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Controlling droplet splashing
and bouncing by dielectrowetting

M. A. Quetzeri-Santiago'?, J. R. Castrejon-Pita? & A. A. Castrejon-Pita’™

Stopping droplets from bouncing or splashing after impacting a surface is fundamental in preventing
cross-contamination, and the spreading of germs and harmful substances. Here we demonstrate that
dielectrowetting can be applied to actively control the dynamics of droplet impact. Moreover, we
demonstrate that dielectrowetting can be used to prevent droplet bouncing and suppress splashing. In
our experiments, the dielectrowetting effect is produced on a flat substrate by two thin interdigitated
electrodes connected to an alternating current potential. Our findings show that the strength of the
electric potential can affect the dynamic contact angle and regulate the spreading, splashing and
receding dynamics at the right time-scales.

Surface wettability is crucial to the performance of several industrial applications, such as spray coating, inkjet
printing, microfluidic methods and airplane icing'™. In practice, the wetting properties of solid substrates are
often modified through three methods: by chemical processes such as a corona plasma treatment®”’ or by the
addition of fluorocarbon containing coatings; by changing the surface roughness®; and through the use of elec-
tric fields>!°. The first two methods permanently, or semi-permanently, change the wettability of a surface, but
electrowetting and dielectrowetting methods offer mechanisms that alter it on demand'’. In a typical electrowet-
ting setup, a conductive sessile droplet rests on a flat conductive surface (an electrode) coated with a dielectric
layer, and a second electrode, often a metallic needle, is introduced at the top of the droplet’. The wettability of
the substrate, as quantified by the contact angle, is then controlled by an electric potential applied between the
needle and the flat electrode. In this scenario, wettability changes are the result of the interaction between free
ions on the droplet and the polarised solid dielectric layer®. Electrowetting shows a wide control over the contact
angle and the droplet contact surface. However, electrowetting methods do not achieve complete wetting (or
hydrophilicity) as they present wetting saturation and show contact angle hysteresis'?. Furthermore, traditional
electrowetting configurations require that one of the electrodes remains in permanent contact with the droplet®.
This restriction makes electrowetting unsuitable for some applications, such as technologies based on droplet
impact'®"?. In contrast, dielectrowetting uses a dielectric liquid and non-contacting electrodes. Dielectrowet-
ting works by polarising dipoles within the droplet, can achieve complete wetting, and only introduces a limited
contact angle hysteresis>!®!“. Past studies have demonstrated the versatility of both electrowetting and dielec-
trowetting on controlling the contact angle on static or dynamics systems. In 2013, McHale et al. presented a
model describing the effect of electric fields on the dynamic contact angle and characterised the rate in which
the dynamic contact angle changes with time'%. McHale’s experiments demonstrated that the contact angle of
propylene glycol droplets, subject to alternating current (AC potentials, changes in the few millisecond time
scale'. In addition, the recent work of Vo and Tran concluded that electrowetting does not affect the initial stages
of the contact line dynamics of spreading droplets'®. In fact, very few studies have addressed the dynamics of
fast-moving contact lines, or droplet impact, despite the importance of these conditions in industrial applica-
tions, such as inkjet printing or airplane icing'®"'8. Moreover, controlling droplet impact is critical when handling
hazardous materials, as impacting and splashing droplets have been proven to be dangerous sources of disease
propagation'®?. Droplet splashing is also undesirable during the transport of toxic or bio-hazardous liquids,
and in medical applications where retaining a sterile environment is critical.

The dynamics of droplet impact are often characterised by the Weber number (We = pDyUZ /o, where
Dy and Uy are the droplet diameter and impact velocity, and p and o are the fluid density and surface tension,
respectively), the Reynolds number (Re = pUyDy/u, and p is the liquid dynamic viscosity), and the dimen-
sionless inertial time t* = t (Up/Dyp). Several studies have been devoted to predicting the maximum spreading
diameter, Dy y, of impacting droplets in terms of these parameters, as they can be used to control the coating
area of sprays and inkjet systems. Past studies have centred on finding empiric scaling laws of the form of Dy
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We®ReP, where  and § are real numbers. For perfectly non-wetting substrates, Eggers et al. (2010) theoretically
found a scaling law of the form D,y oRel/? f (We Re~2/%), which reduces to Dyqx cWel/2 for droplets impact-
ing at high speeds or to Dy,,x oRel/® in a viscous regime?"?2. Other models have been proposed for dissipating
wetting substrates®*?!. Meirong Song et al. (2017) showed that surfactants increase the spreading diameter of
water droplets impacting on to superhydrophobic substrates?. More recently, Vo et al. (2020) and Tan et al.
(2021), showed that the maximum spreading is augmented by dielectrowetting, while hindering receding and
even bouncing'**. The contact time of impacting droplets has also been studied extensively. Experimental stud-
ies have shown that the contact time of water droplets impacting superhydrophobic surfaces remains constant
regardless of the impact velocity?”. Furthermore, for biological structured surfaces, droplet splitting was found
to effectively reduce the contact time?.

Abundant studies have centred on the topic of splashing, which is commonly defined as the phenomenon in
which a liquid drop disintegrates into droplets following impact on a substrate. Splashing occurs above critical
We and Re numbers, when the contact line speed exceeds a critical velocity permitting air entrapment below the
advancing droplet front (lamella). Riboux and Gordillo (2014) found that the competition between these aerody-

12 DoUS)L/6
namic and surface tension forces can be effectively described by the splashing parameter, 8 ~ 3.84%
o

(where j1 is the air viscosity)**°. In addition, splashing has been shown to depend on surface properties, such
as roughness®, stiffness™, wettability (advancing dynamic contact angle)®, the liquid properties, and the ambi-
ent pressure***>. Understanding and suppressing splashing is desirable in several applications to avoid cross-
contamination. Another undesired consequence of splashing is that splashed micro-droplets can remained
suspended in air forming mist that can then transmit diseases®®*”. Consequently, several studies have been
devoted to controlling or suppressing splashing. Past works have demonstrated that splashing can be suppressed
by introducing a soft deformable coating to a solid substrate®?, or by adding surfactants or polymer additives to
the liquid forming the droplet®>.

In this work, we study the high-speed impact (high We numbers) of de-ionised water droplets on to a flat
superhydrophobic substrate containing interdigated copper electrodes. The electrode array forms a dielectrowet-
ting system that is driven by an alternating current (AC) potential. Our experiments show that the maximum
spreading diameter, the contact time, and splashing depend on the dielectrophoretic force acting on the drop-
let, which, in turn, is controlled by the amplitude of the applied electric potential. In addition, we show that
dielectrowetting controls, and even suppresses, droplet bouncing. Finally, we demonstrate that splashing can
be dramatically reduced, or even suppressed, by controlling the maximum dynamic contact angle through
dieletrowetting.

Results and discussion

The experiment consists of water droplets impacting a flat Printed Circuit Board (PCB) connected to an AC
potential. The tracks of the PCB are organised in a parallel array to create two interdigitated electrodes, as seen
in Fig. 1a. The electrodes form a circular overall shape, where tracks have a width and a gap separation of 127
pm. The overall diameter of the circular electrode array is 20 mm in diameter (larger than the maximum spread-
ing diameter found within our experimental conditions). The PCB substrates are spray-coated with Glaco to
render superhydrophobic behaviour. In our experiments, the dielectrowetting effect is produced at the surface
of the interdigitated electrodes by the AC voltage. The peak-to-zero amplitude of the AC voltage, at 1.0 kHz, was
varied within the range of 0-1000 V using a high voltage power amplifier (PZD700D, Trek) driven by a function
generator set to a pure sine wave (AFG1062, Tektronix). Deionised water was used as the dielectric liquid for
all the experiments. Drops were generated by dripping from a 1.0 mm diameter metallic syringe tip connected
to a syringe pump (Razel, model R99-E) set at a flow of 1.94 mm? s~!. The characteristic size of the droplet in
these experiments is of 2.5 = 0.1 mm and the impact speed was varied in the range of 0.86-2.05 m s~!. These
parameters covered conditions from smooth spreading to splashing. The impact events were captured by a high-
speed camera set to an effective resolution of 14.05 wm per pixel at 23,000 frames per second. The geometry and
the electrical connections of the PCB substrate prevented us from visualising the impact events from various
directions. Consequently, the field of view of our imaging system is parallel to the length of the electrodes. No
preferred asymmetry was observed on the impacting experiments.

Our experimental conditions covered the range of 20 < We < 200 which, thereby by using superhydrophobic
substrates and dielectrowetting, included impact events ranging from deposition to bouncing. Under these
conditions, we identified six characteristic behaviours within this range of Weber numbers, namely (smooth)
deposition, (smooth) bouncing, receding breakup and deposition, receding breakup and bouncing, partial bouncing,
and splashing. In (smooth) deposition an impacting droplet spreads over the substrate to achieve a maximum
spreading diameter to then recede to an equilibrium diameter (Fig. 1b (right)). Under these dynamics, the droplet
always remains attached to the substrate. Under conditions of (smooth) bouncing the droplet impacts, advances
to the maximum spreading diameter, then rapidly recedes, and its entire volume bounces off the substrate, as
seen in Fig. 1b (left). In receding breakup and deposition the droplet spreads but its rim (lamella) detaches from
the substrate and breaks up into smaller droplets during receding. After breakup, the rest of the droplet remains
attached to the substrate (Fig. 2c bottom). In contrast, during receding breakup & bouncing, the droplet rim
breaks up and the remaining droplet volume bounces off away from the substrate (Fig. 2c top). In partial bounc-
ing the droplet rim recedes without breaking up, but the droplet volume is split by the recoil; a fraction of the
droplet stays attached to the substrate but the rest bounces off. During splashing, the droplet rim detaches from
the substrate and fragments during spreading as seen in Fig. 3c (left).

In our experiments, we parametrically varied both the speed of impact (to adjust the We number) and the
amplitude of the electric potential (to modify the strength of the dielectrophoretic force). The impact of droplets
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Figure 1. (a) Schematics of the PCB substrate showing the electrode configuration and size. (b) Image sequence
of a water droplet impacting, at Uy = 1.01 m s~ ! or We = 34, a dielectrowetting flat substrate at 0 V (left) and at
a 1000 V (right) electric potentials. The scale bar size is 2.5 mm. Bouncing is observed for the zero potential case
but suppressed at 1,000 V. (d-f) Spreading diameter, in terms of time, at (c) We = 25, (d) We = 52 and (e) We =
74, for various electric potentials.
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Figure 2. (a) Bouncing/no-bouncing map behaviour in terms of the Weber number and the applied AC
voltage. (b) Dynamic contact angle in terms of the contact line velocity for different applied dielectrowetting
voltages at We = 52. (c) Snapshots of a water droplet impacting at We = 74; at V = 0 V receding breakup and
bouncing is observed but receding breakup and deposition is observed at V' = 800 V (the droplet remains on
the substrate). Scale size = 2.5 mm.
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Figure 3. (a) Droplet snapshots, at We = 104 and t = 2.69 ms after impact. This time corresponds to the onset
of splashing for 0 V but the behaviour is changed by the dielectrowetting potential. (b) Splashing/no-splashing
map in terms of the splashing parameter f and the dielectrowetting voltage or the dynamic contact angle. (c)

A water droplet impacting, at § = 0.061 (We = 118), dielectrowetting substrates at two potentials. Splashing

is observed at 0 V but no splashing is observed at 1000 V. (d) Schematic of the rim behaviour: at 0 V the rim
detaches and flies off the surface promoting splashing. In contrast, a dielectrophoretic potential of 1000 V causes
the rim to spread over the surface inhibiting splashing. Scale size = 2.5 mm.

was recorded by the high-speed camera and then analysed by image analysis to obtain both the spreading diam-
eter and the dynamic contact angle in terms of the time from impact. The results demonstrate that the contact
line dynamics are influenced by the strength of the dielectrowetting potential, as seen in Fig. 1c—e. In our experi-
ments, the maximum spreading diameter increases by increasing the applied voltage, while the contact time
considerably increases to the point where bouncing is suppressed altogether for applied voltages of 1000 V. This
behaviour is well-captured by Fig. 1b, where the bouncing of a droplet, otherwise found at 0 V, is suppressed by
a dielectrowetting potential set at 1000 V. According to the Young-Lipmann equation, a dielectrophoretic force
leads to a reduction of the contact angle, thus lowering the receding speed of the contact line and suppressing
bouncing'?.

Figure 2a shows the bouncing/no-bouncing regime map in terms of the Weber number and the applied
voltage. As seen, without an electric potential (0 V), only two conditions are observed: (smooth) bouncing, and
receding breakup and bouncing. In contrast, dramatic differences arise for dielectrowetting, e.g. bouncing is
suppressed across all Weber numbers with an applied potential of 1000 V. In fact, a dielectrowetting potential of
1000 V also suppresses receding breakup resulting in (smooth) deposition at all conditions for We < 170 (Fig. 2a).
Other examples, shown in Fig. 2c, see receding breakup and bouncing, at 0 V and We = 74, being replaced by
conditions where breakup is considerably reduced and bouncing suppressed at a potential of 800 V. The effect
of dielectrowetting is also best observed at the critical splashing velocity, being Uy = 1.75 m s~! for our water
droplets (Fig. 3a). Accordingly, the onset of splashing, at 0 V, occurs 2.69 ms after impact. In contrast, at this
time, splashing is seen reduced at dielectrowetting potentials > 200 V, to the point where splashing is entirely
suppressed, together with receding breakup and bouncing, at a potential of 1000 V (Fig. 3c).

Splashing. The reduction or suppression of splashing and receding breakup is explained by a series of factors
triggered by the electric potential.

® Firstly, the electric field reduces the receding velocity affecting the growth of instabilities. As discussed
by other works, receding breakup arises from Kelvin-Helmholtz instabilities of wave number k ~ u?/30.
Therefore, reducing the receding speed, u,, decreases k which, in turn, reduces the number of breakup points
at the rim and the number of breakup droplets®. This is evident in Fig. 1c-e.

® Secondly, the dynamic wettability of a substrate controls splashing and for a given liquid, large advancing
contact angles favour splashing®"***. Our experiments show that the dielectrophoretic force affects the con-
tact line dynamics by decreasing the maximum advancing contact angle. This effect is evident from Fig. 2b
where the dynamic contact angle, at a contact line speed of Uy = 2.0 m s~ ', varies from 6p = 140° for 0V,
tofp = 110° for 1000 V (Fig. 2b).
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Figure 4. (a) Maximum advancing contact angle in terms of the electric potential strength; the McHale-
Hoffman-de Gennes model with a Voltage threshold of Vry = 1600 V is seen as a dashed lines. (b) Dynamic
contact angle in terms of time for various potential strengths at We = 52; dashed lines show exponential fits for
early times (t < 1.0 ms).

e Third, as argued elsewhere, the upward force induced by air entrapment is suppressed by wetting
transitions*>*’. Quintero et al. (2019) showed that the rim of a spreading droplet is not in contact with a
superhydrophobic surface and that wettability determines the gas dynamics of the trapped air beneath the
drop*. Here, we argue that dielectrophoretic forces change wettability, registered as a change of contact angle,
driving the rim to contact the substrate hindering splashing; as illustrated by Fig. 3d.

e Finally, electric fields are also known to produce a stabilising effect on capillary instabilities, which in our
conditions would inhibit splashing and receding breakup*>*.

As described in the introduction, splashing is an undesired phenomenon affecting multiple industrial processes
such as spray coating and painting. Recent studies have concluded that splashing is determined by the liquid and
the substrate properties, and the impacting conditions. The impacting and the liquid properties have successfully
parametrised splashing through the splashing parameter® and the substrate properties (through the maximum
advancing contact angle)®. In brief, 8, the splashing parameter, defines the splashing threshold condition for
impacting droplets as a competition between the rim’s (lamella) lifting force, the surrounding gas viscosity and
the capillary retraction (surface tension)?’. The maximum advancing contact angle, 6,4y, is the angle formed
by the droplet’s rim during the first milliseconds of spreading, when this angle remains constant®. In a previ-
ous work, we demonstrated that 6,,,,, and the splashing parameter, f, are sufficient to determine the splashing/
no-splashing threshold for smooth flat substrates®. The splashing parameter, combined with the mean and the
peak-to-peak heights of the features within a substrate, has also been shown to determine the splashing dynam-
ics on rough surfaces®’.

The experiments discussed here, with electric fields, demonstrate that splashing/no-splashing regimes are
readily controlled by the splashing parameter and the electric potential, in Fig. 3b. As seen, without the electric
field applied, the splashing parameter threshold is found at 8 = 0.055, which is consistent with the critical splash-
ing parameter expected for superhydrophobic materials, with 6, > 145°%. In fact, our past results also indicate
that, at 8 = 0.055, any action that reduces the value of the maximum dynamic contact angle to, or below, 130°,
should suppress splashing. Interestingly, Fig. 4a shows a steady reduction of the contact angle by an increasing
dielectrowetting potential; this behaviour is well in agreement with the McHale-Hoffman-de Gennes model'* and
consistent with the work of Blake et al. (2000) concluding that the dynamic contact angle is reduced at increasing
electrostatic fields*. Regardless of this steady reduction on the contact angle, splashing is not suppressed except
for the highest electrical field. In the dielectrowetting experiments, we observe a reduction of the contact angle to
values well below the predicted threshold (6,,qx = 130°), to the point where 6,5 = 110.0 = 4.0° and splashing is
not suppressed. Splashing is only suppressed at a dielectrowetting potential of 1000 V or at a 6,4, = 99.0 & 4.0°.

This phenomenon is explained by the speed of action of the dielectrophoretic force. A closer look at Figs. 2¢
and 3c reveals that, without a dielectrowetting potential, splashing occurs within the first 1.1 ms after impact; with
the lifting of the lamella typically occurring at the first 0.4-1.1 ms window after impact (as seen in the supplemen-
tal material of Quetzeri-Santiago et al.**). These time scales are too short for the action of the dielectrophoretic
force to affect the splashing dynamics. Indeed, as observed in Fig. 1c—e, the action of the dielectrophoretic force
on the spreading dynamics is only visible after the first ~ 2.0 ms. Our results and analysis (Fig. 4b), demonstrate
that, as described by McHale et al. (2013), at early times, the dynamic contact angle varies exponentially with
time at a rate that only sees differences of tenths of degrees after 1.0 ms'%; these observations being consistent
with the work by Vo and Tran (2021) where dielectrophoretic effects take up ~ 1.0 ms to arise'. Furthermore,
as seen in Fig. 4b, at a potential of 400 V, a droplet needs to spread for 2.0 ms to achieve its maximum spreading
contact angle (6,4x = 126°). Summarising, low-potential dielectrophoresis effects are about one or two milli-
seconds too slow to modify the wettability of the substrate enough to stop splashing. We conclude that the speed
of dielectrowetting effects on substrate wettability is fast enough to affect droplet bouncing, but, at low electrical
fields, is too slow to affect the splashing dynamics of water droplets.
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Conclusion

In this work, we have demonstrated that dielectrowetting is an effective solution to prevent bouncing and reced-
ing breakup, and, at high electrical fields, can suppress splashing upon drop impact. We also found that the speed
in which the advancing contact angle changes depends on the potential strength and needs to occur at scale times
relevant to the lifting of the lamella to affect splashing. Controlling bouncing and splashing are necessary to avoid,
for instance, the spreading of diseases, toxins and germs. For example, controlling the generation of unwanted
droplets, as the result of splashing, is critical in medical environments, screening and testing, surgery, chemistry,
material processing and fluid formulation, in order to prevent cross-contamination. Most of the previous research
focused on suppressing splashing has concentrated on changing the liquid properties or permanently modify-
ing the substrate chemistry or properties to avoid splashing. However, in most situations, this is not desirable,
or even practical. Consequently, dielectrowetting could be a possible solution in these environments where the
field could be controlled on demand to curb droplet rebound and/or splashing.

Methods
Sample fabrication and operation. The PCB substrate was manufactured by JLCPCB (JiaLiChuang Co
Limited, Hong Kong) with a substrate thickness of 1.6 mm and an Electroless Nickel Immersion Gold finish
(ENIG-RoHS). The PCB has copper tracks with a standard 0.04 mm thickness. The overall diameter of the cir-
cular electrode array is 20.0 mm in diameter (larger than the maximum spreading diameter found within our
experimental conditions). SU-8 photoresists (SU-8 2 from Kayaku-MICROCHEM) was uniformly applied to
the substrate with a palette knife to fill the &~ 40 um gaps found between the electrode tracks. Based on the pro-
cedure found in'%, the coated substrate was firstly baked for 1 min at 65 Celsius, then cured for 15 min in a UV
crosslinker (UVP Analytikjena, 254 nm), and then hard baked for 10 min at 155 Celsius. After curing and bak-
ing, excess photoresists was sanded off by progressively finer grits, i.e. 600-grit, 800-grit and 1000-grit flat sand-
papers. The surface was then hand polished with a regular grade acrylic compound (G3, Farécla). In the final
step, Glaco was applied, as a spray, to make the surface superhydrophobic and prevent pinning to the surface.
The PCB substrate was tested at the following frequencies: 0.1, 1.0 and 10.0 kHz, at 800 V. At 0.1 kHz a large
contact angle hysteresis and droplet boiling were found. In contrast, at 1.0 and 10.0 kHz, contact angle hyster-
esis was low and we found no significant differences in the dynamics of the contact angle between these two
frequencies. At 1.0 kHz the dielectrowetting effect is stable and reliable; however, we found that at 10.0 kHz the
substrate short-circuited after long continuous operation. In addition, the electrical breakdown of the substrate
is found at around 1200 V.

Shadowgraphy details. The impact events were captured by a Phantom V710 high-speed camera coupled
to a 12 x Navitar microscope lens in a shadowgraph configuration. The camera resolution was set to 1280 x 256
pixels? with a sample rate of 23, 000 frames per second with an exposure time of 10 ps. The effective resolution
of all the experiments was of 14.05 um per pixel. The camera was inclined ~ 2° to obtain a clear image of the
contact line; the effect of this inclination on the measurement of the contact angle is negligible’'. A 300 W LED
light source coupled to an optical diffuser was utilised to generate a uniform bright background.

Measurement of the dynamic contact angle. Image analysis was performed on spreading experi-
ments to extract dynamic contact angles 0p, spreading diameters, impact speeds and droplet sizes by a custom
MATLAB code. Details of this Matlab algorithm are found elsewhere*.

Received: 7 August 2021; Accepted: 21 September 2021
Published online: 01 November 2021

References
1. Cho, S. K., Moon, H. & Kim, C.-]. Creating, transporting, cutting, and merging liquid droplets by electrowetting-based actuation
for digital microfluidic circuits. J. Microelectromech. Syst. 12(1), 70-80 (2003).
2. Yarin, A. L. Drop impact dynamics: Splashing, spreading, receding, bouncing..... Annu. Rev. Fluid Mech. 38, 159-192 (2006).
3. Edwards, A. M. ], Brown, C. V., Newton, M. I. & McHale, G. Dielectrowetting: The past, present and future. Curr. Opin. Colloid
Interface Sci. 36, 28-36 (2018).
4. Marmur, A. et al. Non-wettable Surfaces: Theory, Preparation and Applications (Royal Society of Chemistry, 2016).
5. Bhattacharya, S., Datta, A., Berg, ]. M. & Gangopadhyay, S. Studies on surface wettability of poly (dimethyl) siloxane (PDMS) and
glass under oxygen-plasma treatment and correlation with bond strength. J. Microelectromech. Syst. 14(3), 590-597 (2005).
6. Extrand, C. W. Contact angles and hysteresis on surfaces with chemically heterogeneous islands. Langmuir 19(9), 3793-3796
(2003).
7. Ryu, J. et al. Nearly perfect durable superhydrophobic surfaces fabricated by a simple one-step plasma treatment. Sci. Rep. 7(1),
1-8 (2017).
8. Quéré, D. Wetting and roughness. Annu. Rev. Mater. Res. 38, 71-99 (2008).
9. Mugele, E & Baret, J.-C. Electrowetting: From basics to applications. J. Phys. Condens. Matter 17(28), R705 (2005).
10. McHale, G., Brown, C. V,, Newton, M. L, Wells, G. G. & Sampara, N. Dielectrowetting driven spreading of droplets. Phys. Rev.
Lett. 107(18), 186101 (2011).
11. Ghosh, S. et al. Trapping of drops by wetting defects. Nat. Commun. 5(1), 1-7 (2014).
12. Edwards, A. M. ], Ledesma-Aguilar, R., Newton, M. I, Brown, C. V. & McHale, G. Not spreading in reverse: The dewetting of a
liquid film into a single drop. Sci. Adv. 2(9), 1600183 (2016).
13. Vo, Q, Fujita, Y., Tagawa, Y. & Tran, T. Anisotropic behaviours of droplets impacting on dielectrowetting substrates. Soft Matter
16(10), 2621-2628 (2020).
14. McHale, G., Brown, C. V. & Sampara, N. Voltage-induced spreading and superspreading of liquids. Nat. Commun. 4(1), 1-7 (2013).
15. Quoc, V., & Tuan, T. Dynamics of droplets under saturated electrowetting effect. arXiv:2101.02821 (arXiv preprint) (2021).
16. Castrejon-Pita, J. R. et al. Future, opportunities and challenges of inkjet technologies. Atom. Sprays 23, 6 (2013).

Scientific Reports |

(2021) 11:21410 | https://doi.org/10.1038/s41598-021-00771-z nature portfolio


http://arxiv.org/abs/2101.02821

www.nature.com/scientificreports/

17.
18.

19.
20.

21.
22.
23.
24,
. Song, M. et al. Controlling liquid splash on superhydrophobic surfaces by a vesicle surfactant. Sci. Adv. 3(3), 1602188 (2017).
26.

27.
28.

29.
30.
31.

32.
33.

34.
. Burzynski, D. A. & Bansmer, S. E. Role of surrounding gas in the outcome of droplet splashing. Phys. Rev. Fluids 4(7), 073601

36.
37.
. Vega, E. J. & Castrejon-Pita, A. A. Suppressing prompt splash with polymer additives. Exp. Fluids 58(5), 57 (2017).
39.
40.
41.
42.
43.

44.

45.

Cober, S. G. & Isaac, G. A. Characterization of aircraft icing environments with supercooled large drops for application to com-
mercial aircraft certification. J. Appl. Meteorol. Climatol. 51(2), 265-284 (2012).

Moreira, A. L. N., Moita, A. S. & Panao, M. R. Advances and challenges in explaining fuel spray impingement: How much of single
droplet impact research is useful?. Prog. Energy Combust. Sci. 36(5), 554-580 (2010).

Mittal, R., Ni, R. & Seo, J.-H. The flow physics of covid-19. J. Fluid Mech. 20, 894 (2020).

Stadnytskyi, V., Bax, C. E., Bax, A. & Anfinrud, P. The airborne lifetime of small speech droplets and their potential importance
in sars-cov-2 transmission. Proc. Natl. Acad. Sci. 117(22), 11875-11877 (2020).

Eggers, ], Fontelos, M. A., Josserand, C. & Zaleski, S. Drop dynamics after impact on a solid wall: Theory and simulations. Phys.
Fluids 22(6), 062101 (2010).

Laan, N., de Bruin, K. G, Bartolo, D., Josserand, C. & Bonn, D. Maximum diameter of impacting liquid droplets. Phys. Rev. Appl.
2(4), 044018 (2014).

Sikalo, S, Wilhelm, H.-D. IV,, Roisman, S. J. & Tropea, C. Dynamic contact angle of spreading droplets: Experiments and simula-
tions. Phys. Fluids 17(6), 062103 (2005).

Bonn, D., Eggers, ., Indekeu, J., Meunier, J. & Rolley, E. Wetting and spreading. Rev. Mod. Phys. 81(2), 739 (2009).

Tan, J. et al. Regulating droplet impact on a solid hydrophobic surface through alternating current electrowetting-on-dielectric.
Phys. Fluids 33(4), 042101 (2021).

Richard, D., Clanet, C. & Quéré, D. Contact time of a bouncing drop. Nature 417(6891), 811 (2002).

Kim, S., Wu, Z., Esmaili, E., Dombroskie, J. ]. & Jung, S. How a raindrop gets shattered on biological surfaces. Proc. Natl. Acad. Sci.
20, 20 (2020).

Riboux, G. & Manuel Gordillo, J. Experiments of drops impacting a smooth solid surface: A model of the critical impact speed
for drop splashing. Phys. Rev. Lett. 113(2), 024507 (2014).

De Goede, T. C., Laan, N., De Bruin, K. G. & Bonn, D. Effect of wetting on drop splashing of newtonian fluids and blood. Langmuir
34(18), 5163-5168 (2017).

Quetzeri-Santiago, M. A., Castrejon-Pita, A. A. & Castrejon-Pita, J. R. The effect of surface roughness on the contact line and
splashing dynamics of impacting droplets. Sci. Rep. 9(1), 1-10 (2019).

Howland, C.J. et al. It’s harder to splash on soft solids. Phys. Rev. Lett. 117(18), 184502 (2016).

Quetzeri-Santiago, M. A., Yokoi, K., Castrejon-Pita, A. A. & Castrejon-Pita, J. R. Role of the dynamic contact angle on splashing.
Phys. Rev. Lett. 122(22), 228001 (2019).

Xu, L., Zhang, W. W. & Nagel, S. R. Drop splashing on a dry smooth surface. Phys. Rev. Lett. 94(18), 184505 (2005).

(2019).
Gilet, T. & Bourouiba, L. Fluid fragmentation shapes rain-induced foliar disease transmission. J. R. Soc. Interface 12(104), 20141092
(2015).
Gregory, P. H., Guthrie, E. J. & Bunce, M. E. Experiments on splash dispersal of fungus spores. Microbiology 20(2), 328-354 (1959).

Almohammadi, H. & Amirfazli, A. Droplet impact: Viscosity and wettability effects on splashing. J. Colloid Interface Sci. 553,
22-30(2019).

Wang, Q., Yao, X., Liu, H., Quéré, D. & Jiang, L. Self-removal of condensed water on the legs of water striders. Proc. Natl. Acad.
Sci. 112(30), 9247-9252 (2015).

Quintero, E. S., Riboux, G. & Gordillo, J. M. Splashing of droplets impacting superhydrophobic substrates. J. Fluid Mech. 870,
175-188 (2019).

Cimpeanu, R., Papageorgiou, D. T. & Petropoulos, P. G. On the control and suppression of the Rayleigh-Taylor instability using
electric fields. Phys. Fluids 26(2), 022105 (2014).

Shiryaeva, S. O. On the capillary stability of a cylindrical dielectric liquid jet in a longitudinal electrostatic field. Tech. Phys. 55(2),
204-209 (2010).

Blake, T. D., Clarke, A. & Stattersfield, E. H. An investigation of electrostatic assist in dynamic wetting. Langmuir 16(6), 2928-2935
(2000).

Quetzeri-Santiago, M. A., Castrejon-Pita, J. R. & Castrején-Pita, A. A. On the analysis of the contact angle for impacting droplets
using apolynomial fitting approach. Exp. Fluids 9(1), 1-10 (2019).

Acknowledgements

The authors wish to thank Mr XiaoFei Yi for his technical support when drawing the PCB board. We acknowl-
edge the support from SENER and CONACyT (Mexico), the Royal Society through the University Research
Fellowship URF\R\180016 and Enhancement Grant No. RGF\EA\181002, and the NSF/CBET-EPSRC through
grants EP/S029966/1 and EP/W016036/1.

Author contributions
M.A.QS., JR.C.P. and A.A.C.P. designed research, M.A.Q.S. performed experiments and all authors analysed
the results and wrote the manuscript. J.R.C.P. led and oversaw the project.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.A.C.-P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:21410 | https://doi.org/10.1038/s41598-021-00771-z nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:21410 | https://doi.org/10.1038/s41598-021-00771-z nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Controlling droplet splashing and bouncing by dielectrowetting
	Results and discussion
	Splashing. 

	Conclusion
	Methods
	Sample fabrication and operation. 
	Shadowgraphy details. 
	Measurement of the dynamic contact angle. 

	References
	Acknowledgements


