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PACS numbers:

A ’splash’ is usually heard when a solid body
enters water at large velocity. This phenomena
originates from the formation of an air cavity re-
sulting from the complex transient dynamics of
the free interface during the impact. The classi-
cal picture of impacts on free surfaces relies solely
on fluid inertia, arguing that surface properties
and viscous effects are negligible at sufficiently
large velocities. In strong contrast to this large-
scale hydrodynamic viewpoint, we demonstrate
in this study that the wettability of the impact-
ing body is a key factor in determining the de-
gree of splashing. This unexpected result is illus-
trated in Fig.1: a large cavity is evident for an
impacting hydrophobic sphere (1.b), contrasting
with the hydrophilic sphere’s impact under the
very same conditions (1.a). This unforeseen fact
is furthermore embodied in the dependence of the
threshold velocity for air entrainment on the con-
tact angle of the impacting body, as well as on the
ratio between the surface tension and fluid viscos-
ity, thereby defining a critical capillary velocity.
As a paradigm, we show that superhydrophobic
impacters make a big ’splash’ for any impact ve-
locity. This novel understanding provides a new
perspective for impacts on free surfaces, and re-
veals that modifications of the detailed nature of
the surface – involving physico-chemical aspects
at the nanometric scales – provide an efficient and
versatile strategy for controlling the water entry
of solid bodies at high velocity.

The first systematic study of splashes was published
more than one century ago by Worthington1, who used
high speed photography to examine impacts of drops and
solid bodies on a liquid surface. In the recent years, there
has been a resurgence in interest in the physics of impact,
thanks in particular to the development of rapid video
imaging. And new perspectives have emerged, showing
that unforeseen mechanisms play a central role in impact:
to cite a few, the inhibition of droplet rebound by adding
tiny amounts of polymers2, the complex deformation dy-
namics of a rebounding drop3, and the unexpected role
of ambiant air on drop splashing4,5. We consider in this
study the situation of a solid body impacting a gas-liquid
interface. This situation is obviously relevant for many
naval applications, such as ship slamming and air to sea
weapons, and for any industrial coating process which in-
volves the dipping of a solid object in a liquid bath (where
air entrainement is to be avoided). The traditional de-

FIG. 1: Top: Photographs of the impact of two spheres dif-
fering only in wettability via a nanometric coating on their
surface: (a) impact of a perfectly wetting sphere, with static
contact angle θ0 ' 15◦; (b) impact of a hydrophobic sphere
with static contact angle θ0 ' 100◦. The impact velocity was
5.0 m.s−1 in both cases, corresponding to a 1.25m height drop.
Pictures were taken 15.5ms (left) and 15.0ms (right) after im-
pact beginning. Bottom: Time-dependent audio recordings of
the impacts, as measured by a microphone ∼ 10 cm from the
impact point, for (c) a hydrophilic and (d) a hydrophobic
sphere. The signal is proportional to the acoustic pressure
emitted during the impact. Units on the vertical scale are
arbitrary (but identical). A big ’splash’ is evident for the
hydrophobic sphere, while a tiny ’plop’ is heard for the hy-
drophilic one. The sound is associated with the rapid closure
of the cavity (not shown).

scription of an impact of a solid body on a free interface
follows the footsteps of von Karman and Wagner6,7, in
which viscosity, surface tension and compressibility ef-
fects are neglected8,9. This idealized framework is for-
mally justified by the fact that in the situations relevant
to impacts, the Reynolds Re and Weber We numbers,
quantifying the role of inertia versus respectively viscous
and capillary effects, are very large. This is precisely
the regime of interest in this study: Re = ρUa/µL &
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104− 105 and We = ρU2a/γLV & 103− 104 (for impact-
ing body diameter a, velocity U , liquid density ρ, liq-
uid viscosity µL, and liquid-vapour surface tension γLV ).
Accordingly, capillarity and viscosity are not expected to
play any role in the impact and can be ignored in this
description.

Our experimental results contrast with this simple pic-
ture. As illustrated in Fig.1, two spheres that only differ
by a nanometric coating which modifies wettability ex-
hibit very different impact behavior: a huge air cavity is
entrained for the hydrophobic sphere, while no such be-
havior is observed fo the hydrophilic one. However, apart
from the static contact angle (θ0 ' 15◦ versus θ0 ' 100◦),
the spheres are identical in terms of bulk material (glass),
diameter, very low surface roughness and impact veloc-
ity (U = 5m.s−1). Moreover, during the experiment, a
’splash’ is heard for the hydrophobic sphere, while only a
tiny ’plop’ is produced by the hydrophilic one, as shown
in Fig.1 (c-d). This observation raises puzzling questions:
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FIG. 2: Threshold velocity U? for air entrainment as a func-
tion of (advancing) static contact angle θ0 of the impacting
body. The dashed lines are the theoretical predictions based
on relations (1) and (2). The different symbols correspond to
different bead diameters: � 25.4 mm (glass); 5 20mm (alu-
minium); © 15mm (glass, steel); 4 7mm (aluminium, steel).
The beads are covered with various coatings to modify their
wettability (see Method section). To focus on wettability as
the only surface parameter, only smooth objects have been
considered in the present study (see Method section). In-
set: Dependence of the threshold velocity for a wetting glass
sphere (25.4mm) on the ratio γLV /µL. We used various liq-
uids to explore this dependence: water, isopropanol, ethanol,
a water-glycerol mixture (20wt% of glycerol). For these flu-
ids, the contact angle on the sphere surface was always below
10◦. The dashed line is a linear prediction U? = ξγLV /µL

(with ξ ' 0.1).

how can a nanometric coating modify large scale hydro-
dynamics? More generally, how might capillarity affect
the flow pattern in the limit of large Weber numbers? To
answer these questions, we have first explored the con-
ditions required to create an air cavity, as illustrated in

FIG. 3: Detailed chronophotography of impacting spheres
with two different wettabilities at the same impact velocity
U = 5m.s−1: (a.1)-(a.3) hydrophilic sphere (1.4, 2.2 and 3.9
ms after impact start); (b.1)-(b.3) hydrophobic sphere (1.5,
2.4 and 4.0 ms after impact start). For the hydrophilic sphere,
the considered impact velocity is below the threshold for air
entrainment: the ascending film is shown to follow the sphere
and gather at the pole. For the hydrophobic sphere, the im-
pact velocity is above the threshold for air entrainment : the
ascending film detaches from the sphere, thereby creating a
cavity during the impact. (c) left - Sketch of the impact geom-
etry; right - magnification of the triple line region. θd is the
dynamic contact angle, which is larger than the static con-
tact angle θ0 for a moving triple line (with velocity v). The
threshold velocity is reached as the contact line is no longer
stable, which occurs as θd → 180◦.

the above example. By varying the velocity of the im-
pacting body, we have demonstrated that an air cavity
is created during an impact only above a threshold ve-
locity, U?, typically of a few meters per second. Further-
more this threshold velocity is found to depend on the
(advancing) contact angle θ0 of the impacting body. The
experimental results for U? in water are gathered in Fig.2
for spheres with various wettabilities. Going further, we
measured the dependence of the threshold velocity U? on
the liquid properties, by considering impacts on various
liquids (with different viscosities and surface tensions) for
fixed wettability. As shown in the inset of Fig.2, we found
that U? is proportional to the capillary velocity, defined
as γLV /µL. To complete this exploration, we verified
that the diameter of the impacting sphere does not influ-
ence the threshold (see Fig.2), neither gas pressure (var-
ied between 0.1 and 1 atm). To rationalize these results,
we zoom in on the detailed dynamics of the impact. An
essential characteristic of solid to liquid impacts is that
a thin film develops during the impact and climbs up the
impacting body10. This film is evident in Fig.3 (a.1)-
(a.3). However, the film dynamics is seen to strongly dif-
fer depending on whether the velocity is below or above
the threshold U? for air entrainement. For the veloc-
ity considered in Fig.3, the hydrophilic sphere is below
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the threshold: the film is seen to follow the sphere and
closes up at the pole of the sphere (Fig.3 (a.1)-(a.3)). As
such, no cavity is created. On the contrary, for the same
velocity, the hydrophobic sphere is above threshold and
the film is seen to detach from the sphere before reaching
the pole (Fig.3 (b.1)-(b.3)). The opened aperture left at
the top of the sphere then leads to cavity formation and
air entrainment. These pictures thus point to the film
dynamics as the origin of air entrainment and splash.

We therefore propose an interpretation of these results
in terms of contact line stability. The geometry is de-
scribed in Fig.3(c). The liquid film and triple line move
at a velocity v of v ≈ ζU , with ζ ≈ 2 (see8). Let us
first consider the motion of the film on a hydrophobic
sphere. In this case the gas (air) is the wetting phase and
the solid surface moves towards the non-wetting phase
(liquid). This situation corresponds to the prototypical
problem of forced (de)wetting, but here with the air re-
placing the liquid in the role of the wetting phase, see
Fig.3c. Since the work of de Gennes11, it has been known
that a critical speed exists above which the triple line is
no longer stable, as the dynamic contact angle θd goes
to 180◦12. Above this critical speed, the solid will be
coated by the wetting phase, here air. A hydrodynamic
force balance at the contact line shows that this occurs
at a critical capillary number Ca? = µv?/γLV obeying
Ca? ≈ Θ3

0/9`, with Θ0 the static contact angle as defined
with respect to the wetting phase (air) and ` ≈ 15− 20,
see11,12. Using Θ0 = π−θ0, one gets Ca? ≈ (π−θ0)3/9`.
This classical reasoning, however, neglects dissipation in
the non-wetting phase (here water). This assumption
is obviously not valid. We have added a liquid viscous
contribution in the force balance at the triple line, in
the form FL ≈ CµLv (with C ∼ 1). This term adds
to the classical contribution in the wetting phase cor-
ner, here Fair(v) = 3µair`

π−θd
v, diverging as θd → 180◦.

Both terms are of the same order of magnitude since
α = 3`µair/µL ∼ 1. Using this new expression for the
frictional force, the critical velocity is found to be of the
form v? = g0

9`
γLV

µL
[π − θ0]3, defining a critical capillary

number in terms of the liquid viscosity. The numerical
prefactor g0 is typically on the order of ∼ 5− 10, with a
weak dependence on the liquid and gas viscosity. Using
v = ζU , one gets eventually the threshold velocity for
non-wetting impacters (θ0 > 90◦),

U? =
g0

9`ζ

γLV

µL
[π − θ0]3. (1)

As shown in Fig.2, this theoretical prediction is in very
good agreement with the experimental results with hy-
drophobic impacters (θ > 90◦). This mechanism culmi-
nates in the superhydrophobic limit, for which the im-
pacting body entrains air for any velocity. Fixing ` = 15
and ζ = 2, experimental results are quantitatively repro-
duced with g0 ≈ 7 (which corresponds to C ' 2.9).

The situation of a hydrophilic impacting sphere may
be discussed along the same lines. While the contact
angle is lower than 90◦ for small velocities, the dynam-

ical contact angle θd will increase with the triple line
velocity v. As above, the triple line will disappear as
θd → 180◦12. Unfortunately, no analytical description
is available for θd(v) in this limit when starting from a
wetting surface (θ0 6 90◦). Nevertheless the physics are
qualitatively similar to that described above for the non-
wetting surfaces and the dissipation in air, which diverges
as θd → 180◦, will destabilize the contact line above a
threshold velocity. We therefore expect again a critical
velocity, scaling as in the previous case like

U? ≈ ξ
γLV

µL
. (2)

The prefactor ξ may depend on the static contact angle
θ0. However, since at the threshold for destabilization
θ?

d ∼ π is significantly larger than the static contact an-
gle θ0, we only expect a weak dependence of ξ on θ0. This
point is confirmed experimentally, as shown in Fig.2: in
the wetting regime the critical velocity for air entraine-
ment is basically independent of the static contact angle.
Moreover changing the fluid fully confirms the linear de-
pendence of U? on γLV

µL
as embodied in expression (2)

(see Fig.2, inset). Comparison with experimental results
suggests ξ ≈ 0.1 (see Fig.2, inset).

We finish with a short discussion on the ’splashing’
sound, which can be heard above threshold (see Fig.1).
The sound arises from the rapid closure of the cavity
as it pinches off. These dynamics are gravity-driven so
that the closure time is typically τ ∼

√
a/g, with a

the size of the impacting object and g the gravitational
constant13,14. For a centimeter body, τ ∼ 100ms, in full
agreement with the recordings shown in Fig.1 (to com-
pare with the impact time a/U ∼ 5ms in this case). As
we confirmed independently, the splash duration and am-
plitude are therefore independent of the impact velocity!

To conclude, our results give a new perspective on im-
pacts in liquids, by pointing to the unexpected role of
surface properties. Air entrainement is best inhibited by
using clean and wetting surfaces. Hydrophobic objects
make a splash.

Methods
Surface treatments to control wettability

We use spheres made of glass, steel and aluminium, with
diameters varying between 7 and 25.4mm.
Wetting glass beads (θ0 ' 15 − 20◦) are obtained by
immersion during 40 min in a piranha solution [1 vol.
H2O2, 2 vol. H2SO4], then rinsed using deionized water
and isopropanol, and eventually heated at 110◦C for 20
min.
Hydrophobic glass beads (θ0 ' 100 − 120◦) are ob-
tained by grafting silane chains on the surface. We chose
grafting of octyltriethoxysilane (105◦) or perfluorooctyl-
trichlorosilane (110−120◦) in the gas phase (by pumping
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in a closed vessel), for 15 hours at ambient temperature.
After silanisation, the beads are rinsed with isopropanol,
dried and heated at 90◦ C during one hour.
Superhydrophobic aluminium beads (θ0 ' 150 − 170◦)
are obtained following the chemical protocol proposed
by Qian and Zhen15. The aluminium beads are first
plunged in an aqueous solution of chlorhydric and flu-
orhydric acids for 15 s. Then a silane coating (perfluo-
rooctyltriethoxysilane) is grafted on the beads by silani-
sation in the liquid phase at ambient temperature for one
hour and then heated at 130◦C for one hour. This proto-
col works only for pure aluminium and we therefore used
1050 Al.
The contact angle on the steel beads is θ0 ∼ 80−90◦, ob-
tained after cleaning with deionized water with detergent,
and then with isopropanol. An AFM topographic scan of
the beads’ surface shows that for the beads considered in
this study, the peak-to-peak roughness was smaller than
100 nanometers (with a rms roughness of ∼ 5nm for a
10µm× 10µm scan). Larger scale roughness was probed
with a profilometer (Tencor Instruments) with a 5µm tip
showing less than 20nm rms deviation over a millime-
ter scan. For the superhydrophobic coatings, we have
shown moreover in a previous work using AFM measure-
ments that the liquid interface on the coatings is very
smooth with a peak-to-peak roughness in the hundreds
of nanometers range16.

Impact experimental setup and protocole

The beads are released from rest at varying heights above
a transparent box containing the liquid. The impact is
recorded using a high speed video camera (Mikrotron)
at a frame rate of ∼ 1000 fps. The impact speed is de-
termined from the movie. Before each release, the beads
are cleaned by rinsing with isopropanol, dried using azote
and heated at 110◦C for 20 min for a complete drying.
We left the beads cooling to ambient temperature before
impact. Most of our experiments are conducted with
water, but to study the effect of fluid characteristics (vis-
cosity, surface tension) we use ethanol, isopropanol, and
a water-glycerol mixture (20wt% of glycerol) to vary the
viscosity. The contact angle on the bare glass beads with
these fluids was always smaller than 10◦. The viscosity
of the water-glycerol mixture was measured before and
after each impact using a Ubbelohde viscometer. Values
for the surface tensions were taken from litterature.
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