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Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138,
United States

†

Downloaded via HARVARD UNIV on July 17, 2019 at 22:40:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S Supporting Information
*

ABSTRACT: Active, tunable, and reversible opening and closing of particle
shells on droplets may facilitate chemical reactions in droplets and enable
various small-scale laboratory operations, including online detection,
measurement, and adjustment of droplet liquid. Manipulating various types
of particle shells in a controlled manner requires new routes. This work
provides a new strategy for controlling the spatial arrangement of particlecovered oil droplets using electric ﬁelds that expands the application of
responsive droplets beyond the abovementioned examples. The behavior of
stimulated particle-covered droplets is exploited in multiple ways: to form an
active smart device, fabricate Janus and patchy shells, create an online diagnostic tool, and produce a tool for fundamental
studies. Electric ﬁelds are used here to manipulate particle ﬁlms on oil droplets through the synergetic action of droplet
deformation and electrohydrodynamic liquid ﬂows. First, the eﬀects of electric ﬁeld strength and liquid viscosity on droplet
deformation, surface particle arrangements, and dynamics are examined in detail. Then three examples of applications of
responsive particle-covered droplets are demonstrated. Our results show that the reversible opening and closing of the droplet’s
shells, composed of various types of particles, can be conveniently achieved through electric ﬁelds, opening up a new possibility
for applications in optics, clinical diagnostics, microﬂuidics, and material engineering.
KEYWORDS: particle ﬁlm, responsive droplets, liquid−liquid interface, curved interface, assembly, electric ﬁeld, smart structure
Such ﬁeld-responsive droplets have proven to be convenient
for controlling ﬂows in microﬂuidic channels,32,33 producing
hetero- and homogeneous particle shells,34,35 increasing the
eﬃciency of Pickering emulsion fabrication, 36 droplet
actuation,37,38 and manipulating particles at droplet interfaces.39,40 Here, we use electric ﬁelds to simultaneously change
the shape of the droplet and control the spatial arrangement of
particles at the droplet interface. Doing this forms an opening
in the particle shell with an easily controllable size. This
remarkable ability of particle-covered droplets to be reversibly
opened and closed under the action of an electric ﬁeld is here
exploited in multiple ways: to form a miniaturized optical
diaphragm with an adjustable aperture, to buckle armored
droplets and fabricate droplets with Janus and patchy shells by
manipulating droplet liquid, as an online diagnostic tool for the
detection of inner liquid, and as a tool in fundamental studies,
for example, in the study of the mechanical properties of thin
particle ﬁlms.
The opening and closing of particle shells on droplets have
been studied by several researchers. Zhao et al.41 used
magnetic force to pull a magnetic particle layer toward a
magnet to open the particle shell and unarmor the droplet.

1. INTRODUCTION
Responsive materials are designed materials that have one or
more properties that can be changed in a controlled fashion by
external stimuli, for example, mechanical stress,1 electric or
magnetic ﬁelds,2−4 and changes in pH,5,6 temperature,7 or light
intensity.8 These materials play an increasing role in our
modern society and have been widely researched. This is
because such materials may compose structures or devices that
exhibit “smart” behavior, that is, shape changing,9 selfhealing,10−12 self-sensing, self-diagnostic,13−15 and self-actuating.16 Many commercially available products have responsive
materials to provide a smart response, such as switchable
windows,17 battery power indicators,18 wound dressing,19
eyeglass frames,20 and stent grafts.21 Responsive materials
can also be used to perform various laboratory operations22−24
or manufacture new materials, for example, through additive
manufacturing25 or ﬁeld-driven assembly.26−28 In this work, we
created a responsive material of soft matteran emulsion
droplet covered with microparticlesand stimulated it by an
electric ﬁeld to form an active smart structure, facilitate simple
laboratory operations, and manufacture new materials.
Particle-covered droplets are responsive materials with
various functionalities controlled by external stimuli. Applications of these materials include self-healing,29 mechanical strain
detection,30 or targeted drug delivery.31 Particle-covered
droplets can be stimulated with electric or magnetic ﬁelds.
© 2019 American Chemical Society
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The ﬁrst part of this paper presents how electric ﬁeld
strength inﬂuences the steady-state magnitude of the droplet’s
deformation, as well as particle arrangements on droplet
interfaces. We quantiﬁed droplet deformation and the opening
area at the droplet’s electric pole as a function of the electric
ﬁeld strength. Our applications of the knowledge gained from
these fundamental studies are presented in the second part of
the manuscript.

This phenomenon was later used in miniature chemical
reactors42 to promote the coalescence of otherwise stable and
protected droplets and for the online detection and measurements of liquid marbles.43 Zang et al.44 demonstrated similar
handling of particle shell coating. They used ultrasound to
levitate particle-covered water droplets and to form a cavity on
the particle shells. Our novel route for opening and closing
particle-covered droplets is distinctively diﬀerent. It works for
droplets covered with various types of resistive (electrically
weakly conductive) nano- or microparticles either magnetic or
non-ferromagnetic (including most polymeric and ceramic
particles, clay mineral particles, and silica particles), although
droplets covered with more conductive particles (e.g., silver
microparticles) subjected to an electric ﬁeld acquire a dipole
moment, which is in the opposite direction to the electric ﬁeld.
Thus, the droplet stretches along the electric ﬁeld direction,
and the electrohydrodynamic (EHD) ﬂows cannot be induced
as the electric poles of the droplet are electrically shortcircuited.39 The method can be straightforwardly implemented, for example, in microﬂuidic chips or microelectromechanical systems (MEMS). Unlike the otherwise elegant
ultrasonic approach,44 our electric approach can also be readily
scaled up without requiring a complex experimental setup.
Our method for particle ﬁlm manipulation involves the
synergetic action of droplet deformation (induced by electric
stress) and EHD liquid ﬂows (see Figure 1).45 When a silicone

2. MATERIALS AND METHODS
2.1. Experimental Setup. A schematic illustration of the setup
used for the fundamental studies is shown in Figure 2a. The setup
consisted of a sample cell (10 mm × 10 mm × 30 mm) placed on a
mechanical xyz translational stage, a signal generator (SDG1025,
SIGLENT Technologies), a high-voltage bipolar ampliﬁer
(10HVA24-BP1, HVP High Voltage Products GmbH), 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 a conductive indium tin oxide
(ITO) layer, constituting electrodes. From the voltage ampliﬁer, a
high-voltage signal was provided to the sample cell via two crocodile
clips attached to the ITO-coated glass electrodes (as presented in
Figure 2b). On the inside of one of the ITO-coated glass walls, we
glued an O-ring (with outer diameter of ∼4 mm, inner diameter of
∼2.5 mm, and thickness of ∼1 mm) in the center. The experimental
setup was used in experiments presented in Figures 2c,d, 5a, 6, and 8
and Figures S2 and S6. In other experiments, we used a sample cell
made of glass walls with only one wall (bottom) coated with
conductive ITO. For the experiments presented in Figure 5b−e, we
used a plate electrode, whereas for the experiment in which we
demonstrated the use of electric ﬁelds in diagnostics of particlecovered droplets, we used a rod-shaped electrode (Figure 7, Figures
S4 and S5). Both the plate electrode and the rod-shaped electrode
were inserted from above and immersed in castor oil.
2.2. Materials. Silicone oil (VWR Chemicals, Rhodorsil
6678.1000, electrical conductivity ∼5 pS·m−1, relative permittivity
∼2.8, density ∼0.96 g·cm−3, and viscosity ∼50 mPa·s, all measured at
25 °C) droplets were formed in castor oil (Sigma-Aldrich 83912,
electrical conductivity ∼60 pS·m−1, relative permittivity ∼4.7, density
∼0.96 g·cm−3, and viscosity ∼750 mPa·s, all measured at 25 °C). The
interfacial tension between the two oils was around 4.5 mN·m−1.46
The droplets were covered with spherical nanoparticles or microparticles: silica, dyed polyethylene, and paramagnetic particles
purchased from Cospheric, USA (SiO2MS-2.0, size ∼250 nm, density
∼2 g·cm−3; GPMS-0.98, size ∼20 μm; REDPMS-0.98, size ∼50 μm;
GPMS-0.98, size ∼90 μm; each particle type had density ∼0.98 g·
cm−3; BKPMS-1.2, size ∼50 μm; density ∼1.2 g·cm−3); Liﬂuorohectorite clay particles from Corning Inc., USA (size 1−30
μm; density ∼2.8 g·cm−3); and Laponite clay particles from Laponite
Inc., USA (size 0.5−10 μm; density ∼2.5 g·cm−3). The three-phase
contact angle of PE particles at the silicone oil droplet−castor oil
interface was 65 ± 5°, referenced against castor oil, which indicates
that the PE particles had slightly higher aﬃnity toward silicone oil.
Unlike silica nanoparticles (a few orders of magnitude smaller than PE
with a measured contact angle of 20 ± 7°), the PE microparticles
bound strongly to the silicone oil−castor oil interface. Therefore, they
did not detach from the droplet’s surface when subjected to EHD
liquid ﬂows during the experiments.
2.3. Preparation of Particle-Covered Droplets. Particlecovered silicone oil droplets were made in castor oil. Initially, we
ﬁlled a sample cell with castor oil. Next, we prepared dispersions by
adding particles (particle concentrations are listed in Table S1) to
silicone oil and mixed them by vigorous hand shaking (several
seconds) followed by an ultrasonic bath treatment for 5 min. We then
formed a dispersion droplet in castor oil using a regular mechanical
pipette. When the droplet was made in castor oil, the majority of the
particles were located inside the droplet. The particles could be
brought to the droplet’s surface via mechanical stirring and droplet

Figure 1. Schematics of particle shell opening. A droplet with the
surface particles is viewed at a 30° angle with respect to the electric
ﬁeld direction, which is horizontal. Application of an electric ﬁeld to
(a) the initially spherical droplet densely covered with particles results
in (b) its deformation due to the electric stress. (c) The induced EHD
ﬂows convect particles away from the droplet’s electric pole, thereby
forming an opening in the particle layer. (d) After application of a
stronger electric ﬁeld, the droplet deforms more, allowing the opening
to grow in size and the EHD ﬂows to strengthen, which is indicated
by the longer curved arrows.

oil droplet with particles is suspended in castor oil and
subjected to a uniform dc electric ﬁeld, free charges (ionic
impurities in oils) accumulate at the droplet’s interface. Such a
droplet acquires a dipole moment that leads to its deformation.
Depending on the electrical properties of the oils and particles,
the droplet can obtain either an oblate or a prolate shape.39
With the particles used in this study, the particle-covered
droplets compress along the electric ﬁeld’s direction to form an
oblate shape. The magnitude of the droplet deformation
primarily depends on the electric ﬁeld strength. In addition to
droplet deformation, EHD liquid ﬂows can be induced at the
droplet’s surface. However, for droplets fully covered with
particles, the EHD liquid ﬂows cannot be generated because
the particles in the shell are jammed or too densely packed.39
To enable EHD ﬂows, the particle coverage must be reduced;
we achieved this by deforming the droplet and increasing the
droplet’s surface area. The induced EHD ﬂows convect surface
particles away from the droplet’s electric pole, thereby forming
an opening in the particle layer.
22841
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Figure 2. (a) Schematic illustration of the setup used for the fundamental studies. The setup consisted of a sample cell placed on a mechanical xyz
translational stage, two digital microscopes for front and side viewing, a signal generator, and a voltage ampliﬁer for generating a high-voltage dc
electric signal, which was 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.
Droplets with or without particles were docked in an O-ring that was fastened to one of the conductive walls of the sample cell. The electric ﬁeld
direction is indicated by the arrow. Silicone oil droplet (∼3 mm) covered with PE particles (∼20 μm) viewed (c) perpendicular and (d) parallel to
the electric ﬁeld direction. The droplet was surrounded with castor oil and docked in an O-ring that was fastened to one of the electrodes. In the
presence of a dc electric ﬁeld, the electric stress deformed the droplet. As a result, the droplet’s surface area increased, allowing particles to unjam
and EHD ﬂows to arise. The EHD ﬂows conveyed particles away from the droplet’s electric pole, forming a particle-free area. See also the
corresponding Movie S2. The symbols indicate the direction of the electric ﬁeld.
and used to trace EHD ﬂows around a droplet covered with red PE
particles (∼50 μm). A movie of the particle movement was recorded
from a view perpendicular to the electric ﬁeld direction. From the
movie, an image was saved for each second. The frames were then
compared and analyzed using PIVlab (v. 1.41, MATLAB toolbox),
which yielded ﬂow velocities for each interrogation area (the images
were split into a number of interrogation areas of 64 × 64 pixels,
which were then individually cross-correlated with the previous image
to obtain displacement vectors). We then used MATLAB (v. R2017b,
Math Works) to plot the ﬂow velocities and Adobe Photoshop (v.
19.0, Adobe Systems) to edit the PIV image.
2.5. Experiments Demonstrating Possible Applications.
Using silicone oil droplets covered with PE particles, we demonstrated
that a particle-covered droplet can be used as a millimeter-sized
diaphragm with an adjustable aperture (Figure 6). The droplet was
illuminated with laser light (class III laser pointer, wavelength 532 nm
and diameter 0.5 mm) through the center of the droplet in the
direction along the electric ﬁeld lines. A dc electric ﬁeld of strength
between 0 and 260 V·mm−1 was applied to open and close the
“shutter” (see Figure S3 for a sketch of the setup).
In the experiment presented in Figure S5, we demonstrated the
possible usage of the method as a diagnostic tool. We made a
conducting ﬂoor in a plastic cuvette (10 mm × 10 mm × 45 mm) by
gluing a copper electrode to the bottom of the cuvette. Three droplets
(∼3 mm) were placed on the bottom electrode of the cuvette at equal
distances. A rod-shaped electrode (stainless steel) was then placed at
the center of and above one of the droplets. The distance between the
rod-shaped electrode and the electrode at the bottom of the sample
cell was ∼4 mm. We used an electric ﬁeld of 400 V·mm−1 to open the
particle shell near the rod-shaped electrode. To show scalability of the
method, we substituted the conductive rod with a ﬂat copper
electrode and placed 16 droplets of similar size (∼2 mm) on the
bottom electrode (Figure 5d). The distance between the two plate
electrodes was ∼6 mm, and the droplets were subjected to a dc

deformation, through particle sedimentation, or with the use of
external ﬁelds.47−49 Here, we used direct current (dc) electric ﬁelds to
enhance the transportation of particles toward the surface (for more
details, see our previous work46). In fact, the utilization of electric
ﬁelds went beyond the mere role of bringing particles to the surface of
a dropletthe convective electrohydrodynamic liquid ﬂows enabled
the formation of a monolayer ﬁlm composed of densely packed
particles arranged in a nearly hexagonal geometry (see Figure S1).
Movie S1 presents the entire process of forming a droplet covered
with densely packed particles.
As mentioned before, in some experiments, particle-covered
droplets were docked in an O-ring that was fastened to one of the
glass electrodes (see Figure 2b). The main reason for using this setup
was to keep the droplet in one place and to facilitate experimental
observations. Additionally, the setup enabled observation (in the
direction along the electric ﬁeld) of the surface particle arrangement
by keeping one region of the droplet particle-free throughout the
entire experiment. Particle-covered droplets were docked in the Oring through the following steps: First, we attached a pure silicone oil
droplet (∼2.5 mm) to the O-ring so that nearly half of the droplet was
inside the O-ring. We then brought a silicone oil droplet covered with
PE particles (particle coverage of ∼75% of the droplet’s surface area)
in close proximity to the pure silicone oil droplet. When a dc electric
ﬁeld was applied, the droplets electrocoalesced. The resulting
coalesced droplet was entirely covered with particles on the side in
contact with the castor oil, and there were no particles on the
droplet’s surface inside the O-ring. Such droplets were then studied in
electric ﬁelds. In other experiments (Figures 5b−e, 7), the particlecovered droplets (with a particle coverage of ∼80%) were placed on
the bottom of the sample cell.
2.4. Particle Image Velocimetry Experiments. The liquid ﬂow
ﬁelds formed around a droplet through the application of electric
ﬁelds were studied through particle image velocimetry (PIV)
experiments. PE particles (∼20 μm) were added to the castor oil
22842
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Figure 3. (a) Magnitude of steady-state deformations of a silicone oil droplet with and without PE particles plotted as a function of E2. (b) Opening
area at the electric pole of a silicone oil droplet covered with PE particles vs E2. The arrows indicate whether the electric ﬁeld was increased or
decreased.
electric ﬁeld (∼325 V·mm−1). To observe the dynamics of all the
droplets, we set the camera at an angle (∼30°) and recorded movies.

the EHD ﬂows could not be induced. A previous study has
reported that EHD ﬂows induced around a droplet are greatly
suppressed when the droplet is fully covered with particles.39
Indeed, we could not detect any EHD ﬂows at the droplet’s
surface and outside the droplet. At stronger electric ﬁelds, the
droplet deformed more, and the surface area became large
enough to allow the surface particles to unjam. During
unjamming, the PE particle layer underwent a solid-to-liquid
transition (as reported elsewhere50), as the cohesive forces
between the PE particle are very small. Now, the EHD ﬂows
onset and moved particles at the droplet’s interface. In Figure
S2, we show an example of the EHD ﬂowlines around a
particle-covered droplet, including the ﬂow direction and a
velocity map. The direction of the ﬂow is determined by the
electrical conductivities and dielectric properties of the
ﬂuids.51,52 For the system studied here, the ﬂows guided the
surface particles from the droplet’s electric pole to its electric
equator where the particles formed a densely packed ribbonlike structure. As a consequence, an opening area (particle-free
area) developed at the droplet’s electric pole, which increased
in area with the applied electric ﬁeld strength (Figure 2d). The
particles’ convection by the EHD ﬂows is a dynamic process,
and the timescale depends on several parameters, including
electric ﬁeld strength and liquid viscosity (described in greater
detail in the next section).
In Figure 3, we present the quantitative data of the
qualitative results shown in Figure 2c,d. Both the magnitude
of the droplet’s deformation and the opening area were plotted
against the square of the applied electric ﬁeld strength. The
inset numbers in the plots correspond to the images presented
in Figure 2. Droplet deformation is here deﬁned as D = (d∥ −
d⊥)/(d∥ + d⊥), where d∥ and d⊥ are the droplet axes parallel
and perpendicular to the electric ﬁeld direction, respectively.
The initial magnitude of deformation was around −0.08
(Figure 3a), which indicates that the droplet was in an arrested
state and that the PE particle layer was jammed. We also
observed that the droplet deformation was nonlinear to E2;
that is, the droplet deformation increased progressively with
the electric ﬁeld. That is because it cost less energy to deform a
droplet more. Changes in the droplet’s surface area were
quantiﬁed by measuring the opening area in the region at the
droplet’s electric pole (Figure 3b).
Interestingly, both the deformation magnitude of the
particle-covered droplet and the opening area exhibited
hysteresisthat is, although the droplet eventually acquired

3. RESULTS AND DISCUSSION
The central idea of the method presented here is combining
the electrodeformation of particle-covered droplets with
particle assembly facilitated by EHD ﬂows, as illustrated in
Figure 1. Initially, the interfacial particles are densely packed,
jammed, and arranged in slightly disordered hexagons (Figure
1a). To initiate an opening in the particle shell, an electric ﬁeld
is applied. The electric stress deforms the droplet (Figure 1b),
thereby increasing the droplet’s surface area and decreasing
particle coverage. The particles are then temporarily loosely
arranged, and the EHD ﬂows are induced. These ﬂows convect
particles away from the droplet’s electric pole, thereby forming
an opening in the particle layer. The convected particles are
packed densely within the particle shell (Figure 1c). When the
electric ﬁeld strength is increased, the droplet deforms more,
allowing the opening to grow in size and the EHD ﬂows to
strengthen (Figure 1d). This opening in the shell can be
completely healed by decreasing the electric ﬁeld strength.
This process is reversible as long as the particles do not detach
from the droplet’s surface, for example, by applying a strong
electric ﬁeld.
3.1. Opening and Closing of the Particle Shell:
Experimental Realization. To realize this opening-closing
approach in the experiment, we designed the experimental
setup (Figure 2a,b) and employed a silicone oil droplet (∼3
mm) covered with polyethylene (PE) particles (∼20 μm). The
droplet was surrounded with castor oil and docked in an Oring that was fastened to an electrode. The main reason for
using the O-ring was to ease the experimental observations. In
the absence of an electric ﬁeld, the droplet covered with PE
particles was slightly aspherical (see Figure 2c). The droplet’s
asphericity indicates that, initially, the shell was composed of
jammed particles. The droplet was then subjected to an electric
ﬁeld. We increased the electric ﬁeld strength stepwise from 0 to
290 V·mm−1 and then decreased it stepwise to 0 V·mm−1 (see
also the corresponding Movie S2). At each step, the electric
ﬁeld strength was maintained until a steady state (droplet
deformation and/or particle arrangement) was observed.
Each time we increased the electric ﬁeld strength, the
magnitude of the droplet’s deformation also increased.
However, in weak electric ﬁelds, that is, up to ∼125 V·
mm−1, the particle layer remained densely packed; therefore,
22843
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Figure 4. (a) Log−log plot of the time required to obtain an opening area Ac1 (of around 55000 square pixels) at a silicone oil droplet (∼3.2 mm)
covered with PE particles (∼20 μm) as a function of the applied electric ﬁeld strength. (b) Time for the particle-free area at the droplet’s pole to
reach Ac2 (of around 45000 square pixels) vs viscosity of the surrounding oil. A silicone oil droplet (∼3.5 mm) covered with PE particles (∼90 μm)
is surrounded with castor oil and subjected to an electric ﬁeld of strength 250 V·mm−1. To change the viscosity of the castor oil, the oil was heated
to diﬀerent temperatures. See also the corresponding Movies S4 and S5.

its initial state when the electric ﬁeld was gradually reduced,
the deformation and opening-area curves were not retraced.
Because we collected the data in steady-state situations, the
hysteresis loops must be time-independent, that is, not caused
by a dynamic lag. By using a pure silicone oil droplet as a
reference, we also ruled out any potential inﬂuence of the
experimental conditions on the hysteresis loops. We subjected
the pure silicone oil droplet (size of ∼3 mm, docked in the Oring) to the same electric ﬁeld strengths and measured the
droplet deformation. There was no hysteresis curve for the
pure silicone oil droplets, and any diﬀerences in the
deformation magnitudes (between the data points from
increasing and decreasing electric ﬁelds) were within error
bars (Figure 3a). We can therefore conclude that the hysteresis
curves were caused neither by docking the droplets in the Oring nor by the experimental procedures.
The deformation versus E2 curve (Figure 3a) resembles a
stress−strain hysteresis curve of a viscoelastic material in which
the work done by the material in returning to its original shape
is less than the work done by the deforming force. Particle
monolayers at liquid interfaces have elastic, as well as granular,
character.53 We therefore expect viscous dissipations in our
system through particle rearrangements when the droplet is
compressed and the particle layer reassembles through EHD
convective ﬂows. This is actually observed in the experiment
presented in Movie S3. As was demonstrated by Mikkelsen et
al.,54 Vella et al.,55 and Jambon-Puillet et al.,56 particles
forming a monolayer ﬁlm have solid-like properties with
elasticity given by the surface tension of the liquid−air
interface (or interfacial tension between liquids)57 and/or the
capillary interactions between particles.58 Even though the
strength of the interaction between PE particles is very low and
the particle shell is only slightly cohesive, it cost energy to
disintegrate the particles and obtain a small opening. Rane and
co-authors59 studied the emergence of shape hysteresis of
liquid marbles under compressive deformation. They concluded that the origin of the hysteresis can be a conﬂuence of
particle interlocking (cohesive interactions between particles),
particle impregnation into the liquid surface, and restructuring
in the particle shell, as we noted above. However, to draw the
deﬁnitive conclusion, we suggest further experimental and
theoretical investigations.

3.2. Dynamics of Particle Layers Subjected to an
Electric Field. To study the eﬀect of the electric ﬁeld on the
expansion of particle layers at droplet interfaces, we subjected
particle-covered droplets to a dc electric ﬁeld of strength 325−
500 V·mm−1. The electric ﬁeld was only applied until the
opening area at the droplet (Ac1) reached an arbitrarily deﬁned
value of ∼55000 square pixels. A larger area for Ac1 was not
considered to prevent droplet breakup and/or particle
detachment from the interface due to strong liquid shearing.
Particle-covered droplets in bulk ﬂuids have also been reported
to exhibit electrorotation when subjected to strong electric
ﬁelds (≥250 V·mm−1).60 However, for the ﬁeld strengths used
in our experiments, we did not observe electrorotation. This is
because the droplet was docked in an O-ring. When we
increased the strength of the applied electric ﬁeld, the time to
open particle shells decreased (Figure 4a). For example, when
an electric ﬁeld of strength 325 V·mm−1 was applied, it took
∼10 s for the opening area to reach Ac1. When the droplet was
subjected to a ﬁeld of strength 500 V·mm−1, the opening area
reached Ac1 after only ∼2 s (see also the corresponding Movie
S4). Remarkably, the rate of particle shell opening scales was
E−4.
We also investigated how the viscosity of the ﬂuids aﬀected
the rate of particle shell opening. We decreased the viscosity of
the ﬂuids by heating the oils from 23 to 60 °C. When the
viscosity of the oils was decreased, we observed that the
particles moved faster and that the opening area reached the
deﬁned threshold area Ac2 (∼45000 square pixels) in a shorter
time. When the temperature of the oils was 23 °C, it took
around 2 s for the opening area to reach Ac2. This time was
reduced to around 0.2 s when the temperature of the ﬂuids was
set to 60 °C. Figure 4b shows the time required for the
particle-free area at the droplet’s electric pole to reach Ac2,
plotted as a function of the viscosity of castor oil. The particles
are transported away from the droplet’s electric pole by being
moved together with liquids. The other forces that may act on
particles, for example, gravitational force or electrostatic forces
(dielectrophoresis, electrophoresis), are insigniﬁcant here.
Thus, the particles are moved faster at lower viscosities
because the velocity of the EHD ﬂows increases, which is
inversely proportional to the viscosity of liquids. We note that
the temperature increase may aﬀect the interfacial tension and
thus the three-phase contact angle. However, in our experi22844
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al.41 also requires particles to adsorb well to the droplet’s
surface, and in general, strong particle binding is required for
particle manipulation at liquid interfaces (particle structuring,
assembly, or motion) and Pickering droplet manipulation
(translation, rotation, or alignment).62,63 For droplets covered
with polyethylene, weakly conductive clay particles (Figure
5c), and polyethylene-paramagnetic composite particles
(Figure 5e), we opened particle shells without losing particles.
Addition of particles to the droplet interface may change the
magnitude of the interfacial tension. In our previous study,50
we estimated the (eﬀective) interfacial tension to change by
around 40 and 10% when droplets were covered with clay
mineral and polyethylene particles, respectively. This, in turn,
aﬀects the droplet’s resistance to deformation,64 although we
can compensate for that by simply increasing (or decreasing)
the electric ﬁeld strength.
In our opening-closing experiments, we used droplets with
diameters spanning from 200 μm to 5 mm. In principle, our
method should also work for smaller particle-covered droplets.
Droplet deformation is proportional to the droplet size and
scales as E2. Stronger electric ﬁelds are thus required for
smaller droplets to obtain the same deformation as larger
droplets. From a theoretical point of view, it should be possible
to manipulate particles on droplets as small as several
micrometers. However, working with such small droplets
imposes technical diﬃculties and makes the method less
usable.
The electric ﬁeld mechanism for manipulation of surface
particles is also eﬀective for multiple droplets. For the purpose
of demonstration, we used a ﬂat electrode to observe
simultaneous rearrangements of interfacial particles on 16
droplets (Figure 5d). The droplets (∼3 mm) were placed on
the bottom electrode and subjected to a dc electric ﬁeld of
strength 325 V·mm−1 in the vertical direction. We observed
that all droplets deformed and obtained similar opening areas
at the pole of the droplets. Small diﬀerences in the opening
area were caused by diﬀerences in the initial droplet shapes
that is, some of the droplets were slightly aspherical because of
higher particle concentration. After 3 s, the electric ﬁeld was
turned oﬀ, the droplets relaxed into a spherical shape, and the
particles formed jammed shells again.
Interestingly, our electric method can be coupled with the
magnetic method.41 We made a droplet (∼2 mm) covered
with paramagnetic particles (∼50 μm) and positioned it on a
metal electrode (Figure 5e). A stable opening was formed in
the paramagnetic particle shell 5 s after a strong neodymium
disc magnet (the intensity of the magnetic ﬁeld was measured
to be around 0.1 T) was placed under the electrode. However,
the magnetic force alone was not suﬃciently strong to create a
large opening in the shell. By also applying an electric ﬁeld
(250 V·mm−1), additional electric force deformed the droplet
further and created a larger opening at the droplet surface. The
synergetic action of magnetic and electric ﬁelds could be
useful, for example, for droplet stabilization and positioning in
a desired place; that is, we observed that the particle-covered
droplet could be translated without any damage by simply
moving the magnet under the electrode.
3.4. Applications for Controlled Opening and Closing
of Particle Layers at Droplet Interfaces. When viewed
along the direction of the electric ﬁeld, the process shown in
Figure 2d visually resembles the expansion and contraction of a
human eye’s pupil or an optical diaphragm. This inspired us to
demonstrate the use of particle-covered droplets as a

ments on particle shell opening and closing conducted at
elevated temperatures, we did not observe any diﬀerences in
physical behavior of the shell in comparison to the experiment
performed at room temperature.
3.3. Method Capability. Our approach for opening and
closing particle shells can be used for droplets covered with
various types of particle materials (Figure 5). The particle

Figure 5. (a) Because PE particles are strongly bound to the droplet’s
interface, it is possible for the large opening in the particle shell. (b)
EHD ﬂows caused silica particles to detach from the droplet’s surface,
as the particles have high aﬃnity to castor oil and do not bind strongly
to the interface. (c) Opening in a weakly electrically conductive clay
particle shell. (d) Sixteen droplets (∼3 mm) placed between two ﬂat
electrodes. A dc electric ﬁeld of strength 325 V·mm−1 was applied in
the vertical direction. All droplets deformed and obtained similar
opening areas. After the electric ﬁeld was turned oﬀ, the droplets
relaxed back to their initial shape and the opening in particle shells
vanished. (e) Demonstration of the synergetic action of magnetic and
electric ﬁelds.

shells should preferably be composed of particles strongly
bound to the droplet’s interface, especially if large openings are
of concern. The particle binding energy to the droplet’s
interface is proportional to the particle surface area and the
three-phase contact angle.61 We found that large PE particles
(∼90 μm) with a high three-phase contact angle (∼65°) did
not detach from the surface of a silicone oil droplet even when
a strong electric ﬁeld (500 V·mm−1) was applied and the
particle shell crumpled through folding (Figure 5a). For such a
droplet, we could open the particle shell so that nearly the
entire droplet hemisphere was uncovered. This is because the
particle shell folded. After the electric ﬁeld was turned oﬀ, the
compressed particle shell unfolded and covered the entire
droplet again.
We observed a diﬀerent situation for a droplet covered with
small and hydrophilic silica particles (∼250 nm). Although the
silica particles did not bind well to the oil droplet’s interface,
we succeeded in creating a silica particle-covered droplet
(Figure 5b). When the silica particle shell opened, many
particles detached from the interface and resided in the castor
oil. Weak particle binding is not a problem speciﬁc for our
method. The magnetic ﬁeld approach presented by Zhao et
22845
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Quantitative data for the light intensity as a function of
electric ﬁeld strength are shown in Figure 6c.
In the next experiment, we demonstrate that the method
enables manipulation of droplet liquid without harming the
particle shell. For this, we used a stainless-steel needle (outer
diameter of 0.5 mm) that had a dual function. It worked as an
electrode allowing formation of an opening in a particle shell
and was used to remove/add liquid from/to a droplet. In the
experiments, the needle was at a ﬁxed dc potential of around
500 V. In Figure 7a−e, we show that the opening formed and
grew in size as the electrode was lowered approaching a
droplet. At such moderate voltage, it was possible to make a
large enough opening to insert the needle into the droplet
avoiding touching the particles. Too low electric potential was
insuﬃcient to form a large opening and too high electric
tension caused the droplet to break apart (see Figure S4). As
the surface of the droplet at its electric pole nearest to the
needle-electrode has the electric potential as the electrode, the
droplet is repelled for that electrode. The droplet deformation
is balanced by the surface tension, and at some point, the
electrode is able to reach the droplet’s surface. This allows for
adjustment of the droplet volume. We took advantage of it to
form a buckled particle shell and a patchy shell. We formed a
silicone oil droplet (∼2 mm) covered with PE particles (50
μm) and placed it on a conductive bottom of the sample cell
(Figure 7f). Then we applied voltage to the electrode and
lowered it down to make an opening (Figure 7g) through
which the needle was inserted into the droplet (Figure 7h).
Next, we removed around one quarter of the initial volume of
the droplet liquid (Figure 7i) and moved the electrode upward.
After the electrode was removed from the droplet, we switched
oﬀ the electric ﬁeld. Because the surface area of the droplet
decreased while the particle number stayed unchanged, the
particle shell buckled and remained stable (Figure 7j). In the
last decade, buckled armored droplets have been widely
studied. This is because they are considered to hold promise
for a variety of applications including drug delivery systems
and biomimetic design of functional surfaces.65,66
We made another spherical silicone oil droplet covered with
PE particles (Figure 7), but this time, we added a portion of a
dispersion of black dyed PE particles in silicone oil. In the
same manner as before, we inserted a needle-electrode (Figure
7l) and added the dispersion (Figure 7m). Next, the electrode
was lifted (Figure 7n), and the electric ﬁeld was switched oﬀ.
The droplet returned to the spherical shell, and particles
relaxed covering the entire surface. The resulting droplet had a
small patch made of black PE particles (Figure 7o). Droplets
with patchy shells can be used for fabricating patchy capsules
by interlocking (e.g., sintering) particles. Such structures
combine the functionalities provided by permeable shells and
those oﬀered by Janus (patchy) particles. For example, due to
speciﬁc interactions between their domains, patchy capsules
can align and orient when subjected to external ﬁelds and selfassemble into suprastructures to produce light and hollow
scaﬀolds.67 When used as microcapsules, a patch can be used,
for example, to anchor the capsule to the site of a target and
also enable triggered release in a speciﬁc direction.34 We note
that the demonstrated route for formation of droplets with
buckled and patchy shells is not high-throughput but it can be
used for production of individual droplets with diﬀerent
physicochemical properties.
The method for particle shell opening and closing could be
also possibly used to inspect the interior content of particle-

millimeter-sized diaphragm with an adjustable aperture for
controlling the light passage. As done in the previous
experiments, we docked a particle-covered silicone oil droplet
in an O-ring attached to one of the ITO-coated electrodes.
Additionally, we illuminated the droplet with a laser light (see
Figure S3). The sample cell was ﬁlled with castor oil, and the
laser light was centered in the middle of the droplet. The
droplet shape was nearly spherical in the absence of an electric
ﬁeld. Surface particles covered the entire interface of the
droplet except the part inside the O-ring. As a result, very little
light passed through the droplet (see the left panel of Figure
6a). When the droplet was subjected to a dc electric ﬁeld of

Figure 6. (a) Silicone oil droplet (∼3.5 mm) covered with PE
particles (∼50 μm) viewed perpendicular to the electric ﬁeld
direction, which was horizontal. During the whole experiment, a
laser light illuminated the center of the droplet. After the electric ﬁeld
was turned on, particles moved away from the droplet’s electric pole
and the laser light was able to pass through the droplet. (b) Opening
area (particle-free area at the droplet’s electric pole) and strength of
the applied electric ﬁeld as a function of time. The opening and
closing process of the particle layer was repeated several times. (c)
Changes in light intensity passing through a particle-covered droplet
as a function of electric ﬁeld strength. See also the corresponding
Movie S6.

strength 250 V·mm−1, an opening in the particle ﬁlm was
formed at the droplet’s electric pole, and the laser light could
pass through the droplet (middle panel of Figure 6a). The
droplet relaxed to a spherical shape after we turned oﬀ the
electric ﬁeld, and the particles covered the entire droplet again.
Consequently, the laser light was blocked again (see also the
corresponding Movie S6). We found that the opening-closing
process was fully reversible and durable (Figure 6b).
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Figure 7. The method enables manipulation of droplet liquid without harming the particle shell. Three silicone oil droplets (∼2 mm) were covered
with PE particles (green ∼100 μm, red ∼50 μm) and placed on the conductive bottom of the sample cell. (a−e) A stainless-steel needle (outer
diameter of 0.5 mm) is at an electric potential of around 500 V. The opening formed in the particle shell and grew in size as the electrode was
lowered approaching the droplet. The droplet deformation is balanced by the surface tension, and at some point, the electrode is able to reach the
droplet’s surface. This allows for adjustment of the droplet volume and makes (f−j) a droplet with a buckled shell or (k−o) a droplet with a patchy
shell by adding a small amount of dispersion of black dyed PE particles in silicone oil.

Figure 8. Opening of shells composed of particles with diﬀerent cohesive forces. The droplets covered with particles were viewed along the electric
ﬁeld direction. (a) A particle ﬁlm composed of Li-ﬂuorohectorite clay mineral particles (size ∼5 μm) fractures at an electric ﬁeld strength of around
125 V·mm−1. (b) A similar electric ﬁeld applied to a droplet covered with 20 μm PE particles resulted in formation of a small opening with short
branches. (c) 50 μm PE particles separate very easily from one another, and the particle layer “liquiﬁes”.

thin two-dimensional elastic ﬁlm that fractured under the load.
Unlike the clay mineral particle shell, the shell made of 50 μm
PE particles liqueﬁed. Because the attractive interactions
between particles were weak, they separated very easily from
one another forming only small aggregates (Figure 8c). It is
known that the cohesive strength between particles increases
with decreasing particle size. Indeed, this is what we observed
experimentallythat is, the attractive interactions between 20
μm PE particles were slightly stronger than those for 50 μm PE
particles. Application of an electric ﬁeld for the droplet covered
with 20 μm PE particles resulted in formation of a small
opening with short fracturing branches (Figure 8b). When a
stronger electric ﬁeld was applied (>200 V·mm−1) to each of
the droplets, large openings of similar size were formed with a
circular shape without any fracturing features.
Negri et al.68 studied theoretically the deformation and
failure of curved colloidal crystal shells formed on spheres.
Their results highlighted the role of crystal defects in
controlling mechanical stability and plastic rearrangements of
the shell. Experimental realization would support the authors’
ﬁndings, and the electric method demonstrated here can be
used for this purposeas a noncontact indenterto study and
understand the stability of curved colloidal or granular crystal
and amorphous particle shells under load. Mechanical
properties of particle layers can also be investigated through
crumpling experiments, as demonstrated in Figure S6 and
Movie S8.

covered droplets, as we demonstrated in Figure S4. Such an
online diagnostic method can be used, for example, in
microﬂuidic systems, droplet-based microﬂuidics, or MEMS
for studying the content of Pickering droplets. Zhao et al.43
have recently demonstrated that online detection can be
realized on magnetic liquid marbles by using magnetic ﬁelds to
manipulate magnetic particles at interfaces. The authors
performed electrochemical and optical measurements of a
droplet through an opening in the magnetic particle shell. As
presented in Section 3.3, our method works for various types
of nonmagnetic particle shells and is also applicable to
electrically weakly conductive particles with magnetic properties (such as demonstrated paramagnetic particles in Figure
5e).
The electric ﬁeld method can also be used as a tool for
fundamental studies. As an example, in Figure 8a−c, we
present the study on the fracturing of particle shells on curved
interfaces. We prepared three droplets covered with particle
shells, each shell composed of particles with diﬀerent strengths
of the particle−particle cohesive interactions. After the
particle-covered silicone oil droplets were docked in the Oring, we applied an electric ﬁeld (increasing its strength
stepwise by 25 V·mm−1) to each droplet and observed the
formation of an opening. In all cases, the observable feature on
particle shells emerged at E = 150 V·mm−1. A particle ﬁlm
composed of Li-ﬂuorohectorite clay mineral particles (size ∼5
μm) fractured through one main crack (Figure 8a). The clay
mineral particles adhered to each other strongly due to the
presence of small amounts of water (in the clay) and formed a
22847
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stepwise from 0 to 290 V·mm−1 and then decreased
stepwise to 0 V·mm−1. The movie was sped up 50 times
(AVI)
A polyethylene red particle (REDPMS-0.98, average size
∼50 μm and density ∼0.98 g·cm−1)-covered silicone oil
droplet (diameter ∼2.5 mm) immersed in castor oil and
placed on a ﬂat copper electrode at the bottom of a
sample cell. A plate electrode was immersed in the castor
oil from above. The droplet was subjected to a dc
electric ﬁeld of strength 250 V·mm−1. The movie was
sped up 5 times and looped twice. The closing of the
shell in the movie is actually an opening of the shell
played in reverse (AVI)
A polyethylene green particle (GPMS-0.98, average size
∼20 μm and density ∼0.98 g·cm−1)-covered silicone oil
droplet (diameter ∼3.2 mm) immersed in castor oil and
docked in a nonconductive O-ring that was fastened to
an ITO-coated electrode. The droplet was subjected to a
dc electric ﬁeld of strengths 325−475 V·mm−1, and the
electric ﬁeld was applied until the particle-free area at the
drop pole reached the deﬁned value Ac1 (∼55000 square
pixels). The movie was sped up 2 times (AVI)
A polyethylene green particle (GPMS-0.98, average size
∼90 μm and density ∼0.98 g·cm−1)-covered silicone oil
droplet (diameter ∼3.5 mm) immersed in castor oil and
docked in a nonconductive O-ring that was fastened to
an ITO-coated electrode. The viscosity of the castor oil
was changed by heating the oils from 23 to 50 °C. The
silicone oil droplet was subjected to a dc electric ﬁeld of
strength 250 V·mm−1 until the opening area at the
electric pole reached Ac2 (∼45000 square pixels). The
movie was sped up 2 times (AVI)
A polyethylene green particle (GPMS-0.98, average size
∼20 μm and density ∼0.98 g·cm−1)−covered silicone oil
droplet (diameter ∼3.5 mm) immersed in castor oil and
attached to a nonconductive O-ring (outer diameter of
∼4 mm, inner diameter of ∼2.5 mm) that was fastened
to an ITO-coated electrode. The droplet was subjected
to a dc electric ﬁeld of strength 260 V·mm−1. During the
whole experiment, the droplet was illuminated with laser
light (wavelength 532 nm, diameter ∼0.5 mm, intensity
30 mW) at the center of the droplet (AVI)
A polyethylene red particle (REDPMS-0.98, average size
∼50 μm and density ∼0.98 g·cm−1)-covered silicone oil
droplet (diameter ∼3 mm) immersed in castor oil and
placed on a ﬂat copper electrode at the bottom of a
sample cell. A metal rod, constituting a second electrode,
was placed at the center above the droplets and
subjected to a dc electric ﬁeld of strength 400 V·
mm−1. The movie was sped up 2 times (AVI)
A Laponite particle (purchased from Laponite Inc., in
the form of a ﬁne white powder)-covered silicone oil
droplet (diameter ∼5 mm) immersed in castor oil and
attached to a nonconductive O-ring (outer diameter of
∼4 mm, inner diameter of ∼2.5 mm) that was fastened
to an ITO-coated electrode. The droplet was subjected
to an electric ﬁeld of strength 0−360 V·mm −1
(frequency 0.5 Hz). When the electric ﬁeld strength
was increased from 340 to 360 V·mm−1, the particle ﬁlm
crumpled through one main vertical fold. The movie was
sped up 2 times (AVI)

4. CONCLUSIONS
We found that electric ﬁelds, through EHD convective ﬂows
and droplet electrodeformation, can structure particles at
droplet interfaces to make an opening in particle shells formed
on the droplets. The size of the opening can be actively
controlled by tuning the strength of the electric ﬁeld, and we
have shown that it is intimately linked to the magnitude of
droplet deformation. We have demonstrated that the time to
open and close a particle layer on a dropletthat is, how fast
EHD ﬂows move particles at the droplet interfacedepends
on the applied electric ﬁeld strength and the viscosity of the
oils. The strong relationship between the electric ﬁeld strength
and the timescale for particle arrangement enables fast
switching between states (from a closed to open particle
shell) in just milliseconds. The possibilities to easily tailor both
the size of the opening and dynamics of the opening-closing
process via noninvasive electric ﬁelds make the particlecovered droplet a suitable responsive material for a wide range
of applications. Indeed, we have shown that particle-covered
droplets subjected to an electric ﬁeld can function as a
millimeter-sized diaphragm (e.g., to be incorporated into
optical systems or used in robotics). The presented electric
route allows manipulation of droplet liquid without harming its
particle shell (for making droplets with buckled or patchy
shells) or as an online diagnostic tool (e.g., for studying the
content of Pickering droplets). Because the opening-closing
method is easy to implement and operate, we expect it to ﬁnd
additional applications, for example, in microﬂuidic systems or
MEMS. Moreover, the mechanism can also be used as a tool in
fundamental research, for example, to study the mechanical
properties of particle layers through crumpling experiments or
to investigate fracturing of cohesive ﬁlms. We envision that the
presented mechanism for opening and closing particle ﬁlms on
oil droplets could also be used to control the colors of
materials through structural manipulation (structural coloration) and to produce anisotropic functional structures, such as
patchy shells and particles, or porous structures, for example,
for cell-based applications.69,70
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ﬁeld of strength 200 V·mm−1 (AVI)
A polyethylene green particle (GPMS-0.98, average size
∼20 μm and density ∼0.98 g·cm−1)-covered silicone oil
droplet (diameter ∼3 mm) immersed in castor oil and
docked in a nonconductive O-ring (outer diameter of
∼4 mm, inner diameter of ∼2.5 mm) that was fastened
to an ITO-coated electrode. The droplet was subjected
to a dc electric ﬁeld. The electric ﬁeld strength increased
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Martinsen, Ø. G.; Buchanan, M.; Skjeltorp, A. T.; Helgesen, G.
Conductivity enhancement in carbon nanocone adhesive by electric
field induced formation of aligned assemblies. ACS Appl. Mater.
Interfaces 2011, 3, 378−384.
(28) Feng, X.; Tousley, M. E.; Cowan, M. G.; Wiesenauer, B. R.;
Nejati, S.; Choo, Y.; Noble, R. D.; Elimelech, M.; Gin, D. L.; Osuji, C.
O. Scalable fabrication of polymer membranes with vertically aligned
1 nm pores by magnetic field directed self-assembly. ACS Nano 2014,
8, 11977−11986.
(29) Sanders, P.; Young, A. J.; Qin, Y.; Fancey, K. S.; Reithofer, M.
R.; Guillet-Nicolas, R.; Kleitz, F.; Pamme, N.; Chin, J. M.
Stereolithographic 3D printing of extrinsically self-healing composites.
Sci. Rep. 2019, 9, 388.
(30) Burel, C. A.; Alsayed, A.; Malassis, L.; Murray, C. B.; Donnio,
B.; Dreyfus, R. Plasmonic-Based Mechanochromic Microcapsules as
Strain Sensors. Small 2017, 13, 1−7.

AUTHOR INFORMATION

Corresponding Author

*E-mail: zbiroz@amu.edu.pl.
ORCID

Zbigniew Rozynek: 0000-0002-0785-7088
Author Contributions

Z.R. initiated the project. Z.R., K.K., and A.M. designed all the
experiments. K.K. performed the experiments, and Z.R.
assisted in the experiments with results presented in Figures
2, 4, 5a, and 8 and Figures S1 and S5, while A.M. assisted in
the experiments with results presented in Figures 5d and 6 and
Figure S2 and contributed to data analysis and presentation.
Z.R. performed the experiments with results presented in
Figures 5b,c,e and 7 and Figures S4 and S6. All authors took
part in discussions on the ﬁnalization of the manuscript. Z.R.
administered the submission and the review process.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
Z.R. acknowledges ﬁnancial support from the Polish-U.S.
Fulbright Commission through the Fulbright scholarship. Z.R.
and K.K. were supported by the Polish National Science
Centre through the OPUS Program (2015/19/B/ST3/
03055). A.M. acknowledges ﬁnancial support from the
European Union’s Horizon 2020 Research and Innovation
Framework Program under the M. Skłodowska-Curie grant
agreement no. 752896.

■

REFERENCES

(1) Muralt, P.; Polcawich, R. G.; Trolier-McKinstry, S. Piezoelectric
Thin Films for Sensors, Actuators, and Energy Harvesting. MRS Bull.
2009, 34, 658−664.
(2) Heczko, O.; Sozinov, A.; Ullakko, K. Giant field-induced
reversible strain in magnetic shape memory NiMnGa alloy. IEEE
Trans. Magn. 2000, 36, 3266−3268.
(3) Alameh, Z.; Yang, S.; Deng, Q.; Sharma, P. Emergent
magnetoelectricity in soft materials, instability, and wireless energy
harvesting. Soft Matter 2018, 14, 5856−5868.
(4) Spaggiari, A.; Castagnetti, D.; Golinelli, N.; Dragoni, E.; Scirè
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Rozynek, Z. Particle-covered drops in electric fields: drop deformation
and surface particle organization. Soft Matter 2018, 14, 5442−5451.
(40) Cui, M.; Emrick, T.; Russell, T. P. Stabilizing liquid drops in
nonequilibrium shapes by the interfacial jamming of nanoparticles.
Science 2013, 342, 460−463.
(41) Zhao, Y.; Fang, J.; Wang, H.; Wang, X.; Lin, T. Magnetic liquid
marbles: manipulation of liquid droplets using highly hydrophobic
Fe3O4 nanoparticles. Adv. Mater. 2010, 22, 707−710.
(42) Xue, Y.; Wang, H.; Zhao, Y.; Dai, L.; Feng, L.; Wang, X.; Lin, T.
Magnetic liquid marbles: a ″precise″ miniature reactor. Adv. Mater.
2010, 22, 4814−4818.
(43) Zhao, Y.; Xu, Z.; Niu, H.; Wang, X.; Lin, T. Magnetic Liquid
Marbles: Toward ″Lab in a Droplet″. Adv. Funct. Mater. 2015, 25,
437−444.
(44) Zang, D.; Li, J.; Chen, Z.; Zhai, Z.; Geng, X.; Binks, B. P.
Switchable Opening and Closing of a Liquid Marble via Ultrasonic
Levitation. Langmuir 2015, 31, 11502−11507.
(45) Saville, D. A. Electrohydrodynamics: The Taylor-Melcher leaky
dielectric model. Annu. Rev. Fluid Mech. 1997, 29, 27−64.
(46) Dommersnes, P.; Rozynek, Z.; Mikkelsen, A.; Castberg, R.;
Kjerstad, K.; Hersvik, K.; Fossum, J. O. Active structuring of colloidal
armour on liquid drops. Nat. Commun. 2013, 4, 2066−8.
(47) Yeo, E.; Son, M.; Kim, K.; Kim, J. H.; Yoo, Y. E.; Choi, D. S.;
Kim, J.; Yoon, S. H.; Yoon, J. S. A study on arrangement
characteristics of microparticles in sedimentation on flat and round
substrates. Appl. Phys. Lett. 2017, 111, 264101.
(48) Nudurupati, S.; Janjua, M.; Aubry, N.; Singh, P. Concentrating
particles on drop surfaces using external electric fields. Electrophoresis
2008, 29, 1164−1172.
(49) Mikkelsen, A.; Wojciechowski, J.; Rajňaḱ , M.; Kurimský, J.;
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Table S1. Particle concentration in silicone oil.
Figure

*High

Particles

Fig. 2

green PE (20 um)

Fig. 4a

green PE (20 um)

Fig. 4b

green PE (90 um)

Fig. 5a

green PE (90 um)

Fig. 5b

silica (250 nm)

Concentration

Droplet size

~3 w/w%

~3.0 mm

~3 w/w%

~3.2 mm

~10 w/w%

~3.5 mm

~10 w/w%

~3.5 mm

~35

w/w%*

~0.2 mm

~30

w/w%*

~0.5 mm

Fig. 5c

Li-fluorohectorite (~5 µm)

Fig. 5d

red PE (50 um)

~7 w/w%

~3.0 mm

Fig. 5e

paramagnetic (50 um)

~12 w/w%

~2.0 mm

Fig. 6

red PE (50 um)

~7 w/w%

~2.0 mm

Fig. 7a

green PE (100 um)

~10 w/w%

~2.0 mm

Fig. 7b

red PE (50 um)

~7 w/w%

~2.0 mm

Fig. 7c

red PE (50 um)

~7 w/w%

~2.0 mm

Fig. 8a

Li-fluorohectorite (~5 µm)

~25 w/w%*

~3.0 mm

Fig. 8b

green PE (20 um)

~3 w/w%

~3.0 mm

Fig. 8c

red PE (50 um)

Fig. S1

red PE (50 um)

~9 w/w%

~3.0 mm

Fig. S2

red PE (50 um)

~7 w/w%

~1.8 mm

Fig. S4

green PE (100 um)

~11 w/w%

~3.0 mm

Fig. S5

red PE (50 um)

~10 w/w%

~2.0 mm

Fig. S6

Laponite (~5 µm)

~7 w/w%

~3.0 mm

~25 w/w%*

~5.0 mm

concentration was used to prepare the dispersion that was centrifuged to remove particle agglomerates > 10 µm

Figure S1. Particle-covered droplets were formed using a DC electric field. An example of a silicone oil droplet covered with
PE particles (~50 µm). The particles (strongly capillary bound the droplet’s surface) were arranged in a jammed, slightly
disordered hexagonal structure as shown in the blow-up (see also Movie S1).
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Figure S2. (left) Experimentally observed hydrodynamic streamlines outside a particle-laden droplet while subjected to an
electric field of strength 260 V·mm−1. PE particles (∼20 μm) were used as tracer particles in the surrounding castor. The
sample cell was filled with castor oil and the droplet (~3 mm) covered with PE particles (~50 µm) was attached to an O-ring
(fastened at one electrode). The image was composed by overlapping several images captured over a period of 20 seconds.
(right) The corresponding particle image velocimetry image shows the flow velocity map. The white area represents the size
of the opening in the particle layer.

By performing particle image velocimetry (PIV) experiments, we measured the magnitude and direction
of EHD flows quantitatively outside the droplet’s electric pole. PE particles (∼20 μm) were suspended in
castor oil and used as tracer particles (see the left panel of Figure S2). When we applied a DC electric
field, the particles followed the electric field–induced flows outside the droplet’s electric pole. The flow
directions and velocities for a droplet subjected to an electric field of strength 260 V·mm−1 are visualized
in the right panel of Figure S2. The flow fields demonstrate how the surface particles on the droplet are
carried away from the droplet’s electric pole by the flow. Two vortexes are located close to the droplet
interface, and the flow velocity is fastest closer to the droplet’s electric pole (magnitude around 50
µm·s−1). The flows outside the droplet were measured after the droplet had reached a steady-state
deformation and no further structuring of the particle layer was observed.

Figure S3. (a,b) Experimental setup for a laser experiment. A sample cell (10 mm × 10 mm × 30 mm) was made of glass with
two of the inside walls coated with a conductive indium tin oxide (ITO) layer, constituting electrodes. An O-ring of size 4 mm
was fastened on the inside of the sample cell to one of the electrodes. The sample cell was filled with castor oil, and a silicone
oil droplet covered with PE particles was docked in the O-ring. The droplet was illuminated with laser light (class III laser
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pointer, of wavelength 532 nm, intensity 30 mW, and diameter 0.5 mm) through its center along the electric field. DC electric
field of strength between 0 and 260 V·mm−1 were applied to open and close the particle layer at the droplet interface.

Figure S4. An electrode inserted into the PE particle covered silicone oil droplet (~2 mm). High electric tension (~1 kV)
applied to the electrode caused the droplet to violently break apart.

Figure S5. (a–i) Procedure of inspecting the interior content of particle-covered droplets. Three silicone oil droplets (~3 mm)
were covered with PE particles and placed on a flat electrode in the bottom of the sample cell. A metal rod was used as the
second electrode and placed at the center above one of the droplets. Under the application of an electric field (strength 400
V·mm−1 in vertical direction), the PE particles moved away from the droplet’s electric pole and formed an opening in the
particle shell that enabled inspection of the inside liquid. See also the corresponding Movie S7.

We made three particle-covered droplets (~3 mm) and placed them on an electrode at the bottom of a
sample cell that was filled with castor oil. Above the droplets, we placed a conductive rod-shaped
electrode that could move relative to the droplets. Initially, the three droplets were entirely covered
with PE particles (Figure S5a). A non-uniform DC electric field of strength ~400 V·mm−1 was then
generated in the vertical direction. The configuration of the electrodes set up a local electric field that
only deformed and induced flows around the droplet positioned between the electrodes. Consequently,
the PE particles at the interface of that particular droplet moved away from the droplet’s electric pole,
forming an opening in the particle shell (Figure S5b). Next, we turned off the electric field (Figure S5c)
and placed the electrode above a second droplet (Figure S5d). The electric field was then reapplied to
form an opening in the PE particle shell (Figure S5e). The same procedure was repeated for the last
droplet (Figure 5g–i). See also the corresponding Movie S7.
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Figure S6. Crumpling of a particle film composed of Laponite clay particles (size ~5 µm) formed on a silicone oil droplet.
(a) The particle-covered droplet was subjected to an electric field (horizontal direction) of strength 340 V·mm−1. (b–d) When
the electric field strength was increased to 360 V·mm−1, the particle film crumpled through one main fold. (e) The particle
layer unfolded after the electric field was turned off. See also the corresponding Movie S8. The electric field (through EHD
liquid flows) can be used to study mechanical properties of particle films, such as the elasticity and bending stiffness.
Movie S1. Silicone oil droplet covered with polyethylene red particles (REDPMS-0.98, average size ∼50 μm and density ∼0.98
g·cm−1) were made inside the castor oil using a micropipette. The particles were transported at the silicone oil droplet
interface by applying a DC electric field of strength 200 V·mm−1.
Movie S2. A polyethylene green particle (GPMS-0.98, average size ∼20 μm and density ∼0.98 g·cm−1)–covered silicone oil
droplet (diameter ∼3 mm) immersed in castor oil and docked in a nonconductive O-ring (outer diameter of ∼4 mm, inner
diameter of ∼2.5 mm) that was fastened to an ITO-coated electrode. The droplet was subjected to a DC electric field. The
electric field strength increased stepwise from 0 to 290 V·mm−1 and then decreased stepwise to 0 V·mm−1. The movie was
sped up 50 times.
Movie S3. A polyethylene red particle (REDPMS-0.98, average size ∼50 μm and density ∼0.98 g·cm−1)–covered silicone oil
droplet (diameter ∼2.5 mm) immersed in castor oil and placed on a flat copper electrode at the bottom of a sample cell. A
plate electrode was immersed in the castor oil from above. The droplet was subjected to a DC electric field of strength 250
V·mm−1. The movie was sped up 5 times and looped twice. The closing of the shell in the movie is actually an opening of the
shell played in reverse.
Movie S4. A polyethylene green particle (GPMS-0.98, average size ∼20 μm and density ∼0.98 g·cm−1)–covered silicone oil
droplet (diameter ∼3.2 mm) immersed in castor oil and docked in a nonconductive O-ring that was fastened to an ITO-coated
electrode. The droplet was subjected to a DC electric field of strengths 325–475 V·mm−1, and the electric field was applied
until the particle-free area at drop pole reached the defined value Ac1 (~55,000 square pixels). The movie was sped up 2
times.
Movie S5. A polyethylene green particle (GPMS-0.98, average size ∼90 μm and density ∼0.98 g·cm−1)–covered silicone oil
droplet (diameter ∼3.5 mm) immersed in castor oil and docked in a nonconductive O-ring that was fastened to an ITO-coated
electrode. The viscosity of the castor oil was changed by heating the oils from 23 °C to 50 °C. The silicone oil droplet was
subjected to a DC electric field of strength 250 V·mm−1 until the opening area at the electric pole reached Ac2 (~45,000 square
pixels). The movie was sped up 2 times.
Movie S6. A polyethylene green particle (GPMS-0.98, average size ∼20 μm and density ∼0.98 g·cm−1)–covered silicone oil
droplet (diameter ∼3.5 mm) immersed in castor oil and attached to a nonconductive O-ring (outer diameter of ∼4 mm, inner
diameter of ∼2.5 mm) that was fastened to an ITO-coated electrode. The droplet was subjected to a DC electric field of
strength 260 V·mm−1. During the whole experiment, the droplet was illuminated with laser light (wavelength 532 nm,
diameter ∼0.5 mm, intensity 30 mW) at the center of the droplet.
Movie S7. A polyethylene red particle (REDPMS-0.98, average size ∼50 μm and density ∼0.98 g·cm−1)–covered silicone oil
droplet (diameter ∼3 mm) immersed in castor oil and placed on a flat copper electrode at the bottom of a sample cell. A
metal rod, constituting a second electrode, was placed at the center above the droplets and subjected to a DC electric field
of strength 400 V·mm−1. The movie was sped up 2 times.
Movie S8. A Laponite particle (purchased from Laponite Inc., in the form of a fine white powder)–covered silicone oil droplet
(diameter ∼5 mm) immersed in castor oil and attached to a nonconductive O-ring (outer diameter of ∼4 mm, inner diameter
of ∼2.5 mm) that was fastened to an ITO-coated electrode. The droplet was subjected to an electric field of strength 0–360
V·mm−1 (frequency 0.5 Hz). When the electric field strength was increased from 340 to 360 V·mm−1, the particle film crumpled
through one main vertical fold. The movie was sped up 2 times.
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