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ABSTRACT

Condensation is significantly enhanced by condensing vapor as droplets (instead of a film), which rapidly shed-off. Electrowetting (EW)-
induced coalescence and shedding of droplets have been recently shown to accelerate condensation. This work studies the influence of AC
electrowetting fields on short-duration droplet shedding on hydrophobic surfaces. Experiments involve tracking the shedding of an ensemble
of water droplets under the influence of EW fields, with three parameters being varied (voltage, AC frequency, and device geometry).
Significant physical insights into EW-induced droplet shedding are obtained. First, EW enables almost complete removal of water (dry area
fraction �98%) in very short time durations (� 1 s). Second, while the dry area fraction does depend on the applied voltage, significant water
shedding can be achieved without needing to apply voltages significantly higher than the threshold voltage. Third, the frequency of the AC
waveform does not influence the dry area fraction (for voltages above the threshold voltage); however the time constant associated with drop-
let shedding strongly depends on the AC frequency. Fourth, the orientation of the device influences water removal due to electrostatic pin-
ning of droplets. Importantly, the measured water removal fluxes immediately after the application of an EW field are two orders of
magnitude higher than those measured over a long-duration condensation experiment; this highlights the benefits of intermittent EW fields
as opposed to continuous EW fields. Overall, these results suggest that EW on hydrophobic surfaces offers benefits comparable to those
offered by superhydrophobic surfaces.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006117

Condensation of water impacts processes involved in power gen-
eration,1 desalination,2,3 and water harvesting.4–6 On metal surfaces
(hydrophilic), vapor condenses as a film; the thermal resistance of this
film substantially reduces heat transfer.7 Condensing vapor as droplets,
which then shed-off, eliminates the film resistance and enhances heat
transfer by 5 to 10 times.1,7,8 Many studies detail enhancement of
dropwise condensation by modifying the chemistry/texture of the con-
densing surface9–12 to promote condensate removal. Alternatively,
there exist eight recent studies on electrowetting (EW)-enhanced
dropwise condensation,13–20 including one13 by the present group.
EW relies on electrical modulation of the solid–liquid interfacial
tension to control the wettability and motion of water droplets.21–26

While several phenomena (droplet growth, droplet coalescence)
influence condensation, the key benefit of dropwise condensation is a
result of droplet shedding, which exposes fresh areas for re-nucleation,
and prevents the formation of a continuous liquid film. The objective
of EW-accelerated condensation is to move the condensed liquid into
a more favorable state for removal by coalescing droplets to make
them large enough for gravity-assisted removal. Under an EW field,

coalescence of a distribution of droplets is not continuous.13,14,18

Rather, coalescence occurs in cascades, wherein droplets coalesce
rapidly in a short time interval, followed by a relatively quiet phase (no
coalescence), until the droplets grow large enough for the next coales-
cence cascade.13 This cycle continues until droplets are larger than the
capillary length, at which point they can shed-off under gravity. These
observations suggest that a continuous EW field is not necessary, and
intermittent EW fields can remove condensate effectively; this premise
is studied presently.

This work studies the physics underlying EW-induced shedding
of droplets on a hydrophobic surface. More specifically, we study the
details of transient dewetting and quantify dry area fractions and time
constants associated with dewetting. Importantly, we analyze short-
duration droplet shedding (right after application of an EW field) in a
single coalescence cascade (of droplets); this is in contrast to previous
studies, which analyze shedding during continuous condensation. Our
experiments lead to several fundamental insights about EW-induced
dewetting. While the applied voltage influences the extent of droplet
shedding, the rate of droplet shedding is influenced by the frequency
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of the AC EW waveform. We see that surfaces can be significantly de-
wetted (>90% dry) in less than a second. Importantly, the measured
water removal rates under EW fields are higher than typical dropwise
condensation rates by >100 times. We note that the present study
focuses on droplet shedding only and that the results are applicable for
condensation and non-condensation environments.

Device fabrication and the experimental procedure are briefly
described ahead. Indium Tin Oxide (ITO) coated glass slides were
used as the substrate. Photolithography and plasma etching were used
to pattern ITO into two sets of interdigitated electrodes [Fig. 1(a)].
These were connected to the high voltage and ground ends of a signal
generator and amplifier to generate an electric field in the gap
between electrodes [Fig. 1(b)]. A 5lm layer of SU-8 was spin-coated
as the EW dielectric, followed by spin coating of a 100 nm layer of
Teflon for hydrophobicity. Fabrication-related details are included in
the supplementary material.

The starting ensemble of droplets (to be shed off) was obtained
by spraying water on vertically oriented devices using a commercial
humidifier. Droplet size distributions obtained were remarkably con-
sistent (average droplet radius was�150lm6 50lm). It is striking to
observe that the obtained distribution is similar to that obtained in
classical dropwise condensation experiments.27 This justifies the trans-
lation of present results to dropwise condensation applications. Post
droplet-deposition, the surface was visualized using a stereoscope.

The EW field was then turned on for 30 s, during which most of the
water shed off the surface. Individual droplets were tracked using a
MATLAB circle finder code.

Three experimental parameters were varied presently. First, three
different electrode geometries were used with electrode widths of
50lm, 100lm, and 200lm; spacing between electrodes was 50lm in
all devices. These two parameters influence the electric field and the
penetration height of the electric field outside the surface. The second
parameter was the applied voltage, with experiments conducted at
175V, 200V, and 300V. This voltage range was selected to be above
the threshold voltage (when droplet shedding is first observed) and the
saturation voltage (contact angle stops responding to voltage21,22) The
third parameter was the frequency of the applied AC waveform.
Experiments were conducted at 1Hz, 10Hz, and 1 kHz; together this
frequency range accounts for various types of fluid motion (ranging
from droplet translation to shape oscillation). All experiments were
repeated 5 times.

Figure 2 (Multimedia view) (high speed visualizations as multi-
media view) shows EW-induced droplet shedding at three frequencies.
The extent of droplet shedding is quantified by the dry area fraction,
C ¼ Adry=Atotal . This is estimated via image analysis and represents
the fraction of the surface not covered with water. Figure 2 shows that
for a 175V, 1Hz waveform, C increases from 45% to 70%.
Importantly, at higher frequencies, almost the entire surface is water-
free; 175V, 1 kHz increases C from 43% to 92%. It is noted that a
threshold voltage is needed to electrically actuate droplets. In this
study, we define the threshold voltage as the voltage, which increases
C by 20%. For the 50 lm, 100 lm, and 200lm devices, the threshold
voltages were 175 V, 135 V, and 130V, respectively.

The physics underlying droplet coalescence and shedding is
briefly discussed and is related to the reduction in contact angles as
per the Young-Lippman equation21,22 (details in the supplementary
material) and the rearrangement of droplets on energy minima posi-
tions on the surface.13,14 The contact angle (CA) vs voltage curve
(Fig. S1) shows a larger change in the CA at higher voltages and larger

FIG. 1. Schematic showing the arrangement of interdigitated electrodes. (b) Cross-
section of the device showing electric field lines.

FIG. 2. EW-induced droplet shedding at 175 V, and various frequencies on 100 lm
electrode width device. (a) Shows surface before voltage is applied and (b) shows
surface 30 s after voltage is applied. Multimedia view: https://doi.org/10.1063/
5.0006117.1
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electrode widths; this is a consequence of a higher electric field.
Presently, EW-induced CA reduction leads to droplet spreading out
and coalescing with neighboring droplets. Higher voltages and larger
electrode widths lead to greater spreading, which enables more coales-
cence and faster growth and eventual shedding.

We note that droplet roll-off is also strongly influenced by con-
tact angle hysteresis (CAH), which is the difference between the
advancing and receding contact angles.20 Smaller CAH implies lower
frictional forces, which enables gravity-assisted depinning and shed-
ding of droplets at smaller sizes.8,20,28 On Teflon surfaces (like the pre-
sent ones), CAH ranges from 9 to 13�29,30 in the absence of an EW
voltage. Li et al.30 showed that EW can lower CAH to up to 3�, with
CAH reduction increasing at higher voltages. This highlights the twin
benefits of AC EW in our experiments, namely coalescence promotion
and reduction in CAH. Both these benefits synergistically enhance
droplet shedding.

Under AC electric fields, the nature of droplet motion depends
on the AC frequency.13,31 At low frequencies (frequency < charge
relaxation time), droplets mechanically oscillate in response to the
sinusoidal field.31 At frequencies greater than the charge relaxation
time, the droplet cannot mechanically respond to the changing
field.31,32 When droplets respond to an EW waveform, they contact
neighboring droplets, resulting in a coalescence cascade, which leads
to the formation of larger droplets and eventual shedding. Fig. S2 and
video S2 (supplementary material) show the influence of three AC fre-
quencies, 1Hz, 10Hz, and 1 kHz on a distribution of droplets. At
1Hz, the droplets move to surface energy minima in response to the
sinusoidal wave form, causing coalescence events. At such low fre-
quencies, droplets stay at their stable location for longer, resulting in
slower and less frequent coalescence events. At 10Hz, droplet motion
and coalescence events occur � 10 times more often per cycle than at
1Hz frequency, resulting in faster de-wetting. At 1 kHz, all droplets
immediately move to the surface energy minima causing an instant
coalescence cascade. Additionally, as the AC frequency is higher than
the charge relaxation time, the droplet does not translate with the
alternating field; instead internal mixing within the droplet occurs.31,32

The application of an AC field will also oscillate and perturb the

three-phase contact line, depinning droplets from the surface, further
assisting shedding. Figure S2 clearly shows that 1 kHz has the maxi-
mum number of coalescence events followed by 10Hz and 1Hz.

Figure 3 shows the influence of voltage and frequency on C for
the three devices. The bottom of the vertical bar shows the initial
C ðCt¼0sÞ and the top shows the C after the experiment ðCt¼30sÞ.
Figure 3 offers several insights into the underlying physical mecha-
nisms. First, very high C (> 90%) is obtained at 300V for all devi-
ces; Fig. 3(d) shows that almost the entire surface is water-free, with
C¼ 98%. In general, C increases with voltage, and with larger elec-
trode widths. For electric fields with voltages >200V and electro-
de:electrode gap ratios >2, the final C was always >85%. Achieving
such high values of C is challenging without the use of superhydro-
phobic surfaces.33 Second, C increases rapidly above the threshold
voltage. This is most clearly obvious for the 50 lm device, where
the C is noticeably higher at 200V, compared to the threshold volt-
age of 175 V. This is further confirmed from the results of the
100 lm and 200 lm devices, which do not show a large difference
in C between 200V and 300V, noting that the threshold voltages
for these devices are 135 and 130V, respectively. Importantly, these
findings show that significant water shedding can be achieved,
without needing to use voltages significantly higher than the thresh-
old voltage. Third, the frequency of the AC waveform does not
influence C at voltages significantly above the threshold voltage;
this is observed for all devices. It is noted that the frequency influ-
ences C only near threshold voltages (Fig. 2), with increasing fre-
quencies resulting in higher C0s. Overall, these findings show that
while the frequency determines the nature of droplet motion, it
does not strongly influence C, which is primarily determined by the
magnitude of the electric field.

In addition to the change in C, the rate at which C changes is
important for applications that require rapid water removal (e.g.,
windshields). Figure 4(a) shows the transient increase in C for the
three devices for an applied voltage of 175V, 10Hz. The 200lm
device sees a C > 90%, whereas the 50lm device only sees C �70%.
This again shows the influence of the electric field (highest for 200lm
device) on droplet shedding.

FIG. 3. Change in the dry area fraction due to an EW field on devices with electrode widths of (a) 50lm, (b) 100lm, and (c) 200 lm. (d) Highest dry area fraction obtained in
this study was 98% at 300 V, 10 Hz on the device with 200lm electrode width.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 116, 193701 (2020); doi: 10.1063/5.0006117 116, 193701-3

Published under license by AIP Publishing

https://doi.org/10.1063/5.0006117#suppl
https://scitation.org/journal/apl


Significant physical insights can be obtained by using the data in
Fig. 4(a) to define a de-wetting time constant s; this is a measure of the
time taken to reach the steady state C. This definition is inspired by
comparison with physical systems, which involve transients. s is esti-
mated by fitting the transient C to the below model

C tð Þ
C0

¼ 1� exp � t
s

� �
; (1)

where C0 is the initial C. The steady state is defined as that corre-
sponding to t ¼ 4s. Physically, s represents the speed at which the
surface is de-wetted and is an important parameter for systems with
transient EW fields.

Figure 4(b) shows the frequency-dependent time constant for dif-
ferent devices. At low frequency (1Hz), the time constant is >4 s. At
such frequencies, the droplet mechanically responds to the electric
field by shape oscillations and translation. At higher frequencies,
(1 kHz) the time constant is<1 s. Such frequencies are higher than the
charge relaxation time, and no macroscopic droplet motion is
observed after droplets reach the energy minima positions. However,
the coalescence cascade13,14 setup at such frequencies is stronger than
the one in the low frequency case, which causes rapid surface cleaning.
It is clearly seen via high speed visualization (supplementary material)
that 1 kHz has the maximum number of coalescence events, followed
by 10Hz and 1Hz. It is noted that the time constant is independent of
the final C. In summary, while C is predominantly determined by the

voltage, the time required to reach C is strongly influenced by the fre-
quency. The supplementary material contains more data on the volt-
age and frequency dependent s. At low frequencies, the time constant
increases; the s at a frequency of 1Hz is 6 times the s at a frequency of
1 kHz.

It is noted that the electrode orientation plays a notable role in
droplet removal. In all the experiments reported so far, the electrodes
were vertically oriented (with respect to gravity). For the combination
of device and waveform (200lm electrode width, 300V at 10Hz and
1 kHz) that resulted in the highestC, additional experiments were con-
ducted with horizontally oriented electrodes. The measured C is 4%
and 16% less than the vertically oriented electrodes for 10Hz and
1 kHz, respectively. This can be attributed to electrostatic pinning of
droplets on electrodes as droplets move across electrodes (in the hori-
zontal electrode configuration). In contrast, for vertically oriented elec-
trodes, the droplets remain on the same set of electrodes as they slide
down, which reduces pinning.

The above findings highlight the rapid removal of water immedi-
ately after the application of an EW field; this suggests benefits in using
periodic EW fields as opposed to continuous fields. It is insightful to
compare the presently obtained mass removal rates with mass removal
rates resulting from continuous EW fields and those achieved during
classical steady state condensation. Figure 5 provides such a compari-
son and shows the mass flux vs the electric field. The electric field is
estimated as E � V

d where V is the voltage and d is the equivalent
thickness of the dielectric layer (obtained by fitting the measured
change in contact angle to the Lippman’s curve). Mass flux in the
present study was estimated via image analysis over the duration 4 s.
Figure 5 also includes condensation rate measurements (80% relative
humidity) under a continuous electric field using the procedure
detailed in a previous study from our group.13 Additionally, steady
state condensation rates from two other studies are also included.9,33

The presently obtained mass removal fluxes are 200–400 times
higher than condensation rates for continuous electric fields. They are
two orders of magnitude higher than those achieved in the absence of
an EW field. These numbers suggest that waiting for droplets to grow
and then applying an electric field might result in higher overall

FIG. 4. (a) Transient dry area fraction for three devices at 175 V, 10 Hz, and (b)
influence of AC frequency on the de-wetting time constant at 200 V.

FIG. 5. Mass flux from the present work compared to steady state condensation
mass flux under continuous electric fields and no electric fields.9,33
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condensation rates; however, more detailed studies are needed to vali-
date this hypothesis. Figure 5 also shows that the mass flux increases
with the electric field, which is a consequence of a higher C. Higher
mass fluxes are obtained at 1 kHz as compared to 1Hz; this can be
attributed to the smaller time constants at 1 kHz.

Fundamentally, the mass removal flux can be estimated via a fun-
damental scaling analysis as _m00 � qr0

Daw
4s , where Daw is the change in

the dry area fraction, q is the density, and r0 is the initial radius. The
above formulation shows a reasonable match with the present experi-
mental measurements (details of scaling analysis and results are
included in the supplementary material).

In conclusion, this study provides a deeper understanding of the
fundamentals underlying EW-induced droplet shedding. It is seen that
the voltage and frequency determine the extent and rate, respectively,
of water removal. Importantly, dry area fractions approach 100%; this
is important considering that the surface is only hydrophobic and not
superhydrophobic (which will lead to 100% dryness). The results sug-
gest that the combination of electrowetting and hydrophobic surfaces
can give performance enhancements similar to those achieved by
superhydrophobic surfaces.

See the supplementary material for (i) details on device fabrica-
tion, (ii) details on electrowetting-induced contact angle change in
co-planar electrode configuration, (iii) detailed analysis of transients
associated with droplet shedding, and (iv) details of the analytical
model to predict mass removal flux under electric fields.

The authors acknowledge National Science Foundation Grant
No. CBET-1805179 for supporting this work.
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