficient optical devices.

Introduction

The field of nanotechnology has been rapidly growing in the
last decade. It has attracted enormous attention, particularly
after the discovery of new nanomaterials and the development
of diverse ways to manipulate them.1 The interest also stems
from the potential of nanomaterials in producing new appli-
cations useful in a wide range of emerging fields, such as
energy technology,2 bioengineering,3 sensing,4–6 and optics.7–9

For this reason, the scientific community has strived to
develop new techniques to fabricate and manipulate nano-
composites. One class of these techniques is the top-down

approach, which exploits the patterning of bulk materials to
organize nanosized structures.10 Examples include the tech-
niques of photolithography,11 soft lithography,12 scanning
lithography,13 nanocontact printing,14 laser machining,15 and
deposition.16 Another set of approaches are described as
bottom-up methods, in which hierarchical nanostructures are
assembled by building upon single atoms and molecules.17,18

When these two kinds of methods are combined, they give rise
to an innovative approach for nanofabrication, known as the
templated-self-assembly (TSA) technique,19 where the top-
down helps the bottom-up to create specific structures.20

In this work, we propose a novel mechanism of TSA, for
which we combine bottom-up self-assembly with top-down
patterned templates to create tunable structures of topological
defects in liquid crystals (LCs) capable of manipulating nano-
materials. LCs are ordered fluids that have long been of inter-
est because of their reconfigurable properties and their fast
response to external stimuli. These materials have also
attracted significant attention because of their defects that are
easy to engineer and efficient in guiding the assembly of†These authors contributed equally to this work.
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different classes of functional nanomaterials.21–29 The use of
LCs and their topological defects as a template for bottom-up
designs has also opened new avenues for the development of
new materials of both fundamental and technological interest.
Examples include the fabrication of microlens arrays,30,31 soft
lithography templates,32 and matrices for nanoparticle (NP)
assembly.33,34

Recent studies have highlighted the potential of hybrid LC-
based systems for advanced optoelectronic applications. The
dispersion of metallic NPs such as gold (Au) in nematic LCs has
been shown to influence electro-optical properties, lowering
threshold voltages and enhancing response times, which can be
useful in tunable display technologies and optical switching
devices.35–38 Furthermore, LC-based nanocomposites incorpor-
ating graphene derivatives and semiconductor nanomaterials
have demonstrated promising applications in energy-efficient
optical materials and sensing technologies.39,40 These advance-
ments emphasize the versatility of LCs in emerging fields and
motivate further exploration of their defect structures as func-
tional templates for material assembly.

Our investigation in this study centers on the utilization of
the smectic A (SmA) phase, a distinct class of LCs character-
ized by their lamellar architecture, comprising parallel layers
of rod-shaped molecules. This phase can exhibit distinctive
defect structures called focal conic domains (FCDs), where the
layers wrap around two defect curves, an ellipse, and a hyper-
bola, each passing through a focus of the other, that contain
singularities of layer curvature. These defects offer a valuable
foundation for the bottom-up construction of microdevices
and functional materials.41–45 However, their study remains in
the shadow of their more extensively researched LC counter-
parts despite the promising possibilities they present for nano-
technology applications. This reduced attention is because
smectics are quite complex to manipulate, and many factors
make it hard to fully understand them. Adding nanomaterials
makes things even more complicated, possibly changing how
smectics behave and affecting the stability of their defects.
Hence, our study delves into novel realms by integrating diverse
assembly techniques to unravel the complex relationship
between nanomaterials and topological defects in smectic LCs.

Several studies have demonstrated a significant correlation
between the spatial organization of FCDs and the topography
of confining surfaces. These endeavors have been dedicated to
refining methodologies for manipulating FCDs, encompassing
diverse techniques such as confinement within microchannels
or arrays of microposts.46–48 Another practical approach to
assembling FCDs into hierarchical structures is the use of
curved surfaces. This avenue enables dynamic manipulation
through the modulation of surface geometry’s curvature,
periodicity, and anchoring conditions.49–51

Curvature is a fundamental concept useful in many fields
as it imposes specific constraints that can impact molecular
self-assembly and the behavior of different types of nano-
materials, including the kinetics of lipid bilayers,52 the phase
behavior of 2D nanosystems,53 the properties of self-assembled
monolayers,54 the dynamics of Brownian colloids,55 the inter-

facial interactions of anisotropic particles,56 the structure of
layered materials,57,58 and the organization of topological
defects in LCs, both passive59 and active.60 However, achieving
precise control over curvature presents a difficult challenge,
particularly when employing classical microfabrication and
microfluidic techniques. Experimentally, realizing the desired
degree of control over curvature fields can be complex. In
many cases, the range of geometries that can be effectively
created is restricted to basic shapes like spheres or posts. This
inherent limitation underscores the need for innovative
approaches and cutting-edge technologies to expand the reper-
toire of achievable curved structures.

With the recent emergence of the 3D nanoprinting techno-
logy, it is now possible to create novel geometries with
complex shapes that were not achievable before.61 This tech-
nique opens the doors for new ways to confine LCs and engin-
eer their topological defects, as shown in our previous work
with simple 1D undulations.51 In this study, we focus on more
complex 3D printed curved surfaces with double undulations
(i.e. height oscillations in the X and Y directions) and demon-
strate their potential in orchestrating the assembly of FCDs
within SmA films, giving rise to entirely novel configurations.
Beyond this, we delve into the practical implications of these
defect structures by showcasing their role as scaffolds for the
precise arrangement of Au NPs. We also discuss the features of
this approach and its limitations by analyzing the effect of Au
NP concentration on the properties of the smectic film and the
organization of FCDs, shedding light on the nuanced interplay
between nanomaterials and the complex properties of LCs.

Experimental
3D printed double undulated surfaces

The double undulated geometries used to confine the LC
mixture are produced using the raster-scanning direct laser
writing (rDLW) system built on a standard resonant-scanning
two-photon microscope.61 This technique can print objects
with minimum feature sizes of about ∼4 × 1 × 1 µm in the X, Y,
and Z directions, respectively. The 3D printed surfaces have
undulations in both X and Y directions with a peak-to-peak
amplitude of A = 25 ± 2 µm and a wavelength of λ = 300 ±
2 µm. The double-undulated surfaces are initially printed with
an IP-Dip photoresist (from Nanoscribe, GmbH) and are then
transferred into a film of cross-linked polydimethylsiloxane
(PDMS from Sigma-Aldrich). The PDMS film is obtained by
mixing the elastomer and the curing agent at a ratio of 9 parts
to 1 (9 : 1). The mixture is then set under vacuum until almost
all the bubbles disappear from the solution. Thereafter, we
place the solution into the oven for about an hour at 80 °C
until the PDMS becomes solid.

LC cell preparation

The LC mixture studied in this work is obtained by mixing
80 wt% of 4′-octyl-4-cyanobiphenyl (8CB, purchased from
Kingston Chemicals Limited that displays a SmA phase at
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room temperature) with 20 wt% of 4-pentyl-4-cyanobiphenyl
(5CB, purchased from Kingston Chemicals Limited that dis-
plays a N phase at room temperature). This LC mixture dis-
plays both N and SmA phases with a N-isotropic (I) tran-
sition temperature at TNI = 39.3 ± 0.2 °C and a SmA–N tran-
sition temperature at TSN = 16.4 ± 0.4 °C. This mixture is
helpful for the preparation of samples at room temperature,
with and without NPs, because the N is less viscous than
the SmA. The 8CB/5CB mixture is then confined between
the PDMS film with the double-undulations and a coverslip
treated with polyvinyl alcohol (PVA from Sigma-Aldrich). The
thickness between the peaks of the undulations and the flat
coverslip is estimated to be around h ≈ 5 ± 2 µm. The
anchoring of the LC mixture is perpendicular in contact
with the PDMS and planar at the PVA-treated coverslip.
These anchoring conditions induce a “hybrid texture” in the
LC film responsible for the formation of defects in the N
and SmA phases.

Dispersion of gold (Au) nanoparticles (NPs) in the LC

Spherical Au NPs of diameter 20 nm stabilized with citrate
ligands in an aqueous solution (purchased from NNCrystal)
are dried under a slow airflow to eliminate water. The dry
NPs are then dispersed in an ethanol solution and added to
the 5CB/8CB mixture. The solvent was then evaporated
under a slow airflow at 60 °C overnight. Finally, the samples
were vacuum-dried at the same temperature for one hour to
eliminate any residual solvent. The samples were used
immediately after the dispersion of NPs to avoid the for-
mation of big aggregates. To validate the anchoring pro-
perties of the NPs, we employed a method involving the dis-
persion of a monolayer of these NPs onto the surfaces of
two glass slides. The monolayer of NPs acts as a coating
layer, similar to those typically used to control LC alignment
in conventional cells. Following this, we introduced the LC
mixture between the two glass slides and analyzed its texture
using polarizing microscopy during its transition into the
nematic phase. We specifically focused on the nematic phase
as a reference, as its textures are well-characterized for
different anchoring conditions, including planar, homeo-
tropic, and hybrid alignments. These examinations revealed
that the LC exhibited a planar anchoring at the surface of the
glass slides coated with NPs, confirming that the NP surfaces
impose a planar orientation on the LC molecules.

Characterization

To characterize the 3D shape of the PDMS films with undula-
tions and measure their peak-to-peak amplitude and wave-
length, we used the Zeta-20 benchtop optical profiler. The LC
mixture is studied under an upright optical polarizing micro-
scope (Leica DM6 M) in transmission mode equipped with a
temperature controller (Instec TS102-mK2000A) that has a pre-
cision ∼0.1 °C. This microscope is capable of collecting and
comparing data in different modes simultaneously (bright
field, polarized, and dark field). It is also equipped with an
automated XYZ stage useful for 3D imaging and measure-

ments. All images were recorded with a high-resolution digital
camera (Leica DMC 5400).

Theory and numerical methods
Multi-step Landau-de Gennes free energy minimization

The Landau-de Gennes (LdG) free energy utilizes a second-
order traceless and symmetric tensorial order parameter, Qij,
which contains information regarding the director ñ and the N
degree of order, S.62,63 The ijth element of the Q-tensor is

given by, in the uniaxial limit, Qij ¼ 3
2
S ninj � 1

3
δij

� �
. In the

absence of an external field, the LdG free energy has three
components: phase free energy, distortion free energy, and
surface free energy,

FLdG ¼
ð
dVðfphase þ fdistÞ þ

ð
dAfsurf : ð1Þ

In (1), the bulk free energy density components are:

f phase ¼ 1
2
AQijQji þ 1

3
BQijQjkQki þ 1

4
CðQijQjiÞ2; ð2Þ

and

fdist ¼ 1
2
L1

@Qij

@xk

@Qij

@xk
þ 1
2
L2

@Qij

@xj

@Qik

@xk
þ 1
2
L3Qij

@Qkl

@xi

@Qkl

@xj
: ð3Þ

In the uniaxial limit, the distortion free energy can be
written in terms of the Frank elastic constants:

f FOdist ¼
1
2
K1ð∇ � n̂Þ2 þ 1

2
K2ðn̂ � ð∇ � n̂ÞÞ2 þ 1

2
K3jn̂� ð∇ � n̂Þj2;

ð4Þ
where K1, K2 and K3 are the splay, twist and bend parameters,
respectively. In terms of the elastic parameters in eqn (3), L1 =
2(−K1 + 3K2 + K3)/27S0

2, L2 = 4(K1 − K2)/9S0
2, and L3 = 4(K3 − K1)/

27S0
3. We note that close to the SmA–N phase transition, the

twist and bend parameters diverge since these two distortions
are disallowed in the SmA phase.63

For the surface free energy contribution, we consider two
types of alignment: homeotropic (perpendicular) anchoring
and degenerate planar anchoring. For surfaces with homeotro-
pic anchoring, we employ a Rapini–Papoular surface free
energy density,64,65

f ?surf ¼
1
2
W0ðQij � Q0

ijÞ2; ð5Þ

where W0 gives the anchoring strength, and Q0
ij gives the pre-

ferred surface tensorial order parameter, Q0
ij ¼

3
2
S0 νiνj � 1

3
δij

� �
,

where ν̃ is the surface normal. For degenerate planar anchoring,
we follow the Fournier–Galatola formulation for the surface free
energy density,66

f ksurf ¼ W1 Q̃ij � Q̃?
ij

� �2
þW2 Q̃ijQ̃ji �

3
2
S0

� �2� �2

: ð6Þ
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In the Fournier–Galatola formulation, Q̃ij = Qij + 1
2S0δij, and

Q̃?
ij = PikQ̃klPlj, with projection operator Pij = δij − νiνj making

Q̃⊥ the projection of Q̃ onto the (local tangent) plane of the
substrate.

While the LdG framework models the N phase and does
not account for the presence of smectic layers, we perform
numerical modeling in the N phase close to SmA–N transition
as in previous works,67,68 utilizing smectic-like elasticity K2 >
K1 and the N director field normal to layer configurations of
nonzero-eccentricity FCDs.

In the first application of LdG free energy minimization, we
consider a configuration of four converging FCDs in the
smectic with eccentricity e = 0.5, following the eccentricity of
the FCDs observed in prior work,51 with the ellipses parame-
trizing the FCDs placed on the flat surface where we impose
degenerate planar anchoring. The point of convergence of the
hyperbolae of the FCDs corresponds to the same (x, y)-value as
the position of the trough of the double undulated surface,
i.e., where the LC thickness is minimum. Homeotropic
anchoring is imposed on the double undulated surface. To
obtain a complete picture of the director field in the entire LC,
we perform a N free energy minimization on the sites outside
the FCDs, constrained by the fixed director field inside the
FCDs.

Having obtained the N director field close to the SmA
phase in the entire LC, we perform a second free energy mini-
mization now for all the points in the LC to determine the
defect evolution going into the N phase. Since we have been
considering the N phase close to TSN, we use K2 = 2K1, reflect-
ing the divergence of the twist distortion parameter in the
SmA phase. Finally, to complete the defect evolution into the
N phase, we perform a third relaxation with equal elastic con-
stants to obtain a configuration deep in the N phase.

Numerical details

Simulations for defect evolution were performed in a 450 × 450
× 40 lattice, with lattice spacing equivalent to 4.5 nm through
a finite difference relaxation method.69 Material constants
used for the phase free energy in (1) were A = −0.172 ×
106 J m−3, B = −2.12 × 106 J m−3 and C = 1.73 × 106 J m−3,
which gives S0 ¼ �Bþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B2 � 24AC
p� �

=6C � 0:533. Defects are
marked where the N scalar order parameter S < 0.8S0. In the
three-constant distortion free energy, we use the elastic con-
stants for 8CB given in ref. 70, with K1 = 8 × 10−12 N, K3 = 8 ×
10−12 N and K2 = 2K1 for the first two relaxation steps. In the
third relaxation step, K1 = K2 = K3 = 8 × 10−12 N. For all the
relaxation steps, homeotropic anchoring was imposed on the
double undulated surface with anchoring strength W0 = 5 ×
10−3 J m−2, and degenerate planar anchoring on the flat
surface with anchoring strength W1 = 1.067 × 10−1 J m−3 and
W2 = 0. These values for anchoring are consistent with the
experimental ratio of anchoring extrapolation lengths to
system size, ξk/h = 10−2 and ξ⊥/h = 10−1, where h ∼ 10−5 m.
Simulations for NP assembly were performed in a 75 × 75 × 40
lattice with the same lattice spacing as the defect evolution
simulations. All material constants and surface anchoring con-

stants are consistent with the defect evolution simulations. For
elastic constants, we chose K2 = 2K1 for the near-smectic scen-
ario, and the anchoring strength on the surface of the NPs is
WNP = 2.4 × 10−4 J m−2, with the ratio of the anchoring extra-
polation length and NP radius ξNP/rNP ∼ 10, consistent with
the weak anchoring limit for the NP surface.

Results and discussion
Confinement of the LC mixture at 3D printed curved surfaces

We confine a 5CB/8CB mixture at a ratio of 20/80 by weight
percent (wt%), between a PDMS film that presents undulations
in both X and Y directions and a coverslip treated with PVA.
Fig. 1 shows the optical image obtained in transmission mode
and the 3D profile measured using an optical interference pro-
filometer of the PDMS film used to confine the mixture. The
PDMS film was replicated from a 3D printed master mold that
has undulations with peak-to-peak amplitudes of A = 25 ±
2 µm and a wavelength of λ = 300 ± 2 µm. The anchoring of the
5CB/8CB mixture is homeotropic (perpendicular) at the PDMS
surface and planar at the PVA-coated coverslip, resulting in a
hybrid alignment of the LC film. This behavior is consistent
with the known anchoring properties of individual 5CB and
8CB LCs in contact with these surfaces. Our experimental
observations confirm that the mixture exhibits the same
anchoring characteristics, maintaining homeotropic align-
ment at the PDMS interface and planar alignment at the PVA-
coated coverslip. This alignment is further validated by analyz-
ing the texture and defect structure of the mixture in the flat
regions of the sample, where the LC film is uniformly confined
in both the nematic and smectic phases. While the anchoring
and resulting textures may be more complex in the undulated
regions, this analysis provides a clear reference for the bound-
ary conditions governing LC alignment in our system.

Fig. 1 Characterization of the curved PDMS surface used to confine
the LC mixture. (a) Optical image of the PDMS film. (b) Interferogram of
the PDMS surface. (c) 3D reconstruction of the PDMS surface. Profile of
the surface in the X (d) and Y (e) directions. The double undulations have
peak-to-peak amplitudes of A = 25 ± 2 µm and a wavelength of λ = 300
± 2 µm.
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The 5CB/8CB system presents an isotropic phase at temp-
eratures above TNI = 39.3 ± 0.2 °C, a nematic (N) phase
between TNI and TSN = 16.4 ± 0.4 °C, a smectic A (SmA) phase
between TSN and TCS = 5.4 ± 0.2 °C, and a crystal phase below
TCS. Fig. 2 shows the bright field optical images obtained in
transmission mode of the mixture near the N–SmA phase
transition.

We used a mixture of 5CB and 8CB instead of pure 8CB
because the latter presents a strong viscosity at room tempera-
ture, which could be a disadvantage with Au NPs. We found
that adding a small amount of 5CB to the 8CB preserves the N
and SmA mesophases, but modifies their phase transition
temperatures, leading to a N phase at room temperature and a
SmA phase at lower ones.71 We also noticed that the phase
diagram of this system is very sensitive to the addition of 5CB.
We tested different ratios and found the optimal concentration
to be 20/80 wt%, because higher 5CB concentrations suppress
the SmA phase.

Characterization of the defect structure in the LC

We begin our characterization by analyzing the texture of the
LC mixture near the N–SmA phase transition and comparing
the patterns of LC defects at flat and double-undulated sur-
faces. The goal of this analysis is to understand the effects of
curvature and thermal history on the structure and assembly
of topological defects in the N and SmA phases. When cooling
the mixture from the isotropic to the N phase, we observe the
appearance of disclination lines that tend to shrink over time
if the LC is maintained in its N phase. The energetic cost of
these defect lines gives them an effective line tension,62 so the
LC tends to shrink and eliminate them over time in order to
minimize its free energy. However, some defects persist indefi-
nitely in the double undulated confinement, suggesting that
curvature is responsible for creating and stabilizing defects in
NLCs. Disclinations in the N phase typically span a few unit
cells of the surface undulation, with distinct endpoints appar-
ent under bright-field microscopy (Fig. 2c) and sometimes dis-

tinguishable in polarized optical microscopy as meetings of
two dark schlieren brushes (Fig. 4c), consistent with profiles of
2D defects with winding number ±1/2 where the disclinations
meet the planar surface.

Boojums, or surface point defects of ±1 winding, are also
seen in the N phase under polarized optical microscopy as
intersections of four schlieren brushes, as shown in Fig. 4c. In
some instances, the defect point itself was optically apparent
(Fig. S4); however, the complexity of the system made it chal-
lenging to obtain high-quality images of these defects. Even
though boojums and disclination endpoints likely all occur at
the flat surface, due to its degenerate planar anchoring, there
is a clear correlation between the horizontal positions of these
surface defects and the geometry of the homeotropic-anchor-
ing, double undulated surface, which we explore in detail
below. The interplay between curvature effects, thermal
history, and confinement geometry plays a critical role in
determining the stability and morphology of these defect
structures. While our images clearly demonstrate the presence
of ±1/2 endpoint defects in the N phase, the limited resolution
of standard microscopy techniques prevented us from confi-
dently distinguishing between +1/2 and −1/2 charges. More
advanced imaging techniques will be required to provide a
clearer and more direct visualization of these topological
defects, which will be the focus of future studies.

As the system is cooled toward the SmA phase, additional
disclinations emerge at well-defined locations, forming a peri-
odic pattern. Specifically, the density of disclinations increases
during the N–SmA phase transition, organizing into parallel
and perpendicular lines that intersect near the peaks of the
undulations, locations where the LC thickness is minimum.
This periodic arrangement is particularly evident in the image
captured in the smectic phase at 16.3°C (Fig. 2a). Additionally,
FCDs of different sizes emerge, forming hierarchical assem-
blies of larger and smaller defects around these disclinations.
This process is reversible: disclinations in the N phase re-
emerge at approximately the same locations after the system is

Fig. 2 Behavior of the LC mixture near the N–SmA phase transition. Optical images showing the textures of the LC mixture during cooling from the
N to the SmA phase (a) and during heating from the SmA to the N phase (b). The images illustrate the formation and arrangement of disclinations
and FCDs during the phase transition. In the smectic phase, the disclinations appear as straight lines oriented along the lattice directions of the sur-
face’s square lattice (diagonal to the image edges), and passing through the sites of minimum thickness in the liquid crystal, where they appear to
intersect. In contrast, the vertically and horizontally aligned lines visible in all figures, are artifacts from the 3D printing process. (c) A closer view of a
typical N-phase defect configuration, with red circles marking some examples of disclination endpoints.
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heated and cooled through many cycles, as shown in Fig. 2b,
exhibiting a form of geometric memory across the phase
transition.67

To better understand the formation of defects in the SmA
phase and the role of the 3D printed surface, we characterized
the structure of the defects as a function of the confining
surface profile. Fig. 3a shows a typical optical image of the
SmA confined at a double-undulated surface. From above,
each FCD appears as an ellipse of high eccentricity, dis-
tinguishing these defects as elliptic-hyperbolic FCDs as
opposed to the zero-eccentricity toric FCDs.63 Fig. 3b is the
corresponding 3D reconstruction of the smectic texture
obtained by scanning the sample along the z-axis. These
measurements indicate that the disclinations form a cross-
hatch grid of lines that appear to intersect near the coverslip,
above the crests in the double-undulated surface. We are
unable to determine the z-separation of the defects, which
means we cannot confirm if they are really intersecting or not.
The FCDs assemble in groups resembling petals of a flower,
centered at these disclination intersection sites. These results
confirm the correlation between the morphology of the confin-
ing surface and the assembly of defects.

Additionally, we measured the number of petals present in
the flower patterns and found that they all have between 4
and 6 petals, as shown in the histogram of Fig. 3d. However,

the majority of the flowers present 5 petals. We believe that
the variability in petal numbers is linked to the thickness of
the smectic film between the crest of the double undulation
and the coverslip’s surface, as FCDs’ size and number are
sensitive to this parameter. Since the thickness of our
samples varies slightly, which is challenging to regulate
experimentally, the number of petals may differ from one
region to another, as seen in Fig. 3a, from the bottom right to
the top left. These results suggest that further control over
FCD assembly structures may be obtainable by systematically
varying parameters that we do not investigate here, including
sample thickness and the amplitude and wavelength of the
double undulations.

In order to better understand the LC defect configurations
in the double-undulated confinement, and their transform-
ations at the SmA–N phase transition, we turn to Landau-de
Gennes (LdG) numerical modeling. Typically, LdG numerical
relaxation with random initial conditions models a quench
from the isotropic to the nematic phase (I–N).69 Here, to
model the SmA–N transition, we conduct a novel, multi-step
application of LdG free energy minimization, which accounts
for the initial FCD arrangement in the SmA phase and the
changing elasticity in the N phase close to TSN. The final
nematic defect configuration strongly depends on the initiali-
zation of the director field, and we explore this dependence in
more detail in the SI in Fig. S2 and S3.

As part of our model’s initial condition, we assume an
arrangement of four elliptic-hyperbolic FCDs in each unit cell
of the double-undulation (Fig. 4a). We model the four-petal
configuration because it is the most symmetric packing of
non-zero eccentricity FCDs observed in the experiment, as its
four-fold rotational symmetry matches that of the double-
undulated surface at the center of the flower. Configurations
of five or six petals would break this registry with the surface,
introducing many more degrees of freedom in the construc-
tion of the FCD configuration. Our goal in this work was not to
match the FCD configuration in experiments (which includes
many more FCDs, besides the petals of the flowers, than we
have the computational power to simulate) but to model a
small number of FCDs whose orientations relative to the
surface undulations are similar to those of the experiment, i.e.,
with hyperbolas oriented toward the flower centers. As the
main focus of our simulations is to model N-phase defect con-
figurations following the SmA–N transition, we leave for future
work the much more challenging task of accurately replicating
the experimentally observed FCD configurations.

With the N director field within the FCDs known analyti-
cally,63 we first relax the director field only outside of the
FCDs, and with twist elastic constant larger than the splay
elastic constant, k2uK2/K1 = 2, to approximate the smectic
configuration.72,73 Starting from this FCD director configur-
ation, we perform a second relaxation at k2 = 2 over the entire
domain to produce a modeled N configuration just above TSN.
Finally, a third relaxation with equal elastic constants evolves
the system into a metastable state deep inside the N phase.
This method extends the numerical approach developed in ref.

Fig. 3 Characterization of the defect structure of the SmA LC confined
at a 3D printed double undulated surface. (a) Optical image of the
smectic patterns showing the formation of parallel and perpendicular
defect lines that appear to intersect each other near the peaks of the
undulations. The image also shows the formations of flower patterns of
FCDs around the disclinations. The three highlighted boxes here indicate
the locations of the flower patterns used as insets in (d), showing
examples of smectic flowers with different numbers of petals. (b) 3D
reconstruction of the defect assembly in the SmA obtained by scanning
the sample along the Z axis. (c) Measure of the smectic flower center
positions. The dashed lines are virtual lines that indicate the structure of
disclinations connecting the positions of the flower centers. (d)
Histogram of the number of petals per smectic flower. Inset images
show examples of flowers with four, five, and six petals. The inset sketch
indicates the position of these flowers with respect to the double undu-
lated PDMS surface.
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67 and 73 for modeling the SmA–N transition with an initial
state of toric focal conic domains.

At the end of this multi-step energy minimization pro-
cedure, we find nematic configurations containing several dis-
clination lines, whose endpoints lie on the flat (degenerate
planar anchoring) surface, when we use k3uK3/K1 = 1. These
disclinations share some important features with the disclina-
tion lines observed in the nematic phase under bright-field
optical microscopy (Fig. 2): they may extend over only a small
portion of one unit cell of the surface undulation, or over a few
adjacent unit cells; they may exhibit sharp bends; and they are
arranged irregularly in any of a large number of possible meta-
stable configurations. An example of such a metastable array is
shown in Fig. 4d and e. This highly multistable scenario is in

stark contrast with the disclination configuration arising
under single-undulated confinement, as investigated experi-
mentally in51 and numerically in the SI (Fig. S1), where the
NLC exhibits a unique stable state with parallel, straight
disclinations.

The multistability in our system is a consequence of the
double-undulated surface geometry, and is observed both in
our multi-step SmA–N model and in the single-step I–N LdG
relaxation from random initial conditions (Fig. S2). However,
the disclination configurations predicted by the two LdG relax-
ation approaches are qualitatively different: Typical disclina-
tions are more curved in the single-step I–N model than in the
multi-step SmA–N model (Fig. S2), even though the final step
of the latter approach uses the same elastic constants as the

Fig. 4 Numerical modeling of defect evolution in double-undulated confinement at the SmA-to-N phase transition. (a) Schematic of the positions
of the FCDs used in the first application of the LdG free energy minimization. (b) Defects (green) arising after the first LdG relaxation, in which the
director is held fixed inside the FCDs. Black rods represent the director field on the flat surface with degenerate planar anchoring. (c) Polarized
optical microscopy image of a typical experimental configuration in the nematic phase, with some of the several disclination lines labeled.
Disclination endpoints (examples circled in yellow) appear as the intersection of two dark brushes, whereas point defects (circled in red) appear as
the intersection of four dark brushes in the schlieren texture. (d) A metastable configuration of disclination lines after final application of LdG free
energy minimization, modeling a state deep in the N phase. (e) Three zoomed-in views of three different subsets of defects boxed in (d). Grey ellipses
show the locations of the FCDs used in the first application of LdG free energy minimization. The flat surface is colored by the thickness of the LC
bulk. Defect endpoints intersecting the flat surface are encircled with blue (−1/2 winding) and red (+1/2 winding) circles. Point-like +1 defects are
visible in their split-core forms as a short disclination half-loops with winding number +1/2 at both endpoints.
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former. In the SI, we separately investigate the dependence of
the final disclination configuration on the initial elastic con-
stant ratios and on the initial director field, demonstrating
that both aspects of our multi-step method are important for
the results presented here.

Furthermore, the curvature of the double undulated surface
geometry influences the local structure of nearby defects.
Disclination line endpoints where the N director has −1/2
winding lie close to saddle points (median thickness) of the
double undulated surface, whereas those with +1/2 winding
mostly lie opposite the undulation troughs, where LC thick-
ness is minimum. This indicates a relationship between
surface defect “charge” at one interface and the Gaussian cur-
vature of the nearby opposite surface, extending a connection
between surface curvature and defect charge known previously
from in-surface74,75 and bulk76 behaviors. The relationship
between defect endpoint charge and local surface Gaussian
curvature shows an interesting history-dependence (SI Fig. S3),
with a pronounced clustering at strongly positive and strongly
negative curvatures under our multi-step SmA–N model, in
contrast with a broader range of curvature values under our I–
N model at the same final set of elastic constants. Although we
were unable to systematically quantify this correlation in our
experiments due to limitations in resolving defect charge, we
observe that defect endpoints frequently localize near the
crests and troughs of the undulated surface, suggesting a poss-
ible geometric influence consistent with our simulation
results.

Our modeling also sheds light on the boojums, showing
that their locations and types are strongly influenced by the
surface curvature and thermal history. Using the SmA–N
model with k3 = 1, in the final nematic state we observed +1
boojums on the flat surface. These defects appear as split-core
short disclination lines,77 such as the central defect in the
right-hand panel of Fig. 4e. Boojums arising under these con-
ditions in the SmA–N simulations are found to be of the diver-
ging positive type, +1D, equivalent to half of a radial hedgehog.
Under these conditions, our simulations do not produce the
other type of +1 boojum, the converging +1C type, nor the −1
boojum, in contrast to previous simulations of toric FCD pack-
ings at the SmA-to-N phase transition67 where all three types
were observed. The influence of the SmA history is revealed
when we repeat the simulation with a simple I–N quench from
random initial conditions, in place of our multi-step SmA–N
procedure, as we then obtain boojums of +1C type as well as
+1D, as shown in Fig. S2a.

To explore the thermal history dependence of our multi-
stable N-phase defect configurations, we next examine the
result of an I–N quench. While we see coexistence of boojums
and disclination lines as in the SmA–N transition, we find
experimentally that boojums arising after the I–N quench have
a more regular arrangement, appearing in a quasi-checker-
board pattern opposite the crests, troughs, and saddle points
of the double undulated surface (Fig. 5a). Under polarized
optical microscopy, these surface defects appear as the inter-
section of four dark brushes in the schlieren texture. The dis-

Fig. 5 Coexistence of disclination lines with a quasi-checkerboard of
surface point defects in the nematic phase. (a) Experimental polarized
optical microscopy image of array of ±1 defects in the nematic from an
isotropic quench indicated by the presence of the intersection of four
dark brushes in the schlieren structure located at the minimum,
maximum and median liquid crystal thickness. Disclination line end-
points of ±1/2 winding are also seen as the intersection of two dark
brushes in the schlieren texture (green), found at median liquid crystal
thickness. (b) Coexistence of disclination lines and ±1 surface boojums
as obtained from LdG free energy minimization simulating an isotropic-
nematic quench with k2 = K2/K1 = 3 and k3uK3/K1 = 4 with the defects
shown as green points and lines. ±1 defects appear as split-core short
disclination lines. (c) Simulated polarized image of the defect configur-
ation in (b), and a zoomed-in inset of a set defects shown in the schlie-
ren texture. Point-like defects appear as the intersection of four dark
brushes in the simulated schlieren structure, whereas ±1/2 defects
appear as the intersection of two dark brushes in the simulated struc-
ture. Also marked are regions of minimum (red), maximum (blue) and
median (yellow) liquid crystal thickness. (d) Zoomed-in view of a subset
of defects boxed in (b). Black rods show the director field on the flat
surface. Marked are centers of the split-core −1 defects (blue dots), and
+1 defects (pink and purple dots). The flat surface is colored by the LC
bulk thickness. (e) Director field cross sections showing the tilt direc-
tions of the boojums. Pink dots correspond to +1-diverging type
boojums and purple dots correspond to +1-converging type boojums.
Inset shows more closely the structure of the +1-converging defect
type, which is composed of a +1-diverging surface point defect together
with a disclination loop of hedgehog charge −1.
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clination lines coexisting with these boojums have endpoints
that similarly lie at the extrema of LC thickness.

In our numerical modeling, we find that we can reproduce
the quasi-checkerboard pattern of boojums when we set k2 = 3
and k3 = 4 in the nematic state, although it is unclear why such
high ratios are needed. Here, we find that the standard I–N
quench model provides a better match than our SmA–N pro-
cedure to the experimental I–N observations of Fig. 5a. As shown
in Fig. 5b and c, the I–N model produces a quasi-checkerboard
configuration of boojums, appearing as split-core short disclina-
tions, in coexistence with many disclination lines of length on
the order of the surface periodicity. In contrast, with our multi-
step SmA–N modeling approach, with the same elastic constants
used in the first and second steps, we find an absence of discli-
nation lines, and instead obtain a perfect checkerboard of
boojums with alternating ±1 winding (Fig. S2c), which we did
not observe experimentally. (The third step of the SmA–N pro-
cedure, with the elastic constants set equal, does not qualitat-
ively change the defect configuration.) The boojums of Fig. 5b
include +1C, +1D, and −1 boojums respectively located at
minimal, maximal, and median liquid crystal thickness (Fig. 5c
and d). The form of +1C boojums in simulations exhibits a sur-
prising compound structure, consisting of a short split-core dis-
clination line with +1/2 winding at each endpoint (equivalent to
a +1D boojum) accompanied by a disclination loop of hedgehog
charge −1 nearby in the liquid crystal bulk (Fig. 5e). In contrast,
+1D boojums consist only of the short, split-core disclination
structure, with no accompanying defect loop. The −1 boojums
appear as somewhat longer split-core disclination lines.

Wherever boojums appear, both in the I–N quasi-checker-
board of Fig. 5 and in the more disordered SmA–N configur-
ations of Fig. 4c and d, their locations are determined by the
geometry of the double-undulated surface. Specifically,
boojums strongly prefer to sit opposite Gaussian curvature
extrema of the same sign as the boojum’s winding number.
The director field in the flat surface around these boojums
consistently exhibits +1 winding at locations opposite the
crests and troughs of the undulated surface, where Gaussian
curvature is most strongly positive, and −1 winding at
locations opposite the saddle points of the undulated surface,
where Gaussian curvature is most strongly negative. This trend
agrees with the coupling of winding number sign to Gaussian
curvature that we observed in disclination line endpoints in
Fig. 4. Moreover, when +1D boojums are present, these are
always found under regions of maximum liquid crystal thick-
ness, whereas +1C boojums are found under regions of
minimum liquid crystal thickness. For −1 boojums split into
short disclination lines with endpoints of winding number
−1/2, the minimum of Gaussian curvature coincides with the
defect’s center, rather than either of its endpoints, where the
Gaussian curvature is slightly less negative.

Directed assembly of Au NPs via engineered defects in the
smectic LC

It is known that topological defects in LCs present strong trap-
ping sites for nanomaterials.21,22,29,33,34 In this section, we

explore the possibility of using defects assembled at curved
geometries as a scaffold to organize NPs into reconfigurable
ordered structures. We used Au NPs of nominal diameter
20 nm, stabilized with citrate ligands and dispersed in the LC
mixture at different concentrations. The presence of ligands at
the NP surfaces helps them to disperse uniformly in the LC
and prevents them from forming large aggregates. The ligands
also promote degenerate planar anchoring of the LC molecules
at the surfaces of the NPs. In this section, we focus on the
SmA phase because of its highly organized defects. Our motiv-
ation is to investigate whether NPs could conform to the struc-
ture of LC defects.

We examined various concentrations of Au NPs, ranging
from 0.02 wt% (∼0.00285 volume percent (vol%)) to 0.2 wt%
(∼0.0286 vol%). We first establish the behavior of our NPs in
uniformly confined SmA films with hybrid alignment, where
both interfaces are planar. The goal was to verify if NPs used
in this study could interact with self-assembled FCDs, as pre-
viously demonstrated with other types of NPs.28,41 Our find-
ings show that the NPs are attracted to the FCDs. This was con-
firmed by observing the sample near the N–SmA phase tran-
sition (Fig. S5). These results demonstrate the potential of
smectic defects in attracting the NPs and manipulating their
organization, suggesting a similar mechanism in undulated
cases.

Fig. 6 shows optical images of the samples prepared at
different NP concentrations: 0.02 wt% (∼0.00285 vol%),
0.04 wt% (∼0.00571 vol%), and 0.2 wt% (∼0.0286 vol%). Our
results indicate that the presence of a low concentration of

Fig. 6 Texture of the SmA as a function of Au NP concentration
obtained via bright-field microscopy. Defect structures of the SmA with
0.02 wt% (a), 0.04 wt% (b), and 0.2 wt% Au NPs (c). When the concen-
tration of NPs is high (c), the disclinations and FCDs disappear. This is
because the NPs migrate to the boundaries and change the anchoring
properties of the SmA from hybrid to planar. (d) Average distance
between defect intersections as a function of Au NP concentration. The
inset sketch and formula show how we measured the average distance
between defect intersections.
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NPs doesn’t affect the structure of disclinations and FCDs in
the smectic film, as shown in Fig. 6a. For Au NP concentration
of 0.02 wt%, the average distance between the defect lines,
obtained by averaging the distances dX and dY between the
defect intersections in both X and Y directions (see inset of
Fig. 6d), is d ≈ 305 ± 20 μm, compared to d ≈ 305 ± 6 μm for
samples without NPs. Since FCDs and disclinations can act as
strong trapping sites for NPs—a mechanism consistent with
our findings in flat samples—these observations suggest that
curvature-induced FCDs and disclinations may serve as
effective templates for guiding the assembly of NPs. However,
directly confirming NP accumulation within smectic defects
remains challenging due to the high defect density, which
results in NPs being distributed across multiple sites, making
their localization difficult to resolve. Additionally, limitations
in optical resolution and contrast further hinder the ability to
distinctly visualize NPs within the defect structures. To provide
more conclusive evidence, further measurements may be
necessary, such as scanning electron microscopy (SEM).
However, SEM is not compatible with our experimental system,
as the required vacuum environment and sample preparation
could disrupt the smectic phase and significantly alter the
defect structures. While alternative smectic materials with
better SEM compatibility could be explored, switching to a
different system may fundamentally change the study, poten-
tially altering both the defect configurations and NP
interactions.

When the concentration of NPs is increased to 0.04 wt%,
these defects continue to form ordered structures but with
some deformations in their arrangements, as shown in
Fig. 6b. The flower patterns of FCDs that form around the dis-
clinations become less defined with a larger number of petals.
The average distance between the disclination intersection
points decreases, and its standard deviation increases (d ≈ 296
± 23 μm). This result reveals that at certain concentrations, the
NPs can distort the regular defect structures of the smectic
obtained without or with low NP concentrations (see Fig. 6d).

When the concentration of NPs is higher than 0.2 wt%, the
texture of the smectic changes drastically, as shown in Fig. 6c.
The FCDs and disclinations disappear, and the effect of
surface curvature apparently vanishes. The smectic no longer
presents a hybrid-aligned texture, suggesting that the anchor-
ing conditions for the LC have changed at the boundaries.
This could be induced by the accumulation of a large number
of NPs at the surface of PDMS and coverslip due to the strong
elastic forces of the LC expelling the NPs from the bulk. The
presence of NPs at the boundaries could change the orien-
tation of smectic layers at the double undulated surface to
satisfy the surface anchoring of the NPs, which is degenerate
planar, rather than the homeotropic anchoring of the PDMS.
This result is similar to previous work with planar anchoring
fluorosilane functionalized silica (F-SiO2) NPs dispersed in
semi-fluorinated smectic LC.23 In that case, the NPs migrate to
the boundaries and form monolayers capable of changing the
alignment of smectic molecules. We believe that a similar
mechanism is responsible for the change in smectic alignment

in our system at high NP concentration. These results show
that the TSA approach we propose in this study to organize
NPs into reconfigurable 3D structures is inverted at high NP
concentration: Rather than SmA LC defects directing the
assembly of NPs, sufficiently concentrated NPs drastically alter
the assembly of the SmA LC layers.

To gain insight into the concentration dependence of NP
assembly in the SmA LC, we again employ LdG numerical free
energy relaxation with adaptations to approximate a SmA con-
figuration. NPs are introduced sequentially as small, spherical
inclusions in the smectic-like LC configuration, with each NP’s
location chosen to minimize the LC free energy, with all pre-
viously inserted NPs held fixed. In these simulations, we con-
sider NP concentrations ranging from 5 vol% to 17.5 vol%.
These values are higher than the actual experimental concen-
trations, which are typically below 0.03 vol%, but were chosen
to ensure that the NPs remain visible and resolvable within the
limited size and resolution of the simulated system. This
approach serves as a qualitative framework to conceptually
support the experimental observations, rather than providing a
direct quantitative comparison.

When planar anchoring is imposed on the NP surfaces, we
observe a sequence of NP assembly behavior: the NPs first dec-
orate the elliptical defect lines of the FCDs, then pack the flat
surface, then decorating the hyperbolic defect lines, and next
pack near the undulated surface, before finally filling the
remainder of the LC bulk. This sequence of assembly is illus-
trated in Fig. 7a. These results are consistent with our experi-
mental observations and support our hypothesis that, at low
concentrations, NPs preferentially decorate the assembled
defects. We also numerically investigate the effect of anchoring
imposed on the surface of the NPs in the SI (Fig. S6), where we
find that the ordered assembly of NPs is similarly observed in
the case of homeotropic anchoring and no anchoring is
imposed on the NP surface.

We can understand this assembly sequence based on the
elastic energy cost of NPs, whose degenerate planar surface
anchoring promotes bend distortions in the LC director field.
As defect lines are regions of high free energy density, the LC
free energy favors replacing portions of defect lines with NPs
or colloidal particles, essentially reducing the energetic cost of
these distortion sources by overlapping them.78 The preference
for NP assembly on the flat surface can be attributed to the
higher anchoring strength on the flat surface compared to the
undulated surface. The assembly of NPs on the flat surface
relieves the energy cost of deviating from the imposed anchor-
ing on the surface. Furthermore, the assembly of NPs at the
boundaries reduces the total boundary area (including NP sur-
faces) thereby decreasing both the surface energy density and
bulk elastic distortions.79,80

Examining the effect of NP concentration on the director
field, we performed an additional LdG free energy minimiz-
ation over the LC bulk, with NP locations held fixed at
different volume fractions in the assembly sequence of Fig. 7a.
At low NP concentration, the LC director near the double
undulated surface primarily follows that surface’s homeotropic
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anchoring condition. With increasing NP concentration,
however, more sites near the double undulated surface are
filled with NPs, resulting in an effective change in surface
anchoring to the planar anchoring of the NP surfaces (Fig. 7b).
This is further illustrated in Fig. 7c, where regions fully
covered in NPs correspond to having ∼90° deviation of the
director from the surface normal of the undulated surface, i.e.,
the effective anchoring in these regions is planar. In contrast,
regions of the undulated surface with smaller NP coverage
correspond to regions with a small deviation of the director
from the surface normal. These results support our hypothesis
that high NP concentrations cause the hybrid-aligned FCD
texture to be replaced with approximately vertical layers having
horizontal normal direction, similar to the bookshelf arrange-
ment of layers observed previously with F-SiO2 NPs in semi-
fluorinated SmA LC.23

Conclusion

In this work, we demonstrated the benefits of using 3D print-
ing to create curved confining geometries for a SmA LC
mixture in order to control its defects and manipulate NP
assembly. We demonstrate how this technique offers design
flexibility and scalability, enabling the development of LC
films with tailored properties. We also explain how 3D printing

provides a powerful tool for engineering defects in smectic
LCs. Additionally, we establish how these defects could be
used as a template to assemble Au NPs and discuss the fea-
tures of this approach.

Using LdG numerical modeling, we have gained insights
into the influences of surface curvature and thermal history on
the heterogeneous and highly multistable landscape of N-phase
defect configurations under our geometrically structured con-
finement. To do so, we have introduced a novel, multi-step
application of LdG free energy minimization to model the SmA–
N transition from an initial state containing focal conic
domains, together with the standard random initialization to
model an I–N quench. We found that multistability of defect
configurations is a consequence of the double-undulated
surface geometry, and the location of defects—both boojums
and disclination line endpoints—at the degenerate-planar
anchoring surface is governed by the Gaussian curvature of the
opposite, homeotropic-anchoring surface, a principle that holds
promise for control over defects in more general confinement
geometries. We showed that thermal history affects the N-phase
defect configuration in terms of both its disorder or regularity
and the types of point defects present. Furthermore, we used
these simulations to gain deeper insight into the hierarchical
assembly of NPs in the SmA phase, finding corroboration for a
proposed mechanism of surface anchoring transformations at
higher NP concentrations.

Fig. 7 NP assembly and effect of NPs on anchoring. (a) Sequential assembly of NPs with increasing concentration measured in %vol. Black lines
show the positions of the elliptical and hyperbolic defects in the FCDs of the SmA phase. (b) The distribution of the deviation of the director field
with respect to the undulated surface at different NP concentrations. (c) The director field close to the surfaces at 17.5%vol NP concentration. Gray
spheres are the NPs found close to the surfaces.
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The technique of TSA could be adapted to various classes of
functional nanomaterials useful in many technologies. For
instance, it can be employed to enhance the performance of
solar cells by incorporating quantum dots81 or nanowires82

into self-assembled FCDs. This may improve light absorption
and charge transport within solar cells, leading to enhanced
energy conversion efficiency. Another example is the fabrica-
tion of high-performance light-emitting devices.83 By integrat-
ing luminescent nanomaterials into smectics, FCDs can be
engineered to create ordered emission patterns. This control
over defect structures could enable the production of devices
with enhanced light extraction efficiency, color purity, and
improved viewing angles.

Additionally, defect assemblies in LCs offer opportunities for
biosensing applications.84 By functionalizing the surfaces of
nanomaterials with biomolecules or antibodies, FCDs can be
used to capture and detect specific analytes or biological targets.
The binding of these targets to the nanomaterials induces
changes in the defect structures, which can be optically detected,
enabling sensitive and label-free biosensing platforms. In each
of these applications, the ability to control and manipulate LC
defects provides a platform for the precise assembly and organiz-
ation of nanomaterials, resulting in improved device perform-
ance, enhanced functionalities, and tailored properties.
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