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Droplet impact on plasma surfaces: an
interplay of the four states of matter

Jorge Ahumada Lazo & Yang Liu

Non-thermal plasmas such as dielectric barrier discharges (DBD) in the vicinity
of liquids may induce water activation, interfacial deformation, and enhanced
evaporation through charge, mass, and energy transport. Complexity increa-
ses when a solid surface is introduced into the system. Such multiphase
interactions are central to plasma technologies in medicine, disinfection,
wastewater treatment, and aerospace applications like flow control and de-
icing. We experimentally investigated a water droplet impinging on the
plasma-covered dielectric surface of a DBD actuator focusing on droplet
dynamics, interfacial processes, and transient plasma response. This study
reveals the complex interplay among four states of matter: solid, liquid, gas,
and plasma. Key findings include enhanced droplet spreading, the formation
of fingerlike structures, and the appearance of localized micro-discharges
during droplet-plasma interaction. We also examine plasma discharge beha-
vior, thermal processes during droplet spreading, breakup, and evaporation,
and the disruption of ionic wind by droplet impact.

Plasma, defined as a partially or fully ionized gas, is widely regarded as
the fourth state of matter1. While plasmas conform over 97% of the
matter in the universe2, they are not naturally abundant on Earth. Low-
temperature plasmas can be artificially produced through high vol-
tages, and can take the form of corona, direct current (DC) glow dis-
charge, and dielectric barrier discharges (DBD). Within the DBD type,
different regimes exist depending on the applied voltage waveform.
Namely, these regimes are nanosecond pulse DBD, alternating current
(AC) DBD (in the kHz regime), and radio-frequency DBD (in MHz). A
second classification of DBD discharges is based on their electrode
configuration. In general, a volume discharge occurs within the gap of
twoparallel plates,whereas a surface discharge takes placeover a solid
dielectric surface1. In its most basic form, a surface DBD actuator
consists of a pair of asymmetrically positioned electrodes separatedby
a dielectric material. One electrode is enclosed by the dielectric
material and the other one is exposed to air. When a high-voltage AC
signal (in the order of 10 kV peak-to-peak and frequencies of 1−10 kHz)
is applied between the two electrodes, a sheet of plasma develops
along the edge of the exposed electrode and spreads for a few milli-
meters over the surface of the dielectric material. The electric field
produced by the electrodes applies a body-force on the surrounding

air that induces a stream in the gas phase (namely, the non-ionized air)
over the actuator3,4, this is known as ionic wind.

Due to the simplicity of actuators, fast response times, and the
ease to manufacture complex actuator geometries, DBD plasmas have
received considerable attention from the aerospace community for
flow control purposes3–6. More recently, DBD actuators have been
proposed for anti-/de-icing of airplane surfaces7–9 by taking advantage
of the thermal energy generated during the plasma discharge10–13.
Outside of aerospace applications, plasma-based technologies have
also been widely used in various fields, including plasma medicine,
wastewater treatment, disinfection of drinking water, sterilization of
medical equipment, surface treatment, and nanoparticle synthesis14,
among many other applications15,16. The fact that all of these applica-
tions involve the interaction of plasmas with another material (solid,
liquid, or gas) is not coincidental. The versatility of plasmas for treating
various materials relies on the highly reactive, non-equilibrium inter-
faces formed when plasma comes in contact with other substances17.
During an atmospheric plasma discharge, reactive oxygen and nitro-
gen species (RONS) are formed alongwith excitedmolecules, ions, and
UV photons18. This collection of highly reactive species and high-
energy photons triggers a series of charge, mass, and energy transfer
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processes that alter the chemistry and thus, the physical properties of
substances.

In particular, plasmas generated within or in the vicinity of liquids
give rise to a rich variety of phenomena such as water activation,
surface deformation, droplet sputtering and enhanced evaporation
resulting from the development of a dynamic plasma-liquid sheath
which may modulate charge and heat exchange through the liquid’s
surface19,20. Despite being a relatively new field of study, the advance-
ments in interface processes of plasma-liquid interactions have been
indexed in several roadmaps (201221, 201616, and 201720), reviews
(2018)22 and perspectives (2021)19. Plasmas canmodify not only liquids
but also solid surfaces23–26. For example, surface DBD plasmas can
modify polymeric dielectrics by etching and deposition effects, which
introduce irregularities to the surface, increasing its roughness, and
thereby enhancing wettability26. A second mechanism is the so-called
ion implantation through which some of the polymer’s C-C and C-O
bonds break, forming free radicals which can react with some of the
RONS in the plasma, effectively introducing oxygen- and nitrogen-
containing groups that increase the polarity at the surface26.

It is important to note that, in addition to the various transport
and reaction processes during the plasma-induced multiphase inter-
actions, significant thermal effects are also present in DBD plasma.
Despite the designation of cold plasma or non-thermal plasma, the
temperature of the ionized gas molecules in a DBD discharge is higher
than that of the non-ionized gas phase. Reported values of rotational
and vibrational temperatures in AC-DBD plasmas during dry and wet
actuation are presented in Table 1. Stanfield et al.10 used emission
spectroscopy to investigate the rotational and vibrational tempera-
tures reached during DBD plasma actuation. Rotational temperatures
were reported to vary from 465K at the edge of the exposed electrode
to 345 K at the end of the plasma discharge, whereas vibrational tem-
peratures ranged from 3250K to 2850K at the same locations10. The
heat generated by the collisions of ions and neutral molecules in the
plasma is transferred by conduction to the solid materials in the
actuator and by convection to the surrounding air.

While extensive work has been carried out to investigate the
physics in DBD plasma for flow control, de-icing, and surface treat-
ment, existing studies typically address either gas-phase plasma
dynamics or quasi-steady liquid-plasma interactions in isolation. A
comprehensive, time-resolved examination of droplet impact on
plasma surfaces, in which charge transport, surface wettability
alteration, thermal effects, and induced airflow evolve concurrently,
remains lacking. In this work, we bridge this gap by employing high-
speed imaging, Schlieren imaging, mist-seeding flow visualization,
and infrared thermography to probe the thermal and dynamic
behaviors of droplet impinging on a plasma-covered dielectric bar-
rier surface. We thereby capture the rapid onset of enhanced
spreading, finger-like instabilities driven by electrohydrodynamic
forces, local micro-discharge phenomena at the triple-phase
boundary, and the transient collapse of the plasma-induced ionic
wind. These insights advance fundamental understanding of four-

phase plasma–gas–liquid–solid interactions and inform the design of
next-generation plasma-enabled technologies in aerospace, envir-
onmental, and biomedical applications.

In this study, we consider the case where plasma-liquid interac-
tions take place on top of the dielectric material during surface DBD
actuation following the impingement of a water droplet on the
electrode-dielectric interface. This poses an intricate scenario that
involves inertial, thermal, and electrical effects inwhich the four states
of matter interact with one another. Some of the multiphase interac-
tions, thermal processes, and phase change phenomena are con-
ceptually illustrated in Fig. 1. It is to be noted from the schematic that
every pair of phases have reciprocal effects. In the plasma-liquid rela-
tion, for instance, not only the liquid is affected by the plasma dis-
charges as discussed above, but it has an effect on the plasma
emissions. Namely, the combined electrical resistivity offered by the
air and dielectric material increases due to the presence of the water
droplet, thus disrupting the plasma emission and the overall perfor-
mance of the actuator27,28. The impingement of droplet on solid sur-
faces has been extensively studied in the past two centuries29–31.
Various impinging outcomes have been characterized, such as
spreading, bouncing, and breakup dynamics, which are generally
governed by Reynolds and Weber numbers. The presence of plasma
during droplet impingement on a solid surface, however, introduces
significant complexities. Some of the observed interactions in this
study are illustrated schematically in Fig. 2, where the entire process
from droplet impact to its complete evaporation is depicted. Namely,
plasma alters the wettability properties of the dielectric surface32–34.
Further, as the water is activated from contact with the plasma, its
surface tension decreases. This affects the spreading of the droplet
onto the surface. Thedroplet in contactwith the actuator increases the
electrical resistivity and disrupts the emission of plasma. For this
study, individual droplets (d ∼ 2.75mm) of distilled water with elec-
trical conductivity of 8 − 9 µS/cmwere released from a height of 40 cm
above the surface of an active DBD actuator. The dielectric material on
which the droplet impacts and spreads is made out of polymethyl
methacrylate (PMMA) covered with black enamel paint. Reported
values of thermal conductivity of PMMA range between k = 0.1922 −
0.1986 W/(m · K) for a temperature range between 308 to 353 K35.

The needle dispensing the water and the actuator were aligned so
that the droplet impacted on the edge of the exposed electrode,
covering the width of the plasma discharge while the droplet spread.
Thermal infrared and high-speed imagery were used to characterize
the thermal and dynamic processes that occurred over time scales
ranging from 10ms to 100 s and the interactions among the droplet,
the plasma, the dielectric surface, and the induced airflow over the
various time scales. Here, we describe these multi-phase interactions
with a particular focus on: (1) the effect of the plasma on droplet
spreading, (2) the role of the droplet as a liquid electrode during
plasma actuation, (3) the transient dynamics of the induced airflow,
and (4) the heat transfer mechanisms that lead to droplet heating and
evaporation.

Table 1 | Reported values of rotational and vibrational temperatures in AC-DBD plasmas during dry and wet actuation

Type of plasma discharge Trot (K) Tvib (K) Authors

Surface AC-DBD, dry actuation 345 − 465† 2850 − 3250† S.A. Stanfield et al.10

Surface AC-DBD, dry actuation 380 − 420‡ 3000 B. Dong et al.11

Filamentary AC-DBD, dry actuation 650 − 850* 4.0 ± 2.0 N. Jidenko et al.58

Single filament AC-DBD to one water electrode 750 ± 150¶ 4200 ± 500 P. Vanraes et al.44

AC-DBD between two water electrodes 520 − 680§ 2600 − 2800§ L. Dong et al.42

†Variation in location within the discharge.
‡Variation in frequency 1 − 2 kHz.
*Variation in input power 15 − 35W.
¶With electrode gap of 1.0mm and voltage amplitude of 6.7 − 8.5 kV.
§ Variation in electrode gap 0.1 − 0.3mm and voltage amplitude 4.8 − 6.2 kV.
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Figure 2 schematically illustrates the sequence of processes that
take place over the various time scales. The first frame in Fig. 2 shows
the instant prior to droplet impact (t =0). The picture reveals the sheet
of plasma formed along the edge of the exposed electrode (left) and
propagating over the dielectric surface toward the encapsulated
electrode (right). At t < 0, a steady stream of air flow is established by
the plasmadischarge. The airfloworiginates from the region above the
exposed electrode and flows parallel to the plasma over the dielectric.
Upon impact, within 10ms the droplet spreads into a crown shape
resulting from a fingering instability. Since the film of liquid maintains
contact with the exposed electrode, charges accumulate at its surface,
and the water acts as a liquid electrode. This results in the emission of
plasma from the tips of the finger-like structures which modifies both
the location and the direction of the induced airflow since it now takes
place at the front edge of the droplet and is directed radially outward.

Within one second, the liquid begins to evaporate due to the
combined effect of ohmic heating and high temperatures on the
dielectric surface which is in turn heated up by the frequent collisions
of ions and molecules in the plasma. Evaporation is favored near the
exposed electrode, where the plasma intensity is highest, and at the
base of thefinger structures. This results in the formation of secondary
droplets (formerly the finger tips) as well as the separation of the
primary droplet from the electrode, shown in the third frame of Fig. 2.
High-intensity filaments of plasma (or streamer discharges) appear in
regions where the water has evaporated. The streamers produce local
areas of high temperature which promote circulation within the liquid
and evaporation of the droplet. Once the secondary droplets have
completely evaporated and the remaining liquid has separated from
the exposed electrode, a single streamer is observed (fourth frame in
Fig. 2). This streamer connects the exposed electrode to the liquid film
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Fig. 1 | Conceptual map of the multiphase interactions. Schematic of some of the interfacial exchanges and processes taking place during water droplet impact on a
plasma-covered surface.
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Fig. 2 | Temporal evolution of water droplet impacting a DBD actuator. The
droplet spreads over the dielectric surface within 10ms forming finger-like struc-
tures fromwhich tips glowplasma is emitted radially outward. After ≈0.5 s, someof
the finger-like structures separate from the bulk of the droplet due to evaporation.
Simultaneously, the droplet separates from the exposed electrode. Multiple high-

energy streamer discharges form between the electrode and the primary droplet
and between the primary and secondary droplets. Within 30 s, all finger-like
structures and secondary droplets evaporate, and a single streamer remains at the
back of the droplet.
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and drives its evaporation. The following sections address the thermal
and dynamic mechanisms underlying the aforementioned observa-
tions as well as the phase changes and phase interactions that take
place at each stage.

Results
Effect of plasma on the surface properties
It has been established that non-thermal plasmas can alter the surface
roughness and composition of polymers, effectively increasing their
wettability23–26. This is demonstrated in Fig. S1 in the Supplementary
Material, where measurements of the contact angle (CA) between a
water droplet and (a) an untreated actuator surface (static CA), (b) a
plasma-treated surface (static CA), and (c) during plasma actuation
(advancing CA). High-speed images of the back-illuminated droplet
were taken at 500 fps with an exposure time of 1/10,000 s. Measure-
ments of CA were carried out using third-degree polynomial fitting to
the edge of the droplet using MATLAB. A water droplet was placed at
the interface of the exposed electrode and the painted PMMA surface
of the actuator. The droplet then rests over the twomaterials allowing
for the measurement of both static contact angles. During the contact
anglemeasurements as well as the following experiments, the ambient
temperatures and relative humidity were maintained at Tamb = 20 °C
and RH=40%. At the untreated actuator interface, the droplet has a
static CA of 56.3° on the copper electrode surface and 69.1° on the
painted PMMA surface, as marked in Fig. S1 (a) in blue and red,
respectively. The surface was then treated with a continuous plasma
discharge (Vpp = 23.8 kV) for a duration of one minute. A second water
droplet was placed at the interface and quickly displaced toward the
dielectric such that its leftmost point barely touched the electrode-
dielectric interface, as shown in Fig. S1 (b). After plasma actuation, the
CA at the electrode and dielectric decreased to 36.6° and 25.7°,
respectively.

The third test was conducted by applying a low intensity plasma
(Vpp = 14.2 kV) to the droplet sitting on the actuator after test 2. With
the plasma discharge, the droplet further displaced away from the
electrode, with an advancing contact angle of 14.8°. During this pro-
cess, the contact angle at the end of droplet contacting the edge of the

electrode decreased to 30.9°. It should be noted that after certain time
of actuation, the droplet entirely detaches from the electrode. This is
followed by the formation of filamentary plasma structures between
the electrode and the droplet. At this stage, measurement of contact
angle is difficult due to the rapid changes in light intensity and droplet
shape. Higher plasma intensities lead to a faster separation of the
droplet, hence a low plasma intensity was used for this test to ensure
sufficient time for image acquisition. Our results which indicate a
decrease in CA due to plasma treatment are consistent with those
reported in the literature25,26,36.

Thermal processes
The dynamic phenomena presented in Fig. 2 hold a close relationship
with the thermal processes taking place among the four phases. Heat
is generated by the frequent collisions of electrons, ions, and neutral
molecules in the plasma10–13, and is then dissipated to the solid sur-
faces (electrodes and dielectric) through conduction, and to the gas
phase by forced convection under the action of the induced flow. As
outlined by Liu et al.7, as a water droplet moves through the hot air in
the plasma region, it is heated up by forced convection. Upon
impact, heat is transferred from the hot dielectric surface by con-
duction. Thus, it is evident that the thermal properties of the solid
and gas phases play a key role in the heat transfer within the system.
In sessile droplets evaporating in the diffusion-controlled regime
(i.e., in the absence of plasma), evaporation flux is greater at the
contact line37,38. The overall evaporation rate is greatly influenced by
the thermal conductivity, k, of the substrate39–41. In our experiments,
the droplets spread over the interface of two materials with con-
trasting conductivities: the copper electrode with k = 400W/(m · K)
and PMMA dielectric of k ≈0.20W/(m · K)35. The contact area is
modulated by the surface wettability, which was addressed in the
previous section, where a significant decrease in contact angle
resulted from plasma treatment of the surface and from active
emissions. A second mechanism that contributes to droplet eva-
poration is the ohmic heating caused by the current flow through the
liquid phase. These processes are discussed below for the various
stages of the multiphase interactions.

t  = 0 ms
T (°C)

b t  = 630 ms
T (°C)

c

t  = 1.330 s
T (°C)

d t  = 1.865 s
T (°C)

e t  = 36.010 s T (°C)
f

t  = -125 ms
T (°C)

a
Exposed Electrode

1 mm

Fig. 3 | Thermal processes in the liquid-plasma-solid interactions. a–f Infrared thermal imagery of the actuator during droplet impact reveal the formation of fingers
during the spreading phase, followed by glow and streamer plasma discharges around the liquid.
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When the water droplet impacts the actuator, a series of thermal
processes occur between the plasma-actuator system and the liquid.
The infrared images acquired at 200 fps and having an exposure time
of 1/200 s in Fig. 3a–f reveal the thermal effects of plasma emissions on
the dielectric surface as well as the transient morphology of the dro-
plet. Figure 4a shows the temporal evolutions of the mean tempera-
ture in the droplet spreading region included in Fig. 3a–f during the
entire process of droplet impact and evaporation, as well as the mean
temperature of the 1mm thick zone of plasma near the electrode
(indicated in the white rectangle in Fig. 3a). The inset in Fig. 4a shows
the temperature evolution within the first second of droplet impact in
linear time scale. Figure 4b shows the temporal evolution of the
maximum temperatures in the same two regions. The dashed vertical
lines in Fig. 4a, b indicate the times ( > 0) of Fig. 3a–f. The temperature
profiles through the centerline of the near-electrode zone (marked in
green in Fig. 3a) are plotted in Fig. 4c. The Supplementary Video 1
accompanying this paper simultaneouslypresents the aforementioned
thermal observations with high-speed imagery of the same event.

Before droplet impact (t <0) in Fig. 3a, the temperature dis-
tribution of the dielectric material is presented. Two features of
interest are the presence of hot spots localized along the edge of the
exposed electrode and the temperature gradient along the streamwise
direction (i.e., perpendicular to the electrode edge). The temperature
is highest just next to the electrode∼ 40 °C for the case presented (see

also the temporal plot of maximum temperature in Fig. 4b). The sur-
face temperature decreases with increasing distance from the elec-
trode edge (to ∼ 23 °C), positively correlating with the perceived
plasma intensity.

As the droplet impacts and spreads (Fig. 3b, t = 0ms), it quenches
the surface momentarily. Note the temperature of the surface of the
droplet is 20 − 22 °C, while the temperature of the surroundings pre-
serves the streamwise gradient described above. The rapid cooling of
the surface at droplet impact can be seen in the inset of the plot in
Fig. 4a at t =0, as well as by comparing the temperature profiles in
Fig. 4c for t = −125ms and t = 0. The fully-spread droplet exhibits the
finger-like structures mentioned above. The spreading and finger for-
mation will be addressed in a later section. Although the temperature
of the liquid is cooler than the surrounding surface, there exists a
temperature gradient within the droplet normal to the edge of the
electrode (the front edge of the droplet has a darker tone than its base
touching the electrode). The thermal image in Fig. 3b reveals a faint
emission of plasma originating from the tips of the finger-like struc-
tures, seen as bright specks protruding outward from the fingers.
Figure 5b and Supplementary Video 2 illustrate the fingertip emissions
more clearly. These glow emissions, however, have little thermal effect
compared to the glow emission from the electrode.

After spreading, the droplet is disproportionately heated by
conduction from the solid surface due to the pre-existing temperature
gradient in the dielectric. This causes a higher temperature at the
droplet’s base, as seen in Fig. 3c. It is noted that the temperature at the
base of the droplet is similar to that of the zone of plasma emission
immediately adjacent to the electrode outside of the droplet (∼ 35 °C).
This is reflected by the low variance in the temperature profile shown
in Fig. 4c for t = 630ms. The period of droplet heating is reflected in
Fig. 4awhere themean temperatures increase fairly steadily for t<∼ 1 s.

Besides the droplet’s base, the thin fingers heat up more rapidly
than the bulk of the droplet. These hot zones (base of the droplet and
fingers) have a two-fold effect:first, surface tension is decreaseddue to
the high temperatures, setting up thermal Marangoni flows; and sec-
ond, evaporation is enhanced. The two effects reinforce each other,
leading to a rapid thinning of the liquid film, which in turn results in a
faster heating. This process causes the eventual separation of the fin-
gers, forming secondary droplets (shown in Fig. 3c), as well as the
separation of the droplet from the electrode edge (illustrated in
Fig. 3d). It is important to differentiate between the previously men-
tioned fingertip emissions and the secondary streamers. The former
are glow-like emissions coming out of the finger structures prior to
secondary droplet separation. On the other hand, the secondary
streamers are filamentary plasma structures formed between primary
and secondary droplets during separation. The bright streaks around
the droplet in Fig. 3c indicate the formation of secondary streamers
during finger separation. These streamers are herein referred to as
“secondary streamers” due to their relationship to the newly formed
secondary droplets. The high-temperature streamers “inject” heat to
the bulk of the droplet, which is dissipated by convection. This can be
seenat the center of Fig. 3c, near the far-enddroplet edge, as twoof the
bright streamers leave behind a thermal footprint that penetrates into
the liquid. The Supplementary Video 1 elucidates the convective
behavior of the thermal plume into the droplet, not appreciable by the
still image in Fig. 3c. It is worth pointing out that the highest tem-
peratures achieved during this period are those resulting from the
secondary streamers at the fingers. The plot of maximum tempera-
tures in Fig. 4b indicates that the near-electrode zone maintains a
constant value of 40 °C while the radial streamers elsewhere in the
spreading region reach temperatures of 50− 70 °C.

Separation from the electrode occurs in three stages: first the
droplet splits near its base in such a way that a small portion of the
liquid remains in contact with the electrode. At this point (Fig. 3d),
multiple high-intensity streamers bridge the two separated puddles of

c

a

b

Fig. 4 | Surface temperatures during droplet-actuator interaction. a Temporal
evolution of the mean temperature of the frames (a–f) in Fig. 3 and the near-
electrode zone marked by the white rectangle in (a).b Temporal evolution of the
maximum temperature and the near-electrode zonemarked by thewhite rectangle
in Fig. 3 (a). cTemperatureprofile near the electrode along the green linemarked in
Fig. 3 (a), at the instants in frames (a–f).
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liquid. This effect is reminiscent of the work of Dong et al.42. between
two liquid electrodes. These are referred to as “primary streamers” and
rapidly appear and disappear at various locations simultaneously.
Using high-speed imagery at 20,000 fps, up to five streamers have
been seen to form within a single AC cycle. These high-intensity
streamers introduceheat at the baseof the primary droplet. Due to the
rapid fluctuation of streamers, the heating appears almost homo-
geneous along the base line, see for instance the temperature profile in
Fig. 4c for t = 1.330 s. Besides heat, the streamers also impart
momentum to the droplet which combined with the thermal Mar-
angoni flow promote themigration of both the primary and secondary
droplets further downstream. It is pointed out that several of the
secondary droplets in Fig. 3d exhibit a stronger streamer discharge
(with respect to Fig. 3c, as suggested by the plot of maximum tem-
perature in Fig. 4b), reaching temperatures ∼70 °C. Simultaneously,
these secondary droplets are propelled further apart from the primary
droplet, i.e., toward the bottom of Fig. 3d. As the secondary droplets
migrate away from the primary one, the strong secondary streamers
fade and the primary streamers becomedominant, as suggestedby the
merging of the two curves in Fig. 4b. This indicates that the maximum
temperatures in the spreading zone are now included in the near-
electrode region. The second stage of separation occurs as the gap
between the two liquid puddles widens due to evaporation, and the
number of streamers decreases until only one is visible, as shown in
Fig. 3e. While liquid is covering the electrode, the streamer has rather
high mobility along the extent of the droplet. The third stage begins
when the liquid contacting the electrode evaporates and the streamer
is then established between the solid electrode and the liquid as shown
in Fig. 3f. At this stage, the streamer is much less movable, appearing
repeatedly at the same location. In addition, a “memory effect” is seen
in which the streamer may shift between a few different locations,
constantly returning to one of the previous spots. It is worth pointing
out that high-speed imagery at 20,000 fps revealed the formation of
only one streamer per AC cycle during the second and third stages,
contrasting with up to five streamers forming simultaneously during
the first stage of separation. In the two later stages, the single streamer
has a very distinct temperature spike profile with respect to its sur-
roundings, reaching temperatures over 100 °C, as indicated by the
spikes in Fig. 4b.

The streamers impart heat and momentum to the droplet as they
impact on the droplet’s surface. A mushroom shaped thermal struc-
ture can be seen inside of the droplet in Fig. 3e. The structure forms at
the hot spot where the streamer touches the liquid. It then propagates
within the droplet through advection from the imparted momentum,
establishing a forced convection inside of the droplet. The liquid
continues to heat up and evaporate (Fig. 3f) under the action of the
single streamer which remains nearly steady. A secondary effect of the
high-temperature streamer is the heating of the surrounding dielectric
surface. The temperature profiles in Fig. 4c show the heating up of the
zones around the peak.

It was posited at the beginning of this section that in the
absence of droplet impact, the induced airflow or ionic wind played
a role in dissipating heat by forced convection. As discussed in-
depth in a later section, the presence of the droplet causes the
disruption of uniform plasma emission, and thus, greatly affects the
quality of the ionic wind. It is believed that this has a direct effect on
the heat dissipation of the actuator. However, further studies are
needed to understand the extent of heat dissipation by the induced
airflow.

The role of water in the dielectric barrier discharge
Watermay take the role of either the anodeproducing glowdischarges
or the cathode producing streamer discharges under DC excitation43.
Water as a liquid electrode has also been investigated inACvoltages, in
which it alternates between the roles of anode and cathode44,45. It was

found that the plasma discharge initiates at the water surface and that
it exhibits distinct features depending on the polarity45.

The roles of water in the plasma emissions through the various
stages of droplet spread, separation, and evaporation are discussed in
this section. Figure 5 and the Supplementary Video 2 show the emis-
sions observed through color photography (at a frame rate of 60 fps
and with an exposure time of 1/60 s) in the four stages described
above. Figure 5a shows the plasma emission from the edge of the
electrode prior to droplet impact. A few concentrated specks are
observed propagating a few millimeters away from the electrode.

During the spreading phase depicted in Fig. 5b, the water droplet
maintains contact with the exposed electrode and thus takes the role
of a liquid electrode19,22,43,44. Charges are transferred from the electrode
to the droplet and accumulate at the regions of smaller radii of cur-
vature (fingertips). This accumulation of charges ionizes the air around
the fingertips, giving rise to localized plasma emissions. Emphasis is
made in the fact that these discharges occur at the tips of the liquid
fingers rather than between the fingers as reported in Hele-Shaw cells
by Hou and Chu46, and by Chu and Lee47. Qualitatively, these dis-
charges have the same appearance as those in Fig. 5a, however the
thermal signatures left by the fingertip emissions are not as intense as
those emanating from the solid electrode, as pointed out in the dis-
cussion for Fig. 3b, likely due to their transient nature.

As the base of the droplet heats up and evaporates, the liquid
separates from themetallic electrode. Thewater then assumes the role
of the ground electrode and plasma filaments form between the dro-
plet and the electrode as shown in Fig. 5c, d. It is pointed out that in the
casepresented inFig. 5, wedid not observe the formationof secondary
droplets and secondary streamers described in the previous section.
Further, this case displayed an earlier separation from the electrode
compared to Fig. 3. For instance, the primary streamers are visible in
Fig. 5c at 400ms after impact while they appear only after one second,
as suggested by the thermal images in Fig. 3 and the temperature plots
in Fig. 4. These discrepancies in the system response can be due to
variations in the surface temperature at themoment of droplet impact,
to the degree of plasma treatment of the dielectric surface (varying
surface roughness and wettability), or by the stochastic nature of
droplet spreading after impact.

During the stage of droplet separation, the streamers drive the
liquid’s evaporation at the base of the droplet. As mentioned earlier, a
memory effect was observed as the streamers repeatedly appeared at
one location. This results in a growing indentation at the base of the
droplet (at thepoint of contactof the streamer in Fig. 5d) causedby the
disproportionate evaporation at a hot spot and by the body force

(a) t  < 0 (b) t =16.66 ms

(c) t = 400 ms (d) t = 12 s
Fig. 5 | Droplet-plasma interactions upon impingement. Color imaging of
plasma emission (a) attached to electrode edge prior to droplet impact, (b) at the
tips of the finger structures after droplet spreading, (c) as multiple streamers
between the electrode and the base of the droplet during separation, and (d) as a
single streamer between the electrode and the droplet.
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applied to the liquid. The evolution of the indentation is pointed out in
the Supplementary Video 2. The memory effect of the streamer at the
indentation combined with the relatively long exposure time (1/60 s)
of the camera produces an optical illusion seen in Fig. 5c, d that should
be elucidated. Every frame captured by the camera encompasses
roughly 167 AC cycles, and thus the generated image is the super-
position of themultiple streamers. This can result in the illuminationof
several regions within the same frame. In particular, a strea-
mer branching effect is seen around thedroplet indentation,where the
base and the stem of the streamer remain fixed but its tip is deflected
to contact the liquid at various locations within the indentation,
resulting in various apparent ramifications. Further, a uniformly dis-
tributed glow develops along the wall of the indentation, giving the
appearance of an arrow. An additional noteworthy phenomenon
observed in the video is the penetration of some of the more intense
streamers into the liquid. This is evident in the early stage of droplet
separation both in the indentation and in the periphery of the droplet.
Streamer penetration into the liquid phase could be the cause of some
of the thermal features discussed in the previous section.

Upon formation of secondary droplets, a network of streamers
may form connecting the various droplets to the exposed electrode.
That is, single or multiple streamers form between the electrode and
theprimarydroplet. Additional streamers then formfromtheopposite
side of the primary droplet and extend to reach nearby secondary
droplets. Similar effects were reported by Lilley et al.27. for DBD
actuators operating with multiple droplets on their surfaces, where a
thin region of water remained in contact with the exposed electrode
and the network of streamers formed between this layer of water and
the isolated droplets.

Droplet spreading and development of finger instability
A particular feature of droplet impact is the development of finger
structures along the spreading rim. Thoroddsen and Sakakibara48

conducted an in-depth analysis of this fingering instability on water
droplets of comparatively higher inertia than those of this study (Re ∼
15,000 and We ∼ 1000) impacting a glass surface. Our experimental
results using water droplets of relatively low inertia (do ≈ 2.76mm,
Re = 7000, and We= 250) suggest that the presence of plasma pro-
motes a higher degree of droplet spreading as well as the formation of
well-defined slender finger structures. This is illustrated by photo-
graphs taken at 4,000 fps and with an exposure time of 1/4,000 s in
Fig. 6, where spreading is compared for a droplet impacting the
plasma-treated PMMA surface of the actuator in the absence of plasma
(no electric field acting on the droplet), as shown in Fig. 6a, b, and a
droplet impacting on the same surface during plasma actuation, as
shown in Fig. 6c, d. It is important to highlight that the surface had
previously been treated with plasma even in the “Plasma off” case,
which has significant effects on surface wettability, as previously
shown in Fig. S1. The photographs in Fig. 6a, c illustrate the droplets at
the moment of impact (t =0) as well as at the moment of maximum
spreading at t = 3ms for the case with no plasma and t = 7mswhen the
plasma is on. Here, wedefine the time tomaximumspreadingbasedon
the outer diameter. The inner (din) and outer (dout) diameters of the
droplets are approximated with the red and blue superimposed cir-
cles, respectively. The time evolution of din and dout normalized by do,
as well as the normalized average finger length (lf = (dout − din)/do, in
black triangles) are given in Fig. 6b, d for plasma off and on,
respectively.

It is noted from these two plots that in both cases the fingers
appear ∼ 1ms after impact. However, the finger length remains rela-
tively constant in the case with plasma off, while it increases almost
monotonically when the plasma is on. It is noted that the behavior of
the inner diameter (in red squares) is similar regardless of the presence
of plasma. In both instances, the values of din seem to plateau at
t ≈ 3ms, which coincides with the time of maximum spreading in the

case of plasma off. In addition, receding waves (such as those seen in
frame (c) at t = 7ms) begin to form at the rim and propagate inward.
We determine that the inertial effect of the droplet spread ends when
dinplateaus. Further, lf slightly decreases after themaximumspreading
of the droplet in the absence of plasma. The formation of small fingers
(lf /do = 0.15) prior to maximum spreading in the absence of plasma
results from the imbalance between inertial and capillary forces. The
instability does not grow in time since the inertial effects die out after
maximum spreading.

On the other hand, the case with plasma exhibits finger growth
during and after inertial effects. A direct comparison between the two
cases indicate that the finger growth rate during the inertial spreading
is higher in the presence of plasma. This suggests that other forces are
involved besides inertial. In fact, we observe that a bright plasma
streamer forms between the electrode and the liquid at themoment of
impact, as shown in Fig. 6e. The streamer formation is a nanosecond
processwhich takes placewithin the positive half of the AC cycle4. This
initial streamer serves as a bridge through which a large number of
charges are transferred to the droplet. The droplet then is subjected to
Coulomb forces radially outward resulting from the redistribution of
charges. These forces are however circumferentially uneven due to the
external electric field caused by the electrode, resulting in a variation
infinger length,where thefingers farther from the electrode are longer
than those in its proximity. The added momentum to the initial
spreading of the droplet favors the destabilization of the spreading
front of the droplet and promotes the finger formation.

An additional effect of the plasma on the droplet spreading and
the fingering phenomenon is an increased wettability of the dielectric
surface. The surface wettability can be characterized by the degree of
spreading, which is dictated by the spreading parameter
S = γSA − γSL − γLA, defined by the surface tensions for the surface-air
(SA), surface-liquid (SL), and liquid-air (LA) interfaces. The spreading
parameter S increases with plasma intensity, i.e., towards the elec-
trode, opposing the electricfield as shown in Fig. 6f. However locally at
the fingertips, the gradient of S is directed radially outward as a result
of the plasma ejections at the spreading front as shown in Fig. 5b. It is
noted that the presence of these localized glow discharges originating
from the tips of the developing finger structures, visible prior to the
main droplet separation (Fig. 5b, Supplementary Video 2) and sche-
matically depicted in Fig. 6f, are deemed to play a key role in locally
reducing surface tension at the finger tips and in enhancing the
dielectric surface’s wettability. This process enables the development
of more pronounced and well-defined fingering structures during the
first ∼ 10ms, before bulk thermal effects or secondary streamer
activity become significant. Further, the uneven heating of the droplet
at the solid-liquid interfacial layer induces thermal Marangoni flows
away from the electrode and radially outward. The applied voltage on
the electrode as well as the presence of plasma induce charges on the
dielectric material, increasing its wettability through a process known
as electrowetting49–51. Quetzeri-Santiago et al.51. demonstrated the use
of dielectrowetting to manipulate the dynamics of droplet impact.

To further illustrate the coupled inertial and electrically-induced
effects on the development of the fingering instability, the experiment
was repeated with the droplet spreading fully on the dielectric as
presented in Fig. S2 in the Supplementary Material and in the Sup-
plementary Video 3. In this case, the center of the 2.75mm droplet
impacts at an offset of 10.3mm away from the edge of the electrode
and is thus, initially not acted upon by the plasma. The sequence of
images (taken at 3000 fps andwith exposure timeof 1/3,000 s) reveals
that as the advancing rim approaches the exposed electrode (at the
topof the image), a single plasma streamer highlighted in reddevelops
between the electrode and the nearest part of the droplet at
t = 1.66ms. Until then, the spread of the droplet appears to be nearly
symmetrical with evenly distributed fingers developing around its
circumference. After the initial contact, the streamer intensifies (seen
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as awhite streak), penetrates into the liquidfilm (see frame at t = 3ms),
andmakes an indentation at the point of contact with the droplet. The
streamer then remains relatively stable at said location and is only
deflected at the tip, contacting the liquid at different points along the
contour of the indentation. Such indentations were already presented
in Fig. 5 and in the Supplementary Video 2, with the streamer recur-
rently forming at certain locations. Furthermore, by coupling the
observations in Fig. S2 with the geometric shift between the blue and
red circles in Fig. 6c, we highlight the combined influence of plasma-
induced surface modification and polarization field effects on the
asymmetric development of finger lengths. The plasma activity not
only alters the local surface properties but also modifies the electric
field distribution, leading to preferential growth directions that pro-
duce theobserved asymmetry. It is alsoworthmentioning that, electric
field–induced polarization alone can also influence the fingering
dynamics. Although polarization in the absence of plasma is insuffi-
cient to fully reproduce the pronounced finger asymmetry and stabi-
lization observed under plasma activation, our supplementary tests

indicate that it still makes a measurable contribution to variations in
finger length. For more details on these observations and the asso-
ciated comparison between electric field only, no electric field, and
plasma-on cases, readers are referred to the discussion provided in the
Supplementary Material for Fig. S3.

The snapshots in Fig. S2 and the accompanying Supplementary
Video 3 also suggest that the plasma streamer penetrates into the
liquid droplet. This penetration mechanism can be responsible for
some of the well-defined thermal signatures within the liquid droplet
found in Fig. 3c, e. The top-view of these images, however, cannot be
used to conclusively determine thedepth of the streamer locationwith
respect to the droplet’s profile. That is, whether the streamer lies on
the droplet surface, along the interface of the droplet and the dielec-
tric surface, or somewhere in between, fully embedded into the liquid.
Further investigation is then needed to elucidate the question of
streamer trajectory after penetrating into the liquid film.

It should also be noted that, under typical atmospheric condi-
tions, the thin air layer between an approaching droplet and the
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substrate also plays a critical role in determining impact outcomes
including the spreading and fingering features. In the present study,
the surface DBD plasma introduces a partially ionized zone near the
substrate, which can locally modify the thermophysical properties of
the surrounding gas. While the overall degree of ionization in
atmospheric-pressure DBD plasma remains low, localized gas heating
and charge-induced transport can alter both the density and viscosity
of the air layer just prior to impact. This may result in thermal thinning
of the gas cushion, potentially suppressing the air cushioning effect
and promoting earlier contact between the droplet and surface.
Additionally, electrohydrodynamic forces induced by the plasma may
accelerate the air and deform the gas-liquid interface, further influ-
encing the impact dynamics. Although a detailed quantification of
these effects requires dedicated diagnostics andmodeling beyond the
scope of this study, the observed enhancement in droplet spreading
and altered wetting behavior in the presence of plasma are consistent
with such localized modifications of the gas layer.

Effects on the induced airflow
One of the effects of droplet impact on the surface plasma is a notable
disruption of the ionic wind stream. As discussed earlier, the reliability
in the formation of a steady flow has been the subject of multiple
studies for flow control applications3–6. Some studies have reported a
reduction of thrust in DBD actuators in the presence of water
droplets27 and at high levels of humidity28. However, to the best of our
knowledge, the transient effects on the ionic wind in the presence of
water droplets has not been documented. Based on the previous dis-
cussion, we identify three mechanisms responsible for the disruption
of the flow: disruptions of the plasma discharge, physical blockage by
the droplet, and thermal effects. Here, we present the disruptions on
the induced flow following droplet impact. Our observations are
schematically presented in Fig. 7. Further, experimental results are

presented in Fig. 8 using (a) Schlieren, and (b) flow visualization by
adding mist to the flow.

The initially steady airflow is disrupted as soon as the droplet
impacts and spreads over thedielectric surface. During this early stage,
the droplet plays the role of an extended electrode and the glow
plasma emissions take place at the droplet’s fingertips (as illustrated in
Fig. 5b and Supplementary Video 2). This modifies both the location
and direction of the plasma discharge. That is, the emission is no
longer at the electrode edge and perpendicular to it. Instead, the
plasma is emitted at the periphery of the droplet and is directed
radially outward from its center. The induced airflow then conforms to
the modified emission pattern, as schematically illustrated in Fig. 7b.

As the base of the droplet evaporates and high-temperature
streamers form, thermal effects become more dominant on the gas
phase as shown in Fig. 7c, d. The formation of streamers induces a
body force on the air above them. The induced airflow is however
muchmore disturbed compared to the flow generated in the absence
of the droplet. Further, the induced flow over the liquid film is three-
dimensional, and the airflow generated elsewhere along the electrode
edge may bleed over the droplet.

To reveal the transient flow structure evolution during the early
stage of this process (i.e., within the first 30ms following droplet
impact), high-speedSchlieren images shown inFig. 8awere acquired at
10,000 fps and exposure time of 1/35,000 s, providing a close obser-
vation of the gas dynamics surrounding the region of droplet-plasma
interactions. The wall jet is seen to originate from the edge of the
exposed actuator. The flow structures seen in the Schlieren images are
found to have a diverging angle with respect to the dielectric surface,
α = 7.8° prior to droplet impact.

As the water droplet impacted on the dielectric surface of the
actuator near the exposed electrode, the angle α rapidly increased.
This is illustrated in Fig. 8 which shows five frames at intervals of 10ms
from t = −10ms to t = 30ms. α increases from 7.8° at t =0 to 43.1° at
t = 30ms for a Δα = 35.3°. It is worth noting that, the alterations in the
flow field observed in the Schlieren images (Fig. 8) roughly correspond
to the stage of droplet spreading.

It is recognized that the flow structures captured with Schlieren
imaging are essentially caused by the gas density variation (tempera-
ture variation) in the vicinity of the droplet-plasma interaction region.
During the plasma discharge, the localized heating and its interplay
with the rapidly spreading droplet created a highly three-dimensional
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thermal plume structure, which is carried downstream by the induced
flow. While the Schlieren imaging comprises the integral of the flow
along the entire span of the plasma actuator, it is believed that the
variation in the flow structures is primarily caused by the thermal and
dynamic disturbances in the region of the droplet impact, as seen
in Fig. 8.

The flow pattern over the droplet was also investigated by
injecting a stream of fine water mist directly upstream of the region of
impact. The velocity of the mist was deemed to be much smaller than
that of the induced jet and can be neglected. A series of high-speed,
back-illuminated images taken at a rate of 12,000 fps and with an
exposure time of 1/70,000 s is presented in Fig. 8b. The frames in the
figure show the end of the mist delivery tube from which the fine mist
is ejected from the left side. The tube is placed over the exposed
electrode (indicated in bronze color). The contour of the droplet prior
to impact and as it spreads over the surface was detected through a
Sobel filter and is highlighted in red. The first frame illustrates the
stream of mist coming out of the tube before the droplet impact
(t = −10ms). The second frame (t =0) shows themomentof the droplet
impacting thedielectric surface. Thewake of thedroplet is observed as
it cuts through themist. The flow elsewhere is undisturbed. Within the
first 10ms, the droplet has spread on the surface. A flow structure
emerges from the advancing edge of the dropletmarked in red. This is
likely the new induced jet caused by the glow plasma discharge at the
edge of the droplet. Once the droplet stops spreading (that is, during
the fourth and fifth frames in Fig. 8b), turbulent flow structures form
directly over the droplet and are seen to propagate downstream. Since
the droplet acts as an extended electrode and the flow is generated
only at the edge of the drop, where the glow plasma discharge occurs,
it is not expected to observe any flows generated directly over the
droplet. However, due to the highly three-dimensional flow in the
vicinity of the droplet-plasma interaction region, where the induced
flows generated along the adjacent electrode bleed over the edge of
the droplet, the hot induced airflow gets deflected as it jumps over the
edge of the droplet. Further, it mixes with the cool air directly above
the droplet surface. This results in the turbulent structures observed at
t = 20 and 30ms, which is responsible for the rapid change in the
angle α.

Discussion
Our experimental investigation uncovers the intricate dynamics
arising from the interaction between an impinging water droplet
and a plasma-covered dielectric surface within an AC-DBD system.
This multiphase environment, comprised of solid, liquid, gas, and
plasma, exemplifies a highly complex regime where charge, mass,
and energy are exchanged across disparate phases within
microsecond-to-second timescales. The results elucidate funda-
mental physical mechanisms that govern the behavior of droplets in
plasma-exposed environments and carry broader implications for
plasma-assisted technologies in aerospace, environmental, and
biomedical fields.

One of the key findings of this study is the significant enhance-
ment in droplet spreading and fingering, which is directly attributed to
the plasma-induced modifications in solid surface and liquid proper-
ties. This phenomenon, commonly associated with transient mod-
ifications in surface energy caused by plasma exposure, facilitates a
rapid outward motion of the contact line. Superimposed on this
spreading is the emergence of finger-like instabilities at the droplet
periphery, an important feature of the interplay between capillary,
inertial, and plasma-induced electrohydrodynamic forces. In addition
to these plasma effects, electric field–induced polarization, even in the
absence of plasma, is found to contributemeasurably to the variations
in finger length, although it alone cannot fully reproduce the pro-
nounced asymmetry observed under plasma activation. The detailed
Schlieren imaging further reveals density gradients indicative of

localized thermal variations due to the plasma-induced heating and
evaporative cooling.

The formation of localized micro-discharges at the liquid-solid-
gas interfaces represents another notable observation, suggesting the
presence of transient triple-phase boundary dynamics that add com-
plexity to the plasma discharge behaviors. These early-stage glow
discharges, distinct from the later-developed secondary streamers, are
confined to the vicinity of finger tips, where they enhance localized
energy deposition and promote evaporation. This process reduces the
local surface tension at the finger tips and increases the dielectric
surface’s wettability, enabling the early development of more pro-
nounced and well-defined fingering structures. Simultaneously, we
observe disruption in the DBD-induced ionic wind upon droplet
impact. This temporary collapse of the induced flow field demon-
strates the sensitivity of near-wall plasma actuators to droplet impin-
gement, which has direct consequences for their application in active
flow control. Thermal imaging and time-resolved visualizations sug-
gest that plasma-induced heating plays a dual role: it enhances eva-
poration while concurrentlymodifying the interfacial dynamics. These
coupled thermal and electrostatic effects challenge the common
assumption of phase independence in such multiphase systems and
necessitate the development of new models that account for tempo-
rally evolving interfacial properties.

From an applied perspective, the insights gained here have
immediate relevance to technologies involving droplet-plasma inter-
actions. For instance, in the context of plasma-based de-icing, the
enhanced spreading and localized evaporation may support more
effective energy distribution across ice-contaminated surfaces. Simi-
larly, in biomedical or disinfection applications, the complex interface
dynamics and local heating effects may alter how active species are
delivered to or interact with biological matter.

Methods
Dielectric barrier discharge actuators
The DBD actuator used in this study consisted of two electrodes: one
exposed to the air, and the second one encapsulated by the dielectric
material. Figure 9 offers (a) a top and (b) a side view of the actuator
with its relevant dimensions. The electrodes were made out of copper
tape of thickness te = 0.1mm, the width and length of the electrodes
were we = 25.4mm, and le = 60mm, respectively. The electrodes were
positioned asymmetrically so that there was no gap between them
(de =0). The dielectric material was acrylic (polymethyl methacrylate,
PMMA) with a thickness td = 5.25mm between the two electrodes. The
top surface of the PMMAwas coatedwith a black enamel spraypaint to
improve the emission properties of the acrylic for the purposes of
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infrared imaging. The two electrodeswere connected to a high-voltage
AC source (CTP-2000K, Nanjin SumanPlasmaTechnologyCo.) used to
generate a non-equilibrium plasma discharge on the surface of the
dielectric material. The power supply provided a high-voltage sinu-
soidal signal of controllable voltage and frequency. For the current
study, these parameters were fixed at Vpp = 25 kV and f = 10 kHz,
respectively.

Experimental setup
The experimental setup is schematically shown in Fig. 9(b). Single
droplets of distilled water of electrical conductivity 8 − 9 µS/cm were
released 40 cm above the surface of the actuator using a syringe
pump (NE-1000, New Era Pump Systems, Inc., Farmingdale, NY)
through a stainless steel needle (30 gauge). The liquid was driven at a
constant rate of 0.1mL/min in all experiments. Droplets slowly
formed at the needle tip and detached by gravity, yielding a con-
sistent droplet size (d = 2.75mm) in all experiments. The needle was
aligned to the edge of the exposed electrode where the sheet of
plasma was generated.

Thermal infrared (IR) and high-speed (HS) cameras were syn-
chronized to simultaneously record the thermal and dynamic beha-
viors of the droplet impacting the surface with plasma. The IR (FLIR
A600-Series, FLIR, Täby, Sweden) and HS (FASTCAM Nova R3-4K,
Photron USA, Inc., San Diego, CA) cameras were mounted at the same
level of the tip of the needle, to capture the top view of the processes.
The infrared images were acquired at a frame rate of 200 fps and
exposure time of 1/200 s with a spatial resolution of 640 × 120 pixels,
yielding a magnification of 22.22 µm per pixel. The camera was con-
trolled, and images were processed with the software IR research
(FLIR, Täby, Sweden). To ensure accurate temperature measurements
with the IR camera, a calibrationprocedurewas conducted to correlate
the camera’s output count number, which is directly related to the
infrared radiation received from the surface, with the actual surface
temperature. This calibration accounted for key influencing factors,
including the working distance, ambient temperature, and the emis-
sivity values of the materials involved (i.e., the black-painted dielectric
surface and the water droplet) as demonstrated in several previous
studies7,8,52. Notably, under isothermal conditions, the black-coated
surface and the water droplet exhibited the same IR count values,
indicating that they have effectively the same emissivity within the
measurement range. This observation is consistent with literature-
reported emissivity values: the black coating provides a well-defined
emissivity of approximately ε = 0.95,whilewater droplets are known to
have emissivity values in the range of ε =0.95 − 0.98 in the 8 – 14 µm
spectral windowof the IR camera52. As such, the samecalibration curve
was applied for both object materials to convert IR counts into tem-
perature values. It should be noted that dielectric barrier discharge
(DBD) plasma may cause changes in surface chemistry and micro-/
nano-structures due to oxidation or surface functionalization (e.g., the
introduction of OH or COOH groups). As shown in previous
studies12,53,54, plasma–dielectric interactions canmodify the dielectric’s
impedance and local electric field through heating and surface charge
effects, thereby altering the electrical and thermal properties of the
dielectric materials. However, it is believed that these effects are
typically moderate, and are not expected to significantly influence the
qualitative thermal trends reported.

The high-speed camera was operated at frame rates varying from
2000 to 4000 fps and corresponding exposure times of 1/2000 to 1/
4000 s, depending on lighting conditions with a resolution of
20.44 µm per pixel. A UV lens (UV-Nikkor 105mm F4.5, Nikon, Japan)
with high transmittance rate (∼70%) was attached to the camera to
capture plasma structures such as the high intensity streamers. Alter-
natively, a color video camera (Canon Rebel T7, Canon) was placed to
record the plasma discharges around the droplet at 60 fps and with an
exposure time of 1/60 s.

A simple Z-type Schlieren configuration was utilized to obtain the
side viewof the plasmaactuator and the induced airflow (in Fig. 8). The
Schlieren system consisted of a green LED light source emitting from a
pinhole, two parabolic mirrors of 203.2mm in diameter and a focal
length of f /8, a knife edge, and a high speed camera (FASTCAM Nova
R3-4K, PhotronUSA, Inc., SanDiego, CA). Imageswere taken at a frame
rate of 10,000 fps, with spatial resolution of 2048 × 256 pixels, and an
exposure time of 1/35,000 s. A 400mm lens was used, yielding a
magnification of 57 µm per pixel. Images for flow visualization by mist
addition were acquired at 12,000 fps and at an exposure time of 1/
70,000 s. The deflection angles (α) of the induced flow were obtained
through detailed image processing of the high-speed Schlieren image
sequences. Local flow disturbances were determined by tracking the
distinct flow features, quantified via the standard deviation of pixel
intensity within a 3 × 3 pixel neighborhood. This approach effectively
captures the enhanced turbulence and structural variations in the flow
as it is deflected by the impinging droplet. Based on repeated mea-
surements and the spatial resolution of the imaging system, the
uncertainty in α was estimated to be ± 0.1°.

In all experiments, the droplet diameterswere calculated from the
magnification rates reported above. The inner and outer spreading
diameters (din and dout), as well as the average finger length (lf)
reported in Fig. 6 were measured in a similar manner at each frame of
the high-speed images during the spreading stage (dt =0.25ms).
Images were processed using an in-house built MATLAB routine based
on edge detection and image segmentation to extract droplet size,
shape, and location. The description of the algorithm and its uncer-
tainty quantification showing <1% of error in droplet measurement
have been presented in previous publications55,56. The droplet impact
velocity was calculated as V = 2.55m/s by tracking the droplet’s cen-
troid location in high-speed images. The non-dimensional numbers of
relevance for droplet impact were calculated as We = 250, Re =;7000,
Oh =0.0023, and Ca =0.036.

Data availability
All datasets supporting the findings of this study are available in Fig-
share: Source Data57.
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