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Before shells, there were drops
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Cylindrical capillary outer diameter  
= inside length of square capillary

Capillary microfluidics
Concept developed in group of David Weitz; illustration by H.-L. Liang



Emulsion  
(shells)

Middle fluid (LC)

Inner fluid  
(water + stabilizer)

Outer fluid  
(water + stabilizer ;  
continuous phase)

Shell production

Capillary microfluidics
Concept developed in group of David Weitz; illustration by H.-L. Liang
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We produce the shells  
using microfluidics
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Some possible tangential director fields on a  
nematic shell, all with +2  

total defect strength
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From liquid crystal shells to 
colloids with directional bonding?

• Energy minimization (distortion minimization)  
➫ tetrahedral arrangement of four s = + ½ defects 

• Added linker molecules attracted to defects 
➡ Carbon atom-like colloidal particle: diamond structure



From liquid crystal shells to 
colloids with directional bonding?

Reality
• Most nematic shells have all four 

disclinations close to top or bottom



Non-uniformity of shell thickness 
affects defect configuration 

• Disclinations move to thinnest region 
to minimize global energy  
➫ tetrahedral symmetry is lost
• Even for perfect density matching, the 

defects drive the shell asymmetric!

• Which defect configuration do we get 
in a smectic phase and what happens 
at phase transition ?

A. Fernandez-Nieves et al., Phys. Rev. Lett., 99, 157801 (2007)
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Spontaneous 
symmetry breaking 
in liquid crystals

s = +1/2 s = +1
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Textures of nematic shells with 
varying boundary conditions

Planar outside, 
planar inside

Homeotropic outside, 
homeotropic inside

Hybrid: homeotropic outside, 
planar inside (or vice versa)
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Textures of nematic shells with 
varying boundary conditions

Planar outside, 
planar inside

Homeotropic outside, 
homeotropic inside

Hybrid: homeotropic outside, 
planar inside (or vice versa)

(aqueous PVA solution  
on both sides)

(aqueous surfactant solution  
on both sides)

(PVA on one side,  
surfactant on the other)



N – SmA transition  
Planar alignment

Thickness < 5 µm
Diameter < 100 µm 

H.-L. Liang, et al.,  
Phys. Rev. Lett., 106, 247801 (2011)
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Defects start at thinnest shell part,  
but move to equator to expel director bend

Topology and Geometry of Smectic Order on Compact Curved Substrates 511

Fig. 11 Generation of a one-parameter-family of degenerate ground states for spherical nematics in the limit
K3/K1 → ∞. One first cut the sphere along a great circle that passes both poles, then rotates the two halves
by an arbitrary angle. The resulting state has four +1/2 disclinations on a great circle and forming a rectangle.
Note that the director field is everywhere continuous except at four disclination cores

by a one-parameter family of degenerate ground states.17 Interestingly, all these states can
be generated from the special states with two integer disclinations at two poles, by a cut-and-
rotate surgery, similar in spirit to the Volterra construction of dislocation and disclinations
in solid materials. This surgery is illustrated in Fig. 11. The manifold of degenerate ground
states is therefore parameterized by the angle of rotation.

It is well known [11] that the bending constant K3 (for the nematic director) is effectively
infinity in the smectic phase in 3D flat space, if the layer compression modulus is large and
if dislocations are energetically expensive. Geometrically it is easy to see that bending of
director field either leads to change of layer spacing, or proliferation of dislocations. The
same result also holds in two dimensional curved space and can be elegantly derived using
differential forms. Let us write ψ = |ψ |n̂, where n̂ = n̂αdxα is the 1-form associated with
the nematic director field, while |ψ |, the magnitude of ψ , is inversely proportional to smectic
layer spacing, according to (12). Taking the exterior differential of ψ , as well as using the
Leibniz rule, we find

dψ = d(|ψ |n̂) = (d|ψ |) ∧ n̂ + |ψ |dn̂. (73)

Clearly d|ψ | = (∂α|ψ |)dxα describes change of smectic layer spacing, while dn̂ = (∂1n̂2 −
∂2n̂1)dx1 ∧ dx2 is a 2-form describing bending deformation of the director field. Hence
if there is no dislocation, dψ = 0, and the layer spacing is constant, d|ψ | = 0, the bending
deformation of the director field is strictly forbidden, dn̂ = 0, which implies that the bending
constant is effectively infinity.

Conversely, starting from an arbitrary bending-free ground state for spherical nematics,
it is intuitively plausible that one can glow, layer by layer, a smectic pattern with equal
layer spacing and with no dislocation. We will, however, have to fine tune the layer spacing
d around the energetically preferred value d0 so that the smectic pattern can be fit onto
the sphere with given radius R. For a large sphere R/d0 ≫ 1, the resulting dimensionless
strain (53) should scale as d0/R,18 hence the total strain energy is bounded by

FB ≤ 1
2
B

!
dωw2 ≈ 2π B d2

0 . (74)

17This degeneracy is expected to disappear as soon as the ratio K3/K1 deviates away from two fixed point,
0 or ∞.
18The system may relax this strain, in a way that depends on the nematic texture.

X. Xing,  
J. Stat. Phys.  

134 487 (2009)



Below phase transition texture breaks up in 
spherical lunes, later decorated with chevrons



In the smectic phase, the change in curvature 
from out- to inside yields frustration

• To accommodate curvature 
with the requirement of 
constant layer thickness,   
the layers buckle  
=> spherical lunes

• Buckling increases 
continuously towards  
the outside

H.-L. Liang, et al., Phys. Rev. Lett., 106, 247801 (2011)

n0

side 
view

top 
view



Others came to the same conclusion and 
developed rigorous models for the lunes

• Lopez-Leon, T., Fernandez-Nieves, A., Nobili, M. & Blanc, C. 
Nematic-Smectic Transition in Spherical Shells.  
Phys. Rev. Lett. 106, 247802 (2011). 

• Lopez-Leon, T.,   Fernandez-Nieves, A.,   Nobili, M. &   Blanc, C. 
Smectic shells.  
J. Phys.-Condens. Matter. 24, 284122 (2012). 

• Manyuhina, O. V. & Bowick, M. J.  
Thick smectic shells.  
Int. J. Non-Linear Mechanics 75, 87-91 (2015). 



But chevron texture remains  
to be properly modeled!

H.-L. Liang, et al., Phys. Rev. Lett., 106, 247801 (2011)

• Our proposal:
• Buckling solves frustration 

along original director 
orientation n0 = u

• But shells curve also along v, 
perpendicular to u
• No problem initially, when positional 

order only along u
• But layer buckling rotates layer 

normal with component in v
➡Secondary buckling instability

u
v



• Requirement for constant smectic layer thickness + spherical 
shell of non-zero thickness  
➫ buckling instability

N-SmA transition in hybrid shells
Planar outside, homeotropic inside or v.v.

H.-L. Liang, et al., Soft Matter, 8, p. 5443(2012)

Average thickness ≈ 13 µm
Diameter ≈ 200 µm Viewing 

direction
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Average thickness ≈ 6 µm
Diameter ≈ 350 µm

H.-L. Liang, et al., Soft Matter, 8, p. 5443(2012)

N-SmA transition in hybrid shells
Planar outside, homeotropic inside or v.v.
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100 µm

H.-L. Liang, et al., Soft Matter, 8, p. 5443(2012)

N-SmA transition in hybrid shells
Planar outside, homeotropic inside or v.v.

Focal Conic Flower Textures at Curved Interfaces
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Focal conic domains (FCDs) in smectic-A liquid crystals have drawn much attention, both for their

exquisitely structured internal form and for their ability to direct the assembly of micromaterials and

nanomaterials in a variety of patterns. A key to directing FCD assembly is control over the eccentricity of

the domain. Here, we demonstrate a new paradigm for creating spatially varying FCD eccentricity by

confining a hybrid-aligned smectic with curved interfaces. In particular, we manipulate interface behavior

with colloidal particles in order to experimentally produce two examples of what has recently been

dubbed the flower texture [C. Meyer et al., Focal Conic Stacking in Smectic A Liquid Crystals: Smectic

Flower and Apollonius Tiling, Materials 2, 499, 2009], where the focal hyperbolæ diverge radially

outward from the center of the texture, rather than inward as in the canonical éventail or fan texture. We

explain how this unconventional assembly can arise from appropriately curved interfaces. Finally, we

present a model for this system that applies the law of corresponding cones, showing how FCDs may be

embedded smoothly within a ‘‘background texture’’ of large FCDs and concentric spherical layers, in a

manner consistent with the qualitative features of the smectic flower. Such understanding could potentially

lead to disruptive liquid-crystal technologies beyond displays, including patterning, smart surfaces,

microlens arrays, sensors, and nanomanufacturing.

DOI: 10.1103/PhysRevX.3.041026 Subject Areas: Materials Science, Soft Matter

Exploiting the elasticity and surface anchoring of
liquid crystals (LCs) has opened up a new world of
self-organizing behaviors in which liquid-crystalline de-
fects, rather than individual molecules, are components
of self-assembly [1–3]. In the smectic-A liquid-crystal
(SmA LC) phase, geometrically robust layer arrange-
ments called focal conic domains (FCDs), organized
around a pair of defect curves, have drawn much recent
attention for their assembly into ordered arrangements
over large areas in hybrid-aligned cells [4–6]. Ordered
arrays of FCDs have been investigated for a variety of
technological applications [7], such as regular arrays of
trapped colloids [4], superhydrophobic surfaces [8], op-
tically selective photomasks [9], microlens arrays [10],
and soft lithography templates [11]. A common theme in
much of the research on self-assembly in LCs is the
sensitive dependence of the assembly behavior on non-
trivial boundary geometry, such as colloid shape [12–15]
and substrate topography [5,16–18]. While the defects
produced by anchoring on colloidal surfaces have been
extensively studied in the nematic LC phase, relatively
little is known about how smectic defects, including

FCDs, assemble in response to such inclusions, espe-
cially in confined geometries [19–23].
Even when not organized in a lattice, FCDs exhibit a

high level of geometric organization, as seen in the ar-
rangement of their focal curve pairs, which are conjugate
conic sections: an ellipse and a hyperbola (or two
parabolæ, a case that we will not study here). Typically,
groups of FCDs spontaneously assemble into the so-called
fan texture, with the hyperbolæ all intersecting at a single
point. Friedel [24], in a theory supplemented later by other
authors [25–28], explained the fan texture by positing the
law of corresponding cones (LCC), in which the smectic
layers smoothly join together neighboring FCDs across
conical boundary surfaces. These geometrical rules sug-
gest a route to targeted assembly of FCDs with vastly
increased sophistication as a result of nonzero eccentricity
of the ellipse in the conjugate pair [6,16,29].
A supreme example of FCD self-organization with non-

zero eccentricity is the ‘‘flower texture’’ in a smectic
droplet reported in Ref. [30]. In that paper, many FCDs
pack with their ellipses’ long axes oriented radially from a
common point P. However, the foci of the ellipses that
are pierced by the hyperbolæ, seen easily in bright-field
microscopy, are on the ‘‘far side’’ of the ellipse—unlike in
the fan texture where the hyperbolæ converge, in the flower
they diverge away from P with no obvious intersection,
apparently violating Friedel’s LCC.
In this article, we show that such packing of FCDs with

diverging hyperbolæ can be obtained by designing hybrid

*kamien@physics.upenn.edu
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anchoring conditions such that one boundary is (approxi-
mately) a surface of revolution with negative slope in the
radial outward direction. More generally, we demonstrate
that curved interfaces provide a way to promote spatially
varying FCD eccentricity, leading to complex patterns that
could guide the assembly of technologically important
materials, such as colloids, nanoparticles, and quantum
dots, for novel metamaterials, sensors, optoelectronic de-
vices, and solar cells [31–34]. Furthermore, thanks to the
lensing properties of individual FCDs [10], arrays of FCDs
organized radially as in the flower texture could efficiently
focus light toward a central point, where the virtual (un-
physical) branches of the hyperbolæ intersect, for optical
and photovoltaic applications.

We present two examples of smectic flower textures
obtained from different material systems. In system A,
the smectic-air interface is deformed to satisfy wetting
properties at the surface of a large colloidal inclusion,
resulting in a flower texture with FCDs organized radially
around the colloid. In system B, a SmA LC is placed on a
substrate promoting degenerate planar anchoring, and the
air interface, which imposes homeotropic anchoring, is
partly replaced by a fluorosilane modified layer of SiO2

nanoparticles that instead impose degenerate planar an-
choring on the LC [Fig. 2(a)]. The smectic layers tilt
toward the boundary between the nanoparticle-covered
and nanoparticle-depleted regions, and FCDs of varying
eccentricity interpose between these tilted layers and the
nanoparticle interface. In both systems, the key geometric
feature is a mismatch in orientation between the interface
with degenerate planar anchoring and the smectic layers
at the opposite boundary. Finally, we provide a theoretical
model, applying the LCC to the flower texture. By geo-
metrically constructing a ‘‘background texture’’ that ap-
proximates an arbitrary homeotropic interface profile, we
show that FCDs of nonzero eccentricity can be smoothly
embedded such that their hyperbolæ extend radially out-
ward, without violating the LCC.

In both system A and system B, smectic flower textures
are observed in thin smectic films subjected to (effectively)
hybrid anchoring conditions. Figure 1 shows an example
of such a texture in system A, in which flower textures
assemble around a large colloidal inclusion. The average
smectic thickness is smaller than the critical thickness hc
below which FCDs cost greater energy than homeotropi-
cally aligned layers [18]. However, the deformation of the
LC-air interface around the colloid increases the thickness
locally above hc so that FCDs form near the colloid. The
film thickness, and thus the typical domain size, decreases
with increasing distance from the colloid. Under bright-
field microscopy [Fig. 1(a)], the nonzero eccentricity of the
FCDs is apparent both from the elongation of the ellipses
and from the off-center dots marking the termination of the
hyperbolæ. As in Ref. [30], the hyperbolæ are oriented
radially outward from the center, in contrast to typical fan

textures where the hyperbolæ converge at a central point.
This organization is confirmed by polarized optical mi-
croscopy [Fig. 1(b)], which reveals dark crosses shifted off
of the ellipse centers away from the colloid. The interfacial
deformation created by the colloid leads to capillary at-
traction between nearby colloids to minimize the excess

FIG. 1. System A. (a,b) Smectic flower texture organized
around a single colloid with homeotropic anchoring in response
to the distortion of the LC-air interface produced by the wetting
properties of the colloid surface. (a) Bright field. (b) Polarized
optical microscopy. (c) Flower texture organized around a col-
loidal dimer. (d) Interferometric measurement of the LC-air
interface profile around one colloid: smectic film thickness as
a function of distance from the colloid center. (e) FCD eccen-
tricity vs magnitude of local slope of the smectic-air interface in
the radial direction, measured above the middle of the ellipses in
four different radial directions. The solid line is the eccentricity
given in Eq. (1) corresponding to the limit of zero interfacial
curvature. All scale bars are 10 !m.
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SmA-SmC transition in 
homeotropic shell

H-L. Liang et al., Phil Trans R Soc A 371: 20120258 (2013)

Slow cooling



Nematic-isotropic transition in 
hybrid 5CB shell

Heating at 
0.01K/min. 

Noh et al., Soft Matter, 12, p. 367 (2016)
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Nematic-isotropic transition in 
planar 5CB shell

Heating at 
0.01K/min. 



Nematic-isotropic transition in 
homeotropic 5CB shell

Heating at 
0.01K/min.



• Bend gives elastic energy cost that outweighs 
anchoring energy ➟first stage is just a realignment
• But why should anchoring energy decrease more 

rapidly than elastic energy close to transition?

• Radially aligned surfactant layer stabilizes nematic 
phase to higher temperature  than on planar side

Two possible reasons for 2-stage 
clearing transition in hybrid shells
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100µm

7CB phase sequence: Cr 30 N 42.8 Iso

Noh et al., Adv. Mater., 10.1002/adma.201603158(2016)

Photopolymerization at high 
temperature locks defects in place



Photopolymerization close to TN-SmA 
triggers phase transition

4x real time

Noh et al., Adv. Mater., 10.1002/adma.201603158(2016)
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Photopolymerization in smectic phase 
locks in undulated structure

NSmA Iso
(d) (e) (f)

(a) (b) (c)

50µm

Noh et al., Adv. Mater., 10.1002/adma.201603158(2016)



Liquid crystal elastomer shell

E.-K. Fleischmann, H.-L. Liang, N. Kapernaum, F. Giesselmann, J.P.F. Lagerwall, R. Zentel  
Nat. Commun., 2012, 3, DOI: 10.1038/ncomms2193.
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At n-Iso transition 
the rubber contracts 

along director, expands 
perpendicular to it.

Liquid crystal elastomer shell



Y. Geng et al., Sci. Rep. 6, 26840 (2016)Yong Geng Noh et al., J. Mater. Chem. C., 2, 5, p. 806 (2014)



Y. Geng et al., Sci. Rep. 6, 26840 (2016)

Polymer stabilization renders 
shells mechanically robust

Yong Geng



Y. Geng et al., Sci. Rep. 6, 26840 (2016)

Also spheres with different pitch 
communicate, at distinct wavelengths

Irena Drevensek Olenik



SOON TO COME …
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Liquid crystals in micron-scale droplets, shells and
fibers

Martin Urbanski⇤, Catherine G Reyes⇤, JungHyun Noh,
Anshul Sharma, Yong Geng, Venkata Subba Rao Jampani,
Jan PF Lagerwall
University of Luxembourg, 162 A Avenue de la Fäıencerie, 1511 Luxembourg,
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Abstract. The extraordinary responsiveness and large diversity of self-
assembled structures of liquid crystals are well documented and they have
been extensively used in devices like displays. For long, this application
route strongly influenced academic research, which frequently focused on the
performance of liquid crystals in display-like geometries, typically between flat,
rigid substrates of glass or similar solids. Today a new trend is clearly visible,
where liquid crystals confined within curved, often soft and flexible, interfaces are
in focus. Innovation in microfluidic technology has opened for high-throughput
production of liquid crystal droplets or shells with exquisite monodispersity, and
modern characterization methods allow detailed analysis of complex director
arrangements. The introduction of electrospinning in liquid crystal research
has enabled encapsulation in optically transparent polymeric cylinders with
very small radius, allowing studies of confinement e↵ects that were not easily
accessible before. It also opened the prospect of functionalizing textile fibers
with liquid crystals in the core, triggering activities that target wearable devices
with true textile form factor for seamless integration in clothing. Together,
these developments have brought issues center stage that might previously have
been considered esoteric, like the interaction of topological defects on spherical
surfaces, saddle-splay curvature-induced spontaneous chiral symmetry breaking,
or the non-trivial shape changes of curved liquid crystal elastomers with non-
uniform director fields that undergo a phase transition to an isotropic state. The
new research thrusts are motivated equally by the intriguing soft matter physics
showcased by liquid crystals in these unconventional geometries, and by the many
novel application opportunities that arise when we can reproducibly manufacture
these systems on a commercial scale. This review attempts to summarize the
current understanding of liquid crystals in spherical and cylindrical geometry,
the state of the art of producing such samples, as well as the perspectives for
innovative applications that have been put forward.

Submitted to: J. Phys.: Condens. Matter

Keywords: liquid crystals, topological defects, microfluidics, electrospinning, curved
interfaces, microconfinement.

J. Phys. Cond. Matt. 
(in press)



Conclusions
N-SmA transition in shells induces 
modulated textures due to frustration 
from curvature and/or conflicting 
boundary conditions

Shell stabilizers have effects beyond 
aligning and stabilizing, for instance 
affecting phase sequence

Polymerization locks defect configurations 
in place and makes shells long-term stable,  
but it can also induce phase transitions
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Visualizing the director field

H-L. Liang et al., Phil Trans R Soc A 371: 20120258 (2013)

Seeded by an 
inclusion (and 

there should be 
at least two 
more on the 
back side)


