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Blue phase (BP) liquid crystals represent a fascinating state of soft matter that showcases unique optical and electro-optical 
properties. Existing between chiral nematic and isotropic phases, BPs are characterized by a three-dimensional cubic lattice 
structure resulting in selective Bragg reflections of light and consequent vivid structural colors. However, the practical 
realization of these material systems is hampered by their narrow thermal stability and multi-domain crystalline nature. This 
feature article provides an overview of the efforts devoted to stabilizing these phases and creating monodomain structures. In 
particular, it delves into the complex relationship between geometrical confinement, induced curvature, and the structural 
stability and photonic features of  of BPs. Understanding the interaction of curved confinement and structural stability of BPs 
proves crucially important for the integration of these materials into flexible and miniaturized devices. By shedding light on 
these critical aspects, this feature review aims to highlight the significance of understanding the coupling effects of physical 
and mechanical forces on the structural stability of these systems, which can pave the way for the development of efficient 
and practical devices based on BP liquid crystals.  

 

1. Introduction: 

In the early 19th century, Friedel made remarkable 
contributions to the study of liquid crystals (LCs) by 
introducing them as a mesomorphic state of matter 
exhibiting both liquid and solid properties 
simultaneously.1,2 This “hybrid” behavior arises due to 
the anisotropy of their molecular units, ultimately giving 
rise to unique features such as birefringence, dielectric, 
and diamagnetic properties.1,3–5 LCs are found among 
organic compounds with a variety of chemical structures, 
such as acids, azo- or azoxy-compounds, and cholesteric 
esters. While behaving as fluids, LCs possess a partial 
molecular orientation, resulting in the formation of 
distinct mesophases or mesomorphs, which Friedel 
introduced to describe the intermediary phase states. 
These phase states develop according to the anisotropic 
structure of the LC molecular subunits, or mesogens, and 
include the nematic, smectic, or chiral phases (Fig. 1A-
C).6–8 When LC molecules are in the nematic phase, they 
only demonstrate long-range orientational order along 
their long molecular axis, known as the local nematic 
director n(r) (Fig. 1A). On the other hand, smectic LCs 

show both orientational and positional order, exhibiting 
layered structures analogous to those seen in 
conventional solid crystal phases (Fig. 1B).1,2,9,10   

Chirality, or “handedness”, can also be induced within 
LC mesogens through two primary methods (Fig. 1C). 
One common approach to inducing chirality in LCs is 
through the direct incorporation of a chiral center into the 
mesogens. This is often achieved by asymmetrically 
replacing one or more carbon atoms within the core 
molecular structure during synthesis. Another approach 
involves the introduction of a chiral dopant to achiral 
mesogens, forcing them to orient at a fixed angle relative 
to their neighboring molecules (Fig. 1C). The ability of a 
dopant to induce chirality is characterized by its helical 
twisting power (HTP). The HTP of a given dopant is 
inversely related to the concentration of the chiral 
compound through HTP = 1

(𝑐𝑐)(𝑝𝑝)
, where c and p represent 

the concentration of the chiral dopant and a characteristic 
pitch length, respectively. The pitch length, the parameter 
to measure the strength of the chirality q= 2𝜋𝜋

𝑝𝑝
, defines the 

distance over which the local nematic director, n 
completes a full 2π rotation (Fig. 1C).11–13 Chiral nematic 
LCs, also referred to as cholesteric LCs, are considered 
one-dimensional (1D) photonic crystals when their pitch 
length corresponds to the wavelengths of visible light.14–
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9 The reflection wavelength can be represented as 
λ=𝑛𝑛pcosθ, indicating a correlation between the pitch 
length p, refractive index n, and the angle of light 
incidence ϴ.20–22 

 In thermotropic LC systems, both the orientation and 
degree of order of the individual mesogens respond to 
temperature fluctuations. At the vicinity of the 
cholesteric-isotropic phase transition, systems with high 
levels of chirality (p < 500 nm) show a reduction in total 
free energy through the self-assembly of so-called 
double-twisted cylinders (DTC). Within these meso-
structures, the directors twist biaxially, exhibiting a 
helical alignment along two orthogonal directions. 
Subsequently, these DTCs increase their stability by 
packing into 3D cubic lattices with unit cells of several 
hundred nanometers, attaining a thermodynamically 
stable Blue Phase (BP) (Fig. 1 E). Due to topological 
constraints, areas between adjacent DTCs contain defects 
where the molecular orientation and director field n 
cannot be defined. These defects converge to form 
energetically unfavorable disclination lines, which 
interpenetrate the cubic structure, thereby limiting the 

thermal stability window of BPs to 0.5 – 2°C. Upon 
cooling from the isotropic phase, chiral LCs can 
assemble into as many as three distinct phases. These 
phases can be described by the DTC packing symmetries, 
with BPIII displaying an amorphous network of DTCs, 
BPII displaying simple-cubic (sc) symmetry, and BPI 
displaying body-centered-cubic (bcc) symmetry (Fig. 
1E).23–27 While the latter two phases have been 
extensively studied both computationally and through 
experiments, BPIII has remained somewhat elusive due 
its complexity, transient nature and the experimental 
challenges associated with its characterization. It has 
been qualitatively described as a “blue fog”, since 
traditional experimental observation techniques such as 
polarized optical microscopy have remained ineffective 
due to the lack of birefringence or brag scattering of the 
amorphous network. However, computational studies 
combined with electron micrograph experiments provide 
confirmation on the topological landscape of this phase 
(Fig. 1G).28–32  
 

As both BPI and BPII exhibit cubic symmetries with 
lattice parameters corresponding to the wavelength range 

Fig. 1 A) Nematic LCs with orientational ordering relative to a local director, n. B) Smectic LC ordering, with both positional 
and orientation degrees of order. C) Chiral LC ordering with a characteristic pitch length, p. D) Schematic representation of 
LC ordering in a double twisted cylinder (DTC). E) Cubic packing symmetries of DTCs (Left) for both BPI and BPII along 
with the formation of their respective disclination lines (Right). F) BP textures of films observed under crossed-polarized 
optical microscopy. Panel F was reprinted with permission from ref. 39. Copyright 2021 American Chemical Society. G) 
Simulation of BPIII amorphous network of disclination lines (Top) and TEM images of polymer stabilized BPIII, with 
reflection spectra showing a lack of birefringence (Bottom). Panel G. was adapted under a Creative Commons CC-BY 
License from ref. 30. Copyright 2021 Springer Nature. 
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of visible light, their inherent topologies achieve an 
adjustable photonic bandgap. This bandgap results in 
selective reflection of specific wavelengths, giving BP 
materials their characteristic iridescence and vivid colors. 
This phenomenon can be described by Bragg’s equation, 
𝜆𝜆 = 2𝑛𝑛𝑛𝑛

√ℎ2+𝑙𝑙2+𝑘𝑘2
, where n, a, and hkl are the material 

refractive index, BP lattice size and Miller indices of the 
crystal planes, respectively. As the above equation 
suggests, the BP lattice size and their orientation are 
determinant features that control the reflection of visible 
light.33 Tunability of these features is desired for 
downstream technologies and future fundamental 
studies. As such, examination of the governing equation 
for HTP calculations suggests the chiral pitch length 
roughly approximates BP lattice sizes with the following 
relationship: p ≈  𝑎𝑎BPI ≈ 2𝑎𝑎BPII .11 This indicates that 
for a specified chiral dopant, the size of the resultant BP 
lattice can be controlled through adjustment of the dopant 
concentration.  The chiral pitch length thus serves as a 
parameter to fine-tune the reflected colors within the 
spectrum of visible light, allowing for a wavelength shift 
from blue to red.34,35 

Among our work, we have shown that BPs share 
notable similarities with the well-known atomic solid 
crystals. We find these systems display long-range 
orientational ordering and evidence of martensitic-like, 
diffusion-less crystal-crystal transformations with 
incredibly fast response times.36-38  One of the unique and 
attractive features of LCs is their ease of processibility in 
comparison to their solid counterparts. Typical solid 
photonic crystals require expensive materials and 
processing methods to fabricate, such as 
nanolithography. Instead of these complex and costly 
processes, BP photonic crystals can be achieved by 
simply mixing nematic LC components with a high 
concentration of chiral dopants under relatively mild 
processing conditions.11,39 In addition to ease of 
processibility, the liquid-like nature of LCs allows them 
to flow and respond to confining geometries, a feature 
which is not shared with their solid-state crystalline 
counterparts. This makes them highly suitable for 
integration into soft or flexible photonic materials, where 
solid alternatives are not viable. Moreover, the structures, 
which can be tuned by external stimuli including 
temperature, electric field, mechanical forces, and 
chemical and biochemical analytes hold promise for a 
wide range of applications spanning optoelectronics, 
photonics, actuators, and chemo/biosensors.40-49  

While existing as a potentially transformative 
technology, the commercial realization of BPs still has 
many hurdles to overcome. To begin with, BPs exist in a 

very narrow temperature range, preventing widespread 
use in most practical applications.11 While the thermal 
stability window remains qualitatively small, the exact 
temperature ranges in which BPs form vary greatly 
depending upon several material-dependent factors, such 
as chiral dopant concentrations, dopant structure, LC 
chemistry, and other additives. For example, Emeršič et 
al. explored three separate material systems exhibiting 
various BP transition ranges between 30.8-31.1 ºC, 55.6-
56.4 ºC, and 75.5-77.0 ˚C.110 Furthermore, Castles et al. 
highlighted two systems that exhibited BP transition 
ranges from 48-50 ˚C and 52.5-54 ºC.97 In addition to 
narrow thermal stability windows, BPs are inclined to 
generate polycrystalline structures in flat films. This 
suggests the formation of varying orientations of the 
crystal lattices, and thus grain boundaries, resulting in a 
reflection of incident light at different wavelengths. 
Single crystal orientation BPs formed by various surface 
treatments have demonstrated narrower reflection-band 
widths, stronger reflectance, and improved electro-
optical performance with a significantly lower voltage 
requirement.50–54  

The experimental and theoretical research on BPs, 
including studies related to thermal stability and 
monodomain formation, are mainly concerned with the 
bulk properties of the material where the thickness of the 
BP film is at least 20 times of the BP lattice constant. 
However, the growing interest in the integration of these 
ordered materials into miniaturized, flexible devices 
brings about the need to understand the interplay between 
spatial confinement, curvature, and interfacial 
interactions. While there is a dearth of experimental 
research exploring the effects of strong 2D spatial 
confinement on BP structures, their inherent stability and 
topological defects have been extensively explored 
through theoretical models and computational 
simulations.28,55–61 Here, the interaction between DTCs 
and the energy cost associated with their accompanying 
disclination lines plays a significant role in achieving a 
delicate equilibrium in the structure of confined LCs. In 
addition, the fluid-like nature of BPs provides an ideal 
system to study the effect of topological constraints 
induced by curvature on periodic crystalline structures 
and understand how these constraints influence the 
organization and structural stability of defects. In this 
feature article we first delve into the effect of 
confinement and curvature on the structural stability of 
BPs. Subsequently, we review the primary challenges 
associated with realizing BP technologies and highlight 
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mitigating strategies with a particular emphasis on the 
impact of curvature on phase behavior and photonic 
features of pure and stabilized soft BP crystals.  

2. Effect of Confinement 

2.1 BP Structures within 1D Confinement  

Understanding the structural stability and optical 
response of LCs in confined geometries are important 
subjects both in fundamental science and practical 
applications such as display technology and flexible 
electronics. The effect of 1D confinement on the 
configuration and optical properties of BPs have been 
extensively studied for BP films with a range of 
thicknesses, spanning from greater to lesser than the 
lattice size.50,56,58,62-65  In the case of BPI and BPII 

confined in films with a gradient in thickness, both 
display periodic colors that continuously blue-shift 
towards regions with lesser thickness. 62,66 This effect was 
attributed to the strain-induced by the confining 
geometry.  In fact, when bulk BPs are confined between 
parallel plates with a thickness smaller than the lattice 
parameter, the characteristic length scale, p, and 3D 
packing of the DTCs compete with the linear dimensions 
of the confining space. Under such conditions, LCs can 
manifest a plethora of configurations and distinct 
disclination line topologies, indicative of their adaptive 
response to spatial restrictions.  

Through computational simulations, Fukuda and 
Žumer have explored the interplay of geometrical 
confinement and surface anchoring conditions on the 
intriguing disclination networks that arise in BPs.56,57,58, 

Fig. 2 A) Simulated Skyrmion disclination network with hexagonal symmetry as a result of parallel plate confinement, and 
B) an array of double-helix defect lines, two orthogonal sets of parallel winding disclinations, and a regular array of ring 
defects formed under strong 2D confinement. Panels A and B were reprinted with permission from ref. 56. Copyright 2011 
Springer Nature. C) Thin film disclination array of half-Skrymions between two slides with weak planar degenerate 
anchoring. Panel C was adapted under a Creative Commons CC-BY License from ref. 28. Copyright 2022 American 
Physical Society. D) Progression of BPs from spherical to oblate (φ < 1) to prolate (φ > 1), with disclination lines either 
hybridized or converging to form lattice networks. Panel D reprinted with permission from ref. 95. Copyright 2020 Royal 
Society of Chemistry. E) Simulated isosurface of BPII shells with varying thickness and the super-resolution confocal laser 
scanning microscopy image taken of a shell with a thickness of 600 nm. Reprinted with permission from ref. 95. Copyright 
2022 American Chemical Society. 
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60,64 They have shown that in thin films, BP disclination 
networks reconfigure to stable, quasi-two-dimensional 
(2D) Skyrmion lattices with hexagonal or rectangular 
symmetry. The term “Skyrmion” refers to vortexlike 
organizations of gradually ordered chiral LC molecules 
absent of any singularities at the center. Skyrmion 
structures with hexagonal symmetry are particularly 
intriguing (Fig. 2A, B). For BP films thinner than the 
lattice constant of bulk BPs, a 2D hexagonal lattice of 
half-Skyrmion excitations forms within an array of -1/2 
topological defects (Fig. 2A).56,57,60 The formation of 
Skyrmion lattices in BPs relies upon high levels of 
chirality, accurate temperature control—preferably near 
the isotropic phase transition—and a notably thin film 
with strong surface anchoring conditions.56 By further 
varying the system temperature, simulations confirm the 
existence of exotic ordered structures including an array 
of double-helix defect lines, two orthogonal sets of 
parallel winding disclinations, and a regular array of ring 
defects56–58,67 (Fig. 2B). These observations highlight the 
need for further experimental studies aimed at both 
validating and confirming the resultant textures of 
Skyrmion lattices within confined LCs. 

Recently, Muševič and co-workers demonstrated the 
formation of a hexagonal lattice of half-Skyrmions in thin 
LC films between two surfaces with weak planar 
degenerate anchoring (Fig. 2C).8,59,60 The LC materials 
were prepared by mixing nematic LC ZhK-1289 and a 
chiral dopant CB15, which has been shown to form BPI 
with a lattice size of 360 nm. They employed high-
resolution microscopy coupled with Kossel analysis to 
both confirm and characterize the half-Skyrmion 
textures. While the resultant architecture was previously 
predicted with theoretical simulations, the initial 
conditions of these simulated systems assumed the 
confining surfaces to have homeotropic anchoring. In 
turn, this subsequent work led to the conclusion that 
anchoring conditions at the system boundaries influence 
the mechanism by which these half-Skyrmion 
architectures propagate and stabilize. Confining surfaces 
with homeotropic anchoring were found to stabilize the 
director field at the centers of the half-Skyrmions, while 
planar-degenerate anchoring assists with the stabilization 
of the disclination lines that are perpendicular to the 
surfaces.8,59,60 

2.2 BP Structures in Curved Confinement  

 A long-standing topic in LC research surrounds the 
interplay between bulk properties and surface effects in 
confined geometries. The liquid-like nature of LCs 
allows them to easily accommodate different confining 
geometries, creating distinct and fascinating networks of 
topological defects. As such, alteration of the geometric 

features of the confining boundaries of these systems 
serves as an effective tool to control the orientation of LC 
molecules and their resultant topological defect network. 
While the respective director field orientation results 
from a sensitive interplay between interfacial and bulk 
properties,10,68-71 the formation of unique defect networks 
are a direct result of the topological restrictions imposed 
by confining boundaries and any associated 
curvature.10,70–74 Numerous experimental, theoretical, 
and simulation studies have focused on the origin of this  
structural diversity and established a detailed picture of 
the director field configurations in nematic, smectic, or 
chiral LCs when confined in different geometries such as 
droplets, cylinders, shells, and tori. Confinement of 
nematic LCs in spherical geometry, for example, can lead 
to two distinct director field configurations. A radial 
morphology with a point-like defect at the center of the 
droplet appears when the interface forces homeotropic 
anchoring, whereas a bipolar configuration with two 
point-defects at the poles (boojums) can form if the 
interface induces planar anchoring. Nematic and smectic 

Fig. 3 A) Left to right: resulting simulation snapshot of 
isosurfaces of director field (blue) and point defects (red) 
within droplets after altering the ratio of the droplet radius 
to LC pitch length. Splay (blue) and bend (yellow) 
distortions in droplets. Polarization graphs for light incident 
along the y-axis. Corresponding experimental images taken 
from droplets of differing chirality. Panel A was reprinted 
with permission from ref. 87. Copyright 2016 American 
Chemical Society. B) (left) Crossed polarized micrograph of 
a 60 µm oblate LC droplet with a high level of chirality. 
(center and right) Polarization micrograph and director field 
obtained from Landau-de Gennes simulations. Panel B was 
adapted under a Creative Commons CC-BY NC License 
from ref. 34. Copyright 2020 The American Association for 
the Advancement of Science. 
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LCs confined in cylindrical capillaries have also been 
explored both experimentally and computationally. 
Under homeotropic anchoring conditions, these systems 
exhibit an escaped radial (ER) structure, where the 
director escapes from radial ordering toward the major 
cylindrical axis when approaching the center. With 

planar anchoring conditions, the structure exhibits 
broken rotational symmetry with two +1/2 line defects 
along the major cylinder axis, commonly referred to as 
Planar Polar with two Line Defects (PPLD). 75–79 Both 
the shape and size of the confining surfaces can strongly 
influence the alignment of LC molecules. For example, 

Fig. 4 A) Microfluidic device setup for fabrication of core-shell LC droplets. B) Schematic representation of LC anchoring 
conditions at inner and outer core surface boundaries. C-D) Effect of surface anchoring: Bright-field micrographs of 
cholesteric shells (left). Reflection-mode cross-polarized micrograph of 3 µm thick shell (center) and top and cross-section 
views of computationally simulated director fields (right) on the planar surface and in focal conic domains. E) Effect of 
curvature: From left to right: 15 µm outer radius droplet. 10 µm droplet showing change in texture with increasing 
temperature in the cholesteric phase. Simulation of disclination networks within core-shell droplets. Panels A through E 
were reprinted with permission from ref. 92. Copyright 2022 American Chemical Society. 
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when confined in spherical droplets, Abbott and co-
workers have observed changes in the ordering textures 
of 5CB director fields with decreasing droplet sizes. As 
the droplet diameters decreased from 3μm to 1μm and 
then to 700 nm, the resultant director fields established 
bipolar, pre-radial, and radial ordering, respectively.80   

Chiral LCs are particularly sensitive to distortions 
associated with curvature and the proximity of 

interfaces.11 As a result, the coupling of curvature, size 
and surface anchoring conditions can foster the formation 
of increasingly complex chiral assemblies.81–83 Chiral 
LCs confined in spherical droplets exhibit defect 
structures that arise from the interplay of the inherent 
twist configuration of the mesogenic arrangements and 
the curvature imposed at the droplet surface. This 
relationship is defined by the p/R ratio, where p and R are 

Fig. 5 A) Simulated BPI (Top) and BPII (Bottom) disclination networks in droplets. Panel A was reprinted with permission 
from ref. 94. Copyright 2015 John Wiley and Sons. B) Reflection mode crossed-polarized optical microscopy images of 
stretched LC droplets with high level of chirality under varying temperature conditions (Left) and their corresponding 
simulated networks of disclination lines (Right). Panel B was adapted under a Creative Commons CC-BY NC License from 
ref. 34. Copyright 2020 The American Association for the Advancement of Science. C-D) Reflection mode crossed-polarized 
optical microscopy images of BPI (right), BPII (Left) shells and the simulation snapshots of networks of disclination lines in 
BPI shell (middle) under varying homogenous anchoring conditions. E) Reflectance spectra of confined BPI in core-shell 
droplets with differing anchoring conditions. The spherical shells in experiment have the outer diameter and thickness of 
approximately 90 µm and 3 µm, respectively. Panels C through E were reprinted with permission from ref. 92. Copyright 
2022 American Chemical Society. 



Feature Article ChemComm. 

8 Chem. Comm.., 2023, 00, 1-3 This journal is © The Royal Society of Chemistry 2023 

Please do not adjust margins 

Please do not adjust margins 

the pitch of the cholesteric and the radius of the sphere 
droplet, respectively (Fig. 3A).84-88 Yoshioka et al. have 
stabilized a single helix and double twisted structure in 
microdroplets by tuning the LC helical pitch length and 
droplet diameter.89 Through a combination of theory and 
experiment, Zhou et al. reported that increasing the level 
of chirality of LCs confined in micrometer-sized droplets 
with planar anchoring could lead to a continuous 
transition from a twisted bipolar structure to a radial 
spherical structure (RSS, Fig. 3A).87 In addition to this, 
Posnjak et al. reported the creation of a new structure, 
reminiscent of 2D Skyrmions, in microdroplets by 
imposing homeotropic anchoring conditions.90 Seč et al. 
simulated spherical cholesteric droplets with degenerate 
planar anchoring, and varying levels of chirality relative 
to the droplet diameter (N= 4𝑅𝑅

𝑝𝑝
, where N is the number of 

π turns the director makes in a non-confined cholesteric 
along the distance of the droplet diameter, 2R).82 The 
numerical calculations revealed three known structures: 
radial spherical (RSS), diametrical spherical (DSS) and 
planar bipolar structures, exhibiting defect regions which 
deviated from nematic systems. These structures offered 
varying ranges of stability relative to the droplet radius-
to-pitch ratio, with RSS favoring larger radius to pitch 
ratios (N>4), DSS favoring smaller radius to pitch ratios 
(N≤4), and planar bipolar structures remaining 
metastable state across all N (Fig. 3A).82 By relying on 
both experiments and computational simulations, we 
have also demonstrated that the coupling of curvature, 
elasticity, and strain on the chiral LC confined in oblate 
cavities can lead to the emergence of new molecular 
configurations and a palette of morphologies including 
RSS and diametrical oblate structures (DOS). These 
structures each contain distinct topological line defects, 
forming a series of single unlinked loops and knot-like 
molecular configurations (Fig. 3B).34  

Spherical shells have also been utilized as a suitable 
platform to investigate the coupling of bulk elasticity, 
confinement, and surface anchoring in chiral LCs. 
Microfluidic technology has enabled precise control over 
the shell diameter (curvature) as well as the anchoring 
condition on both the inner (core) and outer (shell) 
surfaces (Fig. 4A, B). In addition, the shell thickness can 
be finely adjusted through the osmotic swelling process 
to independently examine the confinement effect. The 
structural arrangements of chiral LCs with a low level of 
chirality and thereby large cholesteric pitch length in 
core-shells have been extensively studied. For example, 
Darmon et al. observed an RSS composed of two 
intertwined defect lines in planar-aligned chiral shells.91 
They achieved this by tunning the confinement ratio 
(h/p), where h denotes the thickness of a spherical shell 

and p represents the cholesteric pitch. Furthermore, 
utilizing the adaptable platform offered by shell 
geometry, Tran et al. reported the emergence of stripe 
patterns and focal conic domains on the shell surface of 
a LC with low level of chirality when the surface 
alignment transitions from planar to homeotropic 
orientation.83 We have expanded this research and 
recently explored how the interplay between 
confinement, curvature, and surface anchoring in a core-
shell geometry influences the structural arrangement and 
optical properties of LCs with high levels of chirality 
(Fig. 4).92 When these systems enter the cholesteric phase 
(at room temperature), enforcing planar anchoring on 
both the outer and inner surfaces of the shells positions 
the twist axis of the mesostructures perpendicular to the 
droplet surface. This orientation leads to a radial structure 
which, when viewed under a polarized microscope, 
manifests as a cross pattern (Fig. 4C). On the other hand, 
homeotropic surface anchoring causes molecules to 
orient perpendicularly to the interface leading to the twist 
axis aligning parallel to the surface (Fig. 4B). This 
configuration conflicts with the in-plane molecular 
orientation of the bulk, forming focal conic domains on 
the outer surface (Fig. 4D). Axisymmetric focal conic 
domains were also observed on the outer surface of shells 
that employ hybrid surface anchoring—featuring 
differing molecular organizations at the inner and outer 
surfaces (Fig. 4D). In these patterns, the director field 
displays an RSS near the inner degenerate planar 
interface. This configuration, however, shifts 
dramatically near the outer homeotropic interface, 
resulting in the formation of +1/2 disclination lines. 
Increasing the degree of curvature and confinement 
transitions the focal conic patterns into bent stripe 
patterns (Fig. 4E).96,97 These diverse and dynamic spatial 
patterns, evident in cholesteric shells, offer considerable 
potential for the further development of engineered 
colloidal assemblies.  

 At higher temperatures, when a system with a high 
level of chirality self-assembles to form BPs, previous 
numerical and computational research have identified 
structural reconfiguration in cubic lattice structures under 
curved confinement. For instance, recent work has shown 
the deformation of disclination lines upon approaching 
the curved surface, ultimately affecting the reflected 
wavelength of visible light (Fig. 5A).33, 94 They further 
demonstrated that within curved geometries featuring 
weak planar anchoring, BPs exhibit a greater degree of 
stability compared to their behavior in bulk conditions. 
In prolate microdroplets, on the other hand, we identified 
the emergence of two distinct regions as the transition 
temperatures of BPs are approached (Fig. 5B).34 In these 
regions, the outer areas exhibit BP characteristics at a 
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lower temperature relative to the inner core. This was 
attributed to the possible structural evolution and 
modifications in the BP-lattice periodicity induced by the 
interfacial strain (Fig. 5B).34 

In submicrometric scale droplets, major changes to 
the BP cuboidal lattice structures, such as new arrays of 
defect lines and hexagonal patterns begin to arise.37 
These results demonstrate that while alteration of 

anchoring strength influences defect core topology, 
destabilization of the entire morphology of the material 
was more directly related to droplet size. In a similar line 
of study, numerical simulations demonstrated that the 
cuboidal structures of BPs within oblate cavities 
transform into half-Skyrmions, and the geometrical 
constraints imposed by the prolate spheroid leads to 
hybridization of these BPs (Fig. 2D).95 

Fig. 6 A) Schematic representation of cubic packing symmetries and the resultant disclination lines, with polymer chains 
reducing the core volume of these high energy regions (Left). The resultant stable phase range of polymer stabilized BPs 
(Center). SEM image of resultant polymer network of a free-standing polymer stabilized disclination network (Right). Panel 
A was reprinted with permission from ref. 102. Copyright 2017 American Chemical Society. B) Simulation of nanoparticle 
infused LC system and the resultant location of the migrated nanoparticles into the central region of disclination lattices. 
Panel B was reprinted with permission from ref. 103. Copyright 2011 National Academy of Sciences. C) Poly-domain 
platelet textures of nanoparticles stabilized BPII templates. Panel C was reprinted with permission from ref. 104. Copyright 
2016 American Chemical Society. D) Microwells produced by direct ink writing inducing confinement. Panel D was adapted 
under a Creative Commons CC-BY License from ref. 106. Copyright 2018 American Chemical Society. E) Phase diagram 
of BP systems and their resultant reflection spectra at a given system temperature (Left). Phase regions as a function of 
confinement radius, showing a widening of stable temperature ranges for BPs with smaller radii (Right). Panel E was 
reprinted with permission from ref. 35. Copyright 2022 John Wiley and Sons.  
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When confined in shells, BPs show intriguing 
behaviors. In our recent work, we have systematically 
examined these conditions using experimental 
measurements and computational simulations.92 We have 
shown that the geometric incompatibility between curved 
boundaries and the 3D cubic structure of BPs constrains 
the arrangements of disclination lines, leading to the 
formation of new and exotic structures. We have 
explored the effect of coupling shell thickness, curvature, 
and surface anchoring on the optical properties, phase 
behavior, and configurational order of BPs. We identified 
a noticeable blue-shift in the reflectance spectra of BPI 
confined in shells with homeotropic anchoring, which is 
directly proportional to area of the interface (Fig. 5C-E). 
We employed computational simulations based on a 
mean-field Landau–de Gennes formalism to gain a better 
understanding of how the interplay between the 
curvature-induced strain and homeotropic surface 
anchoring affects the arrangement of disclination lines in 
BP shells. Our results show that when confined in shells 
with homeotropic anchoring, disclination lines in BPI 
bend and form junctions when approaching the surface of 
the droplet (Fig. 5C-D). In the case of BPII, however, the 
reflected color was independent of the surface anchoring 
and remained unchanged, which is attributed to the 
integrity of its disclination network. Instead, the size of 
the BPII crystal platelets diminished, and the multi-
domain characteristic of the BPII became more 
prominent (Fig. 5C-D).  

We further explored the effect of confinement and 
curvature on the structural stability and optical response 
of BPs by systematically decreasing the shell thickness 
and outer diameter. Our experimental observations 
coupled with computational simulations showed that 
increased confinement and curvature leads to a decrease 
in the stability of BPI, causing it to restructure into 
BPII.92 The structural instability of BPI can be explained 
by its larger lattice size and disjointed defect lines. Upon 
further reducing the shell thickness (approximately to 
twice the pitch length), the disclination lines in BPs 
transformed into Skyrmion lattices. These changes were 
detected using super-resolution confocal laser 
microscopy imaging when the shell thickness was 
reduced to approximately 600 nm (Fig. 2E). Our 
computational simulations also accurately predicted this 
structural transformation, confirming that the interplay 
between curvature and confinement facilitates the 
formation of Skyrmion lattices in shells with greater 
thicknesses compared to the requirements for flat films 
(Fig. 2E).92 

 

 

3. Stabilization of BPs 

As previously mentioned, BPs typically manifest 
within a very narrow temperature range. Many efforts 
have been undertaken to increase the stability of these 
phases, such as the inclusion of nanoparticles, polymer 
networks, or modulating the confining geometries. For 
instance, optical switching for display applications 
requires stability in room temperature, and in order to 
address this issue the use of polymeric networks have 
been shown to significantly enhance the thermal stability 
window of many LC material systems.102 Reactive bi-
mesogenic systems have been shown to stabilize BPs 
through the formation of templated polymer networks, 
reaching temperature ranges as broad as 250 ºC. 97 
Similar approaches to address hysteresis effects 
associated with polymer stabilized systems involve 
generating, washing, and refilling polymeric networks 
with nematic LCs.111 Nevertheless, expanding the 
thermal stability of BPs in general has been achieved 
through two different approaches, 1) stabilizing 
disclinations lines, and 2) confining BP crystals. Here we 
review these two approaches and the techniques used to 
primarily stabilize BP structures along with combined 
approaches to further optimize these material systems. 
Specifically, we will delve into the relationship between 
confinement and curvature and the impact of this 
coupling on the structural stability of BPs based on our 
latest research findings. 

3.1. Stabilization of Disclination Networks   

 Considering that disclination lines are areas of 
maximal free energy, Kikuchi and his team proposed that 
incorporating additional components into these lines 
could effectively reduce the free energy cost associated 
with defects, thereby enhancing the stability of BPs over 
an expanded temperature range.96 They studied the effect 
of varying monomer composition and concentrations on 
the stability windows of BPI LCs. It was hypothesized 
that random coils of polymer chains can localize in the 
core of disclination lines and perturb the arrangements of 
the adjacent LC molecules, lowering the thermal energy 
requirements of the core to maintain its isotropic liquid 
state (Fig. 6A). This in turn led to a stabilized lattice 
network of disclination lines, which guides and further 
stabilizes the orientation of the surrounding LC 
molecules under lower thermal conditions (Fig. 6A).96 
The group also showed that a fine balance of miscibility 
between the host LC and monomer additives must be 
achieved to create a stabilization effect, as highly 
compatible LC monomers showed no increase in thermal 
stability due to the homogenous distribution throughout 
BP host liquid crystalline material. Many researchers 
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have utilized the polymer stabilization approach and 
explored the impact of various factors, such as polymer 
chain solubility, composition, rigidity, and the degree of 
cross-link density in BP bulk.97-101 Following this 
strategy, Castles et al. created free standing, 3D casting 
templates with lightly crosslinked polymer networks.97 
Using a 3-5 wt% chiral dopant, 25-50 wt% reactive 
mesogens/photo initiator mixture dissolved in bi-
mesogenic LC, they were able to fabricate a free-standing 
template which was then washed of liquid crystalline 
material. Subsequently, they validated the structural 
integrity of the polymer matrix by refilling the template 
with an achiral 5CB nematic LC. The templated achiral 
material was able to successfully achieve a BP like 
structure with a characteristic reflection pattern 
reminiscent of BPI oriented in the [011] crystalline 
direction. When filled with a large temperature range 
achiral nematic (BL006 Merck), they achieved an 
unchanging optical response from -125 °C to 125 °C, 
dwarfing conventional BP systems.97 In the same line of 
study, Jo et al. introduced low concentrations of 
monomers Trimethylolpropane Triacrylate (TMPTA) 
and reactive mesogens 2-Methyl-1,4-phentlene bis(4-(3-
(acryloyloxy)propoxy)benzoate) (RM257) to a chiral 
nematic LC precursor.102 After surface treatment of the 
glass substrate comprising the film’s cell (5 µm 
thickness), the group was able to fabricate LC films with 
a 60 °C window of stability for BPII. Xiang et al. utilized 
a polymer-stabilized BP template to fill a broad-
temperature nematic (E7).111 This was to reduce the 
increased optical switching time normally seen in 
polymer-stabilized materials. In doing so, they were able 
to achieve a broad temperature range (130 °C) and 
optimal switching time (61 to 87 µs) compared to either 
the pure BP or polymer-stabilized BP alone. Similarly, 
Lee et al. created multiple formulations of polymer 
stabilized BP samples, using varying concentrations of 

PETA (Pentaerythritol tetraacrylate) and SL04151 as the 
chiral LC material.112 Holding LC concentrations 
constant, they found increasing PETA concentrations 
beyond 3 wt% removed the phase transition to BPII, 
creating a direct transition route between the isotropic-
BPI phases. The effect is potentially due to immiscibility 
between the non-mesogenic monomer and the liquid 
crystalline material, favoring migration to the 
disclination lines and formation of interfaces between the 
disclinations and liquid crystalline host material. This, in 
combination with the introduction of the chiral 
mesogenic monomers SL04151, stabilizes the formation 
and packing of DTCs thereby improving thermal 
stability. 

Another approach to extend the temperature range of 
BPs involves the integration of nanoparticles (NPs) into 
disclination lines. Xu et al. introduced ferroelectric 
nanoparticles which leveraged the sensitivity of BPs to 
an applied electric field, simultaneously increasing the 
clearing temperature window of the system while also 
reducing the driving voltage by more than 70%.109 
Similar to polymeric inclusions, NPs accumulate within 
the lattice disclination lines of the BPs, stabilizing the 
chiral BP structures (Fig. 6B). Gharbi, et al. utilized 
surface functionalized gold NPs which were miscible in 
cyanobiphenyl based LCs and observed the resulting 
cubic structures utilizing polarized optical microscopy 
and synchrotron small-angle X-ray scattering (SAXS).104 
The addition of the NPs showed distinct textures under 
polarized microscopy, while the SAXS analysis showed 
observable peaks indicating cubic ordering of the 
predicted phase (Fig. 6C). Additionally, the diffuse NPs 
increased the stability temperature range of the BPs from 
0.9 to 2.5 ºC.104 By dispersing gold spherical 
nanoparticles on the order of 3.7 nm in a BP mixture, 
Yoshida et al. were able to increase the temperature 

Fig. 7 A) Phase distribution of various droplet sizes showing droplet size defines the BP structure stabilized in droplets. 
B) Phase transition temperatures of BPs as a function of droplet sizes. C) Simulated cholesteric-BP transition temperature 
as a function of droplet size, and the predicted free energy of the system. Panels A through C were reprinted with permission 
from ref. 39. Copyright 2022 American Chemical Society.  



Feature Article ChemComm. 

12 Chem. Comm.., 2023, 00, 1-3 This journal is © The Royal Society of Chemistry 2023 

Please do not adjust margins 

Please do not adjust margins 

window of BPI from 1°C to 11°C.105 Similarly, 
systematic high-resolution studies by Karatairi et al. 
found that including CdSe NPs treated with hydrophobic 
oleyl amine and tri-octyl phosphine in S-(+)4-(2’-
methylbutyl)phenyl 4’-n-octylbiphenyl-4carboxylate 
(CE8 or 8SI*) and S-(+)-4-(2-methylbutyl)phenyl 4-
decycloxybenzoate (CE6) LCs increased the range in 
which BPII appeared by up to 20 K for CE8.113 
Mechanistically, the hydrophobic surface 
functionalization of the NPs drives their localization into 
the disclination lines. This in turn reduces the free energy 
penalties associated with the presence of disclination 
lines, thus furthering the transition temperature between 
isotropic and BPs. 

3.2. BP Stabilization Induced by Geometrical 
Confinement and Curvature  

Geometrical confinement of pure BPs has also been 
shown to impact their structural and thermal stability. Lin 
et al. have recently shown that confining pure cholesteric 
LC in a direct ink printed honeycomb microwell reduces 
the BP transition temperatures to room temperature and 
expands their thermal stability ranges dramatically 
upwards of four-fold (Fig. 6D).101 This is attributed to the 
weak boundary force provided by the honeycomb walls. 
In fact, when the chiral LC is cooled down from the 
isotropic phase, this boundary force coupled with 
anchoring conditions of the substrate anchors the growth 
of the soft crystal alignment and provides a barrier to the 
dissolution of the DTCs, stabilizing BPs over a wider 
temperature range.  

To understand the interaction of geometrical 
curvature and 3D cubic lattice structure of BPs, we have 
explored the structural stability of pure BPs in 
microdroplets through a combined approach of 
simulations and experimental observation. We studied 
the effect of surface anchoring strength and the degree of 
confinement and curvature on the optical responses of 
BPs and their inherent stability windows.33 The results 
showed that tunability of the unit cell size of BPs in 
droplets was achievable through alteration of the droplet 
diameter and anchoring strength. Furthermore, these 
results show that the stability of BPs under confinement 
was significantly different from that compared to the 
bulk, as droplets exhibited an increase in the range of 
stability for both BPI and BPII. In a similar line of study, 
it was further noted that there was a slight decrease in the 
transition temperature from isotropic to BPII in droplets 
with diameters below 4 micrometers.94 However, little 
size effect was detected for transition temperatures 
between BPII-BPI and BPI-cholesteric phases. Yang et 
al. continued this study, and both experimentally and 

computationally investigated the structural stability of 
BPs in sub-micrometer droplets dispersed in an aqueous 
solution.35 They developed an optical technique based on 
light scattering to precisely track the structural evolution 
in sub-micrometer droplets. Their findings indicated a 
substantial decrease in the transition temperatures from 
isotropic to BP as the droplet size reduced to the sub-
micrometer range (Fig. 6E). However, the stability 
window of BP expanded threefold. The free energy 
analysis of the confined systems showed that the chiral 
contribution to the elastic energy primarily determines 
the stability of different phases.37 Understanding the 
structural stability and phase behavior of BPs at the sub-
micron scale is particularly important as they offer a 
larger specific surface area, which could be advantageous 
for applications like sensing and drug delivery. 

We have recently explored the coupling effect of 
curvature and polymer stabilization of disclination 
networks on the structure and phase behavior of BPs 
confined in microdroplets.39 Our studies have 
demonstrated a strong correlation between the size of the 
stabilized BP microdroplets and the phase transition 
temperature (Fig. 7A). These results show that the size of 
the confining geometry significantly influences the 
structure and stability of the phase (Fig. 7A, B). After 
polymerization, droplets having a diameter smaller than 
10 μm appeared isotropic, while those with diameters 
between 11 to 16 μm and larger than 17 μm showed BPII 
and BPI structures, respectively (Fig. 7A). The BPs were 
identified through their distinct reflectance peaks using a 
spectrometry technique, and their associated lattice size 
was accurately determined using super-resolution laser 
confocal microscopy. When comparing our observation 
(Fig. 7B) with the results reported by Yang et al.35 (Fig. 
6E), it is evident that the coupling of polymer 
stabilization of BPs and the curvature-induced strain can 
influence the size dependency of phase behavior, leading 
to its manifestation in larger droplets and at lower 
temperatures. Nevertheless, the results showed that that 
the process of polymer stabilization in microdroplets 
significantly enhanced the stability window of both BPI 
and BPII by approximately twenty-fold and three-fold, 
respectively (Fig. 7C). 

3.3. Theoretical Approach on the Effect of a Guest 
Component and Curved Confinement on the Stability 
of BPs 

The stability of BPs through the introduction of 
polymers into the disclination networks can be explained 
based on Fukuda’s work.107 As mentioned previously, the 
disclination lines of a BP represent localized regions with 
the highest free energy density. As a result, introducing a 
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volume fraction, 𝜙𝜙, of monomers causes them to 
aggregate within the disclination lines. Within BPI unit 
cells, such a monomer aggregation is assumed to form 
cylindrical regions of volume ΩM, with anchoring energy, 
𝜎𝜎, and area per unit volume, s.  As a result, the free energy 
of BPI that accounts for the monomer aggregation can be 
written as 𝐹𝐹BPImon = ∫ d𝒓𝒓 𝑓𝑓(𝒓𝒓) 

ΩTot−ΩM
+ ΩTot(𝜙𝜙𝑓𝑓M +

𝜎𝜎𝜎𝜎). Where f(r) is the profile of the free energy density of 
BPI, ΩTot is the total volume and fM is the free energy 
density contribution of the monomer. The last term of this 
equation accounts for the effect of the interfacial energy 
that depends on the monomer aggregation at the 
disclination lines. For the cholesteric phase, there are no 
preferential sites for monomer aggregation due to an 
absence of disclination lines, therefore, the 
corresponding free energy is given by 

𝐹𝐹Cholmon = ΩTot[(1− 𝜙𝜙)𝑓𝑓Chol + 𝜙𝜙𝑓𝑓M], where 𝑓𝑓Chol  is 
the free energy density of the pure cholesteric phase. 
Subtracting these two free energy equations results in 
𝐹𝐹BPImon − 𝐹𝐹Cholmon = ∫ d𝒓𝒓 𝑓𝑓(𝒓𝒓) 

ΩTot−ΩM
+ ΩTot[−(1−

𝜙𝜙)𝑓𝑓Chol + 𝜎𝜎𝜎𝜎]. 
Intuitively, it can be deduced from the net free energy 

equation that stability of the BPI increases with monomer 
concentration. Within a BPI-unit cell the straight, 
disjointed disclination lines that can be seen as 4 
diagonals, each of length √3𝑎𝑎BPI. Therefore, the 
monomer aggregation produces cylindrical regions of 
volume 4√3𝑎𝑎BPI𝜋𝜋𝑟𝑟2 which is equivalent to 𝜙𝜙𝑎𝑎BPI3 . The 
area of the interface per unit volume is given by 𝑠𝑠 =
8√3𝑎𝑎BPI𝜋𝜋𝜋𝜋

𝑎𝑎BPI
3 = 4

𝑎𝑎BPI
�√3 𝜋𝜋𝜋𝜋�

1/2
. Hence, by considering the 

monomer-rich disclination lines as locally isotropic, the 
free energy gap between the monomer-laden BPI and 
cholesteric phases depends on the monomer volume 
fraction as shown by 𝐹𝐹BPImon − 𝐹𝐹Cholmon = 𝐹𝐹BPI − 𝐹𝐹Chol +

ΩTot �(𝑓𝑓Chol − 𝑓𝑓iso)𝜙𝜙 + 4𝜎𝜎
𝑎𝑎BPI

�√3 𝜋𝜋𝜋𝜋�
1
2�107,39, where 𝐹𝐹BPI 

and 𝐹𝐹Chol  are the free energy of the pure BPI and 
cholesteric phases. Since the isotropic free energy density 
is larger than the free energy density associated with the 
cholesteric phase, the addition of a small amount of 
monomer stabilizes BPI over the cholesteric phase. 
Confinement distorts the BP unit cells, particularly near 
the interfaces, and the effect of confinement on the 
stability of the BPI can be considered by introducing an 
average BP-unit cell, 𝑎𝑎BPI. 

 
4. Controlling the BP-Lattice Orientations 

 An additional challenge associated with bringing BP 
technology to commercial realization is the formation of 
polycrystalline domains. For many directed applications 
such as opto-electronics and photonic displays, the 

granular textures associated with multiple crystalline 
domain orientations increase voltage requirements and 
decrease optical response times. To overcome this 
challenge and obtain crystal domains with uniform 
orientation, chemical and physical treatment of the 
confining surfaces have been explored as a practical 
strategy. For example, Zheng et al. developed a method 
based on a photoalignment technique to produce 
micropatterns with localized and uniform-oriented BP 
domains. These patterns can be erased and rewritten by 
sequential UV-irradiation and electric-field 
stimulation.108 By using glass cells which impose weak 
planar anchoring energy, Oton et al. could obtain large 
BP-crystals with different lattice orientations.51 They 
prepared Indium Tin Oxide (ITO) coated ultra-flat glass 
substrates that were rubbed in an antiparallel 
configuration and assembled into sandwich cells 5 to 
15 µm thick. Their findings indicate that the lattice 
orientation of large BP-crystals depended not only on the 
cell thickness, but also the helical twisting power and 
concentration product of the chiral dopant. 

We used computational techniques to sample the 
behavior of the preferred molecular alignment on the 
substrate and identify those regions where the given 
anchoring conditions impose (or release) strain of the 
confined BP to produce on-demand lattice orientation 
(Fig. 8A-C). These continuum simulations have been 
very useful for guiding the design of the chemical hybrid 
(homeotropic-planar) anchoring patterns to promote the 
nucleation and growth of monodomain BPs with 
controlled lattice orientations. Based on the simulation 
conditions, the chemical patterns were experimentally 
produced using e-beam lithography on a Si substrate 
covered by a uniform poly(6-(4-methoxy-azobenzene-4'-
oxy) hexyl methacrylate) (PMMAZO)/OTS layer (Fig. 
8A).50 This surface patterning approach was also 
exploited to generate sculpted grain boundaries with 
complex geometries (Fig. 8B).36  

BP-single crystals grown on chemically pattered 
surfaces have shown a diffusion-less, martensitic-like 
transformation during the BPI-BPII phase transition. In 
solid atomic crystals, the martensitic transformation 
consists of a cooperative and coordinated movement of 
atoms that triggers changes in the lattice symmetry of the 
crystals. In contrast, BP-lattices are orders of magnitude 
larger than the atomic lattices, and the material is in a 
liquid state with diffusion events occurring continuously. 
However, the building units of a BP-lattice are DTCs and 
these entities do not diffuse but instead exhibit a 
cooperative and coordinated motion. The martensitic 
nature of BP crystal transformations was first reported in 
a work by Li et al., using an epitaxial assembly strategy. 
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They found that in a matter of seconds, the system 
undergoes a transformation between two macroscopic BP 
single crystals.37,38 They associated the distinct 
crosshatched structure that precedes the BPI-BPII 
transformation as a signature of the underlying crystal 
reconfiguration process, from SC to BCC, which is 
characteristic of a martensitic transformation (Fig. 8D). 
Starting from a BPII with a temperature near the BPII-
BPI transition temperature, the Landau-de Gennes 
formalism was implemented to simulate an annealing 
process consisting of a slight change in temperature 
followed by a free-energy relaxation. Consistent with the 
experiments, the simulations showed a sudden 
reconfiguration of disclination lines where the four-arm 
junctions of the BPII [100] unfold and stretch to form 
straight-line defects giving rise to BPI [110] (Fig 8D). An 
analysis of the director field shows that this 
transformation is produced by a collective and diffusion-
less reconfiguration of DTCs (Fig. 8D), which was 
confirmed through in-situ resonance soft x-ray scattering. 
38  

It has also been found that the orientation of the BP-
lattice can be influenced by the curvature of interfacial 
boundaries. For instance, BP monodomains in LCs with 
high levels of chirality were formed when encapsulated 
in droplets, eliminating the necessity for any specific 
surface treatments.33,94 The formation of monodomain 
crystals during the annealing process for both BPI and 
BPII at their respective phase temperatures was observed, 
but the formation of the BPII monodomain crystal 
structure was significantly more rapid than BPI. 
Additionally, during the transition from multidomain to 
monodomain structures, BPI experiences lattice 
deformation at the surface which results in a blueshift in 
the reflected color. However, for BPII, the shift in the 
reflected wavelength was not detectable (Fig. 8E). Our 
recent research has demonstrated that in BPs confined 
within microdroplets, the polymerization of the 
disclination network can promote the formation as well 
as the stabilization of monodomain BPII crystals.39 
Conversely, BPI crystals that have been stabilized with 
polymers fail to transition to a monodomain structure 

Fig. 8 A) Schematic representation of the process of fabrication of chemical patterns. B) A dual-patterned surface under 
SEM imaging. C) Reflection mode polarized optical microscopy images of C patterned surfaces and resultant Kossel 
Diagrams. Panels A through C were adapted under a Creative Commons CC-BY NC License from ref. 36. Copyright 2019 
The American Association for the Advancement of Science. (D) Phase transformation of BPI-BPII transitions upon heating 
and cooling in a hybrid cell with a striped chemical pattern and snapshots of reconfiguration of topological defect network 
during BPII-BPI phase transition. Panels D was reprinted with permission from ref. 37. Copyright 2017 National Academy 
of Sciences.  E) Optical characterization of BPII (Left) and BPI (Right) droplets (scale bar is 5 µm). Panel E was reprinted 
with permission from ref. 94. Copyright 2015 John Wiley and Sons. F) Polarized optical microscopy image of polymer 
stabilized BPII (Left) and BPI (Right) droplet with corresponding confocal laser scanning microscopy images. Panel F 
reprinted with permission from ref. 39. Copyright 2021 American Chemical Society. 
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(Fig. 8F). Utilizing super-resolution confocal laser 
scanning microscopy equipped with laser wavelengths 
that correspond with the periodic structure of BPs, we 
were able to non-invasively detect disclination network 
configurations and discern grain boundaries. In 
agreement with polarized optical microscopy, the 
confocal microscopy images affirm that BPI displays 
features characteristic of platelet crystals with bcc lattice 
planes of [111], [110], [200], and [211]. In contrast, BPII 
droplets display a single crystal with a uniform alignment 
of the [100] lattice plane across the entirety of the droplet. 

Conclusions 
 This feature article delves into the captivating world 
of BPs, shedding light on the impact of geometrical 
confinement and curvature on their structural stability, 
phase behavior, and the resulting photonic features. We 
have highlighted the primary challenges faced by BPs, 
including their thermal stability and polydomain 
crystalline features. We have also discussed potential 
strategies, such as polymer stabilization and nanoparticle 
inclusions, to expand the thermal stability of BPs, and 
surface patterning as a promising technique to promote 
single crystal growth process.  

We have specifically discussed the current studies on 
how the interplay between surface anchoring, 
confinement, and curvature can affect BP structural 
stability and monodomain crystal formation. We have 
presented BP microdroplets and core-shells as two 
platforms that have been exploited to investigate the 
effect of curved confinement. These studies demonstrate 
that confining BPs in microdroplets can influence the 
crystal structure, induce single crystal formation, and 
expand structural stability. However, confining BPs in 
core-shells with both strong confinement and high 
curvature can destabilize BPI and force it to adopt a BPII 
configuration, eventually transforming to Skyrmion 
lattices at a high degree of confinement. 

Looking ahead, the study of BPs holds great promise 
for further advancements in the field. In addition to the 
need for the development of new materials and 
techniques to create monodomain structures and stabilize 
BPs, there are still many questions that remain 
unexplored. In particular, current studies on the coupling 
effect of curvature and confinement clearly demonstrate 
the existing knowledge gap and offer significant scope 
for further exploration to expand the future applications 
of BP soft crystals. 

The effect of flow forces on BPs is also a promising 
area of research. Flow forces can influence the 

orientation and phase behavior of LCs, potentially 
leading to new behaviors and properties. In this regard, 
experimental and computational studies of effects of 
shear flow, pressure-driven flow, and extensional flow on 
BPs could provide vital insights. This will help us to 
understand how to design flow systems and induce 
curvature to achieve desired characteristics in BP-based 
devices, such as improved response times or altered light 
manipulation properties. 

The impact of the coupling of flow and curvature on 
BPs is another area that warrants further exploration. 
Although there are some studies on the effect of shear 
forces on the molecular arrangement and optical response 
of bulk BPs, far less is known about the effect of active 
hydrodynamic forces on chiral LCs when confined in 
micrometer-sized droplets. A deep understanding of the 
effect of the coupling of hydrodynamic forces generated 
in a microfluidic device and the degree of geometrical 
curvature on the structural reorganization and phase 
transitions of LCs with high level of chirality and BP 
droplets could be a rich area for research. 

Research into the impact of the coupling of curvature 
and induced electric fields on BPs could lead to the 
development of reconfigurable devices. Further 
understanding of how curvature affects the structure and 
response time to external fields, such as electrical and 
light fields, could lead to the development of 
reconfigurable devices. 

Lastly, the impact of the coupling of curvature and 
mechanical deformation on stabilized BPs (through 
either the inclusion of nanoparticles or polymerization) is 
an area that needs further exploration. Understanding 
how mechanical deformation affects the structural 
stability of BPs, especially when coupled with curvature, 
is an area that needs to be explored. 

It is crucial to note that the research directions 
outlined above are not exhaustive, but rather represent a 
subset of the vast landscape awaiting exploration in the 
field of BPs. Continued investigations into the effects of 
flow, curved confinement, and external stimuli will 
undoubtedly contribute to the advancement and eventual 
commercialization of these fascinating materials in 
various industries, including displays, photonics, and 
optoelectronics. By unraveling the complexities of BPs 
under curved confinement, we can unlock their full 
potential and pave the way for exciting technological 
advancements in the future. 
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