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ABSTRACT
Achieving better control of liquid droplet movement is an important subject for academic research and industrial applications. In this study,
we investigate the use of electric corona discharge to drive and control oil droplet movement. For a fully covered polymer-coated copper
plate, all droplets on the surface were found to move outward in the same direction. Interestingly, for a polymer coating a hole directly
beneath a needle biased with a high DC voltage, we observed the existence of a zone boundary at which all of the droplets within the boundary move inward, whereas droplets outside the boundary move outward. The boundary appeared to depend on the hole size and the voltage
bias. Our model simulations reasonably agree well with the experimental measurements of these peculiar phenomena.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5089296

In recent years, microﬂuidics has attracted considerable interest
because of its promising applications in biology,1 chemistry,2 medicine,3 energy generation,4,5 heat management,6 and display technology.7 The ability to better control droplet dynamics is a critical
component of microﬂuidics. Currently, different techniques have been
developed as actuation methods in droplet control systems, including
the use of air pressure,8 electrowetting,9–12 thermocapillary effects,13,14
dielectrophoresis,15,16 magnetohydrodynamics,17 structured surfaces,18
electrochemical gradients, photochemical effects,19 and other electrostatic techniques.20
Phenomena that involve the direct conversion of electrical energy
into kinetic energy are known as electro-hydrodynamics (EHD).21
Corona discharge refers to the phenomenon when the electric ﬁeld
near a conductor is sufﬁciently strong to ionize the dielectric surrounding it, but not sufﬁciently strong to cause an electrical breakdown or arcing between electrodes.21 One of the EHD effects is the
electric wind caused by corona discharge. This phenomenon observed
for several centuries has induced a variety of possible applications
today and even showed a peculiar phenomenon,22 including ﬂow
enhancement,23 heat transfer enhancement,24 drying and evaporation,25 and ﬂuid pumps.26 These applications and studies focused on a
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continuous ﬂuid, and only a small number refers to the liquid
droplet.27–29
In this report, we describe some phenomena of dielectric droplet
movement induced by electric corona discharge. Such a plasma-driven
mechanism could provide a method to control the movement of
dielectric droplets in potential industrial applications. Some experiments were designed to observe the action of the dielectric droplets in
the presence of corona discharge.
In this experiment, as schematically illustrated in Fig. 1(a), a needle-to-plane conﬁguration was adopted to produce a plasma when a
high DC voltage was applied. A polyethylene terephthalate (PET) ﬁlm
of 0.1 mm thickness was coated on the electrode surface. A hole was
carved out from the PET ﬁlm to expose the underlying conductive
substrate at the epicenter directly beneath the needle. We placed a
drop of silicone oil (0.2 ll) on the PET surface. As we abruptly connected the needle electrode to a DC power supply, which was preset at
9 kV, as shown in Fig. 1(b), a slightly ﬂattened oil droplet instantly
jumped up to form a round-shaped droplet and later slowly returned
to the ﬂat shape, even if the high voltage remained unchanged, while
there was a horizontal movement on the surface (supplementary material Video 1). The direction of the droplet displacement was related to
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FIG. 1. (a) Schematic diagram for the experimental setup. (b) Horizontal angle view
of the oil droplet and its surface reﬂection image. A ﬂat droplet instantly jumped up
to form a round-shaped droplet when a 9 kV voltage was applied quickly, and the
droplet slowly became ﬂatter, even after the bias voltage was sustained. During the
course of the experimental observation, the droplet moved sideways but with a trailing tail. The trailing tail is the liquid stuck to the substrate surface. (c) A droplet initially located 5 mm from the epicenter (top) moved toward the conductive hole after
a 9 kV voltage was suddenly applied (bottom). (d) A droplet initially 10 mm away
from the epicenter (top) moved outward as a bias was suddenly applied (bottom).

the distance between the conductive hole and the droplet. Figure 1(c)
shows that a droplet located at a 5 mm distance from the epicenter
started to move toward the conductive hole when a voltage bias was
applied to the electrode. In contrast, as shown in Fig. 1(d), for a droplet
initially placed 10 mm from the conductive hole, a droplet moved
away from the epicenter. These observations indicate that there is a
zone boundary that divides the plane into an attractive region and a
repulsive region.
Further experiments show that the direction of the droplet’s displacement is relative to the distance between the droplet and the conductive hole. As shown in Figs. 2(a)–2(c) (supplementary material
Video 2), several droplets were placed in a spiral arrangement. These
droplets were located as close to the conductive hole as possible, and
the farthest one was 7 mm from the epicenter [Fig. 2(a)]. When a 9kV voltage was applied, every droplet moved toward the conductive
hole [Figs. 2(b) and 2(c)], and the direction of every droplet was radial
inward. The experiments shown in Figs. 2(d)–2(f) (supplementary
material Video 3) exhibit an opposite appearance. Several droplets
were placed in a spiral arrangement, similar to Fig. 2(a), but at a larger
distance from the conductive hole. The nearest droplet was 9 mm
from the epicenter [Fig. 2(d)]. When a 9 kV voltage was applied, every
droplet moved outward from the conductive hole [Figs. 2(e) and 2(f)],
and the direction of every droplet was radial outward. Experiments
shown in Figs. 2(g)–2(i) (supplementary material Video 4) conﬁrmed
the phenomenon. Droplets were also placed in a spiral arrangement
but with a larger range than the above two experiments [Fig. 2(g)].
When a 9-kV voltage was applied, all of the droplets moved, though in
a different direction: the droplets located near the epicenter moved
inward, similar to Fig. 2(a), while the droplets located farther out
moved out, similar to Fig. 2(d), and if a droplet had a distance from
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FIG. 2. (a)–(c) Vertical view of droplets placed in a spiral arrangement and close to
the epicenter. Every droplet moved toward the conductive hole after a 9 kV voltage
bias was applied. (a) Droplets in their initial position. (b) Droplets moving toward
the conductive hole. (c) Partial enlargement of the image (b). (d)–(f) Vertical view of
several droplets that were placed in a spiral arrangement, but sighted farther from
the epicenter. Every droplet moved outward from the conductive hole after the
same voltage was applied. (d) Droplets in their initial position. (e) Droplets moved
outward from the conductive hole. (f) Partial enlargement of the image (e). (g)–(i)
The droplets were placed in a spiral arrangement and in a larger span range.
Droplets within the boundary (yellow dotted circle) appeared to move inward,
whereas those outside the boundary moved outward. (g) Initial position. (h) Voltage
was applied. (i) Partial enlargement of the image (h). The bar represents 5 mm in
length in all the ﬁgures.

the epicenter that was not too close and not too far, it would stay still
and did not show an obvious displacement [Figs. 2(h) and 2(i)].
This phenomenon implies that there is a border, which is schematically illustrated by a dashed line in Fig. 3(a), dividing the plane
surface to the two domains. All droplets located inside the ring boundary move toward the conductive hole; conversely, all of the droplets
located outside the ring boundary move away from the conductive
hole. Figure 3(b) shows a record of the distance between the droplets
and the epicenter for 7 droplets, which were distributed near the ring
boundary. Therefore, we could deﬁne the ring border as a threshold,
dividing the plane surface into two domains. We studied the range of
the threshold as a function of the radius of the conductive hole and the
voltage bias. Figure 3(c) shows the experimental results of the relationship between the radius of the threshold and the radius of the conductive hole. This ﬁgure reveals a linear relationship with a ﬁtted slope of
1.13. This result indicates that when the radius of the conductive hole
increases, the radius of the threshold increases proportionally. Figure
3(d) shows the experimental results of the relationship between the
radius of the threshold and the voltage with a 3 mm radius of the conductive hole. The results indicate a linear relationship with a ﬁtted
slope of 0.32 mm/kV.
We analyzed the velocity of the droplets at different positions. In
the experiment with a conductive hole diameter of 2 mm, we chose
three droplets within the threshold radius which were located at 3.8,
5.0, and 6.3 mm, respectively, from the center and three droplets outside the threshold radius which were located at 11.0, 14.5, and
28.7 mm, respectively, from the center. The velocity of each droplet
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FIG. 3. (a) Schematic illustration of the
boundary (blue dotted circle) which
divides the inward area from the outward
area for the droplet movement. (b) The
time evolution for the position of seven
droplets which were initially sighted near
and far from the center. The voltage was
applied for 2 s. The error of each point is
0.2 mm. (c) Experimental data showing
the corresponding threshold radius vs the
conductive hole radius at 9 kV, with a ﬁtted
slope of 1.13. (d) The voltage dependence
of the threshold radius with a conductive
hole radius of 3 mm with a ﬁtted slope of
0.32 mm/kV.

can be obtained by ﬁtting the experimental record of droplet position
evolution with time. These experimental data could be ﬁtted well by a
bi-exponential function. Then, the velocity curve is obtained from the
ﬁtting function. As shown in Fig. 4(a), the droplets have a faster startup speed and then gradually slow down. Within the threshold radius,
the droplet has a faster start-up speed when it is located closer to the
conductive hole. Outside the threshold radius, the fastest start-up
speed of the droplet appeared in a range with a certain distance from
the threshold radius, near or farther, the start-up speed would be
slower.
We also considered the inﬂuence of some experimental conditions on the motion of droplets. Figure 4(b) shows the extent of droplet deformation on PET layers of different thicknesses. We used the
ratio of droplet height change to the droplet initial diameter as the
extent of droplet deformation (Fig. S1). The arrows in Fig. 4(b) indicate the moment when the greatest extent of droplet deformation
appeared on different thickness PET layers. A thicker polymer layer
causes droplet deformation to become weaker and tardier. But we did
not ﬁnd any signiﬁcant effect of polymer thickness on the threshold
radius. Figure 4(c) shows that the displacement of droplets on different
roughness PET layers indicates that the droplet moves slowly on a
rougher polymer surface. However, the threshold radius was not found
to be affected by using PET layers with different roughness values. The
topography and the roughness of each surface are shown in Fig. S2.
We also used droplets with different viscosities in our experiments.
Figure 4(d) shows that the droplets of low viscosity have a greater displacement than that of a droplet with high viscosity. And, the viscosity
of the droplet does not affect the threshold radius.
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To elucidate the causes of the zone boundary for the opposite
movement direction, we proposed a model and conducted model simulations. Using COMSOL software (COMSOL Inc.), we calculated the
charge distribution on the PET surface and the electric ﬁeld in air due
to high DC voltage discharge. The movement of the oil droplets is the
result of the charged oil molecules interacting via Coulomb forces with
other charges on the surface and with the electric ﬁeld generated by
the sharp needle with a high DC voltage and a grounding conductor
substrate. The fundamental equations for calculation of the electric
ﬁeld intensity and the electric potential are the following:30,31
@q
rJ¼ ;
@t


@
E þ Je ;
J ¼ r þ e0 er
@t
E ¼ rV;

(1)
(2)
(3)

where J denotes the current density, q is the electric charge density, t is
the time, r is the electrical conductivity e0 is the permittivity of vacuum, er is the permittivity of PET, E is the electric ﬁeld intensity, Je is
the externally generated current, V is the electric potential, and r is
the gradient symbol.
Figure 5(a) shows the horizontal component for the calculated
electric ﬁeld on the PET ﬁlm surface. The positive values of electric
ﬁeld intensity indicate the radial outward direction and the negative
values indicate the radial inward direction. The horizontal component
of the electric ﬁeld intensity determined the direction of Coulomb
force applied on the droplet and, as a result, determined the direction
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FIG. 4. (a) The time evolution for the velocity of six droplets which were initially
located at 3.8, 5.0, 6.3, 11.0, 14.5, and
28.7 mm, respectively, from the center. The
velocity was obtained by deriving the ﬁtting
function of the relationship between the
droplets position and the time. (b)
Experimental data showing the time evolution for the extent of droplet deformation
(ratio of droplet height change to droplet initial diameter) at different PET layer thicknesses. The arrow on each curve indicates
the moment at which the droplet deformation is greatest. Droplets deformed more
slowly and slightly on a thicker PET layer.
(c) The time evolution for the position of
droplets on a PET layer with different
roughness surfaces. (d) The time dependence of the position of different droplets,
which are low viscosity silicone oil with
1000 mpa s viscosity, high viscosity silicone oil with 25 000 mpa s viscosity and
olive oil with 81 mpa s viscosity.

FIG. 5. Model simulation results. (a) The
horizontal component of the calculated
electric ﬁeld on the PET ﬁlm, indicating
the existence of a curve crossing with the
x-axis indicated by an arrow to separate
the regimes of outward and inward
motion. (b) Electric potential simulation on
the PET ﬁlm surface. The position which
appears maximum coincided with the
position with a zero-horizontal component
of the electric ﬁeld. (c) The dependence of
the threshold radius on the conductive
hole radius. (d) Charge density was added
to ﬁt the experiment.
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of droplet displacement. The position represented by the 0 value is the
threshold. And, this curve reveals that the horizontal component of
electric ﬁeld intensity is larger when the position is closer to the center
in the inward area. However, as the distance from the center increases,
the horizontal component of the electric ﬁeld ﬁrst becomes stronger
and then becomes weaker. The ﬁt to the velocity of droplets distributed at different positions appears reasonably well by the experiments
shown in Fig. 4(a). Electric potential simulation on the PET ﬁlm surface is shown in Fig. 5(b). The position which appears maximum coincided with the threshold. Figure 5(c) shows the relationship between
the threshold radius and the conductive hole radius. The triangle icons
represent the direct results by simulation. There is a non-negligible
gap between the simulated data and the experimental data. We consider that this effect may be caused by ignoring the PET surface charge
caused by corona which COMSOL did not add in its default calculation. We added an even charge distribution to approximately simulate
the charge produced by corona on the PET surface and gave a more
suitable simulation result represented by the square icon. The charge
density set, as shown in Fig. 5(d), ﬁts the experiment data well. The
simulated results appear to be in good agreement with our experimental observation.
In this report on the control of droplet movement induced by
electric corona discharge, we describe some interesting phenomena for
the existence of a zone boundary that dictates whether the droplet
moves inward or outward. We measured the dependence of the zone
size on the hole size and the DC voltage bias. We proposed a model
and conducted simulations to explain such peculiar behavior, and we
obtained reasonably good agreement between the experiment and the
theory. This study elucidates a mechanism with two major driving
forces for the droplet movement. One dominant driving force is due
to the Coulomb interactions of the droplet with the electric ﬁeld that
were established by the biased sharp needle and the polymer-coated
electrode. This electric ﬁeld, based on our simulations, explains most
of the experimental features. To achieve a better quantitative agreement between the experimental curve and the simulated curve, a
minor correction for the Coulomb force, due to the surface electric
ﬁeld induced by the positively charges on the polymer, resided on the
polymer overcoat. By including such a factor of Coulomb repulsion on
the surface, the zone boundary would appear slightly larger. With that
approach, we obtained a reasonable quantitative ﬁt. With a better
understanding of the physical mechanism of electric corona discharge
and the relevant Coulomb interactions, one could develop microﬂuidic
techniques to more precisely control ﬂuid movement in potential
industrial applications.
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See supplementary material for the experiment design, simulation, error analysis, and supplementary videos.
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