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The periodic rotary motion of spherical sub-millimeter-sized plastic objects is generated under a
direct-current electric field in an oil phase containing a small amount of anionic or cationic surfactant.
Twin-rotary motion is observed between a pair of counter-electrodes; i.e., two vortices are generated
simultaneously, where the line between the centers of rotation lies perpendicular to the line between
the tips of the electrodes. Interestingly, this twin rotational motion switches to the reverse direction
when an anionic surfactant is replaced by a cationic surfactant. We discuss the mechanism of this
self-rotary motion in terms of convective motion in the oil phase where nanometer-sized inverted
micelles exist. The reversal of the direction of rotation between anionic and cationic surfactants
is attributable to the difference in the charge sign of inverted micelles with surfactants. We show
that the essential features in the experimental trends can be reproduced through a simple theoretical
model, which supports the validity of the above mechanism. © 2016 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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. INTRODUCTION

Living organisms convert electrical potential, or mem-
brane potential, to kinetic energy.! They exhibit the features
of a molecular engine by dissipating the chemical potential or
through an electrochemical gradient across the membrane,
such as in the movement of bacterial flagella and the
rotation of ATPase. Thus, biological molecular motors with
a characteristic size on the order of nanometers operate
under a stationary direct current (DC) voltage.? Despite these
examples in Nature, it is still difficult to fabricate electrical
motors on a sub-millimeter scale.

Recently, it was found that a microscopic water droplet
undergoes oscillatory motion between sharp-point electrodes
under stationary DC voltage.> Numerous studies®'? have
reported various modes of droplet motion between electrodes
using both experimental and numerical methods. A droplet
behaves as an electrical charge-carrier between a pair of
electrodes in an oil medium as an insulator. When a droplet is
on or near one of the electrodes, it gains a charge and is then
pulled toward the opposite electrode. As the droplet reaches
the opposite electrode, its charge is reversed, and the droplet
moves back. Such back-and-forth motion of the droplet repeats
periodically under a stationary DC voltage. The oscillatory
properties of this motion, such as its periodicity and trajectory,
are critically dependent on the physicochemical conditions.
For example, the chemical nature of the liquid inside the
droplet,”!? the geometry of the electrodes,'! and the presence
of surfactants'? all influence the mode of dynamic motion of
the droplet.
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In the present article, we report our new findings on the
generation of regular motion of a solid sub-millimeter-sized
plastic object under a stationary DC electrical field.
Interestingly, a twin-whirl rotary motion is observed for the
solid object, in contrast to the back-and-forth oscillatory
motion for a water droplet, between facing sharp-point
electrodes situated along a line. The mechanism of the
generation of such interesting regular motion will be discussed
along with the effect of a coexisting surfactant in the oil phase.
We propose a scenario in which stable rotary advection of
the fluidic solution emerges under a DC field and this causes
orbital motion of the solid object. We also report the results
of a numerical simulation with a simple fluid equation, which
reproduces the essential features of the experimental trend.

Il. MATERIALS AND METHODS

A schematic illustration of the experimental setup
is shown in Fig. 1. Polyethylene particles (Sumitomo
Seika Chemicals Co., Japan) were suspended in silicone
oil (KF-56, Shin-Etsu Chemical Co., Japan) containing
05 M or 0.65 M surfactant; an anionic surfactant,
di-(2-ethylhexyl)phosphoric acid (237825, Sigma-Aldrich
Co., USA) or a cationic surfactant, di-(2-ethylhexyl)amine
(351-00202, Wako Pure Chemical Industries, Ltd., Japan).
We obtained a homogeneous oil phase through mechanical
agitation with a vortex mixer for 1 min. A droplet of this
silicone oil containing particles was placed on a glass slide, and
constant voltage was applied to the droplet using cone-shaped
tungsten electrodes. The motion of plastic particles within the
droplet was observed by using an optical microscope (IX71,

Olympus Co., Japan).
© Author(s) 2016.
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FIG. 1. Schematic representation of the experimental setup. Stationary DC
voltage was applied between a pair of tapered tungsten electrodes inserted
into silicone oil containing polyethylene micro-particles.

lll. RESULTS

Figure 2 shows examples of the rotary motion of
numerous plastic particles. Twin whirls are generated on
both sides of the line between the pair of tapered electrodes,
and the rotations are in opposite directions with respect to
each other. The existence of a pair of whirls suggests that the
rotary motions of particles are driven under the cyclic flow

(b)

FIG. 2. Self-revolution of plastic particles. (a) Initial condition at # =0 s from
when DC voltage was applied. (b) Overlap of snapshots every 0.53 s. Multiple
polyethylene particles with radii of » = 50-175 pm rotate in the oil phase with
an anionic surfactant at V =170 V.
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of the bulk oil phase. A pair of rotary motions of this type
has not been observed for the motion of water droplets under
constant DC voltage, although both single cyclic motion
and back-and-forth motion have been reported. We also
performed the experiments with the different concentration
of the anionic surfactant; 0 M and 0.1 M. We confirmed
that, under these experimental conditions, rotary motion of
this type is not generated (See the supplementary material'*).
These results suggest that the rotational motion of plastic
particles is caused by the flow in the oil phase containing
charged reverse micelles.

Figure 3(a-2) shows the angular velocity of the particle vs.
the position angle during one period of revolution. We defined
the position angle as follows (this is also shown in Fig. 3(a-1)).
When the particle is closest to and farthest from the positive
electrode, the position angle 8 is 7 and 0, respectively. The
particle has a maximum angular velocity when it moves from
the negative electrode to the positive electrode.

We show the experimental results with an anionic
surfactant. Figure 3(b) shows the rotary motion of the particle
when we used a cationic surfactant instead of the anionic
surfactant. In this case, the direction of the revolving motion
is opposite that with the anionic surfactant. We confirmed that
rotary motion of this type is never generated in the absence of
a cationic/anionic surfactant.

In the above experiments on rotary motion, we
used anionic and cationic surfactants with a rather bulky
hydrophobic group. It has been well established in colloid
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FIG. 3. ((a-1) and (b)): Angular velocity and angular acceleration depending
on the angular position of the particle in the presence of an anionic surfactant
(a-1), or a cationic surfactant (b). (a-2): The blue solid line is the velocity and
the red dotted line is the acceleration. Videos of these experiments are shown
in the supplementary material.'* The radius of rotation in both the anionic
and cationic surfactants depends on the initial position of a particle. Particle
size: d =175 pum. Applied voltage: V =170 V and 180 V for (a) and (b),
respectively.
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chemistry that a surfactant with a bulky group forms inverted
micelles in an oil phase, where the characteristic size, on
the order of 10-100 nm, is much smaller than the optical
wavelength. Thus, inverted micelles of such small sizes are
usually transparent to optical light.

The switching of the direction of rotation between anionic
and cationic surfactants is attributable to the inversion of the
electrical charge of the inverted micelles together with the sign
inversion of the charge of the counter-ions. Due to symmetry
breaking between relatively large inverted micelles with
multiple electrical charges and multiple small counter-ions, we
can expect the generation of a net electrical current between the
pair of electrodes under stationary DC voltage. For example,
in the experiment with anionic surfactant, negatively charged
inverted micelles are formed in the solution. These negatively
charged inverted micelles are thought to act as a charge carrier,
i.e., negative charge is transferred from the negative electrode
to the positive electrode. The reverse situation occurs for
inverted micelles with a cationic surfactant. Recall that rotary
motion of this type was not generated in the absence of a
cationic/anionic surfactant.

Based on repeated measurements, we found that the
primary factor that determines the radius of rotation is the
initial position of the particle when we begin to apply the DC
voltage. This suggests that the scroll flow of the bulk solution
containing cationic/anionic surfactant plays an essential role.

IV. NUMERICAL MODELING

To extract the essence of the underlying mechanism,
we assume that the homogeneous bulk phase contains
invisible inverted micelles that act as electrical charge carriers;
i.e., inverted micelles exhibit a relatively large electrical charge
accompanied by counter-ions with the opposite sign. The
marked asymmetry in geometrical size and charge number
between the inverted micelle and counter-ions would result in
the generation of a net electrical current under DC voltage.
Thus, we assume that the medium containing inverted micelles
can carry electrical charge between the electrodes under
stationary voltage. Here, we adapt the Stokes equation by
including a continuous condition of charge density

g—l:+(u-V)u = —Vp+évzu +Ep., (1)
where u is the velocity of the fluid and p is the pressure. E is the
electrical field. p, is the effective charge density, which reflects
the large difference in mobility between the inverted micelle
and surrounding counter-ions with the opposite electrical
charge.

Since the Reynolds number (Re) in our experiment is
around 1078, we can neglect the inertia term from Eq. (1) and
obtain

ou 1

— =-Vp+—Vu+Ep,. 2
En Pt Vutkp )
With regard to the time-dependent change in the charge
density, we adopt the following equation, where p, is the
charge density for a unit volume. The time-development of
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the charge density can be written as

ap,
ot

where o is the conductivity, u is the permittivity of the fluid.
¢ is the electric potential, where E = -V ¢.

With the electrode configuration in the present study,
near each electrode, nm-sized inverted micelles tend to be
charged with an electrical potential that is the same sign as
that of the electrode. We assume that the medium proximal
to the electrode then accepts the charge from the contacting
electrode.

To obtain a spatial profile of the electrical field under
DC potential, we solve the Poisson equation under the
following conditions. The area for the calculation is 50 x 50.
The electrodes are located at (x,y) = (0-20,24-26), and
(30-50,24-26). The positions and shapes are shown in
Fig. 4(a). The negative electrode is on the left and the positive
electrode is on the right. When we calculate the Poisson
equation, the potential difference is fixed at unity. We deduce
an electrical field through the procedure with a scaled electric
field. We run the Stokes equation by using the scaled electric
field and then show the result after rescaling to the actual
electric field.

In the simulation, the distance between grid points
corresponds to ca. 100 um which is comparable to that in
the actual experimental system in Fig. 1, whereas the time
step corresponds to 0.005 s. As for the effect of the electrical
sign of the head group of the surfactant, we consider the
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FIG. 4. (a) Geometry adopted for the numerical simulation with a pair of
electrodes (gray rectangles) and a fluidic region (blue). The numbers cor-
respond to pixel numbers. The boundary condition is taken as no-flux for
simplicity. ((b-1) and (b-2)) Numerical results for the flow profile after the
application of DC voltage (¢ =1.5 s). The colors reflect the charge density
in the solution as indicated by the color bar at the top, except for the metal
electrode. The red arrows indicate the velocity of the liquid. (b-1) Model of
the experiment with an anionic surfactant. (b-2) Model of the experiment with
a cationic surfactant.
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difference in electrical charge, or the change in p, around the
electrodes.

Next, we calculated the Stokes equation. The periphery is
considered to be a wall that is far enough away that it does not
affect the flow around the electrodes. The border of the elec-
trode is also considered a non-slip wall. Thus, as a boundary
condition at the border of the electrode, we set the pressure
gradient to zero to realize a non-flux condition. The parameters
were set to Re = 0.05, o = 1.0e¢78, and u= 1.0e77. In our
preliminary simulation so as to reduce the computational time,
we have adopted a relatively large Re, in comparison with that
in our actual experimental system, to check for the presence
of each of the two vortices. The charge density at the positive
electrode is fixed at 1.0, and that at the negative electrode is
fixed at —0.5 in Fig. 4(b-1). In the case of Fig. 4(b-2), that at the
positive electrode is fixed at 0.5, and that at the negative elec-
trode is fixed at —1.0. At the beginning of the calculation, the
liquid near the electrodes is charged. Thereafter, the charged
liquid is driven by the electrical field between the electrodes,
and rotary motion of the liquid is generated. We consider that
the amount of negative charge is greater than the amount of
positive charge when an anionic surfactant is added to the oil,
and this relationship is reversed when a cationic surfactant
is added. This difference explains the reverse direction of
rotation. These consequences are shown in Figs. 4(b-1) and
4(b-2). In the present simulation, we have not adopted a strict
conservation of the integrated charge density. We confirmed
that this non-conservative condition has only a minimal effect
on the numerical simulation for the period of time given in
Figs. 4(b-1) and 4(b-2). The results of this numerical study
suggest that charging of the bulk oil phase plays an essential
role in the twin vortices of solid particles observed in the
experiments (Figs. 2 and 3). Under the numerical conditions
in the present study, we found that twin vortices appear as
a metastable state. Further detailed numerical studies will be
needed to reproduce the flow profiles in a more precise manner.

V. DISCUSSION

In our experiment, we observed twin vortices in the
rotary motion of plastic particles under stationary DC voltage.
In past studies on the motion of a water droplet, such twin
rotary motion has never been observed. Plastic particles are
dielectric, and their dielectric constant is smaller than that of
water. When we put a dielectric material under an electric field,
its inductive dipole moment is in the direction of the electric
field. When there are many plastic particles, the particles
gather and link together because of their dipole interaction.'?
Under a uniform electric field, they stop once their dipole
moment is in the direction of the field. If they are under a
non-uniform field, they are driven by the dielectrophoretic
force along the gradient of the electric field. Without a charge,
the particle stops at the electrode. For this reason, we consider
that charging of the oil phase containing a cationic/anionic
surfactant plays an essential role in the generation of the
twin vortices of solid particles. Rotary motion is evidently
the result of convectional rolling under a DC electric field,
suggesting that the mechanism is somewhat similar to that in
the so-called EHD flow.'%!” There have been some reports that
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a dielectric liquid containing various additives flows under an
electrical field.'®!° In the present article, we have shown that,
under a stationary DC field, not only convective directional
flow but also regular rotary motion is generated. It may be
possible to move a micrometer-sized object driven by the
generated fluidic flow. Especially, it is tempting to extend the
observation of spherical solid particles to objects of various
geometries. It should be possible to generate microscopic
spinning together with orbital motion for a solid particle with
suitable symmetry breaking of the spherical geometry, for
example, by introducing a propeller-shaped object. It would
also be interesting to apply this EHD as a new type of
electronic pump. By changing the spatial symmetry around
the pair of electrodes, we may change the system to cause
single-vortex flow. For example, by introducing a solid wall
on either side of the pair of electrodes, it may become possible
to induce a single rolling fluidic current.
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