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Prolate and oblate chiral liquid crystal spheroids
Monirosadat Sadati1,2, Jose A. Martinez-Gonzalez1,3, Ye Zhou1, Nader Taheri Qazvini1,2, 
Khia Kurtenbach1, Xiao Li1,4, Emre Bukusoglu5,, Rui Zhang1, Nicholas L. Abbott6,  
Juan Pablo Hernandez-Ortiz7, Juan J. de Pablo1,8*

Liquid crystals are known to exhibit intriguing textures and color patterns, with applications in display and optical 
technologies. This work focuses on chiral materials and examines the palette of morphologies that arises when 
microdroplets are deformed into nonspherical shapes in a controllable manner. Specifically, geometrical confine-
ment and mechanical strain are used to manipulate orientational order, phase transitions, and topological defects 
that arise in chiral liquid crystal droplets. Inspired by processes encountered in nature, where insects and animals 
often rely on strain and temperature to alter the optical appearance of dispersed liquid crystalline elements, 
chiral droplets are dispersed in polymer films and deformation induced by uniaxial or biaxial stretching. Our mea-
surements are interpreted by resorting to simulations of the corresponding systems, thereby providing an in-depth 
understanding of the morphologies that arise in these materials. The reported structures and assemblies offer 
potential for applications in smart coatings, smart fabrics, and wearable sensors.

INTRODUCTION
Liquid crystals (LCs) exhibit ordered mesophases that arise from 
anisotropic molecular shapes and packing considerations. They repre-
sent a unique class of oil-based synthetic materials with tunable long-
range orientation and have found a wide range of applications, from 
display technologies and optical devices to chemical and biomolecular 
sensors (1–8). In the nematic phase, LC molecules tend to align 
along a uniform direction, the so-called director ​​  n​​. Chiral structures 
can be induced in nematic LCs by adding a chiral dopant, which 
makes the average director twist in the direction perpendicular to 
the molecular axis. In a chiral nematic, or cholesteric phase, the 
periodicity of the helical structure is described by the pitch (p), 
which is the distance corresponding to a 2 rotation of the molecular 
orientation (director n). Cholesteric LCs with a self-organized helical 
structure exhibit specific reflection patterns that originate from that 
structure (9) and are considered attractive candidates for a wide 
range of photonic applications (10, 11). According to Bragg’s law 
 = np, the wavelength of the reflected light  is attributed to the 
product of the average refractive index (n) of the LC and the 
with pitch length (p). The color change of a cholesteric LC can be 
controlled by adjusting the cholesteric pitch p, through the chiral 
dopant concentration, temperature, thickness of the confinement, 
electric fields, and laser light (12). The higher the dopant concentration 
or temperature, the shorter the helical pitch becomes, thereby shift-
ing the reflected light to shorter wavelengths (13). At high dopant 
concentrations or chirality, the blue phase structures (BPI and 
BPII) emerge between the cholesteric and isotropic phases. They 
exhibit cuboidal lattice structures stabilized by line defects and are 

capable of undergoing lattice transformations that occur through a 
martensitic-like process (14, 15). Blue phases (BPs) are particularly 
interesting in that they show highly selective reflection of incident 
light and submillisecond response times (16, 17).

A growing interest in the integration of chiral LCs into devices, 
such as fiber optics or wearable sensors, requires an understanding 
of the interplay between spatial restrictions, curvature, and ordering 
associated with this class of liquid crystalline materials. Computa-
tional simulations have recently shown that confining chiral LCs 
into channels can alter their defect structures and endow them with 
supramolecular configurations and rich defect topologies (18–26). 
The frustration of chiral LC molecules in curved geometries has 
been shown to have a substantial effect on their alignment and 
self-organization (21, 23, 25). Chiral LCs confined in spherical 
droplets (12, 27–34) exhibit defect structures that arise from the 
interplay of the inherent twist configuration of a chiral LC and the 
curvature of a spherical cavity; the p/R ratio, where p and R are 
the pitch of the cholesteric and the radius of the sphere droplet, 
respectively, determines the particular configuration that one may 
encounter. Recently, through a combination of theory and experi-
ment, Zhou et al. (32) reported that increasing the chirality of LCs 
confined into micrometer-sized droplets can lead to a continuous 
transition from a twisted bipolar structure to a radial spherical 
structure. This finding has been attributed to the balance between LC 
elasticity, chirality, and surface energy that occurs in a confined 
geometry. Moreover, they demonstrated that nanoparticles are 
localized at the defect regions on the surface of the droplets in a 
manner that is dictated by the configuration of the underlying 
chiral LC (32, 33). Bagnani et al. (35) have reported the emergence 
of different configurations, including homogeneous, radial, bipolar, 
radial chiral, and uniaxial chiral nematic in cholesteric amyloid 
fibrils tactoids. Bukusoglu et al. (36) studied BPI and BPII in droplets 
dispersed in water. They used experiments and theory to show that 
blue phase liquid crystals (BPLCs) confined into a sphere strain the 
cubic lattice structures near the interface, thereby altering the Bragg 
diffraction and inducing the formation of a monodomain BP (36). 
Computational studies by Martínez-González et al. (21) have also 
shown that confining a BPLC into a small droplet can influence the 
structure of defects and the stability of the corresponding phases. 
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Recently, Palacio-Betancur et al. used simulations to explore the 
configuration of BP droplets under multiaxial deformation. Their 
results indicate that, in oblate cavities, cuboidal BP structures transform 
into half skyrmions, and the geometrical constraints induced by 
the prolate spheroidal shape lead to hybridization of the BPs (37).

Building on past studies in spherical droplets, core-shell geometries 
have now been used to explore the effects of curvature on the 
molecular configuration and optical properties of chiral LCs. When 
a chiral LC is confined into a shell, a new structure appears, where 
large stripes engulf focal conic domains and small, perpendicularly 
aligned substripes (38–40). By taking advantage of the selective 
reflection property of chiral LCs, Lee et al. (41–45) have managed 
to design photonic microcapsules that rely on confinement into 
core and shell geometries, where the spherical symmetry provides 
rotation-independent photonic properties. Fialho et al. (46) have 
computationally explored the effect of curvature on the alignment of a 
cholesteric LC in different geometries, including cylindrical walls and 
pores as well as toroidal domains. They have shown that curvature-
induced stresses can alter molecular alignment and distort periodicity. 
In addition, a symmetry breaking behavior of cholesteric layers has 
been reported for toroidal geometries (46). In parallel studies, Wand 
et al. (47) have examined the effect of confinement in torus-shaped 
and cylindrical domains using Monte Carlo simulations. They found 
that confining a chiral LC in a cylindrical cavity with planar anchor-
ing leads to a defect-free domain with a twisted director field. In 
toroidal domains with homeotropic surface anchoring, an unstable 
twisted configuration appears in the form of a single disclination 
line or a pair of intertwined disclination rings with knotted defect 
structures (47).

As the summary above illustrates, past studies have focused on 
stationary confinement of LCs in spherical droplets. The work 
reported here focuses on the continuous and reversible deforma-
tion of confined cholesteric LCs into oblate and prolate domains, 
and it offers access to a rich palette of optically active structures that 
had not been considered before. By relying on both experiments 
and computational simulations, we demonstrate that the coupling 
of curvature, elasticity, and strain of the chiral LC leads to the emer-
gence of new, stable molecular configurations with potential applica-
tions as mechano-optical meta materials in smart coatings, wearable 
electronics, and sensors.

MATERIALS AND METHODS
The mesogen MLC 2142 and the chiral dopant 4-(1-methylhepty-
loxycarbonyl) phenyl-4-hexyloxybenzoate (S-811) were purchased 
from Merck (the molecular structure of S-811 is shown in Fig. 1A). 
Poly vinyl alcohol (PVA, average Mw = 85k to 124k, 87 to 89% 
hydrolyzed) and poly acrylic acid (PAA, Mw = 100k) were purchased 
from Sigma-Aldrich. All materials were used as received. The 6 and 
35 wt % of S-811 in MLC 2142 mixtures were prepared using toluene 
as a cosolvent and incubated at room temperature overnight. Toluene 
was then evaporated using a rotary evaporator at 50°C. Chiral LC 
droplets were prepared by emulsifying 10 l of mixtures in 2 ml of 
mQ water using a Branson 450 Sonifier at 20% output power with 
a 3-mm tip. Immediately after, the PVA solution (or PAA solu-
tion) was added to the emulsion to stabilize the system (Fig. 1B). 
PVA and PAA are both water-soluble polymers; they are immiscible 
with the LC and ensure strong planar anchoring at the surface of 
chiral LC droplets. The final polymer concentration in the emulsion 

was 10 wt %. The emulsion was plasticized with glycerol (1 wt %) and 
casted on a glass substrate and dried at 30°C for 2 days. After water 
evaporation, the polymer film was cut into rectangular stripes with 
dimensions of 10 mm by 30 mm and carefully peeled off from the 
glass substrate. The polymer thickness was measured to be 100 to 
120 m, and the LC concentration in the dried polymer film was 
5 wt %. To deform chiral LC droplets, a polymer-dispersed LC 
(PDLC) film was mounted on a manual tensile machine (Micro 
Vice Holder, STJ-0116-A, S.T. Japan Inc.), which can stretch the 
film uniaxially using two micrometer screw gauges (fig. S1). The 
extension was increased in a stepwise manner, and the reflection band 
was measured using a Flame VIS-NIR Miniature Spectrometer 
( > 350 nm). We used an Olympus BX51 optical microscope 
equipped with cross polarizers to monitor changes in shape, con-
figuration, and optical properties of the droplets before and during 
deformation of the PDLC film.

At a theoretical level, a continuum mean field Landau-de Gennes 
formalism (48–51) was adopted to describe the liquid crystalline 
system. In this formalism, the free energy of the LC, F, is modeled 
in terms of the tensor order parameter, Q, defined by Qij = S (ni 
nj − 1/3 δij), with i, j = 1, 2, 3, and ni are the x, y, and z components 
of the local director vector and S is the scalar order parameter. The 
free energy functional is given by

	​ F(Q ) = ∫ ​d​​ 3​ x [ ​f​ P​​(Q ) + ​f​ E​​(Q ) ] + ∫ ​d​​ 2​ x ​f​ S​​(Q)​	 (1)

where the short-range contribution, fP, is given by

	​​ ​f​ P​​  = ​  A ─ 2 ​​(​​1 − ​ U ─ 3 ​​)​​ tr(​Q​​ 2​ ) − ​  AU ─ 3 ​  tr(​Q​​ 3​ ) + ​  AU ─ 4 ​  tr ​(​Q​​ 2​)​​ 
2
​​​	 (2)

In Eq. 2, A and U are phenomenological parameters that depend 
on temperature and pressure. The elastic free energy is given by

	​​ ​f​ E​​  = ​  1 ─ 2 ​​[​​L ​ 
∂ ​Q​ ij​​ ─ ∂ ​x​ k​​ ​ ​ 

∂ ​Q​ ij​​ ─ ∂ ​x​ k​​ ​ + 2 ​Lq​ 0​​ ​ϵ​ ikl​​ ​Q​ ij​​ ​ 
∂ ​Q​ lj​​ ─ ∂ ​x​ k​​ ​​]​​​​	 (3)

where q0 = 2p/p is the inverse of the pitch (p), L is an elastic con-
stant, and eikl is the Levi-Civita tensor. The last term of Eq. 1 corre-
sponds to the surface contributions to the free energy. For planar 
degenerate anchoring, we have (44)

	​​ f ​S ​ P ​  = ​ W​ P​​ ​(​   Q ​ − ​​   Q ​​​ 
⊥
​)​​ 

2
​​	 (4)

where WP is the anchoring energy, ​​ ̃  Q ​  =  Q + SI / 3,​ and ​​​   Q ​​​ 
⊥
​  =  P​ ̃  Q ​P​. 

The projection operator is defined by Pij = ij − ij, where n is the 
vector normal to the surface.

Minimization of the free energy, which leads to metastable and 
stable states, was achieved using a Ginzburg-Landau relaxation 
method where Q evolves toward equilibrium according to (49, 50)

	​​ ​ ∂ Q ─ ∂ t ​  =  − ​ 1 ─  ​ ​(​​ ​ F ─ 
Q ​​)​​​​	 (5)

with boundary conditions such that [(F/ ∇ Q) ∙ ] = 0, where 
(B) = 1/2 (B + BT) − 1/3 tr(B) I ensures the symmetric and traceless 
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properties of the Q-tensor parameter and g is a diffusion coefficient. 
Initial configurations for BPI were generated according to (48, 49, 51)

	​​
​​Q​ xx​​  =  a(–sin​(​​ ​ky ⁄​√ 

_
 2 ​​​)​​cos​(​​ ​kx ⁄​√ 

_
 2 ​​​)​​ − sin​(​​ ​kx ⁄​√ 

_
 2 ​​​)​​cos​(​​ ​kz ⁄​√ 

_
 2 ​​​)​​+​

​   
​2sin​(​​ ​kz ⁄​√ 

_
 2 ​​​)​​cos​(​​ ​ky ⁄​√ 

_
 2 ​​​)​​)​

 ​​	
		  (6)

	​​
​​Q​ xy​​  =  a(– ​√ 

_
 2 ​ sin​(​​ ​kx ⁄​√ 

_
 2 ​​​)​​sin​(​​ ​kz ⁄​√ 

_
 2 ​​​)​​ − ​√ 

_
 2 ​ cos​(​​ ​ky ⁄​√ 

_
 2 ​​​)​​cos​(​​ ​kz ⁄​√ 

_
 2 ​​​)​​+​

​   
​sin​(​​ ​kx ⁄​√ 

_
 2 ​​​)​​cos​(​​ ​ky ⁄​√ 

_
 2 ​​​)​​)​

 ​​	
		  (7)

For BPII, we used

	​​ Q​ xx​​  =  a(cos kz − cos ky)​	 (8)

	​​ Q​ xy​​  =  a sin kz​	 (9)

where the amplitude of initialization is a = 0.2, the strength of the 
chirality is given by k = 2q0r, and r is the red shift, which was found to 
be 0.71 for BPI and 0.86 for BPII (21). In all cases, the components 
yy, zz, xz, and yz were obtained by cyclic permutation of those 
given above. The BP lattice parameters aBPI and aBPII are given by ​​
a​ BPI​​  = ​   p _ 

​√ 
_

 2 ​ r
​​, ​​a​ BPII​​  = ​  p _ 2r​​. For the cholesteric phase, different initial 

configurations were used, including random, uniform, helical, a 
radial spherical configuration (RSS) (52), and a radial ellipsoidal 
configuration deformed from RSS according to the aspect ratio of 
the system geometry.

For the description of the system, we used a finite difference 
method with a mesh resolution of 7.15 nm and strong anchoring, 
WP = 1 × 10−3 J/m2; A = 1.067 × 105 J/m3, L = 6 pN, chiral pitch 
p = 258 nm, and thermal parameter U = 2.755 for BPII, U = 3.0 for 
BPI, and U = 5.0 for the cholesteric phase. These values are found 
to be consistent with experimental results (21, 36). BP topological 

defects were visualized through isosurfaces of the scalar order param-
eter of S = 0.35 for BPII and S = 0.42 for BPI.

The polarized light micrographs were calculated using the Jones 
matrix formalism, in which light traverses along a chosen direction 
and the total phase shift is accumulated. A wavelength of 350 nm was 
sufficient to solve the structural details of the observed morphologies.

RESULTS AND DISCUSSION
The optical properties of the chiral LC droplets (diameters of 10 to 
30 m) were first investigated in PVA and PAA solutions (Fig. 1, C and D). 
Figure 1C shows the optical appearance of a 25-m high-chirality LC 
droplet in the reflection mode of a cross-polarizer in PVA solution 
during cooling from 50° to 25°C at 0.2°C min−1. At high concentra-
tions of the chiral dopant (S-811), the BP structures emerge between 
the isotropic and cholesteric phases (Fig. 1C) (14, 36). Upon cooling 
from the isotropic phase, BPII domains reflecting blue light nucleate 
and grow as the temperature decreases. By further decreasing the 
temperature, the BPII with its simple cubic lattice structure transi-
tions into a BPI, which has a body-centered cubic lattice structure, 
and can be identified by the appearance of a green color. This color 
change is attributed to an increase in the helical pitch length when 
cooling the sample. We compared the effect of PVA and PAA poly-
mers on the temperature-dependent optical properties of the BPLC 
droplets to those of a pure water–LC emulsion (Fig. 1D). Our mea-
surements reveal a significant increase in the absolute value of the 
transition temperatures (Iso-BPII-BPI-Chol) of the BPLC droplets 
dispersed in PVA or PAA polymer solutions compared to those in 
pure water. PVA and PAA raise the BP transition temperatures by 
0.7° and 1.2°C, respectively. Moreover, PVA and PAA enlarge the 
stability range of BPII by about 33% with respect to that observed in 
pure water (Fig. 1D).

Oblate chiral LC droplets were formed by a slow drying process 
of the PDLC solution on a glass substrate. When water evaporates, 

Fig. 1. Phase transitions of high-chirality LC droplets in aqueous polymer solutions. (A) Molecular structure of the chiral dopant, S-811; (B) chiral LC droplets (MLC 
2142 and 36.25 wt % S-811) dispersed in 10 wt % PVA aqueous solution. (C) Cross-polarized reflection mode micrographs presenting phase transitions of a 25-m chiral 
LC droplet in 10 wt % high-molecular weight (HMw) PVA solution cooled from the isotropic phase at 0.2°C/min. (D) Effect of polymer type on the phase-transition tem-
peratures of chiral LC droplets [MLC 2142/S-811 63.75/36.25 (wt %)] dispersed in aqueous solutions (Chol, cholesteric (chiral); BPI, blue phase I; and BPII, blue phase II). 
Photo credit: Monirosadat Sadati, The University of Chicago.
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the polymer film shrinks to a level that can be controlled by the initial 
polymer solution, including type and concentration. This process 
leads to a geometrical deformation of the LC droplets, from spher-
ical to oblate. The cross section of the polymer film was examined 
by scanning electron microscopy (SEM) to determine the level of 
deformation of the chiral LC droplets (Fig. 2, A and B). Cross 
sections were prepared by breaking the polymer film after freezing 
in liquid nitrogen.

Cross-polarized reflection mode micrographs of the chiral LC 
droplets embedded in a dry PVA film show that geometrical de-
formation divides the chiral LC droplet into two separate regions 
with distinct LC molecular alignment. The outer part maintains the 
structure of the spherical droplet, with its RSS rings. However, the 
inner part adopts a disc-shape topology, where the strong planar 
anchoring forces the randomly oriented helical axis within the 
droplet to adopt a uniform alignment normal to the surface so that 
the director aligns tangential to the surface. The flat planar region of 
the now oblate chiral LC drop selectively reflects light of the color 
corresponding to the pitch length (53). Therefore, a chiral LC with 
higher dopant concentration and shorter pitch length reflects light 

at blue wavelengths, while the reflectance spectra of the LC with low 
dopant concentrations occurs at larger wavelengths (Fig. 2, D and I).

Our simulation results show that when a LC with low or high 
chirality is confined into an oblate spheroid, the concentric twisting 
layers of the RSS expand biaxially, and a domain of cholesteric 
phase emerges between the flattened surfaces along the z axis 
(Fig. 2, E and F) (see simulation results for the low-chirality LC 
oblate drop). Consistent with our experimental observations, these 
helical layers lead to a bright circle in the center of the cross-
polarized image in the top view (Fig. 2, E and F). Moreover, the RSS 
in the spherical droplet transforms into a more complicated config-
uration, with disclination lines forming inside (Fig. 2, G and H). 
Due to compression along the z axis, the double helix of bend 
distortions in RSS (28) breaks into two spiral-shape disclination 
lines (yellow in Fig. 2G). On the other hand, when the LC is confined 
into large oblate spheroids (Dx = Dy), we obtain a diametrical oblate 
structure (DOS) for high chirality (p = 258 nm) that resembles the 
diametrical spherical structure (DSS) (54). In addition to the char-
acteristic ring defects of the DSS (a series of single unlinked loops 
in the diametrical region), the DOS configuration exhibits other 

Fig. 2. Chiral LC droplets embedded in polymer films. (A and B) SEM micrographs of the cross section (side view) of high-chirality LC droplets embedded in dry PAA 
and PVA films, respectively. (C and D) Polarized optical microscopy (POM) of high-chirality LC droplets embedded in dry PAA and PVA films, respectively. (E) POM of a 
low-chirality LC droplet (6 wt % chiral dopant, N = 5) in a dry PVA film. (F) POM and (G and H) directors obtained from simulations for a low-chirality nematic oblate with 
Dx = Dy = 4 m, Dz = 2 m and pitch = 630 nm (colors are from blue to red according to ​​ ̂ n ​ ∙ ​ ̂ z ​​). The splay and bend elastic distortions are shown in blue (SSB > 0.002) and in 
yellow (SSB < −0.002), respectively. Defects are shown in black (isosurface for S = 0.5). (I) POM of a 60-m high-chirality LC droplet in dry PVA films. (J and K) POM, directors, 
and defects from simulations for a nematic oblate with Dx = Dy = 4 m, Dz = 2 m and pitch = 258 nm. (H) and (L) represent side views of the directors along the y axis. (C) 
to (F), (I), and (J) are taken in the xy plane.
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topological line defects, which produce knots that have been iden-
tified as a four-component link in the central region [according 
to the Rolfsen table (55), it corresponds to ​​N​j​ k​​, where the crossing 
number is N = 8, the number of blades is k = 4, and the order number 
is j = 1], followed by two single unlinked loops in the outer part 
(fig. S2). The four-component link exhibits a curly appearance in 
the simulated cross-polarizer images (Fig. 2K), which has also been 
observed in our experiments (Fig. 2I). This emerging, distinct mor-
phology can be attributed to the effect of confinement size on the 
phase transition temperatures (36).

To further investigate the effect of confinement shape and 
curvature on the molecular organization of chiral LCs, we uniaxially 
stretched the PDLC film. Systematic deformation of the droplets 
from their original spherical or oblate geometry by stretching of the 
PDLC samples was carried out under an optical microscope. Our 
cross-polarized images show that the LC droplets form ellipsoidal 
shapes that are aligned with their major axes along the stretching 
direction. Our cross-polarized micrographs demonstrate that the 
uniaxial stretching of the chiral LC droplets destabilizes the RSS 
configuration. RSS rings disappear from the center outward (Fig. 3A 
and movie S1) as strain is increased. The strain values are defined as 
 = (L − Lo)/Lo, where Lo is the initial diameter of the droplet and 
L represents the long axis of the ellipsoidal droplet at a given strain. 
Moreover, a pronounced color change accompanies the stretching 
of the chiral LC droplets, which we evaluate by visual observation 
during stretching and measure spectroscopically (fig. S3). According 
to the spectroscopy results, increasing strain shifts the reflection 
band of the frustrated chiral LC toward a lower wavelength (fig. S3), 
producing a color change from orange to green. When the film was 
unloaded, the orange color of the LC droplet was restored (fig. S4).

To expand on this phenomenon, we performed simulations of 
ellipsoidal cavities with various aspect ratios and explored the 
possible configurations. Our simulation results indicate that in the 
early stages of the uniaxial stretching along the x axis, the configu-
ration is still RSS-like with concentrically twisting layers near the 
boundary of the ellipsoidal cavity and uniaxially twisting structure 
in the center with helical axis along the z axis. As the oblate is 
stretched further (Dx = 3Dy, where Dx and Dy are axes diameters in 
the x and y directions, respectively), the high curvature near the 
ellipsoid ends in the x axis and the strong confinement along the z 
axis drives the most inner twisting layer toward the center and the 
RSS-like structure becomes destabilized. From Dx = 3Dy (Fig. 3), the 
helical structure under ellipsoidal confinement becomes energetically 
more favorable than the RSS-like structure.

The optical properties of the LC in the ellipsoidal cavities of the 
stretched polymer films were further investigated for the high-
chirality LC sample. Similar to the low-chirality LC, cross-polarized 
micrographs of the high-chirality LC droplets show that the RSS 
rings disappear under uniaxial deformation (Fig. 4, A and B, and 
movie S2). However, due to the high chirality of the LC, it is difficult 
to discern individual RSS rings. Figure 4  (A and B) shows the 
cross-polarized micrographs of the oblate chiral LC droplets before 
and after deformation at room temperature. Upon uniaxial stretch-
ing, we observe a pronounced color change from brownish-orange 
to deep blue (Fig. 4, A and B). Diffused reflection spectra before 
and after stretching the sample are shown in Fig. 4 (A and B). The 
color change is gradually restored after releasing the strain (fig. S4). 
The remaining deformation in the unloaded sample can be attributed 
to the residual plastic deformation of the polymer film, which did 
not allow a full recovery to the initial length.

Fig. 3. Transformation of the RSS structure to the helical configuration upon uniaxial deformation. (A) Cross-polarized reflection mode micrographs of a uniaxially 
stretched low-chirality LC oblate (N = 5) droplet embedded in a dry high–molecular weight PVA film. (B) Polarized light micrographs and (C) director fields obtained 
from simulations for chiral nematic ellipsoids with pitch = 630 nm during uniaxial stretch along the x axis. The axis lengths for the ellipsoids from top to bottom are 
Dx = Dy = 4 m, Dz = 2 m; Dx = 2Dy, Dz = 1.59 m; Dx = 3Dy, Dz = 1.39 m; and Dx = 4Dy, Dz = 1.287 m, respectively. The RSS-like structure becomes destabilized upon 
uniaxial deformation of the oblate, and a helical configuration becomes energetically more favorable from Dx = 3Dy. First and last columns in panel (C) represent the 
top view and side view of the director fields, receptively. The director field is colored according to its projection on the x axis. Defects are shown in black (isosurface 
for S = 0.5). The experimental and simulated cross-polarized micrographs presented in images (A) and (B) are taken in the xy plane.
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In the past few years, mechanically responsive chiral LCs have 
attracted considerable attention for sensing applications. In chiral LC 
elastomers, or a high-viscosity chiral LC sandwiched between polymer 
films, deformation-induced color change is attributed to a reduction 
in helix length due to a decrease in the film thickness upon straining 
(56–60).

Stretching of the polymer-dispersed chiral LC films leads to con-
traction along the axis normal to the surface of the film. Since the 
volume of the LC does not change, the extension of the polymer film 
results in a reduction in the size of the droplet along the z axis, which 
may cause a change in the pitch length of the chiral LC and the sub-
sequent color shift.

We further studied the structural transformation of the high-
chirality LC under uniaxial deformation using mean field simulations. 
As was shown before, consistent with the experimental observation, 
the high-chirality LC confined into an oblate spheroid (Dx = Dy) 
forms a DOS and exhibits a topological line defect that makes a 
knot. This unique structure appears as a curly and symmetric ring 
in the simulated cross-polarizer images when the system is observed 
from the z axis (optical axis) (Figs. 2F and 4C). Upon uniaxial de-
formation, however, the high-chirality LC adopts a deformed RSS 
configuration with cholesteric layers that are no longer flat and 
instead show oscillations (Fig. 4D). At the central region of the 
deformed droplet, the stretching induces a director alignment that 
lies on the xy plane (blue region, Fig. 4E); i.e., the LC tends to adopt 
a uniform configuration—as expected in nematic LCs—and the 

helical rotation is mainly presented along the z axis. Localized zones 
of high bend and splay deformation are also formed at the central 
region where the director rotates, which are identified by the isosur-
faces of splay (blue) and bend (yellow) order parameter (fig. S5); at 
these regions, we observe changes in the wavelength of the reflected 
light. The corresponding cross-polarized images have a texture that 
is similar to those observed in our experiments (Fig. 4C).

We further investigated the optical properties of the BP structures 
in a confined ellipsoidal geometry. Upon increasing the temperature, 
the cross-polarized micrographs and reflection wavelengths demon-
strate phase transitions from cholesteric (25°) to BPI (42.5°C), then 
to BPII (43.9°C), and eventually to isotropic (45°C) (Fig. 5, A and B). 
Interestingly, analysis of images of the BP reveals two distinct 
regions in the ellipsoidal domain, in which the outer part of the 
stretched droplet exhibits BP characteristics (BPI at 42.5°C and 
BPII at 43.9°C) (Fig. 5, A and B) at a lower temperature compared 
to the inner core. This can be attributed to the possible structural 
alteration of the disclination lines of blue phases induced by geo-
metrical confinement.

To better understand the influence of the confined geometry 
on the BP structures of the high-chirality LC, we turned to continuum 
simulations of blue phases confined into geometries provided by 
our experiments, with planar anchoring conditions. These calcula-
tions reveal changes in the BP-lattice periodicity that are induced 
by the interfacial strain (Fig. 5, C and D). Specifically, we analyzed 
three geometries with spatial dimensions: G1: Dx = Dy = 2Dz; G2: 

Fig. 4. Uniaxial deformation of the high-chirality LC destabilizes the RSS structure and shifts the light of the reflection band to shorter wavelengths.  (A) Cross-
polarized reflection mode micrographs and the reflectance spectra of a high-chirality LC sphere droplet embedded in a PAA polymer film before and after strain ( = 2.0). 
a.u., arbitrary units. (B) Cross-polarized reflection mode micrographs and the reflectance spectra of a high-chirality LC oblate embedded in a PVA polymer film before and 
after strain ( = 2.75). (C and D) Cross-polarized images of the high-chirality LC confined in an oblate and uniaxially stretched droplet obtained by simulations. (E) Top and 
side view (with defect line) of the director field configuration along the x axis. Director is colored based on its projection onto the z axis, and the order parameter defect 
lines (black) correspond to S = 0.6. Blue regions correspond to a director alignment on the xy plane; near the border, the director field shows the typical cholesteric behavior 
(deformed RSS).

 on O
ctober 29, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Sadati et al., Sci. Adv. 2020; 6 : eaba6728     10 July 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 9

Dx = 2Dy = 4Dz; and G3: Dx = 3Dy = 6Dz (Dx, Dy, and Dz are the 
droplet lengths in the x, y, and z directions, respectively). In all cases, 
we extracted the behavior of the scalar order parameter, S, along the 
x, y, and z axes. Since S drops off in the vicinity of the disclination 
lines, this parameter can be used to detect possible changes in the 
periodicity of the BPs (21). We find that, at the core of the systems, 
both BPI and BPII do not present visible changes of lattice period-
icity; i.e., they exhibit a bulk-like structure. As the material ap-
proaches the interface, the unit cells shrink, producing a change 
in the periodicity of the material. Figure 5E shows S, for BPI and 
BPII, as a function of z*, where z =  z* and  = 7.5 nm is the coher-
ence length. The center of the system is at (x*, y*, z*) = (0, 0, 0); the 
results for x* and y* dependence are shown in the Supplementary 
Materials (fig. S6). For G1, Dz = 284  = 2130 nm; for G2, Dz = 221 
 = 1657.5 nm; and for G3, Dz = 194  = 1455 nm. Therefore, changes 
in the lattice periodicity along the z axis are seen first in G3, then in 
G2, and last in G1. Our simulations also show that, at the interface, 

the (110) lattice orientation is the preferred orientation for BPI, and 
for BPII, it is (111); thus, the BPI shows a green color at the inter-
face, and it is dark for BPII. In the experiments, the blue color of the 
BPII comes from light reflected from the (100) planes, but it is dark 
at the interfaces, which is consistent with our simulation results.

CONCLUSIONS
Experimental studies and computational simulations have been 
used to elucidate the effects of mechanical strain and nonspherical 
geometrical confinement on the molecular organization and optical 
properties of chiral LCs. Two polymers (PVA and PAA) were used 
to create a matrix in which chiral LC droplets were embedded, both 
of which promote strong planar anchoring of the LC. Upon biaxial 
compression and uniaxial extension, LC droplets deform into oblate 
and ellipsoidal droplets, respectively. When the chiral LC is forced 
into an oblate geometry, the droplet exhibits two regions with distinct 

Fig. 5. BP transitions in an initially deformed highly chirality droplet. (A) Cross-polarized reflection mode micrographs of a stretched high-chirality LC droplet ( = 2.5) 
at different phases: cholesteric, BPI, and BPII. (B) Measured reflectance spectra of the stretched high-chirality LC droplet in different phases: cholesteric, BPI, and 
BPII. Snapshots along the z axis of the simulated defect structure of a uniaxially stretched (C) BPI and (D) BPII, from an initial oblate geometry to x = 3y. (E) Scalar order 
parameter along the z axis for BPI and BPII, respectively. The scalar order parameter of the initial oblate-like geometry (solid black line) has been compared with two 
representative stretched geometries (red and blue dashed lines).
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molecular alignments. While the outer part maintains RSS fea-
tures, with a randomly oriented helical axis, the inner part adopts 
a disc-shape topology, with the LC helix aligned normal to the 
surface that selectively reflects light of a color corresponding to the 
pitch length.

We have found that uniaxial deformation of the chiral LC droplets 
destabilizes the RSS configuration and induces the formation of 
helical structures. Upon increasing the temperature, the high-chirality 
LC confined into ellipsoidal domains reveals two distinct regions 
(core-shell) in the BP configuration space, where the BP character-
istics for the outer shell appear at a lower temperature.

Overall, these findings indicate that the coupling of mechanical 
strain, curvature, and elasticity of the chiral LC leads to the emer-
gence of completely new molecular configurations that can be 
stabilized by deformation, paving the way for applications that 
include mechano-optical metamaterials, smart coatings, and wearable 
electronic devices.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/28/eaba6728/DC1
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