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% Check for updates The Bouligand structure, renowned for its helicoidal arrangement and

enhanced mechanical properties, has attracted significant research interest for
its ability to impart enhanced strength to intrinsically soft materials. Biomi-
metic approaches have centered on fibrous structures in bulk materials, but
translating this architecture into thin-film regime for miniaturized-wearable
devices with programmable functions remains challenging. Here, we direct the
self-assembly of cholesteric liquid crystals (CLCs) into hierarchical helical
structures using chemically patterned surfaces. Alternating surface anchoring
regions align uniform lying-down helices at the nanoscale, guiding a secondary
microscale helical structure exhibiting both left- and right-handed twists. This
mimetic Bouligand structure in CLCs enables optical modulation under
applied field and strain with enhanced mechanical response. Simulations
reveal the structural evolution from initial Bouligand configuration in LC layers
to alternating twist helices. This research provides a basis for designing and
manufacturing miniaturized or wearable devices with nanometer-scale preci-
sion in regulating electro-optical and mechanical properties.

Miniaturized devices have become one of the fastest-growing tech-
nology markets and are rapidly evolving in functionality, size, and

Nevertheless, the components’ inherent lack of flexibility, stretch-
ability, and processing capabilities significantly challenge applications

application scope, impacting every aspect of daily life, including
wearable healthcare devices, soft robotics, flexible displays, and
sensors'®, Scaling down to the micrometer level, integrating multiple
functions, and simultaneously enhancing performance with high effi-
ciency place stringent demands on material design and
manufacturing™®. More specifically, material characteristics such as
mechanical integrity, optical sensitivity, durability, and environmental
stability are essential to the overall performance of miniaturized
devices and remain significant challenges when scaling down to the
mesoscale. Traditional materials for miniaturized devices, including
metals, semiconductors, ceramics, and polymers, are well-known for
their excellent electrical properties and optical performance®®™,

in flexible devices, which explicitly require high adaptability and
stretchability. Innovative assembly techniques, such as hybrid material
integration, flexible printing methods, and strain-engineered struc-
tures, are employed'®™ to achieve mechanical enhancements without
sacrificing sensitivity, which could unlock great potential for expand-
ing miniaturized devices in diverse fields such as foldable displays,
wearable sensors, and artificial skins. Soft materials, such as polymers
and elastomers, offer excellent flexibility due to the elasticity of mac-
romolecules but exhibit weak mechanical properties due to their
intrinsic light elements and bond energy. Combining organic and
inorganic materials, such as integrating nanowires or nanoparticles
into a polymer base, offers mechanical robustness without sacrificing
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flexibility'. However, long-term stability is often compromised by
fracture and creep due to the large modulus mismatch between soft
and rigid materials”"%,

Addressing the mechanical limitations of soft materials without
relying on traditional inorganic materials can be achieved by turning to
nature, which has evolved over millions of years to provide solutions
based on efficient material microstructure design. In numerous bio-
logical materials, such as mantis shrimp dactyl clubs” and beetle
exoskeletons®®?”, the Bouligand microstructure, with its naturally
occurring periodic helical pattern, has demonstrated notable
mechanical properties'®?****, along with vivid colors, emerging as a
focal point for advanced material design. The hierarchical assembly of
lightweight yet ductile building blocks, such as fibers of collagen or
chitin, creates a material with significant damage tolerance and
strength, comparable even to tough brick-and-mortar materials* 2,
The structure is designed to achieve efficient stress transfer and
energy dissipation through the rotation and reorientation of nanofi-
bers under external load”. In addition, the higher-order arrangement
inherently limits crack propagation and contributes to enhanced
toughness. The distinct mechanical resilience of the Bouligand struc-
ture has inspired the creation of functional materials that replicate its
structural organization. Among these, cellulose nanocrystals (CNCs)
stand out as the most studied system, highly regarded for their ability
to self-assemble into chiral structures. Research has primarily focused
on CNC-based composites that can self-organize into Bouligand
structures, resulting in bulk materials with significant strength. Con-
ventional approaches typically emphasize the generation of large-area
uniform Bouligand structures®*~°, which cannot achieve the necessary
precision and consistency required for miniaturized design. Especially,
to advance biomimetic Bouligand structures into modern applica-
tions, strategies need to be developed to create high-precision, scal-
able and position-dependent structures. Most importantly, the
underlying physics principles driving the structure formation and the
structure-property relationship between the Bouligand structure and
impact resistance remain largely unknown or underexplored.

Considering the smaller length scale of liquid crystal (LC) mole-
cules, the helicoidal and heliconical organization found in chiral and
achiral LC phases provide a route for biomimicking the Bouligand
structure and unveiling structure-property relationships. In both
phases, molecules rotate around the helical axis; in the heliconical
structure, they rotate at an oblique angle, in contrast to the perpen-
dicular rotation in the helicoidal structure. A complete 360° rotation of
the director along the helical axis defines the pitch p of the chiral
materials. Crucially, while CNCs of ~200-300nm in length can
assemble chiral structures on the scale of a few hundred nanometers,
the much smaller LC molecules (-1-2 nm) can organize into helices
with even finer pitches, further enhancing the hierarchical nature of
these structures. The intrinsic responsive nature of LCs allows precise
control of nanoscale interactions, enabling the creation of highly
organized microscale features through the use of a substrate with
topographic features or chemical patterns. The technique, known as
directed self-assembly, exploits the natural tendencies of soft materi-
als to achieve self-organized, well-ordered morphologies that are
typically unavailable through conventional methods®**. We have
previously used chemically patterned surfaces to direct the self-
assembly of blue phase liquid crystals into single crystals with selective
lattice orientation®. Building upon this, in this work, we use chemically
patterned surfaces to direct the assembly of highly chiral nematic
liquid crystals into hierarchical helical structures. Recently, several
groups have explored the use of anchoring patterns to control the
formation of blue phases (BPs). For instance, Nakajima et al. applied
one-dimensional photoalignment patterning on the substrate to
induce a slanted BPII lattice. Liu et al. demonstrated that striped
photoaligned surfaces could stabilize monodomain BPs structures,
combining experimental studies with Landau-de Gennes (LdG)

simulations to guide BPs unit cell orientation®**. Similarly, Emersi¢
et al. employed chemically patterned substrates to direct BPs self-
assembly, with complementary LdG modeling to optimize the pattern
design’®. While these efforts focus on BPs systems characterized by
cubic lattices and double-twist cylinders, our work turns to the cho-
lesteric phase, which exhibits fundamentally different structural
motifs. In this work, the chemically patterned surface directs the self-
assembly of Bouligand-type helicoidal architectures, which evolve into
secondary microscale helical structures with alternating left- and right-
handed twist domains, rather than BPs disclination networks.

Inspired by the natural Bouligand structure, to address the
mechanical limitations of soft materials, the highly chiral cholesteric
phase of liquid crystals is confined as a thin film between the nanoscale
chemically patterned bottom substrate and a liquid crystalline poly-
mer brush-modified top substrate. We assemble a microscale helical
structure aligned perpendicular to the stripe length of the chemical
pattern and exhibiting periodic left- and right-handed twists. The
hierarchical nature of the morphology enables the integration of
mechanical reinforcement and photonic band gap modulation. Addi-
tionally, we manipulate the top substrate anchoring, the space of
confinement, and the chemical pattern dimension to control the per-
iodicity of the helical structure, the length of the helices, and the
number of hierarchical layers. We present a system capable of effi-
ciently and precisely controlling the location, nanoscale size, and
scalability of a hierarchical structure analogous in nature to the Bou-
ligand structure. Importantly, the tunable chemically patterned sur-
faces with dimension, geometry, and chemical contrast provide an
integrated platform to reveal the underlying physics principles driving
the structure formation and the structure-property relationship
between Bouligand structure and impact resistance, which remains
largely unknown or underexplored in science and technology. Simu-
lations based on the Landau-de Gennes Q-tensor model, designed to
replicate the Bouligand architecture by rotating stacked layers of LC
helices +45°, reveal three-dimensional periodic arrangements and
visualize disclination lines. These 3D director maps, combined with
confocal fluorescence microscopy, confirm the hierarchical structure
formation throughout the film thickness. Further, tensile testing of
films reveals anisotropic and reversible strain responses, while the
application of an electric field produces a reversible optical modula-
tion. Together, these results demonstrate a platform for creating
scalable, defect-engineered, tunable soft photonic structures. Our
work represents a class of chemical pattern-induced chiral organiza-
tion in cholesteric systems, offering a soft-matter analogue to
Bouligand-type biological architectures in the thin film regime. It
opens an avenue for designing chiral structural LC-based miniaturized
devices to overcome limitations of soft materials for programmable
optical/mechanical properties, and supports development of wearable
devices, artificial skin, and sensors.

Results

A highly chiral solution, capable of transitioning into blue phase liquid
crystals, was prepared by doping the nematic host MLC2142 with left-
handed chiral dopant S811 (36.32 wt%) (Fig. 1a). The solution exhibited
the following phase transitions: cholesteric phase to BPI at 41 °C; BPI to
BPIl at 42 °C, and BPII to isotropic at 44 °C. In the cholesteric phase, the
liquid crystal (LC) director is twisted along a single axis, while twists in
all directions form double twist cylinders (DTCs), which are the
building blocks of blue phase liquid crystals. The arrangement of DTCs
and disclination lines forms a 3D body-centered cubic structure,
defined as BPI, followed by a simple cubic structure in BPII. In previous
studies, to achieve a BPII single crystal, we relied on a chemical pattern
with periodic regions of planar and homeotropic anchoring®. Here,
chemical patterns were used to investigate the cholesteric phase of the
LC, which is usually neglected in high-chirality systems because the
chiral pitch is below the visible wavelength range and cannot be
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Fig. 1| Engineering the hierarchical helical morphology using directed self-
assembly. a Nematic liquid crystal (LC) host (MLC2142) and chiral dopant (S811)
for cholesteric phase material; chiral nematic LC and the half-pitch of the helix;
double-twist cylinder and unit cell structures of BPI (top) and BPII (bottom).

b Fabrication scheme for chemical patterns on a silicon substrate. ¢ Scanning
electron microscopy (SEM) images of a patterned silicon substrate; cholesteric
phase material confined between a PMMAZO-coated top glass (weak homeotropic
anchoring) and a chemically patterned substrate (alternating homeotropic and

planar anchoring) with a gap of 3.5 um via capillary action. d Reflection optical
microscopy images showing the thermal treatment of the cholesteric phase from
room temperature to prior to the BPI transition temperature for the chemically
patterned area. e Schematic of the Bouligand structure found in nature, along with
a scanning electron microscopy image of the Bouligand structure. Reproduced
from Weaver, J. C. et al., Science 336, (https://doi.org/10.1126/science.1218764),
AAAS”.

directly observed by optical microscopy. The fabrication process of
the chemically patterned area is illustrated in Fig. 1b. A clean silicon
substrate was uniformly coated with a 0.05wt% poly(6-(4-methoxy-
azobenzene-4’-oxy) hexyl methacrylate) (PMMAZO) brush to provide a
grafting density of 2.02 x 1072 chains/nm?*°,

Depending on the grafting density of the PMMAZO brush, the LC
molecular alignment with respect to the substrate can be controlled. A
high grafting density aligns molecules parallel to the surface, while a
low grafting density surfaces aligns them almost perpendicular to the
substrate. Intermediate grafting densities produce different tilt angles
for LC molecules. To create the nanopattern, a PMMA photoresist was
deposited on top of the brush and patterned using e-beam litho-
graphy. Subsequent exposure and development of the PMMA film
opened periodic trenches, exposing the PMMAZO brush (Fig. 1c).
Oxygen plasma was then employed to etch the brush, and after pho-
toresist removal, stripes of planar anchoring in a weak homeotropic
background were formed. The period of alternating planar-
homeotropic anchoring regions is defined as P, while the widths of
planar or homeotropic stripes are defined as Wp and Wy, respectively,
A 0.05wt% PMMAZO modified glass as the top surface was used to
assemble into a LC cell with a thickness of 3.5 um as shown in Fig. 1c
schematic. The solution was injected into the LC cell via capillary
action at isotropic temperature and cooled naturally. In the following
experiments, we also varied the PMMAZO grafting density on the top

surface, the chemical pattern dimensions, and cell thickness to study
the confined cholesteric phase structure.

Chemically patterned surfaces directed the hierarchical helix
formation

After confining the highly chiral cholesteric phase into an LC cell, the
morphological transition from room temperature to prior to the BPI
transition point is shown in Fig. 1d. Based on the helical twisting power
(HTP) and concentration of dopant, the intrinsic pitch of cholesteric
phase is calculated to be 290 nm. Such small helix pitch makes ran-
domly oriented cholesteric liquid crystals (CLCs) outside the pat-
terned field to show no obvious helical features, but only random
colors (Supplementary Fig. 1). In contrast, inside the chemical pattern
area, dominant lines aligned perpendicular to the stripe length are
observed and measured to be 7.8 um in width and cover the entire
patterned region. The assembled stripes reflect different colors with
increasing temperature. The helical twisting power of chiral dopant
S811 is sensitive to temperature, modulating the pitch of the choles-
teric phase by the change of thermal energy. The selective reflection of
light along the helix axis when the wavelength matches the pitch of
CLCisgiven as A =n. p cos, where n (refractive index) is the average of
ordinary and extraordinary indices and 8 is the angle between the light
propagation direction and the helix axis. Therefore, the changes in
temperature cause shifts in reflective color of the morphology.
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Fig. 2 | Evolution of the hierarchical helical morphology. a Polarized optical
microscopy images of the cholesteric phase after the phase transition from BPI to
room temperature. Scale bar: 10 pm. Simulations showing the evolution of the
helical structure from the cholesteric phase, assembled similarly to the Bouligand
architecture. b Top-down view of simulation results: Snapshots are taken at t = O (i),
2.5e-4 (ii), Se-3 (iii), and le-1 (iv). For stabilized morphology in iv, simulation
showing director field and disclination lines superimposed (v), and director field

alone (vi). c-e Cross-sectional views of the stabilized morphology showing dis-
clination lines and director orientation in a 3D cell across the c) x-y, d) y-z, and (e)
x-z planes. In simulations, the isosurface is shown using |QP?, which measures the
degree of orientation, and represents the disclination lines in the material. The
color scale measures the alignment of the orientation of the molecules with respect
to the z-axis, where value O (blue) corresponds to orthogonal alignment, and value 1
(red) parallel alignment.

However, it is important to note that outside the chemical patterned
area, this pitch shift does not influence the visible characteristics of the
as-assembled CLCs. Near the cholesteric-BPI transition, we observed
the lines transforming into a helical morphology that twisted peri-
odically to the left and right over the patterned area. The width of the
rope-like texture banded with left- and right-handed twist, is indicated
as periodic and is around 8.5 um. Whereas the pitch of the helical
morphology, defined as full 360° rotation (for both left- and right-
handed helices), is ~7.4 um (highlighted in Fig. 1d zoomed in image).
Such alternating twisted helix structure appears more obvious when a
half-wave retardation plate is used in the POM images (Supplementary
Fig. 2). Considering the intrinsic ~290 nm pitch structure in the cho-
lesteric phase and the 150 nm period of the chemical pattern, it is
notable that the nanoscale pattern stabilized the cholesteric phase
morphology into a microscale helix that exceeded its natural pitch
value. We refer to this microscale helix assembly from a nanoscale
pitch cholesteric phase, exhibiting both left-handed and right-handed
twists, as a hierarchical helical (HH) structure. This hierarchical helical
structure, formed on top of the chemical pattern, shows similarity to
the order observed in the Bouligand structure (Fig. 1e), which is usually
composed of layers of chitin or collagen fibers stacked in a highly

ordered, twisted arrangement. Each layer of fibers aligns parallel to the
plane and each layer rotates incrementally with respect to the adjacent
layer around a central axis. A full 360° rotation over several layers of
fibers generates a hierarchical, helicoidal pattern. While the periodicity
of the helicoidal ordering observed in natural systems varies from
nanoscale to macroscale, similar to the Bouligand architecture, the LC
molecules in our system organize into larger, ordered structures via
interaction at the nanoscale to create a microscale helical order.

Phase transition and temperature-dependent helix structure

Thermotropic LCs undergo phase transitions and characteristic
changes when thermal energy is applied, including pitch modulation
of the cholesteric phase. The morphological transition experienced by
the hierarchical helical structure of the Chol. phase in response to
temperature changes was monitored at a slower cooling rate of 0.1°C
per minute. First, the system was cooled from the isotropic phase to
BPI, and the morphological evolution after the BPI-Chol. phase tran-
sition was recorded as a series of POM images, shown in Fig. 2a. During
the cooling cycle, the phase transition temperature from BPI to cho-
lesteric phase was noted to be around 32.3 °C. At the molecular level,
this transition can be explained by LC molecules changing from being
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twisted along all directions in the blue phases to being twisted along a
single axis in the Chol. phase. Macroscopically, this change was
observed as dark and bright fringes, commonly referred to as uniform
lying-down helices (ULH)*. The dark stripes indicated that the LC
molecules were oriented perpendicular to the substrate, thus not
interacting with light, while the bright fringes appeared when the
molecules were tilted at an angle, reflecting light. The helical axis of the
ULH aligned along the length of the chemical pattern stripes, con-
sistent with previous studies demonstrating ULH director alignment
along the rubbing direction*-*2. The pitch of lying-down helices at this
point was measured to be around 3.7 pm. As the temperature dropped
to 31.3°C, a gradual twist along the bright fringes of the ULH was
detected, accompanied by a slight change in the reflective color from
cyan blue to yellow. The periodicity of the helices increased accord-
ingly to 5.1 pm. Further cooling shifted the reflective color to bright
pink, with the helix period measuring 5.8 pm at 31.0 °C. At 29.7 °C, the
lying-down helices transformed into a twisted, rope-like structure with
a period of 6.4 um, which remained stable down to room temperature.
The helical axis of this ribbon-like twisted structure was oriented
orthogonally to the helical axes of the ULH. The gradual increase in the
periodicity of the helix with decreasing temperature is plotted as a
function of temperature in Supplementary Fig. 3. The morphological
transition from ULH to the twisted, rope-like structure further sup-
ports this configuration as a hierarchical assembly.

To test the theory that a Bouligand-like organization of the cho-
lesteric structure in liquid crystal phase results in the formation of the
hierarchical helical structure observed we performed numerical
simulations. The Landau-de Gennes Q-tensor model was used, which
represents the average local orientation of the molecular director
using the eigenvectors of a second-order tensor. In the particular case
of neglecting the hydrodynamics effects in the model, it can be viewed
as a gradient flow of an energy functional, which includes an additional
term in the elastic energy to describe the effect of long range director
twisting present in high chiral systems using a twisting parameter, g,
that is inversely proportional to the helical pitch p =290 nm. With this
model, we approximate the dynamics of the liquid crystal material
when the hydrodynamic effects are negligible, as the system moves
from high to low energy by balancing elastic and thermotropic energy
contributions. In Fig. 2b, we show the dynamics of an opposite-twist
helical structure formation, subjected to chemically patterned
boundary conditions on the lower surface, and weak homeotropic
anchoring on the top. It should also be noted that we use periodic
boundary conditions in both the x and y directions, which in the y-
direction represents infinitely long helices, and in the x-direction
represents that the helices are flanked by another pair of two at each
side, which resembles the column arrays of alternating twist helices
observed in experiments, which is necessary to stabilize these
structures.

The initial conditions are two distinct layers of helices, which are
aligned in perpendicular directions to each other, so that they give the
appearance of a Bouligand-like twisting structure and are then mir-
rored across the y-axis (Supplementary Fig. 4). As the simulation
evolves, the initially stacked layers resembling a Bouligand-like twist
gradually smooth into a continuous arrangement of rope-like helices
with alternating handedness (Fig. 2b.i-iv). This structural transition is
first observed through the emergence of disclination lines at the
boundaries between domains, where the intrinsic cholesteric twist is
incompatible with the imposed surface alignment. These disclination
lines mark regions of high elastic distortion and indicate areas where
the director field cannot be smoothly accommodated. To visualize
these features, iso-surfaces of the scalar order parameter |Q|? are used,
which highlight the locations of reduced orientational order corre-
sponding to disclination lines. In subsequent visualizations, we overlay
the director field onto the stabilized structure to further clarify how
these disclination lines relate to the surrounding molecular orientation

(Fig. 2b.v). The corresponding director field of the fully developed
morphology is also shown in Fig. 2b.vi. Together, these simulations
capture the formation pathway of the hierarchical helical morphology
and its internal topological features under confinement. The color
scale indicates the alignment of the director with respect to the vertical
z-axis, and the alternating red-blue pattern on the helix shows that the
director is twisting around the helix.

To further elucidate the 3D organization of the morphology, we
present simulated director fields and disclination lines within con-
fined LC cells at different planes. In Fig. 2c, the XY plane visualization
shows periodic cholesteric helices aligned predominantly along the Y
direction, consistent with the surface patterning. However, the
orientation gradually shifts along the X-axis, leading to the formation
of repeating domains with phase-offset helices. This shift generates
lateral modulation in the director field, which mirrors the periodic
stripe textures seen in POM. In the YZ plane (Fig. 2d), the director
field exhibits strong long-range order along the Y direction,
extending throughout the cell thickness (Z-axis). However, the helical
orientation gradually shifts as one moves vertically through Z, indi-
cating a vertical modulation of the pitch axis. This reflects a con-
tinuous rotation of the helix with depth, consistent with layered twist
propagation and domain evolution. In the XZ plane (Fig. 2e), the
cholesteric helices are observed to reorient and curve along the X
direction, while showing alternating domains separated by regions of
homeotropic alignment. This spatial variation of the director with
depth illustrates how the helicoidal axis tilts and curves through the
cell, producing curved domains due to competing anchoring and
intrinsic twist. The observed periodicity and bending suggest oblique
modulation of the cholesteric structure along Z. The morphology is
best described as a three-dimensionally modulated helicoidal struc-
ture, composed of periodic, chiral domains organized across all
spatial directions. Planar stripe domains (XY) emerge from lateral
pitch shifts, continuous helicoidal layers form along the vertical (Y2)
axis, and oblique, rope-like helices appear in the XZ plane due to twist
frustration and confinement. Together, these features create a hier-
archical helix-within-helix arrangement characteristic of the
observed structure.

Interlayer rotation of microscale helices observed through
confocal microscopy

To investigate the cholesteric layer arrangement that leads to the
hierarchical structure, we performed confocal laser scanning micro-
scopy. A 6 um thin cholesteric liquid crystal film, doped with the
fluorescent dye Nile Red, was prepared and subsequently polymerized
to lock in the hierarchical helical (HH) morphology. The Nile Red
molecules align along the local director, allowing selective visualiza-
tion of orientation differences. After polymer stabilization, the sample
was examined with laser scanning confocal microscopy in transmis-
sion mode, which provided high-resolution optical sections in the XY,
YZ, and XZ planes. Since Nile Red fluoresces most strongly when its
dipole is perpendicular to the optical axis, intensity variations directly
reflect local director orientation. In the control sample without any
substrate patterning (Fig. 3a), the XY confocal slice reveals a dis-
ordered cholesteric morphology characterized by irregular but peri-
odic intensity modulations, indicative of local variations in helical axis
orientation. The XZ cross-section lacks discernible order, consistent
with random in-plane helix orientation and limited vertical coherence.
In contrast, the YZ slice exhibits periodic intensity bands aligned
orthogonal to the Y-direction and continuous along the Z-direction,
reflecting vertically aligned cholesteric layers with a uniform helical
pitch. From this regular spacing, the pitch is estimated to be
~456 +20.4 nm. The deviated pitch from the cholesteric solution can
be attributed to the limited axial resolution of confocal microscopy, as
well as the projection and possible overlap of multiple helicoidal layers
across the film thickness.
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Fig. 3 | Confocal fluorescence microscopy of cholesteric (CLC) and hierarchical
helical (HH) morphologies. Confocal XY images are shown with red crosshairs
indicating the positions of the extracted orthogonal slices. The YZ slice is displayed

to the right of each XY image, and the XZ slice is shown below. a Confocal slices of
polymerized CLC film showing uniform planar alignment. b Confocal slices of HH
morphology showing multilayered twisted structure.

In contrast, the XY confocal 3D profile image of the HH sample
displayed in Fig. 3b reveals a well-organized network of bright bands,
primarily aligned vertically but interspersed with diagonally oriented
domains. Consistent with optical and simulation results, these features
correspond to the hierarchical arrangement of helices, where
enhanced fluorescence arises from regions with favorable director
orientation relative to the excitation beam. To better resolve the 3D
structure, orthogonal slices (YZ and X2) were extracted along the red
crosshairs in the XY plane. In the YZ confocal slice, the bright bands
associated with regions of out of plane director orientation exhibit a
gradual vartical shift along Z as one moves across the Y-direction. This
angular deviation suggests that the pitch axis is not strictly vertical but
undergoes lateral curvature. Consistently, the simulated YZ slice in
Fig. 2d shows a comparable modulation in the director field, where the
apparent position of the cholesteric bands shifts vertically (along 2) as
one moves laterally across Y. This spatial variation observed in both
experiment and simulation confirms the presence of nonuniform,
laterally curved helicoidal domains indicative of hierarchical organi-
zation. In the XZ confocal slice extracted along the marked line in the
XY plane, periodic bright and dark bands appear diagonally, with the
brightest regions aligning with vertical stripes in the XY image. These
bands indicate helicoidal domains whose pitch axes lie primarily along
the X-direction but exhibit a pronounced curvature through the film
thickness (Z-direction), consistent with the simulated morphology
showing spatially modulated, oblique cholesteric alignment. The esti-
mated nanoscale pitch of 487 +18.5 nm from both XZ and YZ slices
confirms the preservation of intrinsic cholesteric periodicity even
within the HH morphology. This multiscale structuring likely arises
from the interplay between substrate-imposed boundary conditions
and intrinsic elastic anisotropy, which collectively drive curvature and
reorientation of local pitch axes. Together, the confocal microscopy
and simulation results converge to reveal a three-dimensionally
modulated helicoidal morphology characterized by twisted, laterally
shifting domains and disclination-guided hierarchical organization.

Polymer brush enables the stabilization of the hierarchical
helical morphology

The anchoring energy of the top substrate is critical in stabilizing such
metastable structures generated by the cholesteric phase on the che-
mically patterned region. Although the chemical pattern directs the
formation of ULH, the anchoring energy of the top substrate deter-
mines whether HH formation is feasible. In the case of strong home-
otropic and planar-anchored substrates, the alignment enforced on
the LC molecules is perpendicular and parallel to the substrate,

respectively. Therefore, in systems with strong anchoring energies, the
hierarchical helical structure does not form over the pattern area. The
POM images of both cases are shown in Supplementary Fig. 5a, b.
Changing the grafting density of the PMMAZO brush from low to high
tunes the orientation of LC molecules from perpendicular to planar.
While keeping the chemical pattern dimensions (Wp=150nm;
Wy =75nm) and film thickness (3.5 um) constant, the grafting density
of the top substrate was gradually increased from 1.72 x 1072 chains/
nm? (0.025 wt%) to 9.4 x 1072 chains/nm? (1.0 wt%). Figure 4 schemati-
cally illustrates how the grafting density of PMMAZO side-chain
mesogens modulates liquid crystal (LC) alignment at the substrate
interface. At low grafting density (left), the sparse mesogens adopt an
upright orientation due to limited steric hindrance, promoting
homeotropic LC alignment. As the grafting density increases (middle),
lateral crowding induces a tilt in the mesogen orientation, leading to
tilted LC alignment. At high grafting density (right), the dense meso-
gen packing favors nearly planar anchoring, aligning the LC molecules
parallel to the substrate. This progressive shift in alignment with
increasing density enables tunable surface anchoring behavior.
Thermal-treated POM images from room temperature to the phase
transition temperature for low, moderate, and high grafting density
conditions are displayed in Fig. 4b—d. At the lowest grafting density of
1.72 x 1072 chains/nm? (Fig. 4b), the period of the HH structure over the
pattern area was 13.38 um. As grafting density increased to 2.65 x 107
chains/nm? (Fig. 4c), the period decreased to 8.7 um. Further increas-
ing grafting density to 9.24 x 1072 chains/nm? (Fig. 4d) induced planar
alignment, resulting in a morphology with a period of 10.4 um, which is
higher than that of the moderate grafting density. The POM images for
the remaining grafting densities and the plot of the structure’s peri-
odicity as a function of grafting density are in Supplementary Fig. 6a, b.
Regardless of the grafting density, the HH structure was always stabi-
lized over the patterned region. Therefore, we determined that
PMMAZO brushes are essential for successfully guiding the assembly
of the hierarchical helical structure. The side-chain mesogen along the
brush backbone, with free rotation capability and adjustable tilted
angles, plays a key role in allowing LC molecules to align in various
configurations. This enables the molecules to successfully adapt to and
further assemble the uniform lying-down helices, regardless of the
thickness and grafting density.

Dimension of chemical pattern affects helix morphology

The contribution of the chemical pattern is crucial for aligning the
director of the helical axis and leading to the formation of a hier-
archical helical morphology at different dimensions. Since the pitch of
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Fig. 4 | Polymer brush stabilizes the hierarchical helical morphology.

a Schematic representation of LC alignment as a function of PMMAZO grafting
density. Increasing grafting density alters the orientation of the polymer brush at
the substrate-LC interface, leading to distinct alignment configurations of LC
molecules: homeotropic, tilted, and planar, respectively. POM images showing the

Moderate grafting density

¢ 0.15wt% PMMAZO d

High grafting density

morphology during heating cycles under different anchoring conditions set by the
top substrate. b 1.72 x 1072 chains/nm? (0.025 wt% PMMAZO). ¢ 2.65 x 107 chains/
nm? (0.15 wt% PMMAZO). d 9.24 x 1072 chains/nm? (1.0 wt% PMMAZO). The visible
area varies between images to highlight both local and large-scale morphological
features; all images are shown at the same magnification; Scale bar: 40 um.

the cholesteric phase is sensitive to the concentration of the chiral
dopant, the chemical pattern dimensions should be adjusted accord-
ingly. To understand the effect of pattern dimensions on the hier-
archical morphology, the period was fixed at 150 nm, and the widths of
planar and homeotropic anchoring regions were varied (Wp=100 nm;
Wy =50 nm, and vice versa). Other aspects of the sample, such as LC
cell thickness and top anchoring energy (0.05wt% PMMAZO), were
kept constant. The period of the morphology was measured to be
~14 £ 0.5um for both cases. Figure 5a shows optical images of the
morphology prior to the phase transition, along with plot of periodi-
city for each case. The period of the chemical pattern was gradually
increased while keeping the widths of homeotropic and planar regions
equal. The period of the assembled structure decreased to 13.6 um for
aperiod of 280 nm and to 13.3 um for a period of 300 nm, similar to the
chemical pattern with P of 150 nm and equal stripe widths. However,
further increasing the period to 450 nm significantly reduced the
structure’s period to 11.7 ym. To understand the morphological toler-
ance of the chemical pattern to HH structure at larger periods, Wp was
set to 75 nm, and the period was varied from 375 nm to 525 nm. For a
375 nm period, the morphology period was measured at 9.09 um, and
for 525 nm, it was 10.6 um. The sudden increase in periodicity of the HH

structure, especially on the surface of patterns with larger periods, was
caused by multiple deformation regions, resulting in distorted mor-
phology. These variations in pattern dimensions also influenced the
length of the hierarchical helical structure domains. Disruption in
molecular alignment creates a break in the continuous formation of
the HH morphology. Thus, we define the domain length as the length
over which the HH structure forms continuously. Figure 5b show the
use of a chemically patterned area of 440 um x 440 um with a period of
280 nm and Wp/Wy of 140 nm to direct the assembly of hierarchical
helical structure. The regions marked with white dashed boxes indi-
cate the domain length of the HH structure, as defined earlier. In this
case, the average domain length was around 150 um, which is smaller
than the 150 nm period and larger than the 300 nm period. The
domain length for each case was measured, averaged, and plotted
against the pattern dimension. However, further differences in cho-
lesteric phase pitch and pattern period substantially reduced the
length of the domains. Therefore, chemical pattern dimensions can be
used to further tune the pitch of stabilized hierarchical helical mor-
phology. Meanwhile, the formed hierarchical helical structure has a
certain range of adaptability to pattern dimensions, which is reflected
in changes of domain size.
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Fig. 5 | Chemical pattern dimensions impact the hierarchical helical mor-
phology. a Polarized optical micrographs of hierarchical helical morphologies
confined on chemical patterns of varying dimensions; Scale bar: 20 um. The plot
shows the periodicity of the morphology as a function of the chemical pattern
period. Inset: domain length of the hierarchical helical structures as a function of

pattern period. Data are presented as mean values + SEM, where SEM (standard
error of the mean) was calculated as the standard deviation divided by the square
root of n, with n=15. b hierarchical helical morphology confined on the chemical
pattern of an area 440 um x 440 um, highlighted domains of morphology; Scale
bar: 100 pm.

Cell thickness affects the volume of 3D helix structure

In addition to chiral dopant concentration and temperature, the pitch
of the cholesteric phase can also be modulated by the confinement
space. Figure 6a shows the POM images of the morphology as the
space between substrates is varied. The film thickness was gradually
increased from 100 nm to 12 um, while keeping other sample char-
acteristics, such as pattern dimension (P-Wp. 150-75nm) and
PMMAZO concentration (0.05wt%), constant. Without spacers, the
film thickness was around 94 +30 nm*, and the helix structure just
before the phase transition at 40 °C is shown in Fig. 6a. Optical
observations revealed that the structure is similar to the one shown in
Fig. 2 at 32.3°C, confirming that both confinement and temperature
can have a similar effects on morphology. The average periodicity of
the helix at this point was smallest, measured at 5.86 um. Increasing the
confinement depth to 1.5um resulted in a hierarchical helix with a
periodicity of 11.00 um. For a thickness of 3.5um, using the same
conditions applied to Fig. 1d, the periodicity of helix was measured at
12 um. Further increasing the confined thickness to 6 um, resulted in a
period of 15.15um, and a 12 yum thickness produced the largest mor-
phological period of 20.54 um. The periodicity of the hierarchical helix
at each film thickness is plotted in Supplementary Fig. 7. This incre-
ment in the period due to thickness variation was found to be insen-
sitive to smaller fluctuations in film thickness. A significant shift in
periodicity was only observed when the thickness was raised from
100 nm to 1.5 um. It is also important to note the morphological sen-
sitivity to disruptions in the chemical pattern or the polymer brush. For
cell thicknesses of 6 um and above, numerous regions of structural
distortion were observed, along with failure to generate helical mor-
phology over large domain sizes. The PMMAZO brush has demon-
strated the ability to control the LC molecular orientation over several
micrometers**. The anchoring energies from both the top and bottom
substrates facilitate the formation of hierarchical helical structure of
more than tens of micrometers. As cell thickness increases, the formed
helix becomes larger in size to adapt to the wider space. However, the
favorable anchoring condition from the chemical pattern on the bot-
tom substrate and the PMMAZO-anchored top substrate weakens,
disrupting the favorable environment. This weakened interaction leads
to defects and distortions in the stable morphology.

Using simulations, we compare the helical structure confined in
domains of 100 nm and 200 nm height (Supplementary Fig. 8) to
examine the effect of domain height on the size of the helical struc-
tures. According to the total free energy plot (Fig. 6b), computed as
the integral of the sum of elastic and thermotropic energy contribu-
tions, the energy curve flattens over time. This flattening indicates that
the system is approaching a stable or metastable state at the point of
helical structure formation. The resulting director field for both con-
finement heights is shown in Fig. 6c¢ (left). Here, we plot the average
director vectors at each node in the spatial mesh. Colors represent
their alignment with the z-axis, effectively visualizing the long-range
orientational twist. The 3D cells (Fig. 6¢ right) illustrate the director
field across YZ plane imposed on the disclination lines formed in each
domain. We observe that the taller domain (200 nm) results in a larger
helical structure, while the shorter domain (100 nm) produces a more
compact helix with a smaller period. This suggests that the height of
the domain or the size of 3D space directly influences the helical per-
iodicity, with reduced confinement leading to an increase in the helical
structure size.

Nano-mechanics of LC thin film with hierarchical helix structure
Until now, most research on the cholesteric phase of liquid crystals has
focused on optical properties®™, including studies on pitch
attenuation*s, twisting sense inversion*’, or film coupling of both
handed structures®. Additionally, some studies have employed cho-
lesteric films as optical sensors®, since stress modulation can alter the
pitch of the Chol. phase™%, thereby tuning the reflective color of the
film according to the stress level. In this study, we go beyond the
modulation of reflected colors induced by pitch attenuation through
various methods. Given the hierarchical nature of the morphology
assembled on the patterned region and its similarity to the Bouligand
structure, it’s necessary to explore other properties conferred by this
structure. Therefore, a soft template containing a hierarchical helix
structure was fabricated using the solution of compounds listed in
Supplementary Fig. 9. The chemical pattern dimensions were adjusted
to match the pitch of the cholesteric phase as follows: P=170 nm; Wp &
Wy =85 nm*. At the transition point between the Chol. phase and BPI,
when the HH structure is most prominent, UV irradiation was
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100 nm

Fig. 6 | Hierarchical helical morphology confined in different film thickness.
a Cholesteric phase confined in films with thicknesses of 100 nm, 1.5 um, 6 um, and
12 um. Scale bar: 20 um. b Energy vs. time plot for simulated helical structure in
different domain heights. ¢ Simulated helical structures confined within domain
heights of 100 nm and 200 nm, shown as top-down views (left) and corresponding
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3D cells (right) illustrating disclination lines and director field distribution across
the YZ plane. Here we represent the orientation of the molecules as segments which
are colored according to their alignment with respect to the z-axis, where value 0
(blue) represents orthogonal alignment and value 1 (red) parallel alignment.

employed to polymerize the structure. To investigate the structure-
property relationship, both PeakForce quantitative nano mechanics
(QNM) and nano-dynamic mechanical analysis (nDMA) of the structure
were performed using a Bruker AFM. PeakForce tapping technology
can be used to map the modulus with nanometer-scale resolution in
topography. Furthermore, in nDMA, as shown in Fig. 7a, the AFM probe
indents the surface of the sample while it is oscillated at various
frequencies™. The response of the material is then measured in terms
of both amplitude and phase shift of the oscillation. The response is
calibrated using a reference sapphire sample to calculate the dynamic
mechanical properties of the sample, including storage modulus, loss
modulus, and loss tangent. These properties are essential for under-
standing viscoelastic behavior which reflects the ability of a material to
dissipate energy or recover after deformation.

The optical and AFM height sensor images of the randomly
oriented Chol. phase outside the pattern area and the pattern-directed
hierarchical helical structure are shown in Fig. 7b—d respectively. The
DMT modulus of both structures in Fig. 7e demonstrates that both are
stiff materials, with the highest Young’s modulus measured at 8 GPa,
showing relatively no major difference between them. The calculated

and averaged dynamic mechanical properties of samples are plotted as
function of frequency applied and shown in Fig. 7f-h. The stabilized
morphology is labeled as the HH structure, and the randomly oriented
structure outside the pattern is labeled as CLCs. Dynamic mechanical
properties were tested at five different locations, both within and
outside the patterned region, across varying frequencies. The results
for each individual test are provided in the Supplementary Fig. 10, 11.
The storage modulus E’ data, a measure of the structure’s ability to
store elastic energy, shows a linear increase in E’ with increasing fre-
quency for both morphologies (Fig. 7f). However, the hierarchical 3D
structure exhibited around 25% increase in storage modulus compared
to the randomly oriented CLCs, likely due to its unidirectional mor-
phology and 3D structure enhancing elasticity. In contrast, the loss
modulus E’, which indicates the ability to dissipate stress via heat,
showed a 5% difference between the two structures at lower fre-
quencies (Fig. 7g). Only at higher frequencies did the HH morphology
demonstrate a 20% increment. Whereas the loss tangent value, which is
less than one, denotes the ability of both structures to behave elasti-
cally and store more energy than they dissipate. The response from
both the HH and CLCs first increased with increasing frequency and
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Fig. 7 | Nano-mechanics of soft-templated hierarchical helical morphology.

a Schematic of the atomic force microscopy (AFM) setup used for nanoscale
dynamic mechanical analysis (nDMA). Polarized optical microscopy images of the
(b) soft-templated randomly oriented cholesteric phase CLCs and (c) hierarchical
helical morphology (HH). d AFM height sensor images of the CLCs and hierarchical
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helical structure (HH). e Static Modulus of the film for CLCs and HH structure
calculated using the DMT method. f-h Mechanical properties of CLCs and HH
structure calculated from nDMA examination. f Storage modulus, g loss modulus,
h loss tangent. Data are presented as mean + SEM, n =5 independent
measurements.

then diminished at higher frequencies (Fig. 7h). Additionally, the
higher recovery and dissipation in CLCs compared to the HH mor-
phology can be attributed to the different CLC alignments, which act
as disclination lines that effectively dissipate impact forces.

Uniaxial deformation of the polymerized hierarchical helical
structure

To assess the mechanical robustness of the hierarchical structure,
6 um thin free-standing films were subjected to uniaxial stretching.
To assist the tensile testing of such freestanding membranes
and to adapt the samples to a manual tensile machine mounted
under an optical microscopy, they were embedded in a flexible poly-
dimethylsiloxane PDMS enclosure to provide mechanical support and

ensure effective stress transfer during testing. PDMS is widely used as a
supporting matrix in mechanical deformation studies due to its ability
to preserve film integrity and enable reproducible strain application. In
this system, the morphology was confined within chemically patterned
regions of varying widths (100 yum, 120 um, 140 um, and 160 um) and a
fixed length of 440 um. Strain along the helical axis was calculated as a
percentage using the relation:

L—1°

o M

&=

where Ly is the initial width of the patterned region and L is the width
after stretching in the x direction.
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Fig. 8 | Elastic reversible deformation of hierarchical helical morphology under
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Initially, under transmission mode optical microscopy, the rope
like morphology exhibited well defined birefringent domains corre-
sponding to oppositely twisted helices. The sample was stretched
uniaxially along the X-direction from 1 mm to 4 mm using a manual
tensile machine shown in Supplementary Fig. 12. Representative POM
images for the 100 um wide pattern are shown in Fig. 8a, with addi-
tional data for 120 to 160 um wide regions provided in Supplementary
Fig. 13. To quantify mechanical deformation, the width of each pat-
terned region was measured at every stretch increment. Correspond-
ing strain percentages, presented in Fig. 8b, indicate a uniform
mechanical response for 100 to 140 um patterns, with strain increasing
from ~9% at 1 mm to around 32% at 4 mm. In contrast, the 160 um wide
pattern exhibited a nonlinear response, reaching a strain of 28.5% at
3mm and peaking at 36% at 4 mm stretch. Figure 8c presents the
normalized periodicity of the hierarchical morphology as a function of
strain percentage. All patterns exhibited a monotonic decrease in
periodicity for increasing strain %, confirming compression of the

cholesteric pitch under uniaxial strain. For instance, the 100 um pat-
tern showed a drop in periodicity from 29.5 um to 26.9 um, while the
160 um pattern decreased from 33.1 um to 29.6 um. Narrower patterns
(100 and 120 um) exhibited a steeper decline compared to wider ones,
suggesting enhanced pitch compressibility or greater mechanical
constraint in narrower regions. These structural changes were
accompanied by distinct color shifts from magenta to yellow and
green to blue, indicating a nanoscale modulation of the cholesteric
pitch, consistent with a blue shift in reflected wavelengths under strain.
This behavior aligns with prior reports where elastic deformation
induces optical tunability via pitch compression®**. Beyond 4 mm
stretch, the film fractured mechanically, though the hierarchical helical
morphology remained intact. Upon release, the morphology recov-
ered its original color and periodicity, demonstrating reversible
deformation. The morphology was also examined under uniaxial
stretching along the y-direction using optical microscopy, as shown in
Supplementary Fig. 14. At a 3mm stretch, the patterned region
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extended to 526.89 um, corresponding to a calculated strain of 18.96%.
The resulting optical changes were noticeably less vibrant compared
to stretching along the x-direction, suggesting anisotropic optical
response. To further evaluate strain response, a 12 um thick film was
tested under uniaxial tensile loading along both x- and y-directions.
The optical images and corresponding analytical data are presented in
Supplementary Figs. 15, 16. Consistent with the 6 um film, stretching
along the x-direction in the 12 um sample also induced a clear blue
shift, and the original dimensions and vivid birefringent texture were
recovered upon strain release, confirming reversible deformation
(Supplementary Fig. 15). In contrast, for y-direction stretching, the
12 um film withstood strain up to 22.38% before mechanical failure
(Supplementary Fig. 16). These results demonstrate that the hier-
archical helical structure exhibits reversible deformation and tunable
optical response under uniaxial strain, with enhanced pitch compres-
sibility in narrower patterns. The films show clear anisotropic behavior,
with greater optical modulation and mechanical robustness along the
x-direction compared to the y-direction.

Evaluating electro optic sensitivity of the polymerized hier-
archical helical structure

The electro optic response of the hierarchical helical morphology was
evaluated by applying a constant direct current voltage across a
sandwiched LC cell. A 3.5 um thick LC cell containing pure cholesteric
solution without reactive monomers was used to study the electric
field response of the hierarchical helix. A constant DC voltage of 5V
was applied and held steady while the optical response of the sample
was recorded over time, as shown in Fig. 9a. Initially, the patterned
region did not exhibit any hierarchical morphology. Around 30 s after
the application of voltage, the morphology began to emerge across the
patterned area, and by 55s, it was fully developed. Between 40 and
130's, a progressive color shift was observed, indicating a blue shift in
reflected wavelength consistent with pitch compression under the
applied electric field. At ~140 s, the morphology underwent a phase
transition into the blue phase. The overall evolution closely mirrors the
thermally induced response of the same structure. A movie of the full
optical evolution under applied voltage is provided in the Supple-
mentary Movie 1. Upon removal of the electric field, the morphology
transitioned back into the cholesteric phase. Within a few seconds, the
hierarchical morphology reappeared across the patterned area. A
reverse color shift was observed, progressing from yellow to magenta
and eventually dark, indicating a red shift associated with pitch
relaxation. At 11 s, the morphology appeared prominently in magenta,
followed by a gradual loss of contrast. By 50s, the patterned region
appeared blank, with no visible traces of the hierarchical helices,
suggesting full relaxation and unwinding of the structure. Subse-
quently, a partially polymerized film was tested under electric field to
evaluate its retained electro-optic functionality. In this case, a higher
DC voltage of 9.1V was required to induce a response. Similar to the
pure cholesteric solution, the morphology exhibited a clear blue shift,
with the color gradually transitioning from green to dark blue as shown
in Fig. 9b. The optical response progressed uniformly across the pat-
terned area, indicating effective field penetration and consistent pitch
modulation throughout the morphology. Notably, the stripe-like
hierarchical features remained intact during the color change, con-
firming structural stability under the applied field.

Discussion

By tuning the chemically patterned substrate to match the pitch of the
cholesteric phase, a metastable microstructure exhibiting both left-
and right-handed twists is stabilized. These results highlight the intri-
cate interplay between the periodic anchoring provided by the che-
mical pattern and the chiral nanoscale organization of the cholesteric
liquid crystal. Notably, the rope-like texture observed under the opti-
cal microscope closely resembles the texture typically associated with

the twist-bend nematic (Ntb) phase of LCs*>*°. In the Ntb phase, the
interplay between twist and bend deformations of bent-core mole-
cules produces a heliconical arrangement, where the local director tilts
obliquely with respect to the helical axis. V. Borshch et al.”’. have linked
the structural organization of the Ntb phase to the Bouligand arches
proposed by Bouligand et al.>, with a periodicity in the range of 0.8 - 8
nm*. However, unlike chiral phases that display either a left- or right-
handed helicoidal structure, the achiral nature of the Ntb phase allows
for the coexistence of domains with both twisting senses. In this study,
beyond the left-handed chirality imparted by the chiral dopant S-811,
the interaction between the surface pattern and the intrinsic chirality
of the doped LC phase providess insight into the role of substrate-
induced anchoring in controlling chiral organization. Furthermore, the
formation of a microscale helix from a cholesteric phase with a nan-
ometer scale pitch is a notable phenomenon. Even under extreme
confinement of 100 nm, the morphological period measures ~5.86 um
and increases linearly with confinement. A similar trend is observed in
the Ntb phase, where the morphology period correlates directly with
the confinement space via the Helfrich-Hurault mechanism®. The
coexistence of microscale helix formation with both left- and right-
handed twists defines a distinct morphological state. Interestingly, the
hierarchical helical (HH) morphology observed in our system exhibits
clear parallels with previously reported modulated cholesteric tex-
tures that feature curved domain boundaries and focal-point reflec-
tions, reminiscent of focal conic domains in smectic phases®”. On
length scales much larger than the cholesteric pitch, cholesterics can
display smectic-like behavior due to their layered helicoidal structure,
allowing analogies to smectic focal conics and confocal domains to
emerge. Similar to these 2D modulated textures, the HH morphology
shows curved and periodically modulated director fields, as confirmed
by both simulations and confocal microscopy. The lateral shift of the
helical axis, coupled with vertical modulation across the film thickness,
produces oblique, rope-like helices and nested periodic domains. A
key distinction, however, lies in the dimensionality: while previously
reported cholesteric textures were confined to planar (2D) modula-
tions, the HH morphology extends these principles into a three-
dimensional regime. The observed half-pitch phase shifts across
opposite surfaces, evident in both experiments and simulations, are
reminiscent of Bouligand’s description of confocal cholesteric
domains®, but in our case, such phase modulation propagates
throughout the film thickness, resulting in a fully 3D hierarchical
structure. Thus, the HH morphology can be understood as a three-
dimensional generalization of confocal-like cholesteric ordering, aris-
ing from the combined effects of intrinsic twist, patterned surface
anchoring, and elastic frustration.

Relying on computational simulation, the model describing cho-
lesteric LC phase has been set up first as a Bouligand-like structure of
helical twist cylinders. To input the Bouligand structure, we initialize
the simulation by giving the directors a long-range twist with the
helical axis perpendicular to the patterned boundary conditions. Then,
by dividing the domain into two halves (top half and bottom half), we
rotate the helix layers 45-degrees in either direction to create a
Bouligand-like structure where the helices are treated as individual
fibers, and the Bouligand twisting axis is the vertical. The effect is that
two layers of orthogonal helical arrays meet, and as the system moves
to a configuration of lower energy, it results in a large, well-defined
helical twisting structure, shown using an iso-surface of the degree of
orientation metric |Q|%. This indicates a region of low orientational
order inside the helical structure, located at the point of contact
between the two Bouligand layers, and higher order outside, where we
find just a cholesteric twisting director field. These areas away from the
helix evolve to achieve high degrees of orientation, and the iso-surface
at the helix is isolated once the system reaches a relatively stable or
metastable configuration, indicated by the flattened energy curve in
Fig. 6b. Additionally, the patterned color indicates that the director is
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Fig. 9 | Electro-optic response of hierarchical helical (HH) morphology. a Time-lapse POM images of morphology under constant DC voltage of 5V (top row: left to
right) and after removal of the field (bottom row: right to left). b Partially polymerized morphology under a DC field of 9.1V at different time intervals. Scalebar: 100 um.

twisting around the helix. To obtain opposite twist helices, we assume
that the Bouligand-like structures come in pairs, with one side having a
clockwise twist in the z-direction and the other a counter-clockwise
twist. With this consideration, the paired helices are mirrored images
of each other, with opposite helical twist as seen in Fig. 2. It should be
noted that simulation testing shows that the periodic boundary con-
ditions imposed on the sides is necessary to stabilize the helical
twisting structures since otherwise, they will eventually drift apart and
escape through Neumann boundary conditions. This agrees with the
experimental results since we observe that several repeated columns
of helical structures are stabilized over the pattern region. So, by
imposing periodic boundary conditions on the sides parallel to the
helical axis we are effectively simulating a column array of alternate
twist helical structures which is like experiments. While the simulation
was initialized using a Bouligand-inspired arrangement of oppositely
twisted helices, our system is not a direct replica of biological Bouli-
gand structures. Instead, it functions as a soft matter analogue: the
hierarchical helical morphology arises from the interplay of confine-
ment, patterned anchoring, and elastic frustration in cholesteric liquid
crystals. The resulting three dimensionally modulated helicoidal
structure exhibits periodic layering and lateral curvature, reminiscent
of Bouligand architecture. Notably, the disclination lines observed in
the simulations are a natural result of the intrinsic cholesteric twist and
surface constraints, and they form an essential part of the self-orga-
nized, hierarchical structure. To test the linear relationship between
domain height and helical size, we perform a similar simulation in a
domain twice as tall and wide, with equal length in the helical direction.
All of the model parameters, including the twist parameter g, elastic,
and thermotropic parameters, are the same in both scenarios. How-
ever, the initial condition is scaled to fit the new domain size. In Fig. 6,
we can compare the helix sizes by noticing that the alternating red-
blue pattern is about twice as large, both in period and size, when

compared with the smaller domain, which agrees with experiments.
When viewed from above (Supplementary Fig. 8), we can see that the
plot of the directors presents a chevron pattern, which is similar to
experimental results. In the simulation, we found that increasing the
domain size does lead to larger helices, but there is a limit. At some
point, the helical structures form over such long distances that they
can no longer be stabilized by the model. This is likely due to the
coherence length, which is used to nondimensionalize the model
parameters and gives a characteristic length for which the forces in the
material interact to form defects. Therefore, comparing domains of
height 100 nm to 1500 nm would likely require a different set of
parameters. However, our results do show a positive correlation
between domain height and helical size.

The resulting cholesteric hierarchical helical structure provides a
framework for understanding the self-assembly mechanism of chiral
liquid crystals on chemically patterned surfaces, but also offers a
means to address their inherent weak mechanical properties of soft
materials by mimicking the Bouligand structure in nature. Especially in
the thin film regime, achieving enhanced mechanical properties while
retaining optical tunability is critical for next-generation materials,
particularly in wearable devices or artificial skin. Soft materials with
optimized mechanical performance could surpass traditional semi-
conductor materials, offering enhanced durability and adaptability in
flexible electronics. In this study, we introduce a system that employs a
directed self-assembly approach to harness the properties of a highly
chiral cholesteric phase, resulting in a structure that integrates pho-
tonic and mechanical functionalities. A key feature of the components
used to template the hierarchical helical structure is that they exhibit
chromogenic effects as a photonic shape memory polymer in the blue
phase liquid crystal temperature range®. The fabricated blue phase
structure enables shape memory programming by locally deforming
the blue phase network and storing the temporary shape until
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temperature recovery. However, when the temperature shifts to the
cholesteric phase, the molecules reassemble into a hierarchical helix
structure only in the presence of a chemically patterned surface. More
importantly, the structural thin film exhibits a distinct mechanical
response. The mechanical behavior of Bouligand structures has been
extensively studied in both natural and synthetic systems, with a focus
on bulk samples. In biological Bouligand architectures, elastic modulus
values range from 0.1-25 GPa, with the highest value ~ 70 GPa found in
the impact region of the dactyl club of a stomatopod?***”. In con-
trast, biomimetic Bouligand structures based on CNC composites
typically demonstrate Young’s modulus values between 0.1-15 GPa®,
decreasing with increasing strain rates under tensile loading. However,
integrated mechanical and optical performance in CNC-composite
systems remains rare. Recent studies on hydrogel-PVA systems
reported modulus values of ~200 to 450 MPa, combining mechanical
strength with optical performance®. CNC-based systems often feature
acholesteric fingerprint morphology with a half-pitch value of ~250 nm
or more. In comparison, the material in this study achieves a smaller
and consistent half-pitch value of -145nm for both its cholesteric
liquid crystal (CLC), and hierarchical morphology. The half-pitch value
was measured based on the chiral dopant’s concentration in solution
and confirmed by SEM cross-sectional imaging (Supplementary
Fig. 17). The nanoscale pitch, coupled with the formation of a micro-
scale hierarchical morphology, notably enhances the mechanical
response, leading to observable improvements. Unlike conventional
mechanical testing of bulk materials, nanoscale dynamic mechanical
analysis (nDMA) was applied to CLC thin films to measure their
mechanical response under compressive forces at the nanoscale. The
hierarchical morphology, without any additives, demonstrated a 25%
increase in elastic modulus and 5 to 20% improvement in viscous
modulus compared to the conventional cholesteric structure. The
system primarily stored energy in an elastical manner, rather than
dissipating it, a response property of its material composition rather
than its morphology alone. Another characteristic feature is the pre-
cise control over morphological stability at targeted locations through
chemical patterning. This approach further enables tuning of func-
tionality, allowing the fine-tuning of mechanical and optical properties
with micrometer-scale precision, a level of control not easily achiev-
able in bulk materials. The ability to engineer structural robustness
while maintaining optical tunability indicates applicability for flexible
photonic devices, responsive coatings, and adaptive optical materials.

We have successfully utilized the cholesteric phase with nanoscale
pitch to guide the formation of a microscale hierarchical helix struc-
ture on a chemically nanopatterned substrate. The half-pitch of CLCs
and the period of chemical pattern was matched to align the helical
axis of uniform lying down helices and stabilize the morphology. It was
found that the weak homeotropic anchoring from the PMMAZO brush
modified top substrate enabled formation of hierarchical helical
morphology analogous to the Bouligand structure. Deviating the
period of the chemical pattern from the natural pitch of the cholesteric
phase (~290 nm) to 525 nm degenerated the helical period to ~9 um
and domain length to ~50 um. The 3D confinement space affected the
morphology characteristics in a similar way thermal treatment and
phase transition did. Simulations revealed the structural evolution
from initial Bouligand-like configuration to alternating opposite twist
helices over time, with lateral and vertical director shifts. These fea-
tures were experimentally confirmed by confocal fluorescence
microscopy across the film thickness, validating the three-dimensional
morphology. Under uniaxial tensile loading, a continuous blue shift in
reflected color was observed as strain increased up to ~36%, indicating
strain-induced pitch compression. Electric field application also
resulted in reversible blue shift in both polymerized and non-
polymerized films, although the partially polymerized films required
higher driving voltage to elicit a comparable optical response. The
structure-property correlation examined by nanoscale dynamic

mechanical analysis further reinforced the theory that hierarchical
organization improves the robustness. This study provides a basis for
further development in soft functional material as wearable devices
and sensors, where performance, durability, and adaptability are
crucial.

Methods

Materials

MLC 2142 and S-811 were purchased from Merck. RM257, RM106,
HTG135200-100, HCM0O06 and Irg651 were obtained from Grand-
ichem. Fisher Finest Premium Grade glass slides and coverslips were
obtained from Fisher Scientific. Red Nile Dye, Octadecyltrichlorosilane
(OTS), heptane, dichloromethane (DCM), chlorobenzene, isopropyl
alcohol, and NMP were purchased from MilliporeSigma and used
without further purification. The LC polymer brush PMMAZO, poly (6-
(4-methoxy-azobenzene-4’-oxy) hexyl methacrylate), was synthesized
through a process reported by Stewart and Imrie®. 4-hydroxy-4'-
methoxyazobenzene was prepared by diazotization of p-anisidine and
coupling with phenol. This intermediate was reacted with 1,6-dibro-
mohexane in acetone with potassium carbonate to form 1-bromo-6-(4-
methoxy-azobenzene-4’-oxy)hexane. The bromide was then coupled
with methacrylic acid, via the potassium methacrylate salt in DMF at
100 °C for 24 h with hydroquinone inhibitor, to yield MMAZO. Poly-
merization of MMAZO was carried out using nitroxide-mediated con-
trolled radical polymerization (NMP). In a typical reaction, MMAZO
(2.3160g, 6 mmol) was mixed with the NMP initiator (0.0244 g,
0.075mmol) and the solution was degassed by three freeze-thaw
cycles. The mixture was then heated at 120 °C for 24 h under nitrogen.
The crude polymer was dissolved in THF and precipitated into petro-
leum ether. The final polymer had an average molecular weight of
~1.1x10° g/mol.

Surface Modification. A PMMAZO film was deposited on a piranha-
cleaned silicon substrate by spin-coating a 0.05wt% chlorobenzene
solution at 4000 rpm for 60 s and annealed at 250.0 °C for 5min in a
nitrogen atmosphere. The non-grafted PMMAZO was removed by
sonication in chlorobenzene three times for 5min, with the 3-4 nm
PMMAZO brush remaining. A 40 nm-thick PMMA_A2 photoresist film
was spin-coated onto the PMMAZO brush and baked at 180.0 °C for
5 min. Patterns with an array of stripes were exposed on the resists via
electron beam lithography with the JEOL 8100FS electron-beam writer
at the Center for Nanoscale Materials, Argonne National Laboratory.
The exposed substrates were developed in IPA: MIBK for 60 s followed
by rinsing with isopropyl alcohol. The oxygen plasma etching trans-
ferred the resist pattern onto the PMMAZO brush layer. The PMMA-A2
photoresist was further stripped by NMP through sonication.

Cell construction. The glass microscope slides were boiled in a pir-
anha solution (7:3 (v/v) of 98% H,S0,/30% H,0,) at 130.0 °C for 1 hr to
remove any stains on the surface, followed by washing with DI water
and drying with nitrogen. The PMMAZO modified glass and a cleaned
Si substrate or a Si substrate with the PMMAZO chemical pattern were
placed face-to-face, with a mylar spacer of different thickness, to cre-
ate a cell with a directed self-assembly approach. The optical cell and
the LC were heated above the clearing point and the mixture was
injected through capillary action. The system was then slowly cooled
to room temperature. The UV irradiation of samples with 21.2 mW cm™
(measured at 365 nm) was carried out using an ultraviolet light source
(Hamamatsu E11923).

PDMS membrane enclosure preparation. Flexible PDMS membranes
were prepared by spin-coating a prepolymer mixture of Sylgard 184
(base:crosslinker = 10:1 w/w) at 1000 rpm for 15s onto a clean glass
slide to obtain a film ~100 um thick. The coated substrate was degassed
under vacuum to remove air bubbles and subsequently cured at 95°C

Nature Communications | (2025)16:9295

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64332-y

for 30 min. This thickness provided sufficient flexibility while ensuring
mechanical integrity during handling and deformation. To facilitate
film transfer, a thin layer of uncured PDMS was spin-coated (1000 rpm)
on top of the cured membrane. The polymerized liquid crystal film was
gently placed onto the uncured PDMS surface. The assembly was then
degassed and cured at 95 °C for 15 min to bond the liquid crystal film to
the PDMS membrane. After partial curing, another layer of PDMS was
coated on the film and cured at at 95 °C for 1 h. The membrane was cut
to size and carefully peeled from the silicon substrate for mechanical
testing.

Characterization. The thickness of the PMMAZO brush was mea-
sured by a Woollam VUV-VASE32 variable angle spectroscopic
ellipsometer. The JEOL 8100FS electron-beam writer at the Center
for Nanoscale Materials, Argonne National Laboratory was used to
write chemical patterns. The optical images of the LC cell were
obtained with a BX 60 Olympus polarized light microscope. UV-
visible spectra were recorded using a spectrophotometer (Flame
UV-VIS Ocean Insight). Confocal fluorescence imaging was per-
formed using a Zeiss LSM710 laser scanning microscope in trans-
mission mode equipped with Airyscan 1 for enhanced resolution
and signal-to-noise characterization. AFM from Bruker was used for
carrying out the nDMA measurements. Gamry potentiostat refrence
600 + was used for electric field application across sandwiched
LC cells.

AFM nDMA measurements. AFM mechanical mapping was conducted
on the film surface with the PeakForce Quantitative Nanomechanical
Mapping mode of Bruker’s Dimension Icon AFM (using a 30 nm radius
tip RTESPA-525-30, purchased from Bruker, USA). These tips were
calibrated on the standard samples (purchased from Bruker, USA) via a
multistep procedure. First, the deflection sensitivity was calibrated via
standard sapphire sample. Second, the spring constant was calculated
utilizing the Sader method. The tip radius was monitored both before
and after tests to guarantee that the tip radius remained unchanged
throughout the experiments. With a PeakForce-QNM operating fre-
quency of 30 Hz, 38.7 Hz, 50 Hz, 64.6 Hz, 83.5Hz, 100 Hz, 107.8 Hz,
139.25Hz, 179.9Hz, 232.3Hz, 300 Hz. nDMA amplitude is around
0.5 nm. The indentation force is 1000nN. Indentation depth is around
8 nm. Raw data such as force vs Z-displacement curve of each indent
were captured along with spatial maps of modulus, topography, and
adhesion.

Uniaxial tensile test. To apply uniaxial deformation, the PDMS-
supported chiral LC films were mounted on a manual tensile stage
(Micro Vice Holder, STJ-0116-A, S.T. Japan Inc.) equipped with dual
micrometer screw gauges. The samples were stretched incrementally
in a stepwise manner along the desired direction, with displacement
controlled via the screw gauges (Supplementary Fig. 12). Optical ima-
ges were recorded at each displacement increment using transmission
mode polarized optical microscopy (POM) to monitor structural and
optical changes during deformation.

Numerical methods. In this work we use a Landau-de Gennes Q-tensor
model which has been extended to include long range twisting effects
to represent blue phase and cholesteric liquid crystals®*¢. In this fra-
mework, a traceless second order tensor Q is used to describe the local
average orientation of the liquid crystal molecules and is commonly
written in its eigenframe:

Q=s,(d, ® d;) +5,(d, © d,) —%(sﬁsz)l, @

with d; being the orthonormal eigenvectors of Q, and s; being linear
combinations of the eigenvalues A;. To visualize the director

orientation, we plot the dominant eigenvector d;, which corresponds
to the eigenvector associated with the largest eigenvalue of Q.
The total free energy of the system is expressed as

ELqo(Q): = / . <<D(Q, vQ)+ %w(m) dx, 3)

where £>0 is a dimensionless parameter to balance the contribution
of each part of the energy. Here, the elastic energy ®(Q, VQ) includes
the tendency of the molecules to align with each other and the chirality
of the molecules as follows®**’:

L

Q. VQ: =5 (IVQI2 +4q,VQi(€ - Q)>, “)

where L is the elastic parameter, g, =21/p with p denoting the chiral
pitch®®, and € the Levi-Civita permutation tensor. The thermotropic
contribution to the energy W(Q) is written as

v@s-4u(@) So(@) Suf@)s o

where A, B, and C are material parameters, with B,C>0 and A
depending on the temperature.
System dynamics are obtained using an £2-gradient flow,

Q, +rz(8§—gc> -0, ©)

with >0 being a time-scale relaxation parameter. To approximate the
solutions to this PDE we employ an extension of a numerical method
proposed by ref. 69 which uses a Finite Difference scheme in time, and
the Finite Element Method in space, which is solved using the software
FreeFEM++"°, Typical parameters for 5CB liquid crystal are nondimen-
sionalized using a coherence length of £€=100nm® which yields

= —4.48,B=5526 C=45.09, L=1.0, and n=9.59. A chiral pitch of
p=290nm is used to obtain the nondimensionalized twist parameter
Go=20T1/29. To create the figures of simulation data, we use the
Paraview” visualization software, and show the iso-surfaces of the
value |Q/?, and color the image by using $=|d, - [0,0,1]| to show the
alignment of the director with the z-axis. The initial condition to
recreate a Bouligand-like structure is given by

dy =[sin(41(1 — 7(2))x + 1(2)y), sin(41(1 — 7(2))x + 1(2)y), cos(4T(1l — T(2))x + T(2)Y)],
)

2
Q0:0.7(d0®d0_ |d§\ l>, ®)

where 7(z)=1.0 when z < % and 7(2) = 0 otherwise, and with 4 denoting
the height of the domain. For the boundary conditions, we impose
alternating homeotropic-planar Dirichlet boundary conditions on the
bottom boundary, a weak anchoring Dirichlet condition in the top
boundary which is imposed as a slightly tilted version of the
homeotropic case by a zenith angle of 1/8 radians given by

d;op= [sin (g) ,0, cos (g)] , C))

1
Qtop = dtop ® dtop -3 L (10)

and periodic boundary conditions are considered on all the lateral
sides of the domain.
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Data availability

The data generated in this research work are provided in the main text
and Supporting Information. All data are available from the corre-
sponding author upon request.

Code availability

The code presented in this study was created using FreeFEM + +, and
data was visualized with ParaView as described in the Methods section.
The code used in this work and instructions for installing and running
the software can be obtained from the following repository: https://
github.com/JustinSwain/Cholesteric3D.
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