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Abstract

Significant prospects for progress in a range of scientific and technological fields arise from the interaction of sessile droplets on
hydrophobic surfaces under the action of electric fields. The ideal circumstances for two sessile droplets to approach one another are
examined in this study. To achieve this, we created hydrophobic surfaces on an acrylic surface using spray paint and then evaluated dielectric
liquid films on top of these substrates to regulate droplet behavior. We used rectangular copper electrodes on the side walls of the surfaces to
apply electric fields between 28 and 500 kV/m. Our findings revealed three distinct phases of droplet interaction: initial movement within a
defined electric field range, directed approach toward one another, and a dispersion phase leading to droplet fragmentation. Results varied
significantly based on the type of dielectric film and the droplet ratios employed. In conclusion, this study advances our understanding of
droplet interactions on hydrophobic surfaces, which leads the way for more refined applications in microfluidics and related technologies.
The knowledge gained may have a significant impact on areas like chemical synthesis, biomedical device development, and digital

microfluidics.
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I. INTRODUCTION

roplet interaction with hydrophobic surfaces under the

influence of direct current (DC) electric fields is an

interesting area of research which expands through multiple
scientific domains and with significant industrial applications.
Understanding how droplets behave on hydrophobic surfaces is
crucial for the development of novel technologies such as
microfluidics, biomedical devices[1][2], anti-fouling systems, and
efficient liquid transportation methods—-{3][4]. The primary factor
affecting these interactions is surface energy because it pushes
droplets to avoid making as much contact with the surface as possible.
Droplet behavior is necessary to be understood for its various
applications [5] such as micro-fluidics[6], surface engineering, liquid
transportation, biomedical devices, anti-fouling technologies,
environmental monitoring, energy harvesting and storage, food and
beverage industry, and agriculture. In micro-fluidics, droplet motion
control is important in various devices, which are used in drug
delivery, biochemical analysis and in medical diagnosis. These
applications involve droplet manipulation techniques and electric
field can make these techniques more efficient. These methods also
require a high level of accuracy in determining variables such as
droplet velocity and stability[6]. In surface engineering, with the
understanding of droplet behavior, it leads to better development of
hydrophobic coatings. These coatings are applied in many different
industrial applications because they can minimize friction and
remove fouling. Electric fields can also be used to control the
behavior of these surfaces and to fine-tune their applicability and
practical utility by actively controlling droplet position and
dynamics. Bulk transport of small volume liquids is important in
applications like ink-jet printing and lab-on-a-chip applications. It is
possible to use electric fields for accurate positioning and
transportation of droplets on the surfaces, which is a critical factor in
applications where the handling of fluids is critical[7]. The ability to

control small amounts of liquids effectively is essential for
developing new devices in the field of micro medical technology
design. Applications such as drug delivery and microsurgery benefit
from controlled droplet behavior, and these applications can be made
more precise and effective with the use of electric fields[8]. This
research is particularly useful to design self-cleaning surfaces and to
improve the stability of materials applied in different contexts. In
order to monitor pollutants or contaminants in water, one has to work
with small portions of liquid samples. The use of electric fields to
improve the sensitivity and accuracy of environmental monitoring
devices is an important step forward that could help to detect
dangerous compounds. Controlled programs of growth regulators,
fertilizers, and pesticides are required for efficient agricultural
practices. Electric field manipulation can be used to achieve efficient
and targeted delivery, which increases the effectiveness of these
applications.

The behavior of droplet interactions suspended in dielectric liquid or
on hydrophobic surfaces in the presence of electric fields has been a
topic of several ongoing studies[9]—{10][11]. There have been
numerous studies of droplet interaction dynamics on hydrophobic
surfaces, in the electric field context. For instance, Wang et al.
—]{10]examined how electric fields affect droplet motion and droplet
coalescence on superhydrophobic surfaces and opened up the
application in microfluidics. This work provided the underlying
mechanisms but did not fully explore how various droplet size and
surface characteristics complicate bioanalytical outcomes. And Kim
et al. added to this field by studying the role of surface microstructure
in droplet behavior in electric fields. In addition, the paper's emphasis
was to underscore the impact surface topography can have on droplet
dynamics, facilitating more efficient design of microfluidic devices.
Nevertheless, most of these studies involve single variables and leave
the joint effect of multiple variables that determine droplet dynamics
dormant. Research by Lee etal[12], also revealed thatan electric field

IEEEP New Horizons: Journal of the Institution of Electrical and Electronics Engineers Pakistan, Volume 104 Issue 2 July 2024 - Dec 2024

21



Droplet-droplet approach over a liquid infused hydrophobic surface under electric field

could decrease biofouling on hydrophobic surfaces by altering
droplet dynamics thus preserving surface integrity in marine
environments. This study is valuable for their insights, but only
covers this application of anti-fouling, not the broader implications of
droplet control in other technologies. Zhang et al[2] investigated
energy harvesting by droplet manipulation and demonstrated a means
to enhance the energy collection from moisture with electric fields.
However, this research did not incorporate insight from other aspects
of droplet dynamics to drive new environmental application avenues.
Despite considerable progress in understanding droplet dynamics,
there is an important need for comprehensive studies incorporating
multiple variables affecting droplet behavior on hydrophobic
surfaces in the presence of DC electric fields[13]. This study is novel,
as it systematizes the exploration of how factors such as voltage,
droplet size, and surface morphology interact to impact adhesion, a
cellular interaction of immense importance. We address these
interactions to gain insights that can yield better control and
manipulation of droplets, necessary for optimally harnessing their
use in microfluidics, biomedical devices and anti-fouling
technologies.

In this work we investigate droplet interactions with hydrophobic
surfaces under the effects of a DC electric field. In our research we
study controlling variables like voltage, droplet size, and surface
morphology to understand the fundamental mechanisms governing
droplet behavior within the complex interfacial system. We present
extensive experimental observations to provide valuable knowledge
for such manipulation of liquid droplets on hydrophobic
surfaces[11][14]. Moreover, as droplet dynamics is enhanced by this
research, it also provides a basis for future innovations in many
scientific and industrial disciplines. The results will unlock new
possibilities for electric field manipulation in a broad range of
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applications to make further progress toward advancing the state of
the art in droplet-based technologies.

II. MATERIALS AND METHODS

In this work, we aimed to study droplet behavior under an electric
field using a specialized experimental cell. The experimental setup
used to study the droplet behavior under electric field is as shown in
Fig. 1. One of the cell walls was constructed from a rectangular
acrylic base plate, 3.65 cm by 5 cm, that was supported by 2 side
walls. We buried copper tape electrodes within these walls, which we
used to impose the electric fields required for our experiments. A DC
voltage supply adjustable from 0 to 20 kV was mounted to the cell and
its status read was displayed digitally. In order to manipulate the
droplet on the surface, we coated the acrylic surface to be
hydrophobic; using a combination of clear lacquer paint and
deodorant, which greatly increased the surface tendency to repel
water.

We formed a thin dielectric liquid film over the hydrophobic surface
to create a consistent experimental environment. For this purpose, we
employed two types of dielectric liquids: sunflower oil (SUFI,
Pakistan) and canola oil (SUFI, Pakistan). The properties of the liquid
oils and water are shown in Table I. Appropriate choices for these
liquids were such that they offered varied dielectric properties, which,
in turn, greatly influence droplet dynamics when exposed to an
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Fig. 1. Experimental setup for observing the Droplet-droplet approach over dielectric infused hydrophobic surface under DC electric field.
Inset shows different layers that constitute the hydrophobic substrate.
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Fig. 2. (a) Droplet behavior under low electric fields (0-250 kV/m). No observable movement was detected. (b) Droplet behavior under moderate
electric fields (250-385 kV/m). Droplets exhibited initial movement and coalescence. (¢) Droplet behavior under high electric fields (above 385
kV/m). Droplets underwent fragmentation and dispersion.

electric field. We then dispensed droplets of deionized water, each of a
given volume of 10 microliters, onto the prepared surface with an
adjustable micropipette that was designed to deliver volumes ranging
from 0.1 to 10 microliters. It had to be this precise so that every
experiment would be uniform.

When the droplets were placed on the surface, we connected the
copper tape electrodes to the DC voltage supply using one electrode
to the DC voltage supply and grounding the other. Effects of the
voltage on droplet behavior were observed for voltage from 0 to 20
KV. High speed video was recorded using a camera (NIKKON)
capable of acquiring 60 frames per second, which was used to
examine the dynamics of the droplets under the influence of the
electric field. The camera was securely mounted on a stable stand to
guarantee minimal vibration affecting the observations.

We then did post processing of our recorded videos after the

experiments with ImageJ, which is open-source software for image
analysis. By leveraging this software, we were able to dissect the
droplet dynamics and measure movement, deformation and other
important behaviors, in response to the applied electric field. Using
this comprehensive method, we were able to fully capture these
droplets' intricate behavior with regard to the dielectric properties of
the liquids being used. The fundamental interactions of electric fields
with liquid droplets are this study's contribution to two technological
areas: microfluidics and materials science.

III. RESULTS AND DISCUSSIONS

In this study, we attempted to observe the behavior of droplets under
electric fields particularly, to find a range within which 10 microliter
droplets move and approach each other. For sessile droplet placed on
the hydrophobic surfaces, the dynamics were studied under different
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Fig. 3. Droplet-droplet approach at different separation over dielectric infused surface under electric field. (a) ata
separation of 10 mm. (b) at a separation of 12.5 mm. (c) at a separation distance of 15 mm.
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Fig. 4. Time for droplet-droplet approach for different droplet ratios over dielectric infused surface under electric field. (a) For a droplet ratio of 0.2, (b) for
a droplet ratio of 0.5 and (c) for a droplet ratio of 0.75. Separation distance is kept same, and canola oil is used as a dielectric layer.

DC electric fields.

We first studied the effect of electric field strength on droplet motion.
Fig. 2 shows droplets movement across varying electric fields. We
found no significant movement of the droplets when the electric field
was maintained between 0 and 250 kV/m. The lack of motion can be
attributed to raising the minimum electric field strength beyond the
combined effect of inertia and surface tensions which intrinsically
resist droplet motion[17]. But when we started to apply the electric
field to a range between 275 kV/m to 385 kV/m, the droplets started to
contact each other. According to electrophoresis principles, droplets,
usually charged slightly, react to the force generated by the electric
field. Similarly, we demonstrate the relationship between the force
(F), charge (Q), and electric field strength (E)F=QF This shows how
small charges on the droplets can produce noticeable movement in
these strong fields[ 18].

We observed an interesting phenomenon where, at electric field
strength greater than 400. kV/m the droplets initially acquire an
clongated shape. The action of the electric field distorting the
equilibrium shape of the droplets, to minimize their surface energy,
explains this elongation[19]. This elongation says that the electric
field is strong enough to affect the droplet's surface tension dynamics.
Nevertheless, this state was transient, and we subsequently noticed
that the droplets started to spread out into smaller droplets. We find
that the observed fragmentation at this stage can be attributed to the

destabilizing aspects of the electric field and increased droplet
forces[20]. Fragmentation was furthered by forces that could exceed
the cohesive forces within the droplet when the electric field becomes
more intense.

In addition, we investigated how far two droplets were in relation to
the strength of the electric field. Fig. 3 shows the relation between
droplets interaction when they were placed at different distances
between them using canola oil as a dielectric layer. We found that
droplets placed 10 mm apart approached each other more quickly than
those separated by greater distances. This observation highlights the
fundamental principle of electrostatic interactions, where the electric
force between charged bodies is inversely proportional to the square
of the distance separating them. As the distance increases, the
electrostatic attraction diminishes, resulting in slower approach
rates[21]. In our experiments we observed that the times for droplets to
meet were shortest at 10 mm and longer at 12.5 mm and 15 mm,
consistent with this principle.

Their motion under varying droplet ratios was also studied. Fig. 4
shows droplet-droplet approach time for different droplet ratios using
canola oil as a dielectric layer. When we held the distance constant and
adjusted the ratios, droplets at a ratio of 0.25 showed minimal
movement. Taken together with previous findings of slower
movement with small droplets, these results suggest that reduced
electrostatic interaction promotes this slower movement22]. Despite

0.6 0.6 0.6
~0.51 7 ,(-/;0.5‘ 0.5
< S Y
£0.4 E 0.41 E 041
g
0.3 503 =031
5 ] T 1 kS ] :
20.2 ° 0.2 %_ % 0.2 E_ —a— E=300kv/im
2 2 q > d —o— E=328kv/m
"o g |70 g | 701 .

0.0 clll==1a?;1a1;n1 —a— E;356k‘\:llr: 0.0 ‘:;1:1 ,2'21"1 —&— E=356kv/m 0.0 R=a,/a=1

) 2 4 6.8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
time(sec) time(sec) time(sec)
(a) (b) (©

Fig. 5. Velocity of droplet-droplet approaches over dielectric infused surface for different droplet ratios under electric field. (a) For a droplet
separation distance of 10 mm. (b) For a droplet separation distance of 12.5 mm. (¢) For a droplet separation distance of 15 mm. Droplet size ratio
is kept constant and canola oil is used as a dielectric layer.
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Fig. 6. Velocity of droplet-droplet approaches over dielectric infused surface for different droplet ratios under electric field. (a) For a droplet ratio of 0.25.
(b) for a droplet ratio of 0.5. (c) for a droplet ratio of 0.75. Separation distance is kept same, and canola oil is used as a dielectric layer.

a lower ratio, increasing the voltage increased droplets' movement,
suggesting although the droplet ratio determines overall motion, the
strength of the electric field is critical for facilitating
movement—{23]. As the droplet ratio rose to 0.5, we observed that
good tracking distance, and approach speed were attributable to high
charge density. The more the droplet size, the larger the overall charge
thus stronger the electrostatic forces, the more the droplet motion. The
highest velocities were recorded at a droplet ratio of 0.75, reinforcing
the correlation between charge accumulation and droplet movement.

Throughout our experiments, we maintained a uniform electric field,
which allowed us to consider dielectrophoretic effects as
negligible[24]. Thus, the motion we observed can primarily be
attributed to electrophoretic forces acting on the droplets. The size of
the droplets is crucial; larger droplets tend to accumulate more charge,
resulting in stronger forces that propel them forward[25]. This
behavior underscores the interplay between droplet size, charge
accumulation, and resultant motion, suggesting that manipulating
these parameters could lead to improved control over droplet
dynamics.

To further understand the dynamics at play, we conducted a
comparative analysis of droplet velocities at different distances and
different droplet ratios. Fig. 5 shows droplet velocity as a function of
applied voltage for different droplet separation distance using canola
oil as a dielectric layer. Fig. 6 shows droplet velocity as a function of

applied voltage for different droplet ratios using canola oil as a
dielectric layer. Our results demonstrated that droplets positioned
closer together experienced stronger electrostatic forces, leading to
higher velocities[26]. Specifically, droplets at 10 mm apart recorded
the highest velocities due to the strong electrostatic attraction, as the
electric field's intensity is inversely proportional to the square of the
distance[27]. This relationship is fundamental in electrostatics and
was clearly illustrated in our findings.

In addition to exploring the effects of electric fields and droplet ratios,
we examined the impact of fluid viscosity on droplet behavior. Fig. 7
shows comparison of droplet displacement over time for different oils
under varying electric fields. Fig. 8 shows a comparison of droplet
velocity over time for different oils under varying electric fields. (a)
for sunflower oil. (b for canola oil.

We performed experiments using sunflower oil and canola oil,
which differ significantly in viscosity. The internal friction associated
with viscosity acts as a resistive force against droplet motion. As
droplets move under the influence of an electric field, the viscosity of
the surrounding medium opposes this movement. Our observations
indicated that droplets in sunflower oil exhibited higher velocities
compared to those in canola oil, attributed to sunflower oil's lower
viscosity. The greater internal resistance encountered in canola oil
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Fig. 7. Comparison of droplet displacement over time for different oils under varying electric fields. (a) for canola oil. (b) for sunflower oil.

IEEEP New Horizons: Journal of the Institution of Electrical and Electronics Engineers Pakistan, Volume 104 Issue 2 July 2024 - Dec 2024

25



Droplet-droplet approach over a liquid infused hydrophobic surface under electric field

slowgg)down the droplet motion, highligh#ig the critical influence of

0.6 0.6
0.5 ~0.51
» L
£ 04 E041
g 03] E04l
:_,:;’ 0.3 §0.3
S 0.2 —— E=300kvim 8 0.2
2 —o— E=328kvim <
£ 0.14 4 E=356kvim >0.14 — Efggg:v;m
0.0 e 0.0/ geizemm L Essem
2024 6 8101214161820 0 2 4 6 8 10 12
time(sec) time(sec)

Fig. 8. Comparison of droplet velocity over time for different oils under
varying electric fields. (a) for sunflower oil. (b) for canola oil.

fluid properties on droplet dynamics[28]. The conditions under which
uniform droplet motion takes place under electric fields are fully
revealed by our research. Finally, the electric field strength and droplet
ratios were shown to have significant effects on droplet behavior as
shown in Fig. 9. At lower electric field strengths and lower droplet
ratios, the droplets do not move. The electrophoretic forces are not
strong enough to overcome the resistive viscous forces imparted by
the dielectric liquid layer. At moderate electric field strengths and
moderate droplet ratios, the droplet approaches each other and
coalesce. This is because the electrophoretic forces overcome the
viscous forces of the dielectric layer, and the droplet moves. At strong
electric field strengths and larger droplet ratios, dispersion of the
droplets is observed to be dominant. This is due to strong electric
forces overcoming the interfacial capillary forces. The droplet fails to
retain its instant configuration and collapses. The mapping provides a
guideline for effective control and manipulation of the droplet-droplet
approach over a hydrophobic surface under electric field. This not
only helps us understand the droplet dynamics but also provides us
with ideas of how to use these factors in the future to develop their
practical uses.
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Fig. 9. Droplet behavior at varying droplet size ratios and electric field.
The figure highlights distinct thresholds where droplets transition from no
movement to movement and ultimately dispersion, providing valuable
insights into the system's behavior under varying conditions.

0

The implications of this work include a great number of fields in which
it might be possible to design and use new technologies for
manipulation of fluids if droplet motion can be controlled with
extreme precision, for instance targeting delivery systems,
microfluidic devices, or even new forms of cooling. Continuing work,
allowing variation in the fluid composition, the droplet size, and the
environmental conditions, will provide additional knowledge and
expand the uses of the electric field driven droplet manipulation.

IV. CONCLUSION

In conclusion, this paper investigates the droplet-droplet approach
over hydrophobic surface using electric field. We found three different
modes wherein the sessile droplets composed of water show no
motion, elongate with motion and approach one another, or disperse
into tiny daughter droplets before approaching one another under
different range of electro-physical conditions. We also found that the
changing of ratio between the droplets affects the velocity as well as
the distance covered by the droplets along with the time taken by
them. The higher the ratio is used, the higher the velocity and the less
the time taken by the droplets to cover the distance. The experiments
performed at various distances showed us that the closer the droplets
are, the higher the velocity with which they have to move towards
each other and vice versa. The experiments with different oils' layers
showed that the higher viscosity oil results in droplets taking more
time to approach each other and hence lower velocities. The study
provides a valuable insight into the role of competing forces such as
electrophoretic and viscous in droplet manipulation. Moreover, the
importance of magnitude and dominance of interfacial capillary
stresses over interfacial electric stresses is very important in retaining
the droplets shape and stability.
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