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The nontrivial shape of colloidal particles creates complex elastic distortions and topological defects
in liquid crystals and plays a key role in governing their electrophoretic propulsion through the medium.
Here, we report experimental results on defects and the electrophoretic transport of anisometric (snowman-
shaped) polystyrene particles subjected to an alternating electric field perpendicular to the director in a
nematic liquid crystal. We demonstrate that the shape asymmetry gives rise to defect polymorphism by
nucleating point or ring defects at multiple locations on the particle and controls the direction as well as the
magnitude of the electrophoretic propulsion. Unlike spherical particles, quadrupolar anisometric particles
can be transported in multiple directions in the plane perpendicular to the applied field. Our findings
provide an alternative degree of freedom in translocating microparticles in liquid crystals for applications
in microfluidics, controlled transport, and directed assembly.
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I. INTRODUCTION

Active control of microparticles and fluids at the
microscale by transducing the energy of an external elec-
tric field has been a subject of intense study owing to
its wide applications, ranging from directed assembly of
colloids to sorting of macromolecules, biomolecules, and
microfluidics [1–6]. In an isotropic suspension (e.g., aque-
ous) particles are propelled due to the classical (linear)
or the induced-charge electrophoresis (ICEP) [7–11]. In
classical electrophoresis, charged colloidal particles move
with a velocity, v ∝ E as a result of field-induced electro-
osmotic flow of the counter ion cloud screening them.
However, when it comes to ICEP, transport occurs due
to the symmetry breaking of electrohydrodynamic flows
(EHD) on the surface of a polarizable particle, and the par-
ticle moves with a velocity, v ∝ E2 [11]. Such systems are
often used as a synthetic model for living microswimmers,
thus providing opportunities for developing tactic active
matter [12].

In liquid crystals (LCs), the mechanism is markedly
different from their isotropic counterparts as the particles
distort the medium, and break the symmetry of near-field
(local) director (average direction of molecular orienta-
tion) by nucleating topological defects [13,14]. A spherical
particle with homeotropic surface anchoring in a nematic
liquid crystal (NLC) nucleates either a point defect known
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as hyperbolic hedgehog (strength, m = −1) or a disclina-
tion ring defect (m = −1/2) called Saturn ring [15–17].
The particles, accompanying point or ring defects, are
known as elastic dipoles or quadrupoles, respectively, in
analogy with electrostatics [13,14].

The applied electric field in NLCs creates a spatial
charge separation across particles in the distorted regions
with a charge density ρ proportional to the strength of
the electric field E. In response, an electrostatic force,
f ∝ ρE ∼ E2 starts acting on the induced space-charge
cloud around them. This force drives the LC molecules
surrounding the particles, a phenomenon known as LC-
enabled electro-osmosis (LCEO) [18–20]. For spherical
dipolar particles, the fore-aft symmetry of LCEO flow is
broken due to the asymmetric director configuration; as a
result they propel along the far-field director n̂. Whereas,
in the case of quadrupolar particles the fore-aft symmetry
of LCEO flow is preserved and hence they do not propel
[21,22], except for metal-dielectric Janus particles reported
recently [23–25].

While the transport of spherical particles in NLCs has
been extensively investigated, recent advances in colloidal
synthesis as well as the advent of three-dimensional (3D)
printing have made it possible to fabricate microparticles
with complex geometries [26–30]. It is known that the
shape asymmetry of particles play an important role in
inducing a variety of defects, complex assemblies [31–39],
as well as transport in NLCs [40–43]. For example, recon-
figurable swarms of shape anisometric particles could be

2331-7019/22/18(1)/014030(12) 014030-1 © 2022 American Physical Society

https://orcid.org/0000-0001-6905-0434
https://orcid.org/0000-0003-3144-0300
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.014030&domain=pdf&date_stamp=2022-07-13
http://dx.doi.org/10.1103/PhysRevApplied.18.014030


V S, SAHU, PUJALA, and DHARA PHYS. REV. APPLIED 18, 014030 (2022)

assembled and transported collectively in NLC, which is a
significant step towards realizing fluid based lab-on-a chip
technologies [40]. However, controlling the electrokinet-
ics by modulating defects around the particle in NLCs is
as yet unexplored. In this paper, we report experimental
studies on defects and electrokinetics of snowman-shaped
particles in an NLC. We show that unlike spherically
symmetric particles, the point or ring defects are stabi-
lized at multiple locations on the snowman particles. Such
morphology-dependent defect polymorphism gives rise to
rich electrokinetic phenomena, which provides the oppor-
tunity to control the magnitude as well as the direction of
motion of these particles.

II. EXPERIMENT

A. Sample and cell preparation

We work with anisometric polystyrene microparticles,
obtained from Magsphere Inc. (USA). Their shape resem-
bles a snowman (SM) with two lobes having different
diameters, D1 = 3.0 μm and D2 = 1.6 μm, and a center-
to-center separation L = 1.5 μm. The separation factor,
defined as 2L/(D1 + D2) [28], is 0.69 in our case, which
is less than their dimeric form, where 2L/(D1 + D2) = 1.
The surface of the SM particles is coated with a thin
(50-nm) layer of SiO2, following a method discussed later.

Further, the particles are coated with N, N -dimetyl-N -
octadecyl-3 aminopropyltrimethoxysilyl chloride (known
as DMOAP), which provides normal or homeotropic
anchoring of LC molecules. A room-temperature nematic
liquid crystal (MJ 98468, Merck), having birefrin-
gence �n = 0.077 is used in the experiment. In the
low-frequency regime (< 200 Hz), it exhibits negative
dielectric anisotropy and positive conductivity anisotropy
(Appendix, Fig. 8). A small quantity (approximately equal
to 0.01 wt%) of DMOAP-coated SM particles is dispersed
in the nematic phase through vortex mixing and sonication.
The experimental cells are made of two indium-tin-oxide-
(ITO) coated glass plates. The plates are spin coated with
a polyimide AL-1254 (JSR Corporation, Japan), cured at
180 ◦C, and then rubbed unidirectionally using a bench-
top rubbing machine (HO-IAD-BTR-01) to obtain a planar
alignment of the nematic director, n̂. Two such plates are
assembled, similar to the parallel-plate capacitor configu-
ration [see Fig. 2(a)], and fixed with a UV curable adhesive
mixed with spherical glass beads (diameter 8 μm). The
actual cell gap is measured through an interferometric
technique. Electrical contacts to the cells are provided
by soldering two thin and flexible wires onto the ITO
substrates.

B. Procedure for silica coating

Initially, 3 g of polymer polyvinylpyrrolidone (PVP,
40 kg mol−1) is added to 30 ml of 1-pentanol and sonicated

for 2 h. Then, 200 μl of polystyrene particles is added
to the above solution and dispersed homogeneously after
which, 3 ml of ethanol, 840 μl of milli-Q water and 200 μl
of 0.18-M sodium citrate dihydrate are added to the dis-
persion and shaken thoroughly for 3 min. In the next step,
675 μl of ammonia solution (25 wt%) is added to it. After
5 min, 500 μl of tetraethoxysilane (TEOS) is added to the
mixture and shaken gently for 3 min. The reaction is con-
tinued for 15 min. Immediately after 15 min, the particles
are washed a few times with ethanol to obtain silica-coated
snowman particles.

C. Experimental setup

We use an inverted polarizing optical microscope
(Nikon eclipse Ti-U) with a 60× water-immersion objec-
tive (Nikon, NIR Apo 60/1.0). A first-order full-wave
retardation plate or λ plate (530 nm) is employed for con-
structing the director profile surrounding the SM particles.
A function generator (AFG 3102, Tektronix) connected to
a voltage amplifier (TEGAM 2350) is used for applying ac
electric field. A CCD video camera (iDs-UI) attached to
the microscope is used to record the particle trajectories at
frame rates of 20–100 per second. A particle tracking pro-
gram is used offline to track the position of particles. A Fiji
Imagej plugin Trackmate is used for creating color-coded
trajectories of particles [44].

III. RESULTS AND DISCUSSION

Snowman-shaped particles coated with DMOAP mostly
orient with their long axis parallel to the far-field director
n̂, enforced by the rubbing direction. A fraction of them
(Appendix, Fig. 7) are also oriented at different angles with
respect to the rubbing direction, which is discussed later.
The particles oriented parallel to the rubbing direction
spontaneously induce dipolar- or quadrupolar-type director
configurations. However, in sharp contrast to spherical par-
ticles, they show defect polymorphism in which the point
and ring defects nucleate either on the big or small lobe
of the snowman as shown in Figs. 1(c), 1(f), 1(i), and 1(l).
The near-field director distortions and resulting defects are
elucidated by inserting a full-wave retardation plate or λ

plate between the crossed polarizers [Figs. 1(d), 1(g), 1(j),
and 1(m)]. Two types of dipolar configurations are iden-
tified based on the position of point defects. For type-I
dipoles, the point defect is nucleated on the small lobe
[Fig. 1(e)], whereas, for type-II dipoles the point defect
is nucleated on the big lobe [Fig. 1(h)]. Similarly, two
quadrupolar-type defect structures are observed depending
on whether the Saturn ring is present on the small (type-I)
or big (type-II) lobe of the particle as shown schematically
in Figs. 1(k) and 1(n).

For simplicity, we present all these particles sequentially
in a progressive manner such that the transformation from
one to another defect along the length of the particle is
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FIG. 1. (a) SEM image of a SM particle. (b) Cross section of the core-shell structure of a particle. Thickness of the silica shell (cyan)
is 50 nm. Separation factor 2L/(D1 + D2) = 0.69. Polarizing optical microscope (POM) images of SM particles in NLC with (c) point
defect on the small lobe, (f) point defect on the big lobe, (i) Saturn ring defect on the small lobe, and (l) Saturn ring defect on the big
lobe. (d),(g),(j),(m) Corresponding images taken by inserting a λ plate (530 nm) with slow axis at an angle of 45◦ between the sample
and analyser. (e),(h),(k),(n) Schematic of director profiles around the particles. Red dot and red circles represent point and Saturn ring
defects. Double-headed arrow represents the nematic director. P, A represents polarizer and analyzer.

topologically permitted in a continuous manner [Fig. 4(a)].
Starting from the left, the point defect is nucleated on the
small lobe [Fig. 4(a)(i)], then it slightly opens up to form a
Saturn ring encircling the small lobe [Fig. 4(a)(ii)], which
then migrates to form a larger ring encircling the big lobe
[Fig. 4(a)(iii)]. Finally, the larger ring collapses on the
left side of the big lobe and transforms to a point defect
[Fig. 4(a)(iv)]. Such polymorphism in defects is allowed
as a ring defect of strength, m = −1/2 is topologically
equivalent to a hyperbolic hedgehog defect of strength,
m = −1. In effect, the shape asymmetry of SM particles
gives rise to rich defect polymorphism, which is absent in
symmetric particles. Sometimes, we also use a dynamic
laser tweezers’ setup for controlling the position of defects
or transforming dipoles to quadrupoles or vice versa by a
photothermal quenching method [16,46].

We study the electrokinetics of SM particles under
square-wave electric field E (frequency range 10–100 Hz),
applied perpendicular to the director as shown in Fig. 2(a).
The electric field does not affect the macroscopic director
n̂ as the dielectric anisotropy (�ε) of the liquid crys-
tal MJ-98468 is negative in the working frequency range
(Appendix, Fig. 8). First, we consider type-I and type-
II dipolar SM particles only. Beyond a threshold electric
field, both the particles start propelling parallel to the
far-field director n̂ as shown in Figs. 2(c) and 2(d) (see

Movies S1, S2 within the Supplemental Material [45]).
Here, we define a vector ŝ (directed towards the center
of the small lobe from the center of the big lobe), which
indicates the shape polarity of the particle [Fig. 2(b)]. For
type-I dipolar particles, the point defect on the small lobe
leads the way, and the propelling direction is parallel to ŝ
as shown in Fig. 2(c) (particle moving from right to left).
Whereas, for type-II dipolar particles, the point defect on
the big lobe leads the motion and the propelling direction is
opposite to ŝ as shown in Fig. 2(d) (particle moving from
left to right). The electrophoretic velocity of a spherical
particle of radius R is given by [21]

u = α
ε0εR

η

(
�ε

ε
− �σ

σ

)
E2, (1)

where α is a constant, η is the viscosity, ε = (ε‖ + ε⊥)/2
is the average dielectric permittivity, and σ = (σ‖ + σ⊥)/2
is the average conductivity of the LC medium. Usually the
sign of the term (�ε/ε − �σ/σ ) decides the direction of
motion of the dipolar particles. If it is negative, the point
defect leads the way and if it is positive the point defect
trails behind the trajectory [47]. For our liquid crystal (MJ-
98468) this quantity is negative (−1.5) in the working
frequency range, hence the point defect leads the motion
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FIG. 2. (a) SM particles in a planar cell with an ac field along the z axis. Director n̂ is parallel to the x axis. (b) Defining polar
vector ŝ. (c),(d) Time-coded trajectories of propulsion of type-I and type-II dipolar SM particles (see Movies S1 and S2 within the
Supplemental Material [45]). Tmin = 0 s and Tmax = 20 s. Applied field E = 1.3 V/μm at 50 Hz. Double-headed arrow represents
the director n̂. (e),(f) LCEO flows (puller type) marked by blue curved arrows. Magenta-colored arrows indicate propulsion direction.
(g) Field-dependent velocity of type-I and type-II dipolar SM particles. Blue (red) line represents least-squares fits to Eq. (1) for type-I
(type-II) particles with slopes 4.18 and 2.3 μm3 V−2 s−1, respectively (h) Frequency dependence of velocity of type-I and type-II
dipolar SM particles. Solid curves represent least-squares fits to Eq. (2). Error bar shows the standard deviation of the mean value.

as expected. An interesting feature of the transport of dipo-
lar SM particles in NLC is that the direction of motion of
the particles could be reversed without reversing the shape
polarity vector ŝ, in contrast to their response in aqueous
suspensions [48,49].

The field-dependent velocities of type-I and type-II
dipolar particles are notably different. Figure 2(g) shows
that the velocities of both types of dipolar SM particles
are proportional to E2, as expected in LC-enabled elec-
trophoresis (LCEEP). But, the slope of type-I dipoles is
almost double that of type II, which means that at a
given field, type-I dipoles propel with twice the velocity

of type-II dipoles. The mobility of dipolar spherical parti-
cles in NLCs is due to the breaking of fore-aft symmetry
of the surrounding LCEO flow owing to the asymmet-
ric director structure. For SM particles, the symmetry of
the LCEO flow is broken due to the asymmetric director
structure owing to the shape. Due to this combined effect,
the type-I dipolar particles propel at higher velocities than
type-II dipoles. In analogy with spherical particles [21],
we schematically present LCEO flows around the dipolar
SM particles in Figs. 2(e) and 2(f). The flow is pusher
type with respect to the field for both types of dipoles,
but the magnitude of the flow is stronger near the small
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lobe for type I, whereas it is stronger near the big lobe
for type-II dipoles. The stronger flows near the respective
lobes of the type-I and type-II dipoles control their direc-
tion of transport. The effect of shape asymmetry is also
reflected in the frequency-dependent velocity as shown in
Fig. 2(h). The velocity of type-I dipolar particles is greater
than that of the type-II dipoles at all frequencies and it can
be approximately fitted to [9,22]

v(ω) = v0
ω2τ 2

e

(1 + ω2τ 2
e )(1 + ω2τ 2

p )
, (2)

where ω = 2π f , τe, and τp are the electrode and parti-
cle charging times that regulates the electro-osmotic flows
surrounding the particles, and are related to the lower
and upper limits of the driving frequencies. We obtain
moderate fittings to Eq. (2) when compared to that of
spherical particles [23]. It may be mentioned that in our
system, both Reynolds number (Re � 1) and Ericksen
number (Er � 1) are very small; hence, the fluid inertia
has no effect and the director configuration surrounding the
motile particles remain unchanged. Also, the particles are
away from the electrodes due to wall-dipole or quadrupole
elastic repulsion, known as elastic levitation [50].

In what follows, we study the frequency-dependent
velocity of dipolar particles (type I) at different electric
fields. A comparison of frequency-dependent velocity pro-
files at three fields, with a stepwise increase (0.15 V/μm)
from 1.56 to 1.85 V/μm is shown in Fig. 3(a). With
increasing field the frequency profile becomes sharper, and

the peak frequency as well as the velocities rise to higher
values. For example, the peak frequency is enhanced from
30 to 60 Hz and the velocity (at the peak) increases from
7.5 to 22.2 μm/s when the field is increased from 1.56
to 1.85 V/μm. The total shift in the peak frequency of
SM particles (approximately 30 Hz) is much greater than
that measured for spherical particles (f ∼ 10 Hz) having
similar size [Appendix, Fig. 9(b)]. We also fit the veloc-
ity profiles at higher fields to Eq. (2) and observe that a
moderate fitting to the data can be obtained when τe ≈ τp
(Appendix, Table I). It is analogous to the situation of
frequency-dependent electro-osmotic flows driven by ac
fields at adjacent electrodes in microfluidic channels [10].
This suggests that at stronger fields the electro-osmotic
flow between the electrodes dominates over the local flow
surrounding the particles.

We further explore the low-frequency regime (<20 Hz)
of the velocity profile of SM dipoles. The frequency-
dependent velocity profile at E = 1.56 V/μm [Fig. 3(a)]
shows that the motion of the particle is stopped below
15 Hz. When the frequency is reduced nearly to 10 Hz,
interestingly the SM particles start moving again but in
the opposite direction of their earlier motion as shown
in Figs. 3(b) and 3(c) (see Movie S5 within the Sup-
plemental Material [45]). This unusual behavior of the
particles at low frequencies points to an adept mech-
anism for direction reversal, which could otherwise be
obtained only by changing the sign of the physical quan-
tity (�ε/ε − �σ/σ) [47]. It is confirmed that both the
dielectric and conductivity anisotropies do not change

(b)

(c)

(a)

Tmin Tmax

FIG. 3. (a) Frequency dependence of the electrophoretic velocity of SM dipolar particles at three different electric field values 1.56,
1.71, and 1.85 V/μm. Solid curves are a guide to the eye. Vertical dotted lines indicate the frequencies corresponding to maximum
velocities. (b),(c) Reversal of direction of motion from +ŝ to −ŝ by changing the frequency from 30 to 10 Hz, keeping the field constant
at E = 1.3 V/μm (see Movie S5 within the Supplemental Material [45]). Tmin = 0 s and Tmax = 13 s.
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sign when the frequency is changed from 20 to 10 Hz
(Appendix, Fig. 8). In the low-frequency regime, parti-
cles can be transported due to the Carr-Helfrich instability
[51,52] in which the nematic forms thin cylindrical vor-
tices, perturbing the initial director orientation [53–55]. A
careful observation through a high magnification objective
(100×) revealed that no visible electroconvection (so-
called Williams domains) occurred in the LC cell during
the reverse motion of particles. This reversal in motion,
however, is limited to a very narrow frequency range
(10–7 Hz), below which the particle’s movement becomes
random due to visible electrohydrodynamic instabilities.
This means that the direction reversal occurs just before
the onset of the Carr-Helfrich instability. The same phe-
nomenon is observed at other fields also, but at different
frequencies.

At the onset of the instability, the external electric field
tends to align the director along the z direction whereas,
the elastic torque tries to restore its initial orientation. As a

result of these two competing torques, slight director dis-
tortion starts developing across the sample. This director
reorientation in the vicinity of the hedgehog, which is still
intact, induces a current flow J along the director (x direc-
tion), leading to charge accumulation [56]. In response,
an additional local field E(x) develops along the x direc-
tion. Migration of charges under E(x) creates a local flow,
which we anticipate is the reason that causes the particles
to propel in the opposite direction.

Next, we study the electrokinetics of type-I (Saturn
ring on small lobe) and type-II (Saturn ring on big lobe)
quadrupolar SM particles. The direction of the electric
field is the same as shown in Fig. 2(a). Unlike spheri-
cal quadrupoles, which are immobile, type-I and type-II
SM quadrupolar particles propel parallel to the director
n̂. Figures 4(b)(ii,iii) present the time-coded trajectories
of type-I and type-II quadrupolar SM particles. We also
include the results of type-I and type-II dipolar SM parti-
cles for a comparative discussion and greater insight. SM

(iv)(iii)(ii)(i)

E

(i)

(ii)

(iii)

(iv)

TmaxTmin

(a) (c)

(b)

(e)(d)

(ii)

(i)

(iv)

(iii)

FIG. 4. (a) Arrangement of particles showing the progression of defects (left to right) from a point defect on the small lobe to a
point defect on the big lobe through two successive ring-defects. (b) Time-coded trajectories of the particles as labelled from (i) to
(iv). Note that particles with point and ring defects (Movies S1 and S2 [45]) on small lobe propel from right to left and particles with
point and ring defects on big lobe (Movies S3 and S4 [45]) propel from left to right (Tmin = 0 s to Tmax = 20 s). (c) Variation of
velocities at a fixed frequency 50 Hz of four particles as a function of E2 with slopes (i) 4.18 μm3 V−2 s−1, (ii) 5.76 μm3 V−2 s−1,
(iii) 1.27 μm3 V−2 s−1, and (iv) 2.28 μm3 V−2 s−1. Inset shows the direction of motion of respective particles either parallel or
antiparallel to ŝ. No electrophoretic transport is observed below the threshold fields (shaded region). LCEO flow fields in the xz-plane
around (d) type-I and (e) type-II quadrupolar SM particles.
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particles with point or ring defects on the small lobe propel
along the same direction (right to left) with the direction
of motion parallel to ŝ [Fig. 4(b)(i,ii)]. This is because
the ring defect on the small lobe creates elastic distortions
somewhat similar to dipolar particles as evident from the
two-lobe pattern observed under cross polarizers.

SM particles with point or ring defects on the big
lobe propel with the direction of motion antiparallel to ŝ
[Fig. 4(b)(iii,iv)]. It should be noted that in contrast to
spherical particles, the four-lobe pattern of type-II SM
quadrupoles is asymmetric [Fig. 4(b)(iii)]. Apart from
direction, the magnitude of the electrophoretic velocities of

E

(a) (b) (c) (d) (e) (f) (g) (h)

(a)

(b)
(c)

(d)

(e)

(f)
(g)

(h)

Tmin Tmax

n

FIG. 5. (a)–(h) CCD images (first row), corresponding POM images (second row) and schematics (third row) of a few SM quadrupo-
lar particles. All particles, except (c) and (g) are tilted along the vertical direction. (i) Time-coded trajectory of the particles under ac
electric field (Tmin = 0 s to Tmax = 10 s). f = 30 Hz and field range, 1–1.5 V/μm. Trajectories of the particles are grouped to demon-
strate omnidirectional transport. The direction of the electric field and the director n̂ for all trajectories are shown in the center. Cell
thickness, 8 μm (see Movie S6 within the Supplemental Material [45]).
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the SM particles are also significantly different. Figure 4(c)
shows the variation of velocities of all four defect types
mentioned above. It varies quadratically with field, but
with different slopes for each defect configuration. For a
given field, type-I quadrupoles move with velocity almost
one order of magnitude higher than type-II quadrupoles
[comparing Fig. 4(c)(ii) and (iii)]. A comparative analy-
sis of different defect types reveals the fact that, for a given
field, a wide range of transport velocities could be achieved
by tailoring the defects accompanying the particles. Thus,
defect polymorphism of the SM particles leads to manifold
transport in terms of direction as well as magnitude.

As mentioned earlier, spherical quadrupolar particles do
not propel due to the fore-aft symmetry of the LCEO flow.
In our case, the quadrupolar symmetry of the director field
[Figs. 1(k) and 1(n)] and hence, the fore-aft symmetry of
the LCEO flow is broken due to the inherent shape asym-
metry of the particles. The transport of such particles can
be explained in details based on the electrostatic force
density. The force density acting on a spherical quadrupo-
lar particle (with ring defect) with the electric field E0ẑ
applied perpendicular to the far-field director (x axis) can
be written as [23]

F 	 ε0(−�ε + �σG−1
ε Gσ )

[∂θ

∂z
∂�0

∂x
+ ∂θ

∂x
∂�0

∂z

]
E0ẑ,

(3)

where Gσ = (σ⊥∇2
⊥ + σ||∇2

||)
−1, Gε = (ε⊥∇2

⊥ + ε||∇2
||)

−1

are positive operators and �0 represents the electrostatic
potential due to the applied electric field and θ is the angle
of the near-field director with respect to the rubbing direc-
tion. For LCs with �ε < 0 and �σ > 0, the force dipole
and resulting flow directions around the particle is deter-
mined by the quantity in the square brackets. The director

curvatures in Eq. (3) are composed of a bend component
concentrated just outside the Saturn ring (∂xθ ) coupled to
(∂z�0) and a splay component on the particle surface (∂zθ )
coupled to (∂x�0). It has been shown that pure splay con-
tribution gives rise to a force dipole of contractile or puller
type, while pure bend contribution produces a force dipole
of pusher type with respect to the direction of electric field
[23]. In our case of quadrupolar SM particles (type I and
type II), the symmetry breaking in the x-z plane is of rel-
evance, where the splay component dominates and hence
generates a puller-type flow pattern [Figs. 4(d) and 4(e)].
The symmetry of this flow is broken due to asymmetric
director field induced by the particles. It is expected that
the flow is stronger on the surface of big lobe when the ring
defect resides on the small lobe, due to its relatively large
splay contribution. Similarly the strength of the flow is
more on the surface of the small lobe when the ring defect
shifts to the big lobe. Thus depending on the position of the
ring defect, particles can move either parallel or antipar-
allel to ŝ (forward or backward) as shown in Figs. 4(d)
and 4(e).

So far, we discuss the defects and transport of SM par-
ticles whose shape polarity vector (ŝ) is oriented along the
rubbing direction. Next, we look at quadrupolar SM parti-
cles whose ŝ is tilted (in the plane or out of the plane) with
respect to the director (n̂). The first row of Fig. 5 [i.e., from
(a) to (h)] shows examples of a few particles. The polarity
vector ŝ of the particles shown in Figs. 5(c) and 5(g) are
perpendicular to the rubbing direction, and for the rest ŝ is
tilted out of the plane at different angles. The correspond-
ing elastic deformations under crossed polarizers and the
schematic of the defects are shown in the second and third
rows, respectively. It is evident from the POM images that
the anisometric shape of the particle induces asymmetric
elastic distortions in all cases, without exception.

(b)(a)

FIG. 6. (a) Liquid-crystal-enabled electro-osmotic flows around a quadrupolar SM particle in two orthogonal planes parallel to the
electric field. The elastic distortion in the xz-plane is splay dominated, and y-z plane is bend dominated and the flow fields are (a) puller
and (b) pusher with respect to the field. Red curves denote ring defects. The big blue arrows indicate stronger flow. The propulsion
direction is indicated by a pink arrow.
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Figure 5 presents a consolidated picture of various tra-
jectories of tilted quadrupolar particles. Depending on the
tilt, they are transported in different directions in the plane
of the sample. For example, particles with only out-of-
plane tilt (rotation) as shown in Figs. 5(a) and 5(e), which
are mirror images about the z axis, propel along +x and
−x directions, respectively. Here, the symmetry breaking
of LCEO flow in the z-x plane is of relevance, where the
flow is of puller type (dominated by splay deformation).
As shown in Fig. 6(a), the tilting of the particle breaks the
flow symmetry around the ring defect and hence it pro-
pels along the +x direction. The motion of particle “e” can
also be explained in a similar way. Particles with only in-
plane tilt as shown in Figs. 5(c) and 5(g), which are mirror
images about x axis, propel along +y and −y directions,
respectively. Here, symmetry breaking occurs in the y-z
plane where the bend distortion dominates, hence the flow
is of pusher type with respect to field as shown in Fig. 6(b).
Again, due to shape asymmetry the fore-aft symmetry of
this flow is broken, and as a result the particles propel along
+y or −y direction.

Finally, we discuss the transport of quadrupolar SM par-
ticles having both in-plane and out-of-plane tilts as shown
in Figs. 5(b), 5(d), 5(f) and 5(h). For such particles, the
symmetry of the flow is broken in two orthogonal planes
(x-z and y-z). Consequently, they move at an angle with
respect to the director, depending on the tilt. For instance,
the shape polarity vector ŝ in Fig. 5(f) makes an angle of
nearly 50◦ with the director in the x-y plane, and also has
an out-of-plane tilt. As we can see, the trajectory makes
nearly 40◦ with the director, so that it is almost perpendic-
ular to the shape polarity vector. Similarly, the trajectories
of the remaining cases Figs. 5(b), 5(d), and 5(h) can also
be explained.

IV. CONCLUSION

To summarize, snowman-shaped particles with homeo-
tropic anchoring orient along the director or tilt at an angle
to it, and induce point or ring defects at different locations.
Specifically, a point or ring defect is nucleated either on the
small or big lobe of SM particles oriented with their shape
polarity vector parallel to the director. For particles with
ring defects encircling either lobes, the quadrupolar sym-
metry of the director field is broken and they propel along
the director with the direction of motion either parallel or
antiparallel to the shape-polarity vector ŝ. Particles with
point defect on the small lobe propel almost 2 times faster
than the particles with point defect on the big lobe. Such
shape-dependent defect polymorphism results in reversible
electrophoretic transport with varied magnitudes in veloc-
ities. We also observe a frequency-dependent reversal of
propulsion direction of dipolar particles at the onset of low-
frequency electrohydrodynamic instabilities. In effect, we
have at our disposal two tangible mechanisms for reversing

the direction of transport of the particles without alter-
ing the sign of the dielectric and conductivity anisotropies
of the medium. The defect-guided manifold elecrokinet-
ics demonstrated here is in sharp contrast to that which
are known for spherically symmetric particles. We demon-
strate omnidirectional transport of quadrupolar particles in
which the symmetry of surrounding electro-osmotic flows
is broken due to shape as well as tilting with respect to the
director. Our findings uncover alternative possibilities of
controlling electrophoretic transport of particles in multi-
ple directions at will, which makes them useful candidates
for applications like targeted delivery at the microscale.
Evidently, particles with customised shape are promising
candidates for achieving diversity in electrokinetic motility
for applications in microbotics, microfluidics, and lab-on-
a chip devices. The alternative particle steering strategy
demonstrated in this work can be extended as well for
liquid inclusions for controlled chemical reactions in the
microscale. Moreover, we can envisage an extension of
our strategy to living systems by employing biocompatible
lyotropic liquid crystals.
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APPENDIX

Figure 7 shows the relative population of the different
defects. Percentage of particles with point defect on the
smaller lobe is much larger than the particles with point
defect on the big lobe. The relative population of parti-
cles with ring defects depends on the cell gap [Fig. 7(b)].
In thicker cells (13 μm), the number of particles with

(a) (b)

FIG. 7. (a) Relative population of dipolar particles with point
defect on small and big lobes. (b) Relative population of particles
with point and ring defects in different cell thicknesses.
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(a)

(b)

FIG. 8. Frequency-dependent parallel and perpendicular com-
ponents of (a) dielectric constant and (b) conductivity of
MJ-98468. Parallel components (ε|| and σ||) are measured in
homeotropic cells with the applied field parallel to the nematic
director. Perpendicular components (ε⊥ and σ⊥) are measured in
homogeneous or planar cells with the applied field perpendicular
to the nematic director.

point defect is more than the number of particles with ring
defects as the cell gap is several times higher than the
diameters of both lobes. However, in thinner cells (5 μm),
the number of particles with point and ring defects are
almost equal as expected since the cell gap is comparable
to diameters of the lobes.

(a)

(b)

FIG. 9. Frequency-dependent velocity profile measured at
three different fields of a (a) dipolar SM particle, (b) dipolar silica
microsphere of diameter 3.0 μm. Solid curves are the best fit to
Eq. (2). The total frequency shift for SM particle is about 30 Hz
whereas for spherical particle it is about 10 Hz. The field ranges
for the two particles are different but the difference between the
highest and the lowest fields for both particles is almost the
same, approximately 0.29 V/μm. The fit parameters are given
in Table I.

We measure parallel (ε||, σ||) and perpendicular (ε⊥, σ⊥)
components of the dielectric constant and conductivity
at room temperature as a function of frequency using a
dielectric spectrometer (Alpha-A Novocontrol) (Fig. 8).
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TABLE I. Parameters obtained from fitting velocity profiles of dipolar SM particle and dipolar spherical particles to Eq. (2) at
different electric fields.

Dipolar spherical silica particles Dipolar snowman particles

Electric field Electric field

Fit parameters 0.52 (V/μm) 0.66 (V/μm) 0.81 (V/μm) 1.56 (V/μm) 1.71 (V/μm) 1.85 (V/μm)

τe(s) 0.0873 0.058 0.033 0.08 0.024 0.018
τp(s) 0.0186 0.019 0.019 0.018 0.024 0.018

The parallel component is measured in a homeotropic
cell and the perpendicular component is measured in a
planar cell. In both cells the applied voltage is 0.1 V,
which is much below the Freedericksz threshold value.
In the frequency range of our experiments (15–100 Hz)
the dielectric anisotropy is negative [Fig. 8(a)] and the
conductivity anisotropy is positive [Fig. 8(b)]. For exam-
ple, the values at 50 Hz are �ε = ε|| − ε⊥ = −3.9 and
�σ = σ|| − σ⊥ 	 1.5 × 10−11 S/m. The sign of both the
anisotropies is changed at much higher frequency.

Figure 9(a) shows fittings of the velocity profile of SM
dipolar particles to Eq. (2). The profile at field 1.56 V/μm
fits reasonably well with fit parameters τe = 0.08 s and
τp = 0.18 s, respectively. We obtain moderate fittings of
the velocity response at higher fields when τe ≈ τp (see
Table I). For comparison we also measure frequency-
dependent velocity of spherical silica particles as presented
in Fig. 9(b). The peak frequency is shifted by about 10 Hz
when the field is increased from 0.52 to 0.81 V/μm. The
velocity profiles can be fitted reasonably well to Eq. (2).
The fit parameters are presented in Table I.
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