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Drops covered by adsorbed particles are a prominent research topic because they hold promise for a
variety of practical applications. Unlocking the enormous potential of particle-laden drops in new
material fabrication, for instance, requires understanding how surface particles affect the electrical and
deformation properties of drops, as well as developing new routes for particle manipulation at the
interface of drops. In this study, we utilized electric fields to experimentally investigate the mechanics of
particle-covered silicone oil drops suspended in castor oil, as well as particle assembly at drop surfaces.
We used particles with electrical conductivities ranging from insulating polystyrene to highly conductive
silver. When subjected to electric fields, drops can change shape, rotate, or break apart. In the first part
of this work, we demonstrate how the deformation magnitude and shape of drops, as well as their
electrical properties, are affected by electric field strength, particle size, conductivity, and coverage.
We also discuss the role of electrohydrodynamic flows on drop deformation. In the second part, we
present the electric field-directed assembly and organization of particles at drop surfaces. In this regard,
we studied various parameters in detail, including electric field strength, particle size, coverage, and
electrical conductivity. Finally, we present a novel method for controlling the local particle coverage and
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packing of particles on drop surfaces by simply tuning the frequency of the applied electric field. This

rsc.li/soft-matter-journal approach is expected to find uses in optical materials and applications.

particle manipulation is essential to further developing the
abovementioned research areas.

1 Introduction
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Drops covered by micro- and nanoparticles have recently
received considerable research interest."™ This is because they
are promising for a variety of practical applications, such as in
food technology,’ the oil industry,® biofuel processing,” and for
improving pharmaceutical products.® Moreover, such drops
possess characteristics that make them useful as experimental
model systems for studying, for example, particle effects on
interfacial tension,’ particle crystal growth and ordering or
particle layer buckling on curved interfaces,'®™® particle assembly
and rearrangement on drop surfaces,*"* and particle detachment
from drops.’® Particle-covered drops can additionally be employed
for fabricating porous structures,'” granular or colloidal capsules
of different mechanical properties, morphologies, or shapes,'®"
and adaptive structures.” In this context, broadening knowledge
of particle-covered drop stability, deformation, and surface
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The deformation of drops can be induced and investigated
using various experimental tools, including atomic force
microscopes,*?*> microfluidic devices,”>** and by utilizing
mechanical shearing®®?” or electric fields. For manipulating
particles at drop surfaces or in the bulk of a drop, there are many
physical or chemical approaches, such as pH-controlled particle
assembly,* acoustic wave-induced bulk and surface particle
convection,* magnetic field-directed particle assembly,*® and
electric field-assisted particle arrangements.>®

In this work, we explore the possibilities of employing
electric fields as a contactless method for both drop deforma-
tion and the manipulation of particles at drop interfaces. In our
experiments, no mechanical shearing or microfluidic flow was
required to induce drop deformation, and the electric stresses
imposed on the drops were axisymmetric. For that reason,
the studied drops were stationary in the sample cell, which
facilitated the experimental observation of the drops.

Particle organization at the surface of drops is achievable by
various electric field phenomena. Electric fields can manipulate
particles by exerting forces that are acting on them either
directly, e.g. through particle motion via dipolar forces, or
indirectly, e.g. by particle convection through electric field-
induced liquid flows. Electrohydrodynamic (EHD) liquid flows,*”*®
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dipolar interactions,*® dielectrophoresis (DEP),
statics,*® or electrocoalescence® can be utilized to transport,
assemble, or sort particles at drop interfaces. Removing parti-
cles from a drop is also possible through tip-streaming
mechanisms® and strong EHD flows.'* The applicability
of the abovementioned approaches depends on the electric
properties of both the particles and the liquids. For example,
the dielectrophoretic force (force exerted on an object subjected
to a non-uniform electric field) acting on drop surface particles
is very small (and cannot be used to manipulate particles) when
the dielectric properties of those particles are similar to those
of the drop and surrounding liquid.*"

We performed experiments on silicone oil drops suspended
in castor oil (weakly conductive liquids) that were covered by
microparticles with a broad spectrum of electrical conductivities
and subjected to uniform electric fields. We present our inves-
tigations and conclusions on drop deformation and stability
affected by the applied electric field strength, surface particle
size, and electrical properties (Section 3.1); as well as surface
particle coverage (Section 3.2). Moreover, we show how surface
particles can be assembled and structured at drop interfaces
(Section 3.3). In addition, we demonstrate an approach for
actively controlling local particle coverage and packing at drop
interfaces (Section 3.4). Before investigating particle-covered
drops, let us first discuss the behaviour of a corresponding
and simplified system, namely, a particle-free silicone oil drop
formed in castor oil and subjected to electric fields.

1.1 Behaviour of particle-free silicone oil drops in
electric fields

The electric conductivity and dielectric constant of a silicone oil
drop is smaller than those of the surrounding castor oil. When
subjected to a direct current (DC) electric field, free charges
(ionic impurities) in the oils accumulate at the drop interface.
This results in the formation of a drop dipole moment directed
in the opposite direction of the electric field. The action of the
applied DC electric field on the free charges at the silicone oil
drop yields electric stresses. At the electric poles of the drop
(surface areas closest to the electrodes), electric stress has only
a normal component that is balanced by capillary forces and
the pressure difference across the drop interface. There are no
free charges at the electric equator of the drop, and thus there
is no electric stress at this area of the drop. Everywhere else at
the drop interface, electric stress has two components: normal
and tangential to the drop interface. As a result of normal
electric stress, the drop is compressed along the electric
field direction, obtaining (within a second) an oblate shape.
Tangential electric stress induces electrohydrodynamic flows at
the drop interface that shear the liquids inside and outside the
drop. In general, the direction of these EHD flows depends on
the free charge distribution at the drop interface. In the case of
a silicone oil drop suspended in castor oil, the EHD flows at the
drop surface are directed from the drop poles to the drop
equator (for more details, see ref. 43). As long as the applied
electric field strength is weak (typically <200 V mm™'), the
induced EHD liquid flows can be used to convect and eventually
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assemble surface particles, as we discuss later in this section. At
strong DC electric fields, weakly-conductive drops may undergo
electrorotation**™® or break apart.*”

The accumulation of free charges at the interface of a drop
requires finite time. For the drop system studied here, the time
for free charges to build up at the drop interface (the Maxwell-
Wagner relaxation time)*® was ~1 s. Therefore, when applying
alternating current (AC) electric fields with sufficiently high
frequencies, the electric field changes direction so quickly
that no free charges accumulate at the drop interface. Experi-
mentally, we observed no EHD flows for electric field frequen-
cies above 100 Hz. At such electric field conditions, the drop
behaves as a dielectric drop, ie. there are only polarization
charges present and no free charges. The dipole moment of the
drop is now in the same direction as the applied electric field,
unlike the situation when a DC field is applied. Accordingly, the
drop stretches along the electric field direction, acquiring a
prolate shape, and no EHD flows are present. Drop deformation
is defined as D= (d; — d,)/(d, + d ), where d| and d , are the
drop axes parallel and perpendicular to the electric field direc-
tion, respectively. For small deformations, the drop deforma-
tion scales as E” for both DC and AC electric fields.*

1.2 Behaviour of particle-covered silicone oil drops in electric
fields

Adding particles to the drop surface may alter drop behaviour
and characteristics in electric fields. The deformation,*®°
mechanics,*>”"* relaxation,>® or rotation®® of particle-covered
drops can differ from those of a pure drop. The surface particle’s
size, concentration, and electrical properties can influence the
properties of the drop. The deformation of a pure silicone oil
drop subjected to a DC electric field is affected by the amount of
free charges built up at its interface. The addition of particles
may influence the free charge accumulation and lead to an
increase of the drop deformation in either direction (oblate
or prolate configurations) or decrease the drop deformation
magnitude. Furthermore, the addition of particles may also
affect the magnitude of EHD flows, change drop conductivity,
or influence drop stability. We describe these situations in the
first part of this work.

1.3 Assembly of surface particles and their active structuring

Previous work showed that non-conductive (polymeric) particles
assemble at the drop equator in the form of a ribbon via EHD
flows, whereas for the same silicone oil-castor oil system, conductive
(silver-coated) particles formed longitudinal particle chains via
dipolar interactions.”® Particles that are similar except for their
dielectric properties may be transported either to the electric poles
or electric equator of the drop by dielectrophoretics.*” These
examples demonstrate the importance of the electrical properties
of surface particles for particle assembly. Besides their electrical
properties, we also investigated the influence of particle coverage
and particle size on their organization at drop interfaces.

The family of electrokinetic phenomena offers different
types of mechanisms that also enable the formation of active
materials. Previous work demonstrated that controlling electric
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field strength made it possible to actively structure and redistri-
bute non-ohmic (i.e. having a non-linear relationship between the
electric current and the voltage) clay mineral particles at the drop
interface.?® In the current study, we expanded the structuring to
ohmic conductive particles. By utilizing the knowledge gained
from the experiments presented in the first parts of this paper,
we were able to actively structure conductive particles and to locally
change their concentration and packing. Such smart material is
easily controlled by tuning the electric field frequency, enabling
the switching between two physical mechanisms: particle—particle
dipolar interactions and EHD flows.

2 Materials and methods
2.1 Experimental set-up

Fig. 1 shows a schematic illustration of the set-up used in the
experiments. The set-up consisted of a sample cell placed on a
mechanical x-y-z translational stage, a signal generator
(SDG1025, Sigilent), a high-voltage bipolar amplifier (10HVA24-
BP1, HVP), two digital microscopes (AM7115MZTL, DINO-LITE)
for front and side viewing (perpendicular and parallel to the electric
field direction), and a PC for recording movies and images. The
sample cell was made of glass with two of the inside walls coated
with conductive indium tin oxide (ITO) constituting electrodes.
A high-voltage signal was provided to the sample cell via two
crocodile clips attached to the ITO-coated glass electrodes. The
AC electrical signals used in the experiments presented in Section
3.4 were square-shaped and bipolar, and the provided signal values
were root-mean-square values.

2.2 Oils and particles

The sample cell was filled with castor oil (83912, Sigma-Aldrich,
density of ~0.96 g em™> at 25 °C, electrical conductivity
of ~50-100 pS m ', relative permittivity ~4.7, and viscosity
of ~700 mPa s at 25 °C). Silicone oil (6678.1000, Rhodorsil Oils
47, density of ~0.96 g cm™> at 25 °C, electrical conductivity
of ~5-10 pS m™ ", relative permittivity ~ 2.8, and viscosity of
~50 mPa s at 25 °C) drops with or without particles were made

( a) Electrodes
Digital microscope 1
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1\»\ & (%74l Sample cell Light
el : source
< ! 5=
= NG%
A\ Y
“/) = x-y-z stage '
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v J
Digital microscope 2 (43 3
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Fig.1 (a) A schematic illustration of the set-up used in all experiments.
The set-up consisted of a sample cell placed on a mechanical x-y-z
translational stage, two digital microscopes for front and side viewing
(perpendicular and parallel to the electric field direction), a signal
generator, and a voltage amplifier for generating high-voltage bipolar
signals provided to the cell via two crocodile clips. (b) The sample cell
was made of glass with two of the walls coated with electrically-
conductive ITO layers. The transparent ITO-covered glass electrodes
allowed for observation in a direction along the electric field. Drops with
or without particles were made using a mechanical pipette.
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in castor oil using a mechanical pipette, as presented in Fig. 1b.
Particles in the bulk of the silicone oil drops were brought to
the drop interface by applying a DC electric field and/or by
particle sedimentation.

Different particle materials were used in the experiments,
including conductive silver-coated hollow glass microspheres
(M-40-0.67 and M-60-0.17, with an average size of 15 um and
55 um, both with electrical conductivities of ~10” S m™?,
purchased from Cospheric LLC) and polystyrene (PS) particles
with an average size of ~40 um (Dynoseeds TS40 6317, electrical
conductivity of ~10™"' S m™", density of ~1.05 g cm™?, purchased
from Microbeads AS, Norway). The pristine PS particles were
chemically treated (sulfonated, as described by Mikkelsen et al.>*)
to increase their electrical conductivities to ~5 x 1072 S m™ .
The PS particles were labelled PS0, PS16, and PS32, where the
numbers refer to the sulfonation reaction time in minutes.

2.3 PIV experiments

The flowlines around drops were traced using particle image
velocimetry (PIV). Fluorescent PE particles (UVPMS-BY2-1.00,
size of ~35 pum, Cospheric LLC) were dispersed in castor oil
(0.3% by weight) and poured in the sample cell. A 500 pm thin
sheet of particles was selected by focusing a 532 nm laser light
(COM-09906-5 mW, SparkFun Electronics) from above the
sample cell through a laser line generator lens (Powell lens),
as presented in Fig. S1 (ESIT). Silicone oil drops with or without
surface particles were created in the castor oil using a mechan-
ical pipette and brought to the drop interface, as explained
above. During the experiments, the laser sheet was always
aligned in the middle of the drop and oriented along the
electric field direction and perpendicular to the view direction
of the microscope. Movies (5 fps) were recorded for each experi-
ment with a 1920 x 1080 pixel resolution (1 pixel ~ 6.2 um).
25 sequential frames were then compared and analysed using
PIVlab (v.1.41, Matlab toolbox application),>® yielding flow
velocities for each interrogation area (the frames were split
into a number of interrogation areas of size 64 x 64 pixels,
which were then individually cross-correlated with the previous
frame to obtain displacement vectors). Matlab (v.R2017b,
MathWorks) was then used to plot the flow velocities, while
Adobe Photoshop CC2018 (v.19.0, Adobe Systems) was utilized
to create masks and add images of the analysed drops on top of
the flow velocity figures.

3 Results

3.1 Electric field-induced deformation of Pickering drops

Initially, we investigated how the deformation of Pickering
drops (drops fully covered by particles) is influenced by the
strength of an applied DC electric field, as well as the size and
electrical conductivity of surface particles. Silicone oil drops
(size ~2 mm) covered by particles were formed in castor oil and
subjected to DC electric fields ranging from 0 to 200 V mm™".
Fig. 2a presents images of five silicone oil drops covered by

particles with electrical conductivities ranging from 10" to

This journal is © The Royal Society of Chemistry 2018
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10 S m™" and sizes between 15 and 55 um. The drops were
densely covered by particles (we estimated the particle coverage
to be around 0.8, which is close to the maximum theoretical
packing fraction).?® As a reference, the deformation of a pure
silicone oil drop is also included. Note that all drops were
spherical before the application of electric fields, indicating
that there was no particle jamming. This is important because
the rigidity of jammed elastic shells increases with asphericity,
and higher rigidity makes the particle-covered drop more
difficult (requiring higher electric stress) to deform.>”

Fig. 2b presents quantitative data on drop deformation versus
the applied electric field strength for the drops imaged in Fig. 2a.
The particle-free silicone oil drop (pink triangles) and the drop
covered by non-conductive PSO particles (cyan diamonds)
deformed into oblate shapes (compressed in the direction of
the electric field). That is because the free charges accumulated
at the drop surfaces created a drop dipole moment oriented in
the opposite direction of the electric field. However, the steady
state deformation of the PSO-covered drop was slightly larger
than that of the particle-free silicone oil drop.

Supported by our previous work, we propose two origins for
the increased drop deformation. First, the insulating particles
reduced the electrical conductivity of the drop interface,
allowing more free charges from the oils to accumulate on
the drop interface, hence increasing the electric stress on the
drop. Second, the induced EHD flows were greatly diminished
or absent when the drop was covered by particles.>” EHD flows
have been reported to weaken the steady-state deformation of
particle-free drops by removing free charges from the drop
interface by convection, thus decreasing the charge accumulation
at drop surfaces (and the electric stress acting on the drops).>®

We decided to perform experiments to study the effect of
particle coverage on EHD flows (their patterns and strengths).
Fig. 3 presents the results of PIV experiments performed on

50 Vmm? 100V mm? 150 V. mm? 200V mm™ o, (S m™?) Bj Size (um)
Si oil O O O O ~101 - .
PSO £ : ’ ’ O ~10" ~0.1 ~40
PS16 2 : ~5x10™ ~0.6 ~40
PS64 ' ‘ ‘ x ~5x10° ~0.9 ~40

’ ‘ . x ~107 ~1 ~55

0@ x - - -

Fig. 2
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Fig. 3 (a—d) PIV images of (a) a particle-free silicone oil drop and silicone
oil drops covered by non-modified PS particles with particle coverages
(b) ~0.2, (c) ~0.48, and (d) ~0.81. The drops were subjected to a DC
electric field of 170 V. mm™ (in the horizontal direction), yielding steady-
state drop deformations of (a) —0.023, (b) —0.026, (c) —0.028, and
(d) —0.04. All drops had diameters equal to 2 mm and the scale bar is
1 mm. The asymmetry of the flow fields in (a—c) was caused by downward
drop sedimentation, drop motion towards one of the electrodes, and,
in (b and c), by non-uniform particle distribution. The masks in the middle
of the flow fields are figures created from images of the drops used in
the experiments.

silicone oil drops with PS0 surface particles at different particle
coverages subjected to a DC electric field of 170 V. mm ™. The
results from the PIV experiments confirm that the induced
EHD flows at drop interfaces are indeed reduced by surface
particles. When the particle coverage was increased from
0 (particle-free drop) to around 0.8 (drop fully covered by
particles), the maximum EHD flow velocity around the drop

(b)

[ lI Ag (55 um) I ]

020 | ® Ag(15um) -
| A PS64(40um) ‘

V¥ PS16 (40 um) g

o045 [ ® PSO(40pum) + h
I < Silicone oil % 1

R

T ]

[ 1 T ]

005 | {T } Y I ]
I ;i M ]
ST 5 S —
[ r 1 4 g 3 P
o0sf o . ]

0 10 20 30 40
E? (x10° V’mm?)

a) Electric field-induced deformation of silicone oil drops covered by particles with different electrical properties and sizes. The size of the drops

was 2 mm and the electric field was applied in the horizontal direction. The deformation of a pure silicone drop is also included as a reference. Values of

the electrical conductivity of the particles (o), the conductivity mismatch between particles and castor oil (f, = (o,

— oex/(op + 20¢,)), and the size of the

particles are provided. The crosses indicate drop breakup. (b) Steady-state deformation versus applied electric field squared for the drops imaged in (a).
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decreased from 150 to nearly 0 um s~ ", verifying that EHD flows
surrounding a silicone oil drop in castor oil are suppressed
when the drop is fully covered by particles. Moreover, Fig. 3b
and c shows that EHD flows exist near the particle-free regions
of the drop, and that these flows are asymmetric, i.e. the flow
magnitude is stronger at the drop sides where there are less
particles. The particle layer gives the drop surface shear elasti-
city (it behaves like an elastic sheet), which immobilizes the
drop surface and greatly suppresses the EHD flows around
particle-covered areas at the drop interface.’®°

We found that silicone oil drops behaved as conductive drops
and stretched in the direction of the applied electric field (prolate
deformation) when they were fully covered by particles that were
more conductive than both oils. In fact, the results presented in
Fig. 2b are in accordance with previous work on the deformation
of conducting drops.”” In DC electric fields, drops behaving as
conductors acquire a free charge distribution that sets up a drop
dipole moment oriented in the same direction as the electric field,
i.e. the dipole moment of these drops is oriented in the opposite
direction to the dipole moment of the pure silicone oil drop (or the
drops covered by PSO particles).®* Accordingly, the electric stress at
the drop surface deforms the conductive drop to a prolate shape.
The next section presents more about drop stretching and our
study of the influence of particle coverage on drop deformation.

3.2 Influence of particle coverage on drop deformations

Fig. 4a presents images of silicone oil drops covered by five
types of particles (the same particles shown in Fig. 2) with
different particle coverages. The drops were subjected to a DC
electric field of 170 V. mm ™. Fig. 4b displays quantitative data
on drop deformation against particle coverage (¢) for the drops
imaged in Fig. 4a.

We found that the drops covered by PS0 particles compressed
more (higher negative values of deformation, cyan diamonds in

(a) ¢~0.1 ¢~0.4 ¢~0.6 (b) '. P ') . . ;
! 4 g pm
psh 032F o Ag(15um) - g
A PS64 (40 um)
’ v PS16 (40 pm)
0.24 | PSO0 (40 um) HH )\ = 5
PS16 <« Silicone oil %*A o 8
0.16 | - o~ T 4
Q 'f A e |
PS64 o g
.08 | P ~ % .
i* L | + . { ?{
e Y
Ag 000fF----- . F!*_!___* __________________
g ® e ®
1 1 1 1 1

Fig. 4
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Fig. 4b) when the particle coverage value increased. The drops
covered by other particles became less compressed by increasing
the particle coverage, and at certain particle coverage the defor-
mation changed from oblate to prolate. Such a drop deformation
transition occurred at lower particle coverage values for drops
covered by more conducting particles (e.g compare PS16 and
PS64 in Fig. 4b), or by bigger particles (compare the drops
covered by 55 um vs. 15 pm Ag-coated glass spheres displayed
in the bottom rows in Fig. 4a).

We observed that the particles formed chains when the
particles at the drop interface were more conductive than the
drop fluid (all particles except PS0). In addition to particle
conductivity, chain formation also depends on particle size and
particle coverage. The drop oblate-prolate transition occurs
when the surface particles form chains spanning from drop
pole to pole. The particle chains affect drop deformation by
altering the build-up of free charges at the drop surface, owing
to the faster conduction of charges through the chains com-
pared to through the drop fluid. This also influences the EHD
flows, as supported by the results in Fig. 5. The figure displays
PIV images of silicone oil drops with and without PS64 particles
subjected to a DC electric field of 170 V mm™'. The figure
shows that for a silicone oil drop covered with particles (PS64)
that are more conductive than the drop and exterior oil, low
particle coverage (¢ ~ 0.13-0.17) is sufficient to form pole-pole
particle chains and suppress EHD flows (maximum flow velo-
city goes from 150 um s~ ' to almost zero, as shown in Fig. 5a
and d, respectively). Furthermore, Fig. 5b and ¢ demonstrate
the influence of particle chain distribution on the EHD flow
fields, i.e. EHD flows may exist outside drop domains that are
free of particle chains, whereas flows near drop regions with
particles are very weak. The EHD flows weaken due to the fast
conduction of charges through particle chains at the drop
surface. The particle chains redistribute the free charges at

(a) Electric field-induced deformation of silicone oil drops covered by non-modified and modified PS particles (40 um) and silver coated glass

spheres (15 and 55 pm). The size of the drops was 2 mm, and the direction of the applied 170 V mm™! DC electric field was horizontal. (b) Steady-state
deformation of silicone oil drops as a function of particle coverage (¢ ranges from 0-0.85) the images in (a) correspond to respective data points in (b),

and the crosses in (a) indicate drop breakup.
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Fig. 5 PIV images of (a) a particle-free silicone oil drop and silicone oil
drops covered by modified PS particles (PS64) with particle coverages:
(b) ~0.08, (c) ~0.13, and (d) ~0.17. The drops were subjected to a DC
electric field of 170 V. mm™? (in the horizontal direction), yielding drop
steady-state deformations of (a) —0.023, (b) —0.023, (c) —0.013, and
(d) 0.07. All drops had diameters equal to 2 mm with a scale bar of
1 mm. The asymmetry of the flow fields in (a) was caused by downward
drop sedimentation, drop motion towards one of the electrodes, and,
in (b and c), by non-uniform particle distribution. The masks in the middle
of the flow fields are figures created from real images of the drops used in
the experiments.

the drop interface until the electric field component, which is
parallel to the drop surface, becomes zero. In a steady state, the
area of the drop containing conductive particles behaves as a
conductor, i.e. the electric field has only a component perpendi-
cular to the drop interface (because the electric field lines
outside the drop are perpendicular to the drop surface and
zero inside).®?

We also found that the magnitude of prolate deformation
consistently increased with particle coverage, conductivity, and
size (see Fig. 4b). For instance, at the same particle coverage,
drops covered by PS64 particles of size 40 pm deformed less than
drops covered by Ag-coated glass spheres that were slightly more
conductive and larger. Moreover, drops covered by PS64 particles
exhibited larger prolate deformations compared to drops
covered by smaller, though more conductive, Ag particles.

3.3 Particle structuring at drop interfaces

Fig. 4a shows that at low particle coverages (¢ ~ 0.1), all types
of particles were transported towards the drop equator by EHD
convective flows. However, only the PSO particles formed a
compacted particle ribbon. All other particles structured into
chains because of particle-particle dipolar interactions. The
dipolar force between particles (all types except PS0) was strong
enough to resist the present EHD flows, and to eventually form
dipolar chains along the electric field lines. For a particle with
radius R subjected to a DC electric field of strength E,,
the dipolar force Fp, (between two particles) is given by the
equation:®* Fy, = 24meotexR°Eo’fp /(2R + s)*, where ¢, is the
vacuum permittivity, e.x the dielectric constant of the exterior
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fluid, B, = (6p — 0ed/(0p + 20 is the particle’s Clausius-
Mossotti factor, o}, and o, are the conductivities of the particles
and the exterior fluid, respectively, and s is the edge-to-edge
separation distance between particles. Note that the above-
mentioned dipolar force equation is valid for a two-phase system.
Here, we studied a three-phase system. However, because the surface
particles on the drops had higher affinity to the surrounding castor
oil (i.e., a larger part of each particle was immersed in castor oil),
it was justifiable to consider the system a two-phase system and
employ the simplified dipolar force equation.

The dipolar force between two PS16 particles is around six
times larger than the dipolar force between two non-modified
PSO particles (Bpps16-/Bppso” = 6), even though the difference
in conductivity is small, i.e. PS16 particles are two times more
conductive than the PSO particles. Particles that are more
conductive than the PS16 particles form longer chains, owing
to the increased dipolar force. Interestingly, although the
Ag-coated glass spheres used in these experiments were 15
orders of magnitude more conductive than the PS64 particles,
the dipolar force between a pair of Ag-coated glass spheres was
comparable to that of a pair of PS64 particles (of similar size)
(ﬂp,AgZ/ﬁp,PS642 r 1.1).

Furthermore, for drops with high particle coverage sub-
jected to a DC electric field of 170 V. mm ™", we observed that
the surface particles (all types except PS0) concentrated at the
drop poles (Fig. 4a). We propose that the particle concentration
at the drop poles was caused by electrorheological chaining,
where the formed chains grew towards the drop poles due to
their locally-strong electric fields (the increased curvature
resulted in a higher free charge density at the drop poles).
Dielectrophoresis (forces acting on a particle when the electric
field is non-uniform) could also be a possible explanation for
the observed particle accumulation. Other researchers have
demonstrated that surface particles can be transported towards
drop poles and agglomerate there via dielectrophoresis.'>*?
However, according to our theoretical calculations, this could
not have been the case here. We found that for all the different
particles utilized in the experiments (except PSO0), the dielec-
trophoretic (DEP) force on the particles was directed towards
the drop equator rather than towards the drop poles. The term
p'p(2 + p) in the equation for the DEP force determines the
force direction.®* Here f' = (6, — 0ex)/(0) + 20¢y) is the particle’s
Clausius-Mossotti factor, ff = (6in — 0ex)/(0in + 20¢x) is the drop’s
Clausius-Mossotti factor, and oy, iy, and o are the conduc-
tivities of the particles, drop fluid, and surrounding fluid,
respectively. For all the drops except those covered by PSO,
p'p(2 + f) < 0, indicating that any DEP force acting on the
surface particles would move them towards the drop equator.®*

We validated the direction of the DEP force on the particles
experimentally by forming a silicone oil drop covered by 15 pm
silver-coated spheres and a silicone oil drop covered by PSO
particles. The particle coverages were low, and the drops were
exposed to an AC electric field at 200 Hz and 300 Vmm ™ *. A DC
electric field could not be used in this experiment because the
induced EHD flows would have dominated the DEP force experi-
enced by the particles (flow velocity ratio vgup/vpep X 103).
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As explained in the Introduction section, when an AC electric
field at such a high frequency (200 Hz) is applied, the electric
field changes direction too fast for free charges in the oils to
accumulate at the drop interface and for EHD flows to be
induced. In the absence of EHD flows, it is possible to observe
particle movement by DEP. Note that for an AC electric field,
the previously-described Clausius-Mossotti terms used in the
equation to determine the DEP force direction change. The
conductivities are replaced by permittivity terms, yielding:
Bac’ = (ep — gex)/(ep + 26ex) aNd fac = (8in — ex)/(8in + 28ex), Where
&p, &in, and &e, are the permittivities of the particles, drop fluid,
and surrounding fluid, respectively.®® For the fluids and parti-
cles used in this work, we calculated that the direction of the
DEP force acting on the surface particles is the same whether the
applied electric field is DC or AC. For all the particle-covered
drops except those covered by PSO, fac'fac(2 + Pac) < O,
indicating that the DEP force brings the particles to the drop
equator. This was confirmed experimentally: when the AC
electric field was turned on, the silver particles moved towards
the drop equator and formed chains, whereas at the surface of
the other drop, the PS0O particles translated much more slowly
towards the drop poles. The PS0 particles also served as tracing
particles, proving that there were no EHD flows present while
the electric field of frequency 200 Hz was applied. Movie S1
(ESIf) presents the results of these experiments. Based on these
results, we excluded the possibility of DEP interactions causing
particle agglomeration at drop poles. Note that the silicone oil
drops stretched (prolate deformation) in the direction of the
applied AC electric field. That is because there were no free
charges present, and the resulting drop dipole moment polar-
ized by the electric field was oriented in the same direction as
the electric field.®®

3.4 Manipulating interfacial particles by EHD flows and
dipolar interactions

In this section, we demonstrate the possibilities of particle
manipulation at drop interfaces by employing EHD flows and
particle dipolar interactions. We utilize the knowledge gained
from the previous sections about the influence of the particles’
properties, their coverage, and the electric field strength on the
magnitude of EHD flows and drop deformation.

During the experiments and for all particles (except PSO0),
we observed that the growth of particle chains started from
the drop equator and extended towards the drop poles (see
Movie S1, ESIt), irrespective of the electric field frequency used
(within the studied frequency range, ie. from 0 to 1 kHz).
The more particles present at the drop interface, the longer the
chains became (until the particles started to agglomerate at the
drop poles at high particle coverages).

We took advantage of this observation to create an adaptive
structure in which particle packing, coverage, and structuring
were easily controlled by only changing the frequency of the
applied electric field. Fig. 6 shows a silicone oil drop (size of
~3 mm) formed in castor oil and covered by 15 pm Ag-coated
glass spheres (¢ ~ 0.15). The drop was subjected to an electric
field of 170 V mm ™" and viewed parallel (Fig. 6a and b) and
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Fig. 6 (a—d) Actively arranging surface-adsorbed conductive particles by
switching the electric field frequency from 0 Hz (EHD flow regime) to
200 Hz (particle dipolar interaction regime). A silicone oil drop with
diameter ~3 mm is viewed (a and b) along and (c and d) perpendicular
to the electric field direction, as indicated by the symbols. Ag-coated glass
microspheres with mean diameters of ~20 um were used in this experi-
ment, in which £ = 200 V mm™! was fixed. The structuring process is
reversible, and the switching between two particle conformations
occurred in seconds, as shown in Movie S2 (ESIT).

perpendicular (Fig. 6c and d) to the electric field direction.
When a DC electric field was applied, the particles formed chains
via particle-particle dipolar interactions. However, the growth of
the chains was limited (and thus also their lengths) by the induced
EHD flows, ie. the chains were not rigid enough to withstand the
strain imposed by the EHD flows, and the electric poles of the drop
became particle-free (Fig. 6a and c). As demonstrated in Movie S2
(ESIT), the EHD flows bend the ends of the particle chains, and
sometimes even break and push the chains back towards the
drop’s electric equator (as indicated by the red arrows in Fig. 6a
and c). To disable the EHD flows and allow the particle chains to
grow towards the drop poles, we simply increased the electric field
frequency to a value far above the critical frequency for EHD flow
induction. As demonstrated in Fig. S2 (ESIt), a frequency of 200 Hz
satisfies this condition. After changing the frequency from 0 to
200 Hz, the particles redistributed at the surface of the drop and
locally changed the particle coverage, ie. both drop poles were
densely covered by particles at the cost of the particle coverage
around the equatorial area. The direction of particle transport is
indicated by the red arrows in Fig. 6b and d. After the frequency of
the AC electric field was decreased from 200 to 0 Hz, EHD flows
were induced (free charges had sufficient time to accumulate at
the drop interface) to transport the particles located at the drop
electric poles back to the drop electric equator.

For the current drop-particle system, the whole structuring
process is reversible, as demonstrated in Movie S2 (ESIf).

This journal is © The Royal Society of Chemistry 2018
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However, it is worth mentioning that the reversibility and
feasibility of the approach depend on particle size, material,
and concentration. When the experiment shown in Fig. 6 was
repeated for drops covered by larger particles of the same type
(55 pm silver-coated microspheres, ¢ ~ 0.1), the process was
irreversible, i.e. the particle-covered drop remained prolately
deformed when the electric field was changed from AC to DC. The
dipolar force between surface particles on a drop is proportional
to the particle radius squared. As a consequence, the dipolar force
between 55 um sized particles is significantly larger compared to
the force between 15 pm particles, considerably increasing the
chain stiffness. The increased dipolar force between the 55 um
particles was sufficiently strong to keep the particles in the chain
structures together by resisting the EHD shear stress induced at
the drop surface when the applied electric field changed from
AC to DC. Note that the surface particle rearrangement was
accompanied with changes in the drop shape (compare Fig. 6c
and d), and that the timescale for switching between the two
particle conformations was on the order of seconds.

4 Conclusions and discussions

In conclusion, we studied both the behaviour of particle-
covered drops and particle organization at drop interfaces by
employing external electric fields. Here, we discuss our results
and the underlying mechanisms, especially how particles
on drop interfaces affect drop deformation, EHD flows, and
particle structuring.

4.1 Surface particles and their effect on drop deformation

We found, that, besides the applied electric field strength, the
particle material, particle coverage and size affect the deforma-
tion and electrical properties of silicone oil drops when sub-
jected to electric fields. Our experiments show that the addition
of particles to drop surfaces enhances the deformation magni-
tude of the drops, suppresses EHD flows, and alters drop
shapes. For example, by adding conductive particles to the
surface of a silicone oil (which is weakly-conductive), the drop
geometry changes from oblate to prolate (from compressed to
stretched in the direction of the electric field). Particles
adsorbed at a drop interface may alter the surface tension,
interfacial viscosity, or electric properties (conductivity and
permittivity) of the drop.’>>* Because the surface tension works
against drop compression or stretching (trying to make the
drop spherical and reduce the energy of the system), a change
in surface tension can affect the deformation magnitude,
but does not determine whether the drop is prolate or oblate.
Besides, as observed in previous experiments on particle-
covered silicone oil drops in castor oil, adding particles to the
drop surfaces has an insignificant effect on the surface tension
of the drops, and thus also a negligible effect on the deforma-
tion magnitude of such drops.*?

Similarly, an increase of the effective interfacial viscosity
(expected after adding particles to the liquid interface)®” affects
only the magnitude of the drop deformation*® and cannot cause
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the oblate-to-prolate shape transition. We therefore attribute the
oblate-prolate deformation transition to changes in the electric
properties of the drop interface. In the case of a silicone oil drop in
castor oil, adding particles to the drop interface that are more
conductive than the silicone and castor oil reverses the free charge
distribution. The dipole moment of the drop (formed by free
charges at the surface) changes direction from opposite of to
similar to the electric field direction.

4.2 Suppression of EHD flows

Qualitative results from previous studies suggest that if the
interfacial viscosity of a particle-covered silicone oil drop in
castor oil is sufficiently large (high particle coverage), the particle
layer can suppress electric field-induced EHD flows.**** In this
research, we performed both qualitative (e.g. presence and
direction) and quantitative (flow magnitude) studies on EHD
flows. Our experiments show that the addition of surface parti-
cles on a silicone oil drop in castor oil leads to a reduction of the
electric field-induced EHD flow velocities around the drop,
irrespective of the electrical conductivity of the surface particles.
A monolayer of packed particles at a liquid interface behaves like
an elastic sheet that can support stresses and strain.>>®° For that
reason, the shear elasticity of the particle layer immobilizes the
drop interface and suppresses the EHD flows. However,
the electrical properties of the surface particles do determine
the critical particle concentration at which EHD flows are
suppressed, as is explicitly shown in Fig. 3 and 5. Particles at
the drop surface can form particle chains via dipole-dipole
interactions (due to particle polarization), where the force
between the particles depends on parameters such as particle
size, electrical conductivity (for DC fields), and permittivity (for
AC fields).® The presence of conductive particle chains affects the
distribution of free charges at the drop interface by conducting
charges faster through the particle chains than through the
silicone oil drop (which is weakly conductive). If the concentration
of particle chains at the drop surface is high, the drop behaves as
a conductive drop with no electric stress component acting
parallel to the drop interface.

4.3 Particle organization at drop surfaces

We also observed that particles at drop surfaces subjected to
a constant DC electric field exhibit different structuring
depending on their electrical properties and coverage. For
instance, at the same low particle coverage, insulating surface
particles assemble at the equator of silicone oil drops, forming
ribbon-like structures composed of densely-packed particles,
while silver-coated particles form short chains aligned with the
electric field. We conclude that particle structuring is deter-
mined by the competition between EHD flows and particle-
particle dipolar interactions. When the dipolar interactions
between particles are strong, the particles can form long chains
that cannot be broken by the EHD flows. Additionally, if the
particle concentration is high, the chains can span the whole
drop and particles concentrate at the drop poles. When the
dipolar interactions between particles are weak, the EHD flows
can be utilized to structure particles at drop poles or at the drop
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equator, depending on the electric properties of the drop and
surrounding fluid.>* For the system studied in our research
(silicone oil drop in castor oil), the EHD flows were directed
from drop poles to drop equator.

4.4 Method for manipulating conductive particles at drop
surfaces

Furthermore, we present a novel method for manipulating
conductive particles at drop surfaces. By applying an AC electric
field and tuning the frequency, we actively structured surface
particles and locally changed their concentration and packing.
The adaptive particle structure is organized by dipolar inter-
actions and EHD flows. When the frequency of the applied
electric field is high, the particles form long chains via dipolar
interactions and concentrate at the drop poles. Switching the
electric field to DC induces EHD flows that move the particles
from the drop poles towards the drop equator. The method
resembles the pupil effect reported by Dommersnes et al.,>
where the strength of the applied DC electric field was used to
control the coverage of clay particles at a drop surface. The new
method presented in this article is not limited to clay particles,
it also allows for using surface particles of different conductive
materials. A subtle point is that the size of particles and their
concentrations must be chosen so that the dipolar forces are
strong enough to assemble particles at drop poles under
electric fields at high frequencies, and weak enough to allow
for the formed chains to be broken by EHD flows at DC electric
fields. It is worth pointing out that by reducing the viscosity of
the liquids, the time for actively stretching the particle chains
can be as small as micro-seconds, just by reducing the viscosity
of the liquids to that of water. The electrical conductivities of
the oils could also be tuned (e.g. by adding inorganic salts) to
speed up this process. Another note is that from the frequency
tuning experiments (demonstrated in Movie S2, ESIt), we learn
that it is possible to control the packing density and likely also
the characteristic periodicity between the particle chains. We
envisage the possibility to further investigate these effects in
respect to optical materials and applications.

4.5 Outlook

We believe the findings of this work are important for developing
advanced structures, such as patchy microcapsules. With a myriad
of applications ranging from energy storage to the encapsulation
of an extensive range of materials, homogenous and patchy
microcapsules have received considerable research interest in this
decade. It has been reported that the target microencapsulated
product will be worth around $9.25 billion by 2020.°® To succeed
in implementing these microcapsules, we need to precisely
control the mechanical stability and structural properties of
their shells.
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