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The dynamics of charged drops, especially in the context of drop splashing, remains largely uncharted
despite its prevalence in both natural phenomena and technological applications. Our research uncovers the
ability of charged drops to suppress splashing effectively. The electric charges surrounding drops exert a
force that pulls the ejecting lamella toward the substrate, resulting in a thinner lubrication air film at the
solid-liquid interface. We further develop a theoretical framework to relate splash threshold velocity with
drop charges and surface dielectric constant. Our results extend the scope of drop-splashing studies beyond
the assumption of electric neutrality and highlight the potential of controlling splashing by manipulating

drop charges.
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Introduction—Drops impacting on solid surfaces can
create spectacular splashes which are common in nature
and play an important role in various industrial and
agricultural sectors such as the formation of bioaerosols,
surface coatings, spray cooling, and printing [1-4]. High-
speed imaging has recently contributed to a comprehensive
analysis of the rapid splashing events [5]. Several models
have been developed, encompassing early-time inertial dyna-
mics [6-11], the Kelvin-Helmholtz instability [12-14],
aerodynamics associated with entrapped gas layers [15-17],
and lifting lamella aerodynamics [18-20]. Despite ongoing
debates surrounding the exact cause of splashing, a con-
sensus has formed around the suitability of the lamella
aerodynamics model [18-25].

Efforts to control splashing involve altering the ambient
pressure [12,26,27], modifying the solid surfaces’ and
liquids’ properties [11,27-30], or reshaping the drops [31].
However, previous investigations have primarily focused
on electrically neutral drops, leaving limited knowledge
about charged counterparts. Yet, charged drops are ubiqui-
tous in nature and technology. For instance, electrified
drops are generated in thunderstorm clouds [32], as well
as in technological applications such as ink-jet printing
and electrospray ionization [33,34]. Drops spontaneously
acquire charges of around 1 nC when they separate from
bulk liquid and hydrophobic substrates or are expelled from
plastic pipettes [35-39]. Thus, charged drops can often not
be prevented and constitute the more general and arguably
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more relevant case in nature and applications. Previous
studies have demonstrated that electric stress can funda-
mentally change the air film upon drop impact and
eliminate the dimple generated at the bottom of a drop
at low impacting velocity [40—42]. Yet, the impact dynam-
ics and splashing behavior of charged drops remain unclear.

In this Letter, we experimentally investigate the impact
and splashing of drops carrying a range of charges. We
reveal that even weakly charged drops experience a signifi-
cant reduction in splashing and a complete suppression at a
sufficiently high charge. Our findings indicate that the drop
charge causes notable disparities in splash onset compared
to neutral drops. Building on the lamella hydrodynamics
model [18], we develop a predictive model for drop
splashing that holds for a wide range of drop charges and
substrates.

Generation of charged drops—To investigate how
charge level affects impacting dynamics, we create ethanol
drops with varying charges via a precisely controlled elec-
trode arrangement, depicted in Supplemental Material [43]
Sec. S1 (Fig. S1). An electric field E| is created by situating
a grounded copper ring below a syringe needle connected
to a high-voltage power supply. A drop generally detaches
from the needle when gravity F, =4/ 37R3pg over-
comes surface tension Fy = zdo. The final drop radius
R = [3do/(4pg)]'/? is determined by a balance of F,
and F, (liquid density p, surface tension o, needle dia-
meter d, and g gravitational acceleration) [44]. When a
voltage U is applied, the drop formation is influenced
by an electric force (F,). Detachment occurs when the
gravity and electric force surpass the surface tension force.
In this electrohydrodynamic (EHD) process, the field

© 2025 American Physical Society
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Charged drop generation and typical impacting events on a glass substrate. (a) Charged drops with precise control of drop

charge ¢ via an EHD process. (b) Experimental ¢ and theoretical scaling. (c),(d) Side-view snapshots of ethanol drop impacting events
with varying g at V =23 m/s (We = 150) and V = 2.8 m/s (We = 232), respectively. (¢) Splashing phase diagram in a ¢g-We
coordinate system. The curve corresponds to our predictive model Eq. (7).

Ey=4U/[dIn(8L/d)] [45] between the needle, drop, and
copper ring induces a drop charge that remains in the
detached drops [Fig. 1(a)]. By fine-tuning U and d with
L =5 mm, we achieve drops with charges ¢ varying from
0 to 0.15 nC while maintaining 2R = (1.65 £ 0.02) mm
[Fig. 1(b) and Supplemental Material Secs. S1 and S2 [43] ].
We assume a constant surface charge (eoE,, with & the
permittivity of vacuum) and the surface of a spherical drop
(47R?) to theoretically estimate g:

g~ U/[d"*In(8L/d). (1)

Here, we assume R ~d'/3 as in the uncharged case
(Supplemental Material Sec. S2.2 [43]). This relation closely
aligns with our experimental measurements [Fig. 1(b)]. We
determine ¢ by averaging the total charge of ten drops using
a Faraday cup and an electrometer (Supplemental Material
Sec. S2.1 [43])).

Smooth, dry solid surfaces serve as the target substrates.
The drop impacting height ranges from 200 to 600 mm.
The impacting velocity V is regulated 2-3 m/s and
determined via high-speed images. We repeat each impact
experiment at least three times. All experiments are con-
ducted at (25 +2)°C. The impact dynamics are captured
via high-speed imaging at 20 000 and 40 000 fps (Photron
FASTCAM SA4). Details of the surfaces and drops are
described in Supplemental Material Sec. S3 [43].

Impact and splashing of charged drops—When a drop
impacts a substrate with a velocity sufficient for splashing,
it usually undergoes three distinct stages: initial spreading
along the substrate, ejection of a liquid sheet, called
lamella, which marks the onset of splashing, and splashing
with satellite droplet generation [18]. We first explore the
overall effect of drop charge on the impact and splashing
process. Figures 1(c) and 1(d) and Movie S1 [43] show
representative snapshots of impacting drops with varying g.

The velocities V = 2.3 m/s and V = 2.8 m/s yield Weber
numbers We = pRV?/c of 150 and 232, respectively.

The initial spreading, splash onset, and splash outcomes
vary substantially with g. For a neutral drop, the splash is
typical and aligns with the results of previous works
[13,18]. Upon impact, the sudden inertial deceleration of
the drop governs the momentum flow on the substrate and
leads to the ejection of a liquid lamella. The lamella dewets
the surface due to aerodynamic lifting (0.2 ms). Eventually,
it develops an instability, ruptures, and ejects satellite
droplets (0.4 ms) [Figs. 1(c) and 1(d)].

In comparison, the charged drops with g = 0.04
[Fig. 1(c)] or 0.08 nC [Fig. 1(d)] exhibit a reduced splash
intensity. This reduction is evident in the rewetting of the
ejecting lamella and a notable decrease in satellite droplet
formation (0.4 and 0.8 ms). For ¢ = 0.08 [Fig. 1(c)] and
0.1 nC [Fig. 1(d)], the lamella instantly returns to and keeps
wetting the surface (0.2 ms). The drop spreads smoothly
and splashing is entirely suppressed (0.8 ms). These
observations imply that a drop charge can substantially
alter the dynamics of the ejecting lamella triggering splash
and ultimately affect the splashing outcomes. The phase
diagram in Fig. 1(e) categorizes whether or not a splash
occurs upon systematically varying g and We. We observe
a critical Weber number We, for the initiation of splashing
that increases with gq.

Lamella ejection—Next, we examine the influence of ¢
on the ejection of the liquid lamella. Following initial
spreading, the lamella is propelled off the surface, initiating
the onset of splashing [18]. We characterize the splash
onset by measuring the wetting radius R,, spreading
lamella radius R, lamella lifting height H|, and angle a
[Fig. 2(a)]. The lamella ejection lasts for several hundred
microseconds (Movie S2 and Fig. S3 in Supplemental
Material Sec. S4 [43]). Snapshots in Fig. 2(a) display drop
dynamics at 7 = 200 ps for different charge levels.
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FIG. 2. Characterization of splash onset. (a) Schematic showing the lamella profile and enlarged snapshots capturing the ejecting
liquid lamella at V = 2.8 m/s, We = 232. Splashing developing dynamics: (b),(c) The lamella length R, — R,, and lifting height H,
change with impacting time 7, respectively. (d) The maximum lifting angle a,,,, and height H,_,, during the entire splash as a func-

tion of q.

The lamella length R| — R,, and height H, vary significantly
with drop charge. Figures 2(b) and 2(c) show these variables
over time after impact 7" for different g. With increasing ¢,
R,, increases, and R, and H; decrease [Supplemental
Material Sec. S4, Figs. S4(a) and (b) [43]]. For
g > 0.8 nC, lifting is suppressed and the lamella wets
the substrate. Notably, the presence of drop charge also
shortens the ejection process, according to the changes in o
(Supplemental Material Sec. S4 [43]). The lamella of a
neutral drop ejects for 450 ps before fragmenting into satellite
droplets. For ¢ = 0.06 nC, fragmentation occurs after 200 ps,
and for g = 0.08 nC, itis absent [Fig. S4(c) [43] ]. Figures 2(d)
and S5 [43] show the dependence of H; and o on We and g.
Both H; and a,,,, increase with We for neutral and charged
drops and decrease with g. This suggests that the drop charge
enhances the solid-liquid interaction.

The enhancement may primarily involve two key
aspects: changes in liquid surface tension and additional
forces on the ejecting lamella.

Notably, on conductive substrates, such as silicon,
ITO glass, or even a conductor coated with a thin dielectric
layer (silicon with 300 nm SiO,), splashing will not be
suppressed [Fig. 3(a), details in Supplemental Material
Sec. S5, Fig. S6, and Movie S3 [43]]. This is due to the
release of charges from the drop when it touches the
surface. Only on dielectric surfaces like glass or corundum
(Al,0O3) does the drop retain its charges during the spread-
ing process, leading to splash reduction or suppression.
Thus, we focus on the case of dielectric surfaces.

Changes in surface tension—First, we consider possible
changes in surface tension. The mutual repulsion of charges
on a drop surface constitutes a force counteracting surface
tension ¢ and reducing it to ¢* [Supplemental Material
Sec. S6 and Fig. S7(a) [43] ]. The functional dependence of
surface tension on drop charge is 6*/6 = 1 — (q/qR,y)*

[Fig. S7(b) [43]], where gg,, = 87(gooR?)!/? is the
Rayleigh limit [33,46]. With ¢ increasing from O to

0.15 nC, the surface tension of the drops shows a slight
decline. However, a decrease in surface tension would
increase the splashing threshold velocity V. and enhance
splashing [Fig. S7(c) [43]] [47], which is contrary to our
experiments. Thus, changes in surface tension are not
considered in subsequent calculations. To explain our
observations, we hypothesize that the drop charge causes
an additional force on the ejecting lamella.
Hydrodynamic forces—To this end, we explore the forces
acting on the lamella. Following Riboux and Gordillo [18],
in a typical neutral drop impact event, the liquid lamella
first forms at a time 7,. It experiences lift from two
hydrodynamic forces [Fig. 3(d)]. The Ilubrication force
f1~KugV, originates from the gas lubrication pressure
beneath the liquid film according to lubrication theory.
The suction force [, ~ K,p, Vt*H, comes from the pressure
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FIG. 3. Splash suppression by an electric effect on the lifting
lamella. (a) The effect of substrate conductivity on electric
suppression drop splashing: splash phase diagram and typical
splash dynamics at We = 232. (b),(c) Force analysis of the lifting
lamella for a neutral and a charged drop.
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differential on the upper and lower surfaces of the liquid
lamella following the Bernoulli principle. In their model,
g and p, are the viscosity and density of the surrounding
gas, respectively, V, =+/3/2V1; 2 is the lamella tip
velocity, H; = 2.8R\/I§/ntg/ 2 is the lamella thickness,
K, = —6[In(19.24/H,) —In(1 — 19.22/H,)]/(tan @), and
K>, =0.03 [48], with A ~ 65 nm the mean free path of
gas molecules, a = 60°, and t, = T.V/R is the dimension-
less lamella ejection time. When the ratio of the total lift
force f1 + f, per unit length to surface tension ¢ acting
on the liquid lamella exceeds a critical value, f> =
(KypgVy+ Kop,VEH,)/20, a splash occurs. f, can be
calculated from the momentum balance leading to [18,20]

V3/2Re717'/2 4+ Re20n2 = 12162, (2)

where Re = pVR/u is the Reynolds number and Oh =

u//poR = \/We/Re the Ohnesorge number. Once 7, is
determined, the lift forces f; and f, can be obtained. In our
experiments, Oh has a characteristic value of ~0.0099,
which justifies the use of the small-Oh approximation of
Eq. (2) and leads to an explicit lamella ejection time
relationship of the form f, = 1.05We=2/3, yielding V, =
0.85v/c/p/RWe*/® and H, = 3.32RWe~! [49].
Electrostatic force—For charged drops, splashing is
either absent or significantly reduced, which suggests that
the lifting force (f; and f,) on the lamella is diminished by
an additional downward force. This additional force f, is
caused by electrostatic stress. It acts on the liquid-air
interface and alters the structure of the gas film under
the expanding liquid lamella [42], by opposing the lift force
and suppressing lamella deflection [Fig. 3(e)]. For suffi-
ciently strong f., the lifting liquid film is forced to rewet
the solid surface as the air film thickness diminishes. The
rewetting breaks the conditions necessary for splashing to
occur. At a certain critical charge level, this causes the
contact line to spread without trapping gas, ultimately
suppressing splashing. To model this behavior, we write the
splash parameter for a charged drop impact event as

B = (KipgV, + Kop,VEIH, — f.)/20. (3)

Previous works on uncharged drops have shown that
splashing generally occurs when the splash parameter
exceeds a critical value of  ~ 0.14 [18]. The electric stress
on the lamella arises because electrostatic charges are
generally attracted by regions with high permittivity, here,
the substrate. To derive an expression for the electric stress,
we note that the lamella radius R; is much larger than its
thickness 2r. Thus, we approximate the rim of the lamella
as a cylinder of radius r with its center at a distance s from a
dielectric interface (Supplemental Material Sec. S7 [43]
referencing [50-53], Fig. S8). With a cylinder charge per
unit length 1, the electrostatic energy per unit length is

e =23/(2C). We find the capacitance per unit length
of the arrangement C = 2reqe;/[(e; — &)/ (€2 + €) ¥

In(s/r++/(s/r)* = 1)], with gas and substrate relative
permittivity €, and &,, respectively (Supplemental Material
Sec. S7 [43]). The downward electrostatic force per unit
length follows as

&) — & ﬂ%

fae/l%a(1>
© 0s 205\C) erteidnege,r/(s/r)7—1

The drop impact (f; = R/V) ~300 ps is faster than the
characteristic electrostatic relaxation time of the liquid
~159000 ps (f, = e3/n; €3, liquid dielectric constant; n,
liquid conductivity) [54]. Consequently, the charges do not
redistribute during the spreading. The newly created sur-
face area, like the sheet of the lamella, will be uncharged,
and the remaining surface, like the rim of the lamella,
will carry the same surface charge as before the impact.
Under this assumption, the rim carries a line charge
A = qr/(2R?). At splash onset, the lamella has a thickness
and height over the surface of ~H, [18]. With r = H,/2 and
s =3H,/2, we find

(4)

1 e-—g q*H,
- V2e& + e 16mgge RY

fe (5)

We rewrite Eq. (3) as
B = (KipV, + Kap,VIH, — K3q*H\) /206, (6)

where K3 = (1/v2)[(e2 — 1)/ (&, + £1)](1/167e0e, R*).
The experimental splash parameter f* is determined
through Eq. (6). Figure 4(a) demonstrates that the splash
threshold is characterized by a nearly constant value of
p* ~0.155 for charged drops. By inserting V; and H, into
Eq. (6), we obtain the relation of the critical splashing
Weber number We, and g:

2 1
a( cl ) +bWei1/6 In——

—dWel® 4+ eWe, = 0,
TRay cWe, —1 ¢ heWe

(7)

where a = [(e; —€1)/(e2 +€1)](1/€1), b = 0.06(ug/p)ON,
c=R/(6.74), d=0.08(p,/p)K>, and e = 0.07p*% are
constants. Equation (7) is plotted in Fig. 1(e), showing
good agreement with our experimental splashing phase
diagram.

Substrate dielectric constant—Equation (5) suggests that
the electrostatic stress f, is influenced by the substrate
dielectric constant &,. To validate this relationship, we
choose ten different surfaces [fluorinated ethylene propylene
(FEP), polytetrafluoroethylene (PTFE), polyethene (PE),
polymethyl methacrylate (PMMA), polycarbonates (PC),
polyethene terephthalate (PET), polyvinyl chloride (PVC),
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FIG. 4. Prediction of splashing threshold for charged drops.
(a) Values of the function f* calculated with Eq. (6) for the
studied charged drops. (b) The dependence of We, on the surface
dielectric constant &,.

polyvinylidene difluoride (PVDF), glass, and aluminum
oxide ceramics (Al,O3)] with dielectric constants ranging
from 2 to 8.5 but of similar roughness and wettability (details
in Supplemental Materials Sec. S8, Figs. S10 and S11 [43]).
We obtain impacting results with ¢ = 0 and 0.1 nC. The
results in Fig. 4(b) indicate that &, does not affect the splash
threshold We,, of neutral drops. For charged drops, splashing
is reduced on all substrates and the splash threshold We,
increases with increasing ¢,. By inserting ¢ = 0 and 0.1 nC,
we obtain the dependence of We, on &,:

bWei1/6 hlcwei—l - dWeg/3 —+ EWGC = 0, (8)

11/6 5/3 2 1
pWel Ol qwel? feWe, =~~~ .
cWe, — 1 T(ey+e) Te
9)

The trend of Egs. (8) and (9), plotted in Fig. 4(b), agrees
with our experiments. To further validate our model, we
conducted experiments with opposite drop charge polarities
g = £0.1 nC on different substrates. Both positively and
negatively charged drops exhibit comparable splash sup-
pression [Fig. 4(b)].

Conclusions—By systematically varying the charge of
impacting ethanol drops, we studied its fundamental effect
on drop impact and splashing. Compared to neutral drops,
charged drops exhibit a substantial reduction in the onset

of splashing and show splashing suppression to varying
degrees. We identified the underlying mechanism as addi-
tional electrostatic stresses on the ejecting lamella, univer-
sally present for different drop charges and substrate
permittivities. Our predictive model establishes a quanti-
tative relationship between the drop charge, substrate
permittivity, and the critical splash Weber number. This
study expands the basic knowledge of drop impact beyond
electrically neutral drops. The findings reveal the potential
of using drop charges to control impact dynamics and
splashing in contexts like printing or the application of
pesticides and surface coatings. Since the drop charge level
required to suppress splashing (g/gray =~ 0.3) is lower than
those spontaneously acquired during drop sliding or pipet-
ting (~0.7) [35-39], our results may also shed new light on
previous studies and existing technologies.
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