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P H Y S I C S

Diversity of non-equilibrium patterns and emergence 
of activity in confined electrohydrodynamically  
driven liquids
Geet Raju, Nikos Kyriakopoulos, Jaakko V. I. Timonen*

Spontaneous emergence of organized states in materials driven by non-equilibrium conditions is of notable 
fundamental and technological interest. In many cases, the states are complex, and their emergence is challenging 
to predict. Here, we show that an unexpectedly diverse collection of dissipative organized states emerges in a 
simple system of two liquids under planar confinement when driven by electrohydrodynamic shearing. At low 
shearing, a symmetry breaking at the liquid-liquid interface leads to a one-dimensional corrugation pattern. At 
slightly stronger shearing, topological changes give raise to the emergence of Quincke rolling filaments, filament 
networks, and two-dimensional bicontinuous fluidic lattices. At strong shearing, the system transitions into dissipating 
polygonal, toroidal, and active droplets that form dilute gas-like states at low densities and complex active emulsions 
at higher densities. The diversity of the observed dissipative organized states is exceptional, pointing toward 
non-equilibrium optical devices and new avenues in several fields of research.

INTRODUCTION
Spontaneous organization of matter into complex structures under 
non-equilibrium conditions is of both major fundamental and tech-
nological interest across disciplines, from physics to biology (1–3). 
In the context of physics, it is often manifested by symmetry breaking 
and the emergence of unexpected patterns in continuum systems 
driven by external fields (1) and as structural organization of exter-
nally driven (4) and self-propulsive (active) particles (5). In (bio)
chemical systems, it is often seen as active gelation (6) of both bio-
logical (7) and synthetic molecules (8–10). In biological systems, it 
is manifested, for example, by collective motion of microscopic (3) 
and macroscopic (11, 12) organisms. Although progress has been 
made toward theoretical descriptions (1, 3, 13, 14), predicting the 
systems and required non-equilibrium conditions that lead to the 
emergence of complex structures still remains a challenge.

There is a rich literature on using electrohydrodynamics (EHD) 
(15) to drive agent motion, be it solid particle rotation and translation 
or three-dimensional (3D) liquid droplet rotation and deformation. 
Major advances have been made toward understanding the proper-
ties of such systems regarding their interactions and collective be-
havior, in the case of solid spheres (16–19), and their deformation 
and splitting, in the case of liquid droplets (20–27). Even so, there 
are still many areas left unexplored in the electrohydrodynamically 
driven systems. For example, active particles driven by the Quincke 
electrorotation mechanism have been symmetric (spherical) solid 
particles (16–18), although liquid droplets could allow particles with 
externally controlled shape and interactions that would be especially 
interesting because of the predicted effects of lower symmetry on 
their collective behavior (28). In addition, while some examples of 
confinement have been explored in the case of solid particles, the 
geometry has never been confining in the case of freely moving liquid 
droplets between nonwetting surfaces that is known to lead to a 
suitable environment for droplet self-assembly (29).

Here, we confine a simple biphasic liquid system between two 
nonwetting surfaces, thus forcing quasi-2D behavior. The confine-
ment, along with the deformability of the liquid drops and their 
material properties, leads to strong deformation of the interface when 
an external electric field is introduced. The deformation is driven by 
nontrivial EHD flows and shearing of the interface. As a result, an 
unexpected diversity of complex, non-equilibrium fluidic patterns 
and fluidic objects of various shapes emerge (Fig. 1 and movie S1). 
Our system relies on a novel combination of two immiscible oils: 
fluorinated perfluoropolyether (PFPE) and a dodecane (DD) solu-
tion containing 75 or 150 mM bis(2-ethylhexyl) sulfosuccinate 
sodium salt [aerosol OT (AOT)], confined between two parallel 
glass slides coated with indium tin oxide (ITO) and separated by 
a distance h (Fig. 1A and fig. S1), between 36 and 68 m (tables S1 
and S2).

The combination of oils used has three critical properties. First, 
the oils have a large conductivity contrast (PFPE ≈ 10−17 S/m 
≪AOT/DD ≈ 10−8 S/m; table S3) that is required for driving strong 
electrohydrodynamic flows near the oil-oil interface (15). Second, 
the contact angle  of the essentially insulating PFPE on the ITO 
surfaces (used as electrodes) surrounded by the AOT/DD phase is 
close to ideal nonwetting, i.e.,  ≈ 180°. Third, the adhesion of the 
PFPE phase on the ITO is negligible. The latter two properties allow 
the PFPE phase to form highly mobile slab-shaped droplets with 
semicircular oil-oil interface when confined in a planar cell between 
two parallel ITO-coated electrodes in thermodynamic equilibrium 
(Fig. 1A) (30). We drive this interface out of the equilibrium by ap-
plying a voltage U between the ITO-coated electrodes, resulting in 
electric field E0 = U/h. This leads to a dynamic charge density at the 
oil-oil interface that experiences a Coulombic destabilizing (shearing) 
force (Fig. 1A) (15) that is counteracted by the interfacial tension 
 ≈ 8 mN/m (see Materials and Methods) (30). At suitable balance 
between these forces, the interface (Fig. 1B) goes through numerous 
unexpected symmetry breakings and changes in topology that lead 
to a notable variety of non-equilibrium patterns and active objects 
(Fig. 1C): dissipative quasi-1D patterns at the oil-oil interface, 
Quincke rolling liquid filaments and dissipative filament networks 
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and lattices, and active self-propulsive and electrohydrodynamically 
sculpted droplets.

RESULTS
Electrohydrodynamically driven deformation, instability, 
and pattern formation along the liquid-liquid interface
When the electrohydrodynamic driving is weak (small electric field 
magnitudes), the interfacial tension largely keeps the oil-oil interface 
close to the equilibrium shape. The only small indication of the 
electrohydrodynamic shearing comes from the minute reshaping of 
the interface upon increasing the electric field. This is observed in 
our microscopy experiments (see Materials and Methods) as changes 
in the dark band corresponding to the oil-oil interface created by the 
refraction of light from the curved interface (Fig. 2A and fig. S2A). 
When the voltage is increased, the width of the dark band gradually 
increases from the equilibrium value w0 ≈ h/2 (as expected for 
semicircular interface) as w = w0(1 + AE0

), where  ≈ 2.6 (Fig. 2B 
and fig. S2, B and C). The widening is driven by the antisymmetric 
charging of the oil-oil interface with respect to the midplane of the 
cell and the resulting symmetric electrohydrodynamic shearing of 
the interface toward the midplane and the apex of the interface 
(Fig. 2A). This is analogous to the Taylor flow pattern observed in 
freely suspended, nonconfined spherical droplets, which leads to 
axisymmetric droplet flattening, known since the 1960s (31). The 
widening of the interface is reversible, and the oil-oil interface 
returns to the equilibrium state when the electric field is turned off 
(fig. S2D).

At slightly larger electric fields above a threshold value Ec ≈ 4 V/m, 
the shear-widened interface (Fig. 2A) is no longer stable and thus 
undergoes a spontaneous symmetry breaking. This leads to the pop-
ulation of the oil-oil interface with periodically alternating peaks and 
valleys (Fig. 2D and movie S2) in a pattern reminiscent of Faraday 
waves (32) and the Rosensweig pattern (33) but now in one dimen-
sion. If the applied field is only slightly above the Ec (i.e., close to the 
threshold), then the instability and pattern formation take place in 
a few tens of milliseconds in two distinct steps (Fig. 2C): First, the 

interface elongates (taking ca. 1 to 2 ms), followed by a short quies-
cent time and the spontaneous symmetry breaking (taking ca. 5 ms). 
If the applied field is far above the threshold Ec, then the two pro-
cesses are not well separated in time. The steady-state spacing be-
tween the peaks, pp ≈ 65 m, is close to the cell height h = 68 ± 0.6 m 
(Fig. 2D). However, careful microscopic observation shows that the 
peaks appear in pairs with alternating light and dark valleys be-
tween them (Fig. 2D), indicating that the true periodicity is  ≈ 2h. 
This observation is reinforced by the intensity profile analysis along 
lines normal to the interface at neighboring peak and valley positions 
(Fig. 2E), showing different profiles for the valleys. When the imaging 
system is focused at the midplane of the cell, the peaks appear to be 
in focus, while the valleys are out of focus. This suggests that the 
edges of the valleys are alternating above and below the midplane of 
the cell (Fig. 2D). In addition, experiments using high-speed micro-
scopic imaging show that tracer particles (microscopic PFPE droplets) 
circulate near every second valley in a plane perpendicular to the 
interface, completing a full loop in  ≈ 8 ms (movie S2). These ob-
servations point toward a mechanistic picture, wherein the symmetric 
Taylor-like electrohydrodynamic flow is spontaneously broken and 
the system adopts a state similar to the rotational Quincke flow (34), 
only with a periodically alternating direction of rotation along the 
oil-oil interface (Fig. 2, E and F).

Emergence of Quincke rolling filaments and bicontinuous 
dissipative fluidic lattices
Further increasing the strength of electrohydrodynamic driving leads 
to the emergence of another class of patterns and structures that are 
no longer spatially restricted to the vicinity of the original oil-oil 
interface. Rather, the forming patterns and structures emerge from 
the oil-oil interface (Fig. 3A) and propagate to fill the whole sample 
cell (movie S3). The formation of these patterns and structures is 
enabled by topological changes in the system, wherein the electro-
hydrodynamic shearing punches holes through the slab-like PFPE 
drop (Fig. 3B and movie S4). The holes grow rapidly, and if the 
expansion of the holes is unrestricted, then rolling filaments are 
produced (Fig. 3, C to G).

Fig. 1. Emergence of diverse non-equilibrium fluidic structures in a simple electrohydrodynamically driven planar system. (A) Scheme of the cross section of a 
PFPE drop (orange) surrounded by a mixture of DD and AOT (AOT/DD) (light blue) between two ITO-coated glass slides. Red and blue arrows indicate Coulombic force 
and flow direction at the oil-oil interface for positive (red) and negative (blue) interfacial charges. Dashed black loops and arrows indicate resulting flow fields outside the 
interface. The same color scheme and notation are used throughout the article. (B) An image of the oil-oil interface in equilibrium state observed in the experiments. 
(C) An image of a typical non-equilibrium state comprising active filaments, random filament networks and ordered 2D fluidic lattices, and active and self-propulsive 
electrohydrodynamically sculpted droplets and active emulsions. Photo credit: G. Raju, Aalto University.
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The observed filaments (Fig. 3, C to G) are quasi–self-propulsive 
objects with a diameter close to the cell height. Tracer particles cir-
culate rapidly around the filaments, typically one rotation in  ≈ 1 ms 
(movie S5). This suggests that the filaments are in a state of Quincke 

electrorotation, where the electric dipole on the filament is sponta-
neously tilted with respect to the electric field, thus resulting in 
continuous electric torque on the filament that is balanced by the 
viscous torque (34). We note that Quincke rotation alone is not 

Fig. 2. Electrohydrodynamically driven reshaping of the oil-oil interface and emergence of dissipative interfacial patterns. (A) Schemes and images of the oil-oil 
interface, with and without an applied field. (B) Width (FWHM) of the oil-oil interface as a function of electric field magnitude strength. The solid line denotes the fit w = 
w0(1 + AE0

), with w0 = 28.25, A = 0.0097, and a = 2.6. The rightmost experimental point was ignored in the fit, as the corrugation pattern starts appearing near that field 
magnitude. (C) Change in image intensity between consecutive frames as a function of time I(t) = ∑ ∑∣Iij(t + ∆t) − Iij(t)∣, where Iij(t) is the matrix of pixel intensities in the 
frame recorded at time t when an electric field above Ec is applied (movie S2). Insets show images before voltage is applied, after the interface has elongated, and after 
the elongated interface has developed the pattern. (D) An image showing the steady-state dissipative interfacial pattern. (E) Normalized intensity of the interfacial patterns 
along the lines marked in (D) and the corresponding cross-sectional schemes at the interface. (F) Top-view scheme of the interfacial pattern. a.u., arbitrary units.

Fig. 3. Emergence of active filaments and filament networks. (A) Images of the oil-oil interface at zero field and upon application of voltage E0 > Ec (movie S3). 
(B) Scheme illustrating the mechanism for emergence of active filaments. (C) Image of a simple active filament with rotational (Quincke) flow resulting in a translational 
velocity v ≈ 3.5 mm/s (movie S5). (D) Scheme of an active filament illustrating the emergence of frustration-induced bumps. (E) A corresponding image of an active filament 
with said bump. (F and G) Images of typical filament junctions with frustration-induced bumps indicated with black arrows (movie S6).
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sufficient to create propulsion but requires also an asymmetric en-
vironment around the rotating object. For example, in the case of 
solid particles propelled by the Quincke mechanism (16–18), this 
asymmetry comes from the glass slide on which the particles rest on. 
In our case, the gravitational force slightly flattens the PFPE filament 
between the ITO electrodes, thus breaking the symmetry and result-
ing in the translational motion of the filaments at slow speeds as 
expected (34, 35). The active filaments also form complicated fila-
ment networks by looping back onto themselves or coupling with 
other filaments (Fig. 3, F and G, and movie S6). These structures 
exhibit frustration in the rotational flow direction at the junctions, 
which leads to the formation of small bumps (Fig. 3, E to G) and 
optical contrast at the locations where the tangential flows vanish. 
This is consistent with the conclusion regarding the flow fields near 
the peaks at the oil-oil interface at lower voltages (Fig. 2, E and F).

On the other hand, if the hole growth is limited, then dissipative 
ordered fluidic lattices appear (Fig. 4). The observed dissipative fluidic 
lattices (Fig. 4, A and E) are quasi-static, bicontinuous, and periodic 
fluidic structures with lattice constants on the same order of magni-
tude as the cell height. Dissipative lattices form via the repeated 
punching of holes through the PFPE droplet under conditions where 
the hole growth is highly restricted (Fig. 4, A and B). Two lattices 
were observed to be especially frequent and stable: a trihexagonal 
lattice (Kagome lattice; Fig. 4, E and F, and movie S7) and a double- 
square lattice (Fig. 4, A to D, and movie S8). In both lattice types, 
the neighboring lattice sites (pockets of AOT/DD in the PFPE slab) 
exhibit liquid flow in opposing directions, either upward or down-
ward (Fig. 4B). This is seen directly as circulatory flows between 
neighboring lattice sites in tracer particle trajectories (Fig. 4C and 

movie S8), which again suggests a Quincke-like state of flow (34), 
but now in the form of a periodic fluidic lattice. It appears that only 
some lattice symmetries are allowed due to the requirement of 
neighboring sites to flow in opposite directions. This is in agreement 
with both the two observed lattices and in the lack of observation of 
the typical simple hexagonal tiling.

The fluidic filaments and lattices are reversible: When the volt-
age is turned off, the structures relax quickly back to unstructured 
pancake-shaped liquid droplets that coalesce to form larger volumes, 
driven by the minimization of the interfacial energy (movie S9). 
The complete separation back to two large fluidic volumes can be 
realized conveniently by tilting the sample along the gravity to drive 
the denser PFPE toward one end of the sample cell.

Electrohydrodynamically driven polygonal, toroidal, 
and active droplets and emulsions
In addition to bicontinuous active filaments and dissipative lattices 
(Figs. 3 and 4), discontinuous active droplets also emerge in the sys-
tem (Fig. 5). Active droplets are most often formed from the active 
filaments in a process reminiscent of the Plateau-Rayleigh instability 
(36), but with a fast rotating liquid filament (Fig. 5A and movie S10). 
A single instability event along a filament leads to pinching of 
microdroplets with diameters d much smaller than the cell height h 
(Fig. 5, A and B). If two instability events take place along a single 
filament, then larger droplets are formed (Fig. 5, A and B, and fig. 
S3A). The small droplets (d < h) are not substantially deformed by 
confinement or electrohydrodynamic shearing and spontaneously 
become self-propulsive with translational velocities up to millimeters 
per second, forming a disordered gas-like state at low densities 

Fig. 4. Non-equilibrium fluidic lattices. (A) Images of nucleation and propagation of pockets of AOT/DD away from the oil-oil interface upon application of voltage E0 > Ec 
(movie S4) leading to the emergence of a square lattice. (B) Corresponding scheme illustrating the mechanism. (C) Overlaid images showing a tracer particle moving 
between two neighboring pockets in the square lattice (movie S8). (D) Scheme of the square lattice type. (E and F) Experimental image and corresponding scheme of an 
electrohydrodynamically driven Kagome lattice (movie S7).
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(movie S11). If the driving electric field is turned off and back on, 
then the directions of the droplets’ motions are reset and randomly 
chosen again (movie S11 and fig. S4). This suggests that the propulsion 
mechanism is similar to the solid active Quincke rollers studied fre-
quently (16–18). Observations of the tracer particle motion near an 
active PFPE droplet show circulation of the tracer particles around 
the axis of the droplet that is perpendicular to the direction of motion 
(movie S12), providing further evidence that the mechanism for the 
propulsion is indeed Quincke rotation. At higher fields, droplet 
clustering into dimers and trimers was observed (movie S13).

The larger droplets (d > h), on the other hand, are substantially 
deformed by confinement and electrohydrodynamic flows, resulting 
in unexpected droplet shapes. For example, the large droplets can 
adopt polygonal shapes with up to n = 14 vertices (Fig. 5C and fig. S5, 
A and B). The number of vertices is always even, and the droplets 
appear almost stationary (nonmoving and non–shape shifting). 
However, as in the steady-state, interfacial patterns at low electro-
hydrodynamic driving (Fig. 2D), the polygonal droplets experience 
continuous strong internal electrohydrodynamic flows (movie S14). 
In addition, the vertices of the polygons seem to correspond to the 
peaks of the interfacial patterns (Fig. 2F) and the bumps at the 
filament-filament junctions (Fig. 3, D and E) where flow velocities 
vanish (Fig. 5D). Similarly, the edges of the polygons seem to corre-
spond to the valleys of the interfacial patterns (Fig. 2D). Thus, a 
polygonal droplet with n vertices has an apparent n-fold rotational 
symmetry, but when internal flows are taken into account, it has an 
n/2-fold rotational symmetry (fig. S5B), explaining why only even- 
sided polygons were observed. Peak-valley pairs appear on the 
circumference of a droplet, created by the mechanism described 
previously for the straight interface (Fig. 2). The neighboring peaks 

have a spacing of /2, and they wrap around the circumference of 
the droplet; thus, the length of the circumference 2R dictates how 
many peaks can fit into it, i.e., n ≈ 4R/, where n has to be an integer 
and  ≈ 2h (Fig. 5E, inset). This is in agreement with experimental 
observations (Fig. 5E). There also appears to be a critical size (nc ≈ 14 
for the studied system) beyond which the polygonal droplets are no 
longer stable (fig. S3B and movie S15).

In addition to the polygonal droplets, another peculiar non- 
equilibrium droplet type is the active toroid made of a looped PFPE 
filament (Fig. 5, F and G, and movie S16). Active toroids can rotate 
inward or outward, resulting in slightly different apparent sizes 
(Fig. 5, F and G). This is in agreement with the observation of slightly 
different hole sizes in electrohydrodynamically driven lattices 
(Fig. 4, A and E) and may originate from either gravity-induced 
symmetry breaking or a spontaneous symmetry breaking in the 
vertical direction (15). The direction of rotation of a toroid can also 
spontaneously change in a complicated electrohydrodynamic event 
that starts with a Plateau-Rayleigh–like instability along the toroid 
(fig. S6 and movie S16).

Although all of the presented active particles are liquid droplets, 
they rarely coalesce, even in close contact. This is seen in self-assemblies 
of droplets, wherein smaller droplets tend to localize near vertices 
of the polygonal droplets (Fig. 5H and movies S17 and S18). The 
suppressed coalescence is notably evident at high droplet concen-
trations and allows formation of active emulsions (Fig. 5I and 
movie S19). The suppressed coalescence in the self-assemblies (Fig. 5H) 
and in the active emulsions (Fig. 5I) arises from the electrohydro-
dynamic driving that leads to hydrodynamic and electrostatic forces 
between the droplets. These forces can be, generally, attractive or 
repulsive (16, 37–39). In the case of the droplet self-assembly, a major 

Fig. 5. Emergence and dynamics of active liquid droplets, self-assemblies, and emulsions. (A) Time series of microscopy images showing formation of active droplets 
(movie S10). (B) Scheme of spinning filament Plateau-Rayleigh instability in a rotating liquid filament. (C) Images of typical polygonal droplets. (D) Scheme showing flow 
fields and rotational directions for the square droplet (n = 4). (E) Plot of the number of vertices on droplets versus their circumference at E0 = 0 scaled by the cell height. 
Inset: Scheme of a droplet (n = 6) with exaggerated geometry, highlighting the relationship between radius R and pattern wavelength . (F and G) Images of two toroids 
with opposing directions of rotation and their corresponding schemes. (H) Images and schemes of droplet self-assemblies. (I) An image of a high-concentration emulsion 
of active droplets with suppressed coalescence (movie S19).
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component of the repulsion originates likely from the electrostatic 
force because the electric dipoles of the rotating peak of the polygonal 
droplet and the satellite droplet are approximately aligned. On the 
other hand, in the case of the active emulsions, the electric dipolar 
forces can be attractive or repulsive depending on the detailed 
arrangement of the droplets next to each other. Thus, the suppressed 
coalescence between the droplets in the active emulsion likely orig-
inates from the extremely fast tangential flows on the droplet sur-
faces that lead to the surrounding liquid being continuously pulled 
into the thin gaps between the droplets. This effect is akin to the 
hydrodynamic lubrication and is known to be strong enough to over-
come dipolar attraction in some electrohydrodynamic systems (38).

DISCUSSION
We have shown that an unexpected diversity of non-equilibrium 
states including interfacial patterns, Quincke rolling filaments, fila-
ment networks, ordered fluidic lattices, active droplets and droplets 
with polygonal and toroidal shapes, droplet self-assemblies, and 
active emulsions can emerge when driving a simple biphasic planar 
system out of the thermodynamic equilibrium using electrohydro-
dynamic shearing. We focused on a very specific case of a noncon-
ductive fluid (PFPE), which does not wet the electrodes, surrounded 
by a conductive liquid (AOT/DD), which does wet the electrodes. 
It is expected that the observed non-equilibrium structures can be 
widely tuned by adjusting the liquid viscosities, conductivities, and 
interfacial tension (15). The confinement thickness also plays a role, 
and we observed that the instabilities and structure formation were 
suppressed in sample cells with considerably smaller height h than 
reported here. This is, at least partially, explained by the stabilizing 
Laplace pressure increasing with decreasing h (30), whereas the elec-
tric stresses remain approximately independent of the cell height if 
the electric field is constant (31).

The experiments were conducted using the electric field E0 as the 
main adjustable parameter. Switching between the thermodynamic 
equilibrium structure and the non-equilibrium structures was per-
formed by turning on the field nearly instantaneously. However, note 
that switching the structures is also possible by switching between 
two nonzero driving voltages or by gradually changing the driving 
field strength.

Many of the observed phenomena can be classified as purely driven 
by the external field (e.g., the 1D corrugation pattern and the 2D 
liquid lattices), while some are also clearly of active nature (e.g., the 
Quincke rolling droplets). There are also phenomena that evade the 
straightforward categorization to “driven” or “active” (e.g., the Quincke 
rolling filaments and the dense emulsion of droplets). Thus, the pre-
sented system shows that switching between driven and active behav-
ior is possible in a single system, also highlighting that the transition 
from the driven state to the emergence of activity can be complex.

We foresee that the exceptionally rich dynamics of the system 
will open several new avenues in many fields of research. In the field 
of EHD, the plethora of non-equilibrium structures in the specific 
system of liquids presented here points toward the avenue of dis-
covering many other unexpected dissipative structures by adjusting 
the fluid properties, especially the viscosity and conductivity that are 
known to lead to highly nontrivial behaviors in nonconfined drop-
lets (15), including equatorial streaming (25) and dimpling (40). In 
addition, the three-phase contact angle and the confinement height 
emerge as new control parameters that remain largely unexplored 

in the field of EHD (15, 27). In the field of capillary phenomena, the 
quasi-stationary polygonal droplets go beyond the known pulsating 
polygonal and star-shaped droplets (26, 41) and, together with the 
energetically highly unfavorable filaments with large surface areas, 
pave way toward wider exploration of non-equilibrium droplet 
shapes driven by electrohydrodynamic or other mechanisms (30). 
In the field of pattern formation, the 1D interfacial pattern and the 
2D fluidic lattices contribute to the known externally driven dissi-
pative patterns (1), pointing toward the need for a thorough theo-
retical and experimental analysis of the possible biphasic lattice 
geometries, and also the transitions between the well-ordered lattices 
and the fluctuating random filament networks coexisting with the 
lattices (movie S7). In the field of dissipative self-assembly (2), our 
results suggest that electrohydrodynamic can be used to assemble 
objects in programmable locations along larger structures (Fig. 5H) 
to create hierarchical dissipative self-assemblies (42). In the field of 
active particle physics, the liquid Quincke rollers allow an exciting 
new approach to collective states of active rollers previously studied 
using solid particles (16–18). The liquid droplets exhibit interparticle 
interactions that are a function of the droplet viscosity (43), allowing 
on-the-fly control of the interactions by adjusting the viscosity, as 
well as on-demand creation of the roller populations from a larger 
reservoir. Last, in the field of active emulsions, our results show that 
EHD can be used for both creating and stabilizing emulsions 
(25, 44, 45) that can be directly visualized thanks to the well-defined 
2D confinement, with the dynamics of the emulsion compared to 
other active emulsions that have been, so far, mostly envisioned and 
realizing using non-equilibrium chemical reactions (46, 47).

On the technological side, the biphasic system studied here offers 
exciting possibilities as optical devices because of the exceptional 
control over the liquid-liquid interface and fluidic structures with 
electric field. This will immediately lead to technologically relevant 
voltage-controlled non-equilibrium optical diffusers and structural 
colors based on photonic crystals and glasses by controlling the for-
mation, interactions, and self-assembly of the various fluidic struc-
tures demonstrated here.

MATERIALS AND METHODS
Materials
n-Dodecane (99%, anhydrous, Acros Organics), PFPE (Krytox GPL 
102-500, Chemours Performance Lubricants), docusate sodium salt 
(AOT, ≥99%, anhydrous, Sigma-Aldrich), and glass slides coated with 
ITO and silver contact strips (75 mm by 25 mm by 1 mm, nominal 
coating thickness of ca. 350 nm; Diamonds Coatings Ltd.) were used 
as obtained from the manufacturer. Thermoplastic ionomer spacer 
film was custom-made from ionomer granules (Surlyn 1702, DuPont, 
Finland) by Muovipoli Oy (Finland). All materials were handled under 
ambient laboratory conditions (temperature T ≈ 22°C, relative humid-
ity between 12 and 18%). The leaky dielectric solution (AOT/DD) 
with a nominal concentration of 150 mM was prepared by mixing 
3.34 g of AOT and 48.41 ml of DD. The AOT dissolved completely 
without any agitation in approximately 4 hours. Solution (75 mM) 
was prepared by mixing 1 ml of the 150 mM solution with 1 ml of 
n-dodecane.

Visualization of contact angles and adhesion
The contact angles and adhesion of PFPE on the ITO surface were 
visualized using an optical goniometer (Biolin Scientific Attension 
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Theta). A small piece of ITO-coated glass slide (ca. 9.5 mm by 
9.5 mm by 1 mm) was cut using a diamond glass cutter and placed 
at the bottom of a glass cuvette (45 mm by 10 mm by 10 mm; Hellma 
Analytics), with the ITO-coated surface facing upward. The cuvette 
was then half-filled with the AOT/DD solution. PFPE droplets were 
manually dispensed using a 1-ml syringe (Hanke Sass Wolf GmbH) 
and a needle (nominal outer diameter φo = 0.72 mm and nominal 
inner diameter φi = 0.41 mm; Hamilton Bonaduz, Kel-F hub needles) 
mounted on the goniometer.

Measurements of oil densities
The densities of the 150 mM AOT in DD solution and PFPE (table S3) 
were measured by aspirating 100 l of each liquid with a positive 
displacement pipette (Eppendorf Multipette E3x) and measuring 
the mass of the aspirated liquid using an analytical balance 
(Ohaus Pioneer).

Determination of interfacial tension
The interfacial tension was determined using the pendant drop 
method, using the same setup used for visualization of contact angles 
and adhesion, with the exception that the needle was kept far from 
the ITO-coated glass slide. An image of a PFPE droplet hanging 
steadily was analyzed using the goniometer software (Biolin Scientific 
OneAttension), using measured liquid densities (table S3).

Planar sample cell construction
Each planar sample cell (Hele-Shaw cell) was constructed from two 
pristine ITO-coated glass slides and a Surlyn spacer. A square opening 
of ca. 1 cm by 1 cm was cut using a razor blade along one side of the 
rectangular spacer film of ca. 4 cm by 2.5 cm. The spacer film was 
placed between the ITO slides and briefly melted by placing the cell 
on a hotplate (Thermo Fisher Scientific) at 100°C for 10 min, with a 
small weight of 20 to 30 g on top of the cell. Upon cooling, the molten 
spacer film adheres strongly to the ITO-coated glass slides, resulting 
in a robust cell that can hold approximately 6.5 l of liquid in square 
planar confinement with height of ca. 65 m (fig. S1A). Three sides 
of the confinement are formed by the spacer film; the fourth is open 
to air and is used to fill the sample with the biphasic system.

Determination of the sample cell thickness
The sample cell thickness was determined using a homemade white 
light interferometer constructed from a white light-emitting diode 
(LED; Thorlabs, MWWHF2) connected to a fiber optic reflection 
probe bundle (Thorlabs, RP22), passing the light to the sample and 
also collecting the reflected light and passing it to a spectrometer 
(Thorlabs, CCS100/M). This setup was operated using the software 
provided by the manufacturer (Thorlabs OSA). The cell height h was 
determined from the interference spectrum as

  h =   
 λ  p    λ  0  

 ─ 2n( λ  p   −  λ  0  )    

where 0 is the wavelength of one (arbitrary, 0th) interference peak, 
p is the wavelength of the pth peak after the 0th peak, and n is the 
refractive index of the medium (air) (48). The heights of all sample 
cells used here (table S1) are averages of nine measurements per cell 
from different locations (fig. S1B). The variability of cell thickness 
within one cell was characterized as the SD of the nine measurements 
and varied from approximately 0.2 to 0.9 m.

Measurements of oil conductivities
Oil conductivities (table S3) were measured in the planar cells by 
pipetting a small volume of each oil into a planar cell, followed by 
application of a DC voltage of U = 100 V and measurement of the 
resulting current I using a sourcing electrometer (Keysight, B2987A). 
The conductivity was calculated as  = hI/AU, where A is the area 
occupied by the oil in the cell, determined using image analysis 
(ImageJ) from an acquired image of the filled cell. The conductivity 
of the spacer material was assumed to be negligible.

Optical microscopy under electrohydrodynamic shearing
The sample cells were filled using capillary action by placing the tip 
of an oil-filled pipette (10 l; Eppendorf Research plus) near the 
open side of the cell. First, 50 to 70% of the cell volume were filled 
with the AOT/DD solution, and then the remaining 30 to 50% were 
filled with PFPE.

The filled cell was observed using a modular homemade micros-
copy setup with transmitted light illumination, allowing the use 
of various magnifications and imaging speeds. Briefly, the main 
components of the system include optomechanical components 
(Thorlabs), an infinity-corrected objective lens (Nikon 1×/0.04, 5×/0.15, 
10×/0.30, 20×/0.45, or 50×/0.80), a tube lens (Thorlabs) or a finite- 
conjugate low-magnification zoom lens (Edmund Optics VZM 450, 
0.75× to 4.5×), a USB3 camera (PointGray Grasshopper GS3-U3-
51S5M-C, 2448 × 2048 at 75 fps) or a high-speed camera (Phantom 
Miro M310, 1280 × 800 at 3200 fps), and a collimated light source 
(Thorlabs, MWWHLP1 LED coupled to SM2F32-A collimator). The 
magnification and length scale of the images were calibrated using a 
calibration target (Thorlabs, R1L3S2P). The DC electric field was 
applied to the sample using the sourcing electrometer (Keysight, 
B2987A) and hookup wires rated to 600 V (Alpha Wire, 2936). 
Wires were attached to the silver contact bars on the ITO slides with 
small magnets. The cameras and electrometer were operated using 
their manufacturers’ software. See table S2 for a complete list of 
experimental conditions for each experiment presented here.

We note that, despite the large driving voltages, the electric cur-
rent in the samples is small, typically close to 100 A at maximum 
driving voltages of several hundreds of volts. This leads to only a few 
tens of milliwatts of heating power, which is not sufficient to notably 
increase the sample temperature during the experiments.

Image processing and analysis
Native gamma and contrast settings were used for images produced 
by the two cameras. For images taken with the PointGray camera, 
the gamma is 1.0. For images taken with the Phantom camera, the 
gamma is 2.2. Contrast enhancement using histogram adjustment 
(ImageJ) was performed only for images shown in fig. S5B. The 
interface elongation (Fig. 2A) was captured using the PointGray 
Grasshopper GS3-U3-51S5M-C at 50 fps. The image intensity along 
the axis perpendicular to the interface was determined using the 
Profile function of ImageJ and by averaging more than 30 neighboring 
lines of pixels. Full width at half maximum (FWHM) of the intensity 
profile was obtained with a custom MATLAB script for each time 
point (Fig. 2C). Final reported values (Fig. 2B) are values averaged 
over time.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh1642
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